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INTRODUCTION

General context

All around the Mediterranean Sea, saltwater intrusion is caused by overexploitation of fresh groundwater [START_REF] Calvache | Effects of geology and human activity on the dynamics of salt-water intrusion in three coastal aquifers in southern Spain[END_REF][START_REF] Duque | Combined time domain electromagnetic soundings and gravimetry to determine marine intrusion in a detrital coastal aquifer (Southern Spain)[END_REF][START_REF] El Yaouti | Salinization processes in the unconfined aquifer of Bou-Areg (NE Morocco): A geostatistical, geochemical, and tomographic study[END_REF].

Where groundwater is overexploitation from aquifers, water head gradients may cause the migration of sea water toward wells, making the freshwater unusable [START_REF] Gimenez | Hydrogeochemical analysis of salinization processes in the coastal aquifer of Oropesa (Castellon, Spain)[END_REF]Morell, 1997, El Yaouti et al., 2009).

The European Environment Agency has recognized that the problem of saltwater intrusion due to groundwater over-exploitation (Figure 1) is one of the major threats to coastal area freshwater resources in Europe [START_REF] Scheidleger | The European environment agency indicator-based reporting about 'Saltwater intrusion due to groundwater over-exploitation[END_REF]. The salinization of the environment in coastal areas limits the supply of fresh water and damages areas of valuable land use [START_REF] Vandenbohede | Sustainable groundwater extraction in coastal areas: a Belgian example[END_REF]. Activities such as agriculture are severely limited by the presence of saline soils. The world loses about 10 ha of arable land every minute, 3 ha of which are lost by salinization [START_REF] Ghassemi | Salinization of land and Water resources[END_REF]. This is one of the main problems in arid zones leading to land desertification [START_REF] Amezketa | An integrated methodology for assessing soil salinization, a pre-condition for land desertification[END_REF][START_REF] Dahlhaus | Groundwater-level response to land-use change and the implications for salinity management in the West Moorabool River catchment, Victoria, Australia[END_REF]. These problems are increasing the importance of groundwater monitoring, management, and conservation to understand the origin and mechanisms of the salinization process for preventing further deterioration of groundwater resources. -14 -Many investigations have dealt with the origin of saltwater in coastal aquifer [START_REF] Bear | Seawater Intrusion in Coastal Aquifers Concepts, Methods and Practices[END_REF][START_REF] Custodio | Coastal aquifers as important natural hydrogeological structures[END_REF] and discussed the following causes: overexploitation, dissolution of evaporate salts from geologic formations, saltwater spray on windy coastal strips, intense evapoconcentration of surface and phreatic water in dry climates, intense evaporation of outflowing groundwater in discharge areas and wetlands.

When considering saltwater intrusion in coastal areas by the interface between saltwater and freshwater, the problem can be conceptualize in two ways: Firstly, considering that both fluids are miscible and taking into account the existence of transition zone [START_REF] Voss | Variable density flow and solute transport simulation of regional aquifers containing a narrow freshwater-saltwater transition zone[END_REF]; secondly, an abrupt interface approximation (Bear andVerruijt, 1987, Duque et al., 2008) assuming that the freshwater and saltwater do not mix (are immiscible) and are separated by a sharp interface.

In case of an immiscible interface, salt water intrusion solution was first given for more than one century by the analytical solution approach of Badon-Ghyben (1889) and Herzberg (1901) and the single potential theory based on the Dupuis assumption given by [START_REF] Strack | A single-potential solution for regional interface problems in coastal aquifers[END_REF]. This mathematical solution can be used for hydrogeological homogeneous coastal aquifers and with a steady state flow condition. In case a mixing of saltwater and freshwater transition interface, a relatively complex approach based on the solution of the variable density flow in the dimension in both time and space [START_REF] Voss | Variable density flow and solute transport simulation of regional aquifers containing a narrow freshwater-saltwater transition zone[END_REF][START_REF] Bear | Dynamics of Fluids in Porous Media[END_REF], Holzbecher, 1998a[START_REF] Kolditz | Coupled groundwater flow and transport: 1. Verification of variable density flow and transport models[END_REF]. This variable density model represents the processes of saltwater intrusion in a more realistic way; not only for a homogeneous but also for a heterogeneous aquifer connect to the sea.

