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Introduction

A correlation between heavy rainfalls, groundwater circulations and slope movements has been demonstrated at several sites (e.g. [START_REF] Iverson | Landslide triggering by rain infiltration[END_REF][START_REF] Bogaard | Landslide hydrology: from hydrology to pore pressure[END_REF]. In contrast, the internal physicochemical processes related to the groundwater flows and their contributions to slope failures or later reactivations remain poorly understood. Better constraining these internal processes is a real challenge for both landslide understanding and prediction.

Much effort has been deployed at different sites combining geological, geophysical and hydrogeological approaches in order to characterize the 3D geometry of several landslides (e.g. [START_REF] Jongmans | Geophysical investigation of landslides : a review[END_REF][START_REF] Jomard | Electrical imaging of sliding geometry and fluids associated with a deep seated landslide (La Clapière, France)[END_REF][START_REF] Hibert | Characterizing landslides through geophysical data fusion: Example of the La Valette landslide (France)[END_REF], the groundwater flows within the slope (e.g. [START_REF] Guglielmi | Hydrogeochemistry: an investigation tool to evaluate infiltration into large moving rock masses (case study of La Clapière and Séchilienne alpine landslides)[END_REF][START_REF] De Montety | Identifying the origin of groundwater and flow processes in complex landslides affecting black marls: insights from a hydrochemical survey[END_REF][START_REF] Deiana | Chemical and isotopic investigations (δ18O, δ2H, 3H, 87Sr/86Sr) to define groundwater processes occurring in a deep-seated landslide in flysch[END_REF] and the resulting deformation at the surface (e.g. [START_REF] Delacourt | Remote-sensing techniques for analysing landslide kinematics: a review[END_REF][START_REF] Jaboyedoff | Use of LIDAR in landslide investigations: a review[END_REF][START_REF] Stumpf | Correlation of satellite image time-series for the detection and monitoring of slow-moving landslides[END_REF]. For a few years, time-lapse electrical resistivity tomography is used to monitor the spatial and temporal distribution of water content through the landslides (e.g. [START_REF] Wilkinson | Tracking the Movements of Electrodes on an Active Landslide over Time Using Only Time-lapse Resistivity Data[END_REF][START_REF] Gance | Permanent electrical resistivity measurements for monitoring water circulation in clayey landslides[END_REF][START_REF] Palis | Multiyear time-lapse ERT to study short-and long-term landslide hydrological dynamics[END_REF]. This method provides images of both rainfall supplies and groundwater circulations at depth and thus contributes to a better description of the slope hydrology. Nevertheless, the relationships between slope hydrology and water-rock interactions have been so far little studied for landslide investigations, although the inferred coupled hydro-mechanical effect may take part of the slope destabilization (e.g. [START_REF] Cappa | Hydromechanical modeling of a large moving rock slope inferred from slope levelling coupled to spring long-term hydrochemical monitoring: example of the La Clapière landslide (Southern Alps, France)[END_REF][START_REF] Lignon | Hydro-mechanical modelling of landslides with a material instability criterion[END_REF][START_REF] Lehmann | Hydromechanical triggering of landslides: From progressive local failures to mass release[END_REF].

Because the water-rock interactions occur at small scales through the landslide, near-field observations by boreholes are essential to better describe the internal landslide processes. Investigations by boreholes contribute to gather lithological (core samples, logging), geotechnical (tiltmeters, extensometers) and hydrogeological data (piezometers) (e.g. [START_REF] Crawford | Geologic, Geotechnical, and Geophysical Investigation of a Shallow Landslide[END_REF]. In particular, borehole data allow characterizing the internal structure and fissure patterns [START_REF] Lofi | Geological discontinuities, main flow path and chemical alteration in a marly hill prone to slope instability: Assessment from petrophysical measurements and borehole image analysis[END_REF] and locating preferential water flows within the system [START_REF] Tsao | A case study of the pore water pressure fluctuation on the slip surface using horizontal borehole works on drainage well[END_REF]. However, these conventional borehole measurements are not well adapted to monitor the landslide dynamics due to the low frequency of the time series and the lack of crucial data as the water chemistry [START_REF] Bogaard | Hydrogeochemistry in landslide research: a review[END_REF].

The aim of this work is to investigate at small scales the relationships between rainfalls, groundwater circulations and the hydro-physicochemical processes within the landslide. For this purpose, we investigate a slow deep-seated landslide located in the central part of Languedoc (South of France). This area is affected by well-known heavy rainfall events with short durations that occur over the Cevennes ridge [START_REF] Delrieu | The catastrophic flash-flood event of 8-9 September 2002 in the Gard Region, France: a first case study for[END_REF][START_REF] Fresnay | Heavy precipitation events in the Mediterranean: sensitivity to cloud physics parameterisation uncertainties[END_REF]. In 2012, we developed a new monitoring strategy based on coupled surface (rainfall) (off-site between 2012 and 2017, on-site since 2017) and borehole (hydrogeology, hydrochemistry, deformation, electrical resistivity) observatories.

The downhole in situ permanent instrumentation produces original high-frequency measurements at depth, in particular in the vicinity of the sliding zones. For the first time, we evaluate the ability of downhole observatories to monitor the impact of rainfalls on slope processes.

In this paper, we present the downhole observatories and the data recorded during the five years of monitoring. We aim to show that this database allows characterizing both the slip zones and the behavior of the different hydrogeological units in the landslide. We also attempt to identify peculiar geophysical and geochemical signatures related to large rainfall events that might provide some insight into groundwater transfer modalities inside the landslide body.

General setting

The Pégairolles-de-l'Escalette landslide (PEL) is located in the central part of Languedoc, South of the French "Massif Central", 60 km northeast of Montpellier city, on the left bank of the Lergue River, close to the village of Pégairolles-de-l'Escalette (Fig. 1). In this area, the landslide activity may affect important social and economic infrastructures, as the A75 motorway. The PEL destroyed a nineteenth-century bridge and damaged another one in the 1990s. A persistent scatterer analysis (e.g. [START_REF] Hilley | Dynamics of Slow-Moving Landslides from Permanent Scatterer Analysis[END_REF][START_REF] Del Ventisette | Multitemporal landslides inventory map updating using spaceborne SAR analysis[END_REF] 

Geological and geomorphological setting

The fringing anthropic rock piles (Fig. 1d). On this area, a several hundred meters large, very irregular and chaotic surface, with possible counter slope, separates discontinuously the scree slope mantle and the remaining ruled slope indicating successive large nested slides with clear differentiate slide scars. The general fabric of the slide units shows a systematic tilting toward the footwall of the main fault that is compatible with a listric geometry. Furthermore, the mean dip of the tilted series increases from the inner to the outer slide unit suggesting an overall retrogressive rotational process rooted at the top of the evaporitic pile during the river incision. The Pégairolles-de-l'Escalette landslide (PEL) is the most typical of the valley (Fig. 1 and2). His freshness, position in the upstream part of the enlarged valley and location of the shear sole close to the present day thalweg is compatible with a Late Pleistocene to Holocene history. This hypothesis is reinforced by the extensive travertine flat seated in the village area and developed at the same level that the PEL slide front, two meters above the present-day river thalweg, that suggests a same stage of incision and a close age of emplacement i.e post-Wurmian [START_REF] Alabouvette | Notice explicative de la feuille Le Caylar à 1/50000[END_REF]. The lithological succession of the Carnian and Norian are here dominated on about 60 m thickness by alternating white gypsum/anhydrite and blue claystone layers including massive beds, chicken-wire fabric and isolated nodules and dispersed blebs (Fig. 3). In this tectonostratigraphical context the outcropping of the Norian at the base of the valley may be responsible of the complete change in the incision process, passing progressively from an overall sheet erosion at dynamic equilibrium to mass movement processes including: (1) ductile creep, evaporite solution and removal by river incision, (2) fracture corridor formation and opening by lower valley flank deconfinement, (3) increase of vertical seepage of meteoric waters, (4) rotational sliding and finally

(5) tilted block brecciation and passive rafting. The lithological succession of the Carnian and Norian is particularly compatible with this model. In this case, the faults that were initiated on a pre-existing fractured corridor on the Hettangian carbonates flattened downward along a main evaporite layer that plays the role of shear sole.

Hydrogeological setting

This region is characterized by a low rainfall level on average, but suffers from heavy rainfall events (300 to 500 mm in a few days), called "Cévenol events" which mainly affect the Mediterranean region in autumn, in particular the Cevennes ridge [START_REF] Blanchet | Co-occurrence of extreme daily rainfall in the French Mediterranean region[END_REF]. These heavy precipitations lead to a rapid recharge of the different reservoirs as suggested by some authors [START_REF] Marc | Investigation of the hydrological processes using chemical and isotopic tracers in a small Mediterranean forested catchment during autumn recharge[END_REF][START_REF] Aquilina | Water storage and transfer in the epikarst of karstic systems during high flow periods[END_REF]. Both the short duration and the abundant volume of meteoritic water related to those specific events may provide a clear input signal for landslide processes that may originate from seepages, lateral groundwater flow or vertical leakages.

The major hydrogeological unit implied in the landslide dynamic is a semi-confined aquifer (Fig. 4, R1 label), localized inside the Norian level and that becomes artesian in the foot of the landslide. High hydrostatic pressures in this specific level may participate to the slope instabilities. This groundwater flow system may also result in the dissolution of evaporites [START_REF] Binet | Variability of the groundwater sulfate concentration in fractured rock slopes: a tool to identify active unstable areas[END_REF]. R1

reservoir is overlaid by an unconfined Rhaetian carbonate reservoir (Fig. 4, R2 label). Hettangian karstic reservoir (Fig. 2b) may supply the deeper hydrogeological unit by vertical or lateral rainwater seepages from the surrounding slope through the gravitational listric faults system and may contribute to the recharge of the sliding zone.

Experimental site

Two nearby boreholes (one cored) of 65 m depth were drilled in the middle part of the landslide in order to investigate different potential sliding surfaces, rainfall infiltrations and also groundwater circulations (Fig 1c and2b). Both the description of the borehole core and geophysical logging allowed us to produce a well-resolved lithological and geophysical characterization of both slope-forming materials and discontinuities at depth (Fig. 4). Because scree slope deposits were encountered between 10 to 32 m depths, no core (only cuttings) and no data (casing) were collected in the superficial part of the borehole.

We identify the massive Norian evaporitic-claystone unit (Fig. 