The Crau coastal aquifer is a delta in South-East of France, formed by alluvium of the ancient Durance, with area of 600 km 2 . The Crau is divided into two zones: the dry Crau with the Coussouls National Natural Reserve and the wet Crau with Vigueirat National Natural Reserve which is well-known as a rich ecosystem, hosting several endangered wildlife species and benefits from a strong natural area protection status. Moreover, the Crau aquifer provides the main resources domestic water for about 300,000 inhabitants, several industrial complexes and agriculture. The study area is one part of the Crau coastal aquifer, with a surface of 140 km 2 where the Crau aquifer is covered by the superficial layer of the Holocene deposits and the saltwater intrusion occurs in both groundwater and surface water.

Research objectives

This research focused on saltwater intrusion in a heterogeneous aquifer by using water monitoring and groundwater modeling. The main difficulty is to parameterize and calibrate/validate the variable-density modeling. This requires adequate information on aquifer parameters and concentration distribution in groundwater. To solve this problem, we propose -15 -to use geophysical investigations to describe and image the transition zone of the freshwater/saltwater. Such investigations can help to setup and validate the variable-density flow models [START_REF] Comte | Cross-validation of geo-electrical and hydrogeological models to evaluate seawater intrusion in coastal aquifers[END_REF]. Also we propose to use some natural radioactive isotopes (radon) as tracers to quantify water flows and calibrate the model.

Outline of thesis

The thesis consists of five parts. A brief introduction is provided in first part to describe the general context and research objectives. Part two states the problematic of coastal aquifers and an overview of the study area. Part three provides a description of methods applied in this study, including electrical resistivity topography, electromagnetic, natural radioactive isotope and saltwater intrusion modeling. The results of these methods and of the numerical modeling are presented in Part four. Finally, Part five provides a general discussion and conclusion.
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Hydrodynamics in coastal aquifers

Dynamic balance of fresh water and salt water in a coastal aquifer

The intrusion of seawater in coastal aquifers was first conceptualized independently by Badon-Ghijben (1889) and Herzberg (1901) assuming hydrostatic equilibrium, immiscible fluids and the existence of a sharp interface between fresh and saltwater in a homogeneous unconfined aquifer. They found that the depth of the freshwater-saltwater interface below sea level (zs) is shown in Figure 2 and given by:

f sf sf zh     ( 1 
)
Where ρf is the density of freshwater, ρs is the density of saltwater, and hf is the elevation of the water table above sea level. When the equation is applied correctly, the estimated depth closely approximates the real one [START_REF] Cheng | Three-dimensional modeling of density-dependent salt water intrusion in multilayered coastal aquifers in Jahe River Basin, Shandong Province, China[END_REF]; it is still widely used to simulate saltwater intrusion (Essaid, 1992, Cheng and[START_REF] Cheng | Three-dimensional modeling of density-dependent salt water intrusion in multilayered coastal aquifers in Jahe River Basin, Shandong Province, China[END_REF]) and, especially for educational purposes, to gain clear insight into the behavior of fresh and saline groundwater in coastal aquifer systems [START_REF] Essink | Salt water intrusion in a three-dimensional groundwater system in the Netherlands: A numerical study[END_REF][START_REF] Duque | Combined time domain electromagnetic soundings and gravimetry to determine marine intrusion in a detrital coastal aquifer (Southern Spain)[END_REF]. Due to molecular diffusion and hydrodynamic dispersion, fresh and salt water are actually miscible liquids: the contact between the two fluids is therefore a transition zone rather than a sharp interface [START_REF] Gambolati | Coastline regression of the Romagna region, Italy, due to natural and anthropogenic land subsidence and sea level rise[END_REF].