Data and methods

Two in-situ observatories were installed in the two holes (Fig. 1c), since April 2012, in a permanent way, for both geophysical (deformation and electrical resistivity) and hydro-geochemical (hydrogeology and hydrogeochemistry) monitoring. This instrumentation provides direct access to the slip zones and allows near-field investigations at depth. Therefore, this approach aims to evaluate groundwater transfers related to heavy rainfall events and to constrain both the geophysical and hydrochemical signatures of the related internal landslide processes. This downhole monitoring strategy is the main originalities of this study since the coupling of borehole observatories for geophysics, deformation, hydrogeology, and hydrochemistry has never been achieved in the past to study the landslide processes.

Rainfall

The daily rainfall is recorded by Météo-France at the station "Les Plans", located ~ 6.4 km away from the experimental site. Thanks to a new station deployed on the site since 2017, we verified that the local conditions are similar. From 2012 to 2017, the average annual rainfall was 1359 mm with a minimum value of 1058 mm (year 2017) and a maximum one of 1727 mm (year 2014) (Fig. 5). The mean intra-annual rainfall distribution was: 45% in autumn, 26 % in spring, 17 % in winter, and 12%

in summer. This partition underlines the major contribution of the autumnal heavy rainfall events.

Downhole hydro-geochemical observatory

A multilevel groundwater device (WestBay System®) was deployed in the destructive borehole (Fig. 1c, WB). This device allows combining piezometric monitoring and hydrochemistry surveys in order to better understand the effects of rainfall events on groundwater transfer and water-rock interaction within the slope [START_REF] Marc | Groundwater-Surface waters interactions at slope and catchment scales: Implications for landsliding in clay-rich slopes[END_REF][START_REF] Deiana | Chemical and isotopic investigations (δ18O, δ2H, 3H, 87Sr/86Sr) to define groundwater processes occurring in a deep-seated landslide in flysch[END_REF]. This system is based on a multipacker completion designed to collect pore fluid samples and to monitor both the pore fluid pressure and the temperature from chosen horizons along the borehole [START_REF] Black | Multiple-level groundwater monitoring with the MP System[END_REF].

Here, the borehole has been equipped with four ports, located respectively at 36, 45, 48 and 56 m depths (Fig. 4e). These levels were chosen accordingly to both the core description and the logging data in order to investigate the two evaporate rich zones (U1 and EL) and the two reservoirs (R1 and R2). Physico-chemical parameters and fluid samples are collected on a monthly basis. Electrical conductivity and pH are measured in the field for each sample. During the monitoring period, 44 pore fluid samples were collected at 45 m depth, 44 samples at 48 m, and 43 samples at 56 m depth. Only sparse data were collected at 36 m depth because of an insufficient amount of water in the upper part of the slope, which coincides with the unsaturated zone. Geochemical analyses of the collected fluid samples were performed in the laboratory. The following parameters were measured: major and minor cations (Ca 2+ , Mg 2+ , Na + , K + , Sr 2+ ), major anions (Cl -, SO4 2-, NO3 -, HCO3) and total organic carbon (TOC). The total dissolved solid parameter (TDS) is deduced from those analyses. The precision error was typically <±5%. For each sample, the result is the mean of at least three satisfactory injections in terms of standard deviation (< 0.1) and variation coefficient (< 2%). The analytical uncertainty in the concentration of TOC is less than à 0,1 mg/l.

The hydro-chemical parameters are first used to discuss the origin and the pathways of the waters inside the landslide [START_REF] Guglielmi | Hydrogeochemistry: an investigation tool to evaluate infiltration into large moving rock masses (case study of La Clapière and Séchilienne alpine landslides)[END_REF][START_REF] De Montety | Identifying the origin of groundwater and flow processes in complex landslides affecting black marls: insights from a hydrochemical survey[END_REF]. In particular, the TOC parameter may give indications on water infiltration in fractured or heterogeneous media [START_REF] Emblanch | Dissolved organic carbon of infiltration within the autogenic karst hydrosystem[END_REF][START_REF] Batiot | Carbone organique total (COT) et magnésium (Mg2+) : deux traceurs complémentaires du temps de séjour dans l'aquifère Karstique[END_REF]. The water chemistry (Ca 2+ , Na + , SO4 2-) can also contain information on the water-rock interactions highlighted by dissolutions or precipitations of the few minerals [START_REF] De Montety | Identifying the origin of groundwater and flow processes in complex landslides affecting black marls: insights from a hydrochemical survey[END_REF]. A joint interpretation of hydraulic head and water chemistry variations may therefore help to identify pressure (piston effect) and mass (mixing effect) transfer mechanisms within the landslide [START_REF] Deiana | Chemical and isotopic investigations (δ18O, δ2H, 3H, 87Sr/86Sr) to define groundwater processes occurring in a deep-seated landslide in flysch[END_REF].

Downhole geophysical observatory

The downhole geophysical observatory (DEO, Fig. 1c) is based on an automatic multi-electrode system (ImaGeau®) for electrical formation soundings and is coupled with fiber optic sensors for strain measurements. This monitoring system was deployed in the cored hole since 2012 in order to study the temporal variation of the subsurface electrical properties and the related deformation at depth. Assuming that electrical resistivity variations can be interpreted in terms of hydro-geochemical quantities (water content, composition) over the monitoring period, the recorded data may provide information on the coupling between groundwater flows and deformation at depth. Because the dissolution of the evaporites influences the groundwater composition within the landslide, this instrumentation may also help to understand internal fluid-rock processes.

With an inter-electrode spacing of one meter and a daily sounding, the multi-electrode system is designed to provide near-field and high-resolution measurements of the electrical resistivity for depth ranging from 31 to 53 m depth (Fig. 4e). A cement-bentonite grout was injected inside the borehole in order to ensure a good electrical signal and to avoid the inter-connection between the different aquifers. The data are recorded using quadripoles in dipole-dipole configuration in order to obtain a 1D profile sensitive to resistivity contrasts along the borehole [START_REF] Dahlin | A numerical comparison of 2D resistivity imaging with 10 electrode arrays[END_REF]. The accuracy of the apparent resistivity measurements is about 2 %. The multi-electrode system is coupled with 8 optical fiber strain sensors (Kloé®), working on the Fiber Bragg Gratings principle, and distributed in-line between 37 m to 58 m depth every each 2 m (Fig. 2e). The strain sensors provide an estimation of the structural deformation at depth by measuring elongations with a sensitivity of 1.5 pm/μm. Due to the weakness of the acquisition system, we were able to collect the data only 3 times per year from March 2012 to September 2014.

Results

In-situ hydro-geochemical monitoring

All the hydro-chemical parameters measured monthly during the last five years, in the field or in the laboratory, were integrated into the public database (https://data.oreme.org/observation/omiv, Table 1).

Periodic measurements of both pore-water pressures and temperatures reveal clear seasonal variations (Fig. 5) coinciding with groundwater discharge-recharge dynamics. We observe a reduction of about 1 bar of the pore-water pressures during the summer dry season and the low-water period occurs at the beginning of autumn. Autumnal and winter rainfalls induce an increase of the pore-water pressures that reflect the recharge of the different hydrogeological units. The same general trend is observed for the four monitoring levels displaying a similar temporal behavior of the two hydrogeological units. We also notice low-temperature periods marked by a water temperature reduction of less than 1°C during autumn and winter periods.

Geochemical analyses performed on the pore-water fluid samples point out that the transition between the two reservoirs R1 and R2 is located between 45 and 48 m depth ( and Mg 2+ (~ 200 mg/l) and SO4 2-(~ 1000 mg/l). This composition argues for an evaporitic origin of the waters (Fig. 6), probably related to dissolution processes that may take place within the main evaporate-claystone unit (U1). R2 shows chemically intermediate waters, between a carbonate and an evaporite pole (Fig. 6), which demonstrates a major contribution of less mineralized waters that might come from rainwater directly infiltrated in the landslide (Fig 2b).

The chemical monitoring shows only slight seasonal variations of the water chemistry in the landslide (Fig. 5). We notice that the mean Total Organic Carbon (TOC) value is ~1.6 mg/l in average for all the levels, except some singular higher values observed mainly at 56 m depths (Fig. 5). The main anomaly (12/2015), characterized by an increase of 3 mg/l of the TOC values, is consistent in time with a decrease of calcium (~350 mg/l), magnesium (~190 mg/l) and sulfate (~1600 mg/l) concentrations. They also coincide with a reduction of the electrical conductivity (~ 1.0 mS/cm) and an increase of HCO3 concentration (~100 mg/l) at the same depth. These chemistry variations suggest that heavy rainfall events induced occasional dilution effects related to rainwater infiltrations in R1 [START_REF] Batiot | Carbone organique total (COT) et magnésium (Mg2+) : deux traceurs complémentaires du temps de séjour dans l'aquifère Karstique[END_REF].

In-situ geophysical monitoring

During the first year of the strain monitoring, we observe an increasing strain (~ 400 pm) for all the sensors along the borehole (Fig. 7a). This first pattern may be explained by the setting of the cement-bentonite grout, which is responsible for a continuous deformation over time for the whole borehole. From March 2013, the strain soundings show only slight changes at depth, except at around 45 m depth. This zone is marked by a strong negative strain anomaly (~ 1100 pm) that becomes more important over time (-700 pm in 18 months). At this depth, the temporal evolution of the strain values underlines the presence of an active slip horizon in agreement with the core description that pointed out the presence of clayey-evaporitic gouge materials probably associated to shear mechanisms.

Moreover, the presence of preferential water flow at the same depth (Fig. 4d) may explain the localization of the deformation because of a coupled high-water pressure and low-frictional strength effect [START_REF] Tsao | A case study of the pore water pressure fluctuation on the slip surface using horizontal borehole works on drainage well[END_REF][START_REF] Bogaard | Landslide hydrology: from hydrology to pore pressure[END_REF].

We also consider apparent resistivity changes relatively to a reference baseline [START_REF] Samouëlian | Electrical resistivity survey in soil science[END_REF] (Fig. 7b). We aim to remove the lithological signature, which is assumed to be constant over the monitoring sequence, and focus on the water contribution, both water content, and concentration.

Because of low temperature variations (Fig. 5), we assume that thermal effects are negligible comparing to the other factors mentioned previously. The reference baseline (Ro) we used is an average of apparent resistivity measurements made in June-July 2015 which corresponds to a representative dry season (only 37 mm of precipitations in two months). The resistivity profile recorded at time t (Rt) was then subtracted from the background geological model (Ro) to compute a 2D (depth and time) interpolated distribution of the apparent resistivity differences (Rt-Ro).