The situation is further complicated by the fact that the saltwater intrusion itself changes the fluid density, so that this parameter varies in space and time as a function of changes in concentration, temperature and pressure in the fluid. Furthermore, the porous medium itself is usually stochastically heterogeneous. In order to properly reproduce the mechanism of saltwater encroachment, a variable density flow and transport modeling approach is therefore currently adopted [START_REF] Voss | Variable density flow and solute transport simulation of regional aquifers containing a narrow freshwater-saltwater transition zone[END_REF], Holzbecher, 1998a[START_REF] Koch | Numerical modeling and management of saltwater seepage from coastal brackish canals in southeast Florida[END_REF][START_REF] Bear | Seawater Intrusion in Coastal Aquifers Concepts, Methods and Practices[END_REF][START_REF] Diersch | Variable-density flow and transport in porous media: approaches and challenges[END_REF]. The medium-and long-term effects of water management are difficult to foresee due to interaction between numerous elements and variables having different natures [START_REF] Bear | Seawater Intrusion in Coastal Aquifers Concepts, Methods and Practices[END_REF][START_REF] Cheng | Three-dimensional modeling of density-dependent salt water intrusion in multilayered coastal aquifers in Jahe River Basin, Shandong Province, China[END_REF][START_REF] Custodio | Coastal aquifers as important natural hydrogeological structures[END_REF]. Groundwater management thus requires the use of numerical models to test current and alternative exploitation scenarios taking into account technical aspects as well as economic, legal, social and political ones [START_REF] Bear | Modeling Groundwater Flow and Pollution[END_REF][START_REF] Anderson | Applied Groundwater Modeling: Simulation of Flow and Advective Transport[END_REF][START_REF] Bear | Management of a coastal aquifer[END_REF]).
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The pattern of fresh water flow in a coastal aquifer

In homogeneous media, the interface between salt and fresh water follow the Ghyben-Herzberg relation which assumes, under hydrostatic conditions, the weight of a unit column of freshwater extending from the water table to the salt-water interface is balanced by a unit column of salt water extending from sea level to that same point on the interface. Also, for every unit of groundwater above sea level there are 40 units of fresh water between sea level and the saltwater interface at depth. Figure 3. Circulation of salt water from the sea to the zone of diffusion and back to the sea in homogeneous coastal aquifer [START_REF] Cooper | A hypothesis concerning the dynamic balance of fresh water and salt water in a coastal aquifer[END_REF].

This dynamic is more complex and very difficult to characterize and simulate when groundwater pumping through the freshwater lens induces a salt water upconing.

Although the presence of salinity in coastal aquifers has been widely studied, the source of this salinity remains in many cases unclear [START_REF] Lloyd | Introduction to Modeling of Transport Phenomena in Porous Media[END_REF] Monitoring of saline domains is essential to determine and predict groundwater and soils deterioration, and assess the groundwater resources management in coastal aquifers. Monitoring involves designing a field survey strategy and methodology to obtain a reliable dataset [START_REF] Melloul | Monitoring of Seawater Intrusion in Coastal Aquifers: Basics and Local Concerns[END_REF].

-21-Monitoring surveys can be implemented with direct (boreholes and sampling) or indirect (geophysical, geochemical or isotope survey) methods or a combination of both. Direct methods are generally expensive, especially for large study areas. It is in that context that inexpensive electrical techniques, such as the geophysical prospecting methods, are the most suitable [START_REF] Land | Geophysical monitoring and evaluation of coastal plain aquifers[END_REF]. With the development of computing science, we can characterize and predict saltwater intrusion with numerical modeling software such as SEAWAT, FEFLOW, SUTRA and FEMWATER.

In this research, the groundwater flow modeling will be validated using isotope measurements and geo-electrical investigations.

Effects of density in coastal groundwater

Many field and laboratory studies have shown that fluid density gradients caused by variation in concentration and/or temperature can play an important role in the transport of solutes in groundwater systems [START_REF] Bear | Dynamics of Fluids in Porous Media[END_REF][START_REF] Simmons | Variable-density groundwater flow and solute transport in heterogeneous porous media: approaches, resolutions and future challenges[END_REF]. Simulation of density driven flow problems is very complicated due to the non-linear coupling between flow and transport equations and requires long computational time and/or powerful computer (Post et al., 2007, Ackerer and[START_REF] Ackerer | Efficient approximations for the simulation of density driven flow in porous media[END_REF]. When corrections for density variations are ignored or not properly taken into account, misinterpretation of both groundwater flow direction and magnitude may result [START_REF] Lusczynski | Head and flow of ground water of variable density[END_REF][START_REF] Post | Using hydraulic head measurements in variable-density ground water flow analyses[END_REF].

The hydraulic head is one of the most important metric in hydrogeology as it underlies the interpretation of groundwater flow patterns, the quantification of aquifer properties and the calibration of flow models [START_REF] Post | Review: Hydraulic head measurements-new technologies, classic pitfalls[END_REF]. Hydraulic head observations in aquifers and surface water/sea water are very important to determine the interactions between groundwater and surface water bodies and research on salt intrusion. This parameter determined based on water level measurements in wells and piezometers.