The monitoring data (ftp://omivelecftp.oreme.org, please ask the authors for access) indicate, that the electrical resistivity is not constant over time at different depth (Fig. 7b). From 43 m to 47 m depth, the data show important resistivity variations that match with the active deformation horizon identified in the time-lapse strain soundings. This level is marked by a major transition from A first order analysis of the geophysical monitoring shows no systematic correlation between resistivity anomalies and rainfall events (Fig. 7c). In contrast, a comparison with the water-pore pressure monitoring points out that the temporal resistivity variations at 47 m depth match the seasonal discharge-recharge dynamic of the landslide. The same trend is observed at 50 m depth. In fact, the resistive anomalies are correlated with the low-water periods and the more conductive ones to the recharge periods with rainwater infiltrations at depth that induces internal high-pressure values as well as an increase of evaporite leaching.

Example of "Cevenol event"

September 2015 was marked by a heavy rainfall event (~ 300 mm in 24 h), followed by two important rainfalls occurring at the end of October (~100 mm) and at the beginning of November ( 110mm) (Fig. 8a). Some smaller pre-event rainfalls were also recorded in July and August (~ 50-70 mm).

The hydro-geochemical observatory shows a two-step response of the system to the large rainfall event. First, the hydrological monitoring points out that the intense precipitations lead to an increase of 1 to 1.5 bar of the water-pore pressure in less than one month at the four levels in WB (Fig. 8a). This reveals an immediate hydrodynamic response of the system to the meteorological pulse and involves a pressure transfer at the landslide scale. In contrast, a reduction of both the pore-fluid conductivity (from 3.3 mS/cm in average to 2.0 mS/cm) and the sulphate concentration (from 2436 mg/l in average to 817 mg/l) correlated with an increase of the TOC value up to 4.3 mg/l are observed 3 months after the heavy rainfall event and were visible only at 56 m depth. These changes in the water chemistry of R1 display a dilution of the sulfate-saturated waters by rainfall supplies. The mixing of the deeper groundwater with less mineralized waters is confirmed by the chemistry of the related fluid sample (16.12.2015) close to the carbonate pole in the binary diagram (Fig. 6). This underlines that the mass transfer to the deeper part of the slope does not match the pressure transfer.

Comparing the hydrodynamic and the geophysical monitoring, we notice that the abrupt porepressure variation entailed by the heavy rainfall event is consistent over time with slight reductions of the resistivity difference values (decrease of ~10 Ω.m) at around 47 m depth (Fig. 8b-c) 10 days after the heavy rainfall event. Resistivity changes (from ~20 Ω.m to -10 Ω.m) coinciding with this meteorological event are also observed at around 50-52 m depth 5 days after the event. Nothing is detected at 34-37 m depths. Unfortunately, the lack of resistivity data in December 2015 does not allow a comparison between changes observed in the pore-water chemical parameters (EC, sulphate concentration and TOC) with the resistivity data. Nevertheless, the five years of resistivity monitoring does not show any changes related to pore-water chemical variations for the other large rain events (Fig. 5). Assuming the porosity and the ground structure constant with time, this indicates that the electrical resistivity is more sensitive to the water saturation than to the water ionic concentration.

Discussion

The geophysical and hydro-geochemical monitoring data have demonstrated the presence of two major active sliding surfaces in the landslide body. We identified a narrow failure zone at around 45 m depth corresponding to both a thin evaporite rich level and a preferential water pathway, which gives rise to shear deformation localized around this horizon (Fig. 4 and7). A second massive evaporite-clayey level (U1) is detected from 52 m depth down to the maximum depth of the borehole.

The strain monitoring does not show any deformation related to this deep active zone whereas resistivity variations over time indicate the occurrence of some internal landslide processes at this depth (Fig. 7). Based on these observations, we propose that the upper evaporite level (EL) corresponds to the currently active sliding surface in the landslide that may accommodate most of the slow moving recorded at the surface.

Both the geophysical and the hydro-geochemical observatories point out the seasonal behavior of the unstable slope with clear hydro-geophysical signatures related to discharge-recharge periods (Fig. 5 and7). Furthermore, the monitoring data suggest a rapid transfer of pressure at the landslide scale after a large rainfall event and a slow mass transfer down to the deeper part of the system (Fig. 8). Two different mechanisms or a combination of both can be evocated to explain this two-time response of the hydrological system to rainfall solicitations. First, the delay between the pressure response and the incoming of less mineralized waters at depth may be related to a piston flow mechanism, which requires the contribution of post-event precipitations [START_REF] De Montety | Identifying the origin of groundwater and flow processes in complex landslides affecting black marls: insights from a hydrochemical survey[END_REF][START_REF] Brönnimann | Effect of groundwater on landslide triggering[END_REF]. The large rainfall event may push out the stored groundwater, while the following rainfalls may supply meteoritic waters in the landslide body down to the deeper reservoir (Fig 2b). The other possible explanation for this two-step response may originate from the upper evaporite level (EL), which constitutes a discontinuity at the slope scale. In the vicinity of this slip zone, the presence of open discontinuities, brecciated zones, and clayey gouges (Fig. 4) demonstrates that both the mechanical and hydraulic properties are modified. In particular, this failure zone seems to act as a major drain for groundwater flow (Fig. 2b) that probably implies reduced direct vertical rainfall infiltrations in R1. In this case, less mineralized waters at depth may be mostly controlled by slower lateral supplies from the surrounding slope (Fig. 2b).

Even if the results of the coupled geophysical and hydro-geochemical monitoring are promising, a number of limitations are outlined and should be taken into account for the next stage of instrumentation. While the downhole resistivity observatory provides automatic and higher frequency sampling rate over time, the monthly sampling of the hydro-geochemical observatory is not sufficient to determine precisely the hydrological timescale response of the system. In particular, we are not able to discriminate accurately the contribution of the post-event or pre-event rainfalls. Maybe short-term responses to the meteorological solicitations were missed. Moreover, the sampling step does also not provide a sufficient basis for taking into consideration a cumulative effect of rainfalls in the slope dynamic and for investigating threshold effects. In particular, we need to increase the time step of the fluid samplings in order to better document both short and long-term chemical responses of the different hydrogeological units to large rainfall events. Considering the objectives of the study, the temporal resolution of the resistivity monitoring is large enough to report the general evolution of the water content. A comparison with the hydro-chemical monitoring shows that the time-lapse resistivity sounding shows poor sensitivity to water chemistry variations linked to internal processes. A reduction of the electrode spacing to improve the vertical resolution, in particular in the vicinity of the two active zones, can allow verifying if this lack of sensitivity is associated to the array configuration or not.

Further work on the baseline determination may improve the monitoring of the landslide processes [START_REF] Pezard | On baseline determination and gas saturation derivation from downhole electrical monitoring of shallow biogenic gas production[END_REF]. A more detailed statistical analysis of the electrical resistivity data could also contribute to detect changes in apparent resistivity, in particular high frequency variations (day, week), and their possible links to rainfall and groundwater processes [START_REF] Lebourg | Landslides triggered factors analysed by time lapse electrical survey and multidimensional statistical approach[END_REF][START_REF] Gance | Permanent electrical resistivity measurements for monitoring water circulation in clayey landslides[END_REF]. Improvement in more frequent strain acquisition is also needed to investigate the effect over time of both rainwater infiltration and groundwater flows on deformation. Finally, the downhole monitoring produces accurate near-field vertical data but this instrumentation does not enlighten about lateral variations within the slope. In order to investigate the spatial complexity of both the landslide structure and dynamics, additional data are required. The lateral variations along the slope may be assessed by drilling additional boreholes along the slope [START_REF] De Montety | Identifying the origin of groundwater and flow processes in complex landslides affecting black marls: insights from a hydrochemical survey[END_REF] or deploying electrical resistivity tomography monitoring system at the surface [START_REF] Gance | Permanent electrical resistivity measurements for monitoring water circulation in clayey landslides[END_REF][START_REF] Palis | Multiyear time-lapse ERT to study short-and long-term landslide hydrological dynamics[END_REF]. In particular, borehole resistivity data may be used to constrain the inversion of ERT models [START_REF] Fortier | Internal structure and conditions of permafrostmounds at Umiujaq in Nunavik, Canada, inferred from field investigation and electrical resistivity tomography[END_REF]. A joint interpretation of surface and borehole data may improve our knowledge regarding both the landslide structure and processes (Linde and Doetch, 2016). In our case, the spatial and temporal monitoring may provide arguments upon the distribution of preferential flows, in particular at the upper slip horizon, and slow matrix flows down to the deeper unit.

Conclusion

In this study, we proposed to test a new integrated monitoring strategy in order to characterize the landslide hydrology and the related slope movement of the Pégairolles-de-l'Escalette (PEL) site in response to heavy rainfall events. The new instrumentation consists of two permanent downhole observatories for both geophysical and hydro-geochemical investigation of the slope. This instrumentation provides original near-field data with direct access to the failure zones in the underground that gives an opportunity to investigate the relationships between rainfall events, groundwater processes and deformation at depth. The monitoring data of the PEL, well constrained by the core description and conventional borehole logs, help to characterize both the structure and the dynamic of this unstable slope. Two main active zones were identified in the landslide body. Our data point out that the upper failure zone plays a key role in both the hydrology and the dynamic of the landslide. In particular, our results suggest that this horizon is important in regulating the water infiltration towards the deeper part of the slope. Nevertheless, the relationships between major rainfall events, meteoric water supplies and groundwater flows are complex. In particular, a better knowledge of the timing in response to meteorological solicitations requires an improvement of the sampling step of both the hydro-geochemical and strain monitoring. This knowledge is a key point for performing suitable short and long-term landslide modelling. 

  of the 30 descending Envisat SAR archives acquired from 2003 to 2011 indicated a current slow surface displacement of 3-4 mm/year that is mainly concentrated on the upper part of the landslide (Fig 1c).

  Pégairolles de l'Escalette valley is incised by the Lergue River through the tabular Middle to Lower Jurassic carbonate series of the southern border of the Larzac plateau forming a typical Steephead karstic valley (Fig.2a). Northward of the village, the valley shows an overall V-shaped morphology with a ruled slope of about 40° along the thick suboutcropping Hettangian crypalgal dolomudstones. The border of the plateau is dominated by two major structural rock cliffs, respectively at the top of the Plienbachian massive sandy grainstones and the Aalenian to Bathonian massive mudstones and dolomites. These cliffs originate in the rheological contrast with the Toarcian black marls sandwiched between the two massive carbonate slabs that suffer a differential erosion and rock fall retreat. Southward the village, the valley enlarges abruptly with a wide U-shape morphology in the lower part and a remaining ruled slope which progressively fades downstream. This major change of the landform is clearly associated to the intersection point of the main river thalweg with the Norian claystones and evaporites as evidence during geological mapping (Fig.2a-b). Downstream of this point the lower part of the valley is crowded by a thick scree mantle, partly onlapping fringing rock scarp established on the wavy mudstones of the Parlatges facies (Base of Hettangian) and the underlying Rhaetian dolomitized grainstones and mixed siliciclastic-carbonate deposits. The scree slope mantle is partly cemented at the base, indicating a major drainage pathway for the seepage of meteoric waters above the clayey Lower Rhaetian-Norian permeability barrier. It shows multiple flat terraces and solution collapse depressions compatible with the vicinity of evaporite layers. This area is punctuated by large isolated blocks (> 1 m 3 ) and slide slabs (>10 m²) dominated by Rhaetian and Parlatges facies. The flat to low inclined surfaces are still used for vineyard growing with typical

  4, U1 label) at around 53 m depth down to the bottom of the borehole. It is characterized by low values of total gamma ray well correlated with high resistivity values. The observed high-frequency negatively correlated variations in GR and resistivity logs show the alternating evaporite-claystone interlayers. The unit U1 is overlaid by a Rhaetien dolomudstone-marls level (Fig. 4, U2 label), at around 42-52 m depths, marked by intermediate values of gamma ray and low resistivity values. In this level, the core description points out a narrow evaporite rich level (EL), at around 45 m depth, which coincides with a high concentration of open discontinuities, brecciated zones and clayey gouge that underline the presence of both water circulations and deformations. This EL is less visible in the geophysical logs, but correlates with clear changes in fluid conductivity and temperature (Fig. 4d), confirming the existence of a major drainage pathway at this depth. Above 42 m depth, high gamma ray values combined with intermediate resistivity ones underline a slight different mudstone-marls unit U3.

  December 2012 to March 2013 between high (~40 Ω.m) and low (~-10 Ω.m) apparent resistivity differences that may be explained by the cement setting and the related thermal effects. After March 2013, the resistivity monitoring points out transient resistivity increases ranging from -10 Ω.m to 20 Ω.m in average. These changes are observed in October-November 2013, mid-July-September 2014 and end-August-September 2015. Few resistive anomalies (~25 Ω.m) are also observed at around 50 m depth, which coincides with the top of the massive evaporite-claystone unit (U1). These anomalies occurring at the same periods, the monitoring emphasizes similar temporal resistivity behavior for these two levels (44-47 m and 50 m). Some slight resistivity variations that may be related to water flows through open discontinuities in U3 (Fig 4) are also observed at 35-37 m depth.

Figure captures Figure 1 .

 captures1 Figure capturesFigure 1. (a) Photo of one bridge damaged by the Lodeve landslide since 1996; (b) Location of the Lodeve site (GeoMappApp); (c) Aerial photography (Google Earth) of the experimental site with landslide limits (red line), mean LOS velocity (PS-InSAR) displacement from 30 Envisat images in the descending pass and the field set-up: the downhole hydrodynamic observatory based on a multipacker completion from the WestBay system (WB, white star) and the imaGeau downhole electrical resistivity observatory (DEO, blue star). White rectangles show a damaged (A) bridge and a destroyed (B) one. The distance between WB and DEO observatories is about 4 m. (d) View of the Lodeve landslide.

Figure 2 .

 2 Figure 2. Geological and geomorphological setting of the Pégairolles de l'Escalette landslide. Detailed geological and geomorphological map (A) and cross-section (B) (Personal communication LOPEZ M.). Main lithostratigraphy: (a) Ladinian sandstones; (b) Carnian claystones and evaporites; an1: Main anhydrite key bed; (c) Norian lower claystones and evaporites an2: Secondary anhydrite key bed; (d) Norian upper claystones and evaporites; (e) Rhaetian marls and dolomudstone interbeddings; (f) Rhaetian mixed siliciclastic-carbonate; (g) Rhaetian dolomitized grainstone; (h) Basal Hettangian wavy mudstone (Parlatges key bed facies); (i) Hettangian cryptalgal dolomudstones; (j) Sinemurian-Plienbachian sandy grainstones and wackestones. White arrows show possible water pathways related to rainwater infiltrations in the landslide.

Figure 3 .

 3 Figure 3. Core sample of the Norian upper claystone and evaporite interval (Fig. 2b) showing the nodular to chicken-wire fabric of partly rehydrated anhydrite into gypsum (G-An) and gypsyferous wavy layers (G) alternating with blue claystones (C). This core sample was recovered at 60 m depth of an initial exploration hole close to the WB observatory.

Figure 4 .

 4 Figure 4. Downhole structure and physical properties in DEO hole (Fig. 1c). At left: Core photos with lithostratigraphic log (modified from Giovannageli, 2014). At right: (a) Unit labels from the core description; (b) Total Gamma Ray log; (c) Deep and shallow resistivity logs recorded in the cored borehole; (d) Pore fluid conductivity and temperature logs recorded in the same hole; (e) Positions of the four monitoring levels in the WB hydrodynamic observatory (blue ovals), positions of the electrodes (ER, in green circles) and locations of the optical fiber sensors (OF, in violet circles) coupled to the DEO observatory. R1 and R2 labels indicate the assumed location of two reservoirs. The water table was about 34 m depth during logging.

Figure 5 .

 5 Figure 5. In situ monitoring (April 2012 -March 2017) of hydrochemical parameters recorded in the downhole hydrodynamic observatory (WB in Fig.1c, Westbay system) at 36, 45, 48 and 56 m depths in comparison with the record of rainfalls (Les Plans station). Vertical grey bars show summer seasons (from June 1 to August 31 of each year). Dashed lines indicate the noticeable changes of hydrochemical parameters after the "Cevenol event". R1 and R2 labels indicate two reservoirs.

Figure 6 .

 6 Figure 6. Scatter diagram of some geochemical parameters for water samples collected during the observation period at depth of 36, 45, 48 and 56 m compared with the evaporate, carbonate facies, and rainwater pole composition estimated from Ladouche et al. (1999).

Figure 7 .

 7 Figure 7. Time-lapse geophysical monitoring (April 2012 -March 2017) in DEO hole (Fig. 1c): (a) Strain survey from March 2012 to September 2014; the different curves represent the different soundings; (b) Resistivity differences with respect to the baseline (average value from June-July 2015 data). The results are given in apparent resistivity. The blue colour indicates a decrease in the resistivity value whereas an increase of the resistivity is represented with red colours. Green dots show electrode position in DEO hole. Velvet dots show strain measurement points over time. (c) Porepressure monitoring from the WB observatory at 45 and 48 m depths in correlation with rainfall (Les Plans station) and apparent resistivity at 47 and 50 m depth. The vertical grey bars in (b) and (c) images show summer seasons (from June 1 to August 31 of each year).

Figure 8 .

 8 Figure 8. Example of the "Cevenol event" recorded in September 2015 (~ 300 mm of rain in 24 hours): (a) The hydrochemical parameters from the water samples collected at 4 depths in the WB observatory are given; (b) The apparent resistivity difference recorded from the DEO observatory (Rt-Rt0) is represented; (c) Pore-pressure monitoring from the WB observatory at 45 and 48 m depths in correlation with rainfall (Les Plans station) and apparent resistivity at 47 and 50 m depth.

  

Table 1 ,

 1 Fig.5). The physical and chemical parameters measured for the different samples (see 3.1.2 and Table1) point out that the upper reservoir R2 (36 and 45 m) is characterized by both lower mean electrical conductivity values (~1.8 mS/cm) and lower mean total dissolved solids concentrations (~1800 mg/l) than the deeper one R1 (48 and 56 m) described by much more conductive and mineralized waters (EC ~ 3.2 mS/cm, TDS ~3430 mg/l). Moreover, the relative abundance of ions in R1 in comparison with R2 reveals that the deeper reservoir corresponds to sulphate-rich waters with higher proportions of Ca 2+

Table 1 .

 1 Physico-chemical parameters from the fluid samples collected monthly from 2012 to 2017 in the WB observatory at the four monitoring levels. Number of samples collected per level: 7 samples at 36 m depth, 44 samples at 45 m, 44 samples at 48 m, and 43 samples at 56 m depth.

	Tables												
	Depth		Cond.	pH	HCO3 -	Cl -NO3 -SO4 --	Ca ++	Mg ++	Na +	K +	TOC	TDS
	m		mS/cm	-		Majeur cations and ions concentrations (mg/l)		mg/l	mg/l
		Min	1.6	6.7	204	10.0 1.7	1077	329	89	5.5	4.1	0.8	1748
		Max	1.9	7.8	226	14.3 3.0	1224	392	100	7.5	6.3	2.6	1942
	36 m	Mean	1.8	7.2	214	11.6 2.1	1119	346	94	6.2	5.5	1.7	1806
		Median	1.7	7.2	213	11.2 1.9	1095	335	93	5.9	5.7	1.9	1761
		Standard deviation	0.1	0.4	8.4	1.5	0.6	57	24	3.6	0.8	0.8	0.7	83
		Min	1.6	6.8	165	4.1	1.5	1021	288	78	3.2	2.1	0.6	1665
		Max	2.4	8.0	239	20.3 6.0	1563	483	145	20.4 16.3	2.9	2353
	45 m	Mean	1.9	7.5	188	9.7	2.7	1161	350	114	6.8	5.8	1.5	1813
		Median	1.9	7.4	184	9.6	2.4	1119	332	110	6.4	5.0	1.4	1784
		Standard deviation	0.2	0.3	18.5	2.3	1.1	139	52	13	2.3	2.5	0.7	329
		Min	2.8	6.9	136	4.8	-	1769	437	196	5.8	1.9	0.5	2674
		Max	3.4	8.0	202	17.2	-	2509	580	329	18.0 12.9	3.9	3583
	48 m	Mean	3.1	7.5	160	10.7	-	2314	512	293	12.0 5.5	1.6	3128
		Median	3.1	7.5	153	10.3	-	2330	512	297	11.8 4.9	1.3	3309
		Standard deviation	0.2	0.3	19	2.1	-	125	31	25	1.6	2.1	0.8	748
		Min	2.1	6.4	163	5.3	-	817	188	109	6.5	4.4	0.4	1414
		Max	3.6	8.0	264	22.3	-	2730	579	368	27.0 20.9	4.3	3853
	56 m	Mean	3.3	7.4	193	12.1	-	2436	518	322	19.8 12.1	1.7	3500
		Median	3.4	7.3	183	12.0	-	2470	523	329	20.0 12.0	1.5	3551
		Standard deviation	0.3	0.4	27	2.6	-	274	59	44	3.7	2.7	0.9	382
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