Groundwater head of variable density

Head and Pressure equation

Hydraulic head is a measure of mechanical energy per unit weight of water at everywhere within a groundwater aquifer. At any point 'i' in the groundwater body, hydraulic head can be quantified by the following equation:

i i i i P hz g   (2)
hi is the hydraulic head (m), zi is the elevation head (m), represents the level of the well screen, and hp,i the pressure head is the length of the water column in the well relative to zi. For -22-stagnant water condition in the well, i is the density of water at the measurement point (kg/m 3 ), g is the gravitational acceleration (m/s 2 ), and the pressure Pi of the groundwater at the measurement point (Pa) is equal to the weight of the overlying water per unit cross-sectional area:

, i p i P gh   (3)
hp,i related to the pressure of the ground water at the well screen Pi or the height of the water column, by the following equation:

,

i pi i P h g   (4)
Substituting equation (3) into equation ( 2), we will have: Musczynski,1961 and[START_REF] Post | Review: Hydraulic head measurements-new technologies, classic pitfalls[END_REF].

, i i p i h z h  (5)
The absolute pressure Pabs is the sum of the atmospheric pressure and the groundwater pressure:

Pasb = Patm + Pi (6) -23-
In groundwater of constant-density, water table is defined as the surface where the absolute pressure equals the atmospheric pressure, Pasb = Patm and Pi = 0. With the equation( 5), hi=zi, therefore, water table measured in situ equals the hydraulic head at the depth of water table. In this case, if all heads are compare to the same reference datum and groundwater have the same density , hydraulic head could be compare directly to define the flow direction, groundwater will flow along the hydraulic head gradient from high to low hydraulic head.

If groundwater system with  varies over an area or with depth, value of hp,i do not correctly represent partially variations of pressure P or the same P can correspond to different values of hp,i depending on groundwater density. The concept of point-water head have been used [START_REF] Lusczynski | Head and flow of ground water of variable density[END_REF] as water level in a well filled with water coming from a point in an aquifer and which is sufficient to balance the pressure in the aquifer at that point. Therefore, density corrections must be made to the head that is measured in a well [START_REF] Fetter | Applied Hydrogeology[END_REF]) so the density of water in each piezometer must be estimated.

The fresh-water head

The fresh water head at any point in the ground is defined [START_REF] Lusczynski | Head and flow of ground water of variable density[END_REF][START_REF] Acworth | Measurement of vertical environmental-head profiles in unconfined sand aquifers using a multi-channel manometer board[END_REF] as the head that would be developed in a variable density system if the pressure at the piezometer intake was generated by an equivalent column of fresh water. In other words, this point is defined as the water level in a well filled with fresh water from that point to a level high enough to balance the existing pressure at that point. Therefore, for the waters that have higher salinity contents than fresh water, the fresh water head will be higher than the point-water head and if we are in a fresh water aquifer, all point water heads are also fresh water heads. Figure 5 shows the head relationship in water of variable density for point-water head and fresh-water head in an unconfined aquifer with saline water overlain by fresh water. The fresh-water head is:

,

i f i i f P hz g   (7) , () if i f i i i ff h h z      ( 8 
)
Where f is the density of freshwater, normally taken as 998.3 or 1000kg/m 3 .

Elevation datum

h f z i Pi  f g h i z i Pi  i g
Point-water head Fresh-water head

 f  i Figure 5
. Schematic representation of head definitions in variable-density groundwater systems (modified from Musczynski 1961). Lightest shading corresponds to fresh water and darker shading represents increasing salinity.

Variable-density flow

Fluid flow is classified as variable-density flow if the flow pattern is affected by density differences in the fluid system, mainly influenced by temperature and salinity (Holzbecher, 1998b). Some other scientists use the term as "density-driven flow" or "density-dependent flow".

Darcy's Law

Actually, flow in aquifer cannot be directly measured. Darcy's law is used to define the relation between specific flow and hydraulic head which can be measured.

q K h    (9) 
Where: q denotes specific discharge (volume of fluid per unit cross-sectional area of porous medium per unit time, m/s) and also call as Darcy velocity K is hydraulic conductivity or permeability (m/s), and considered as isotropic, i.e. constant in all directions x,y,z.

h  is the hydraulic gradient, which is the driving force of groundwater flow per unit weight of groundwater (dimensionless). -25-Darcy's law in three dimensions could be written as follow:

x x y y z z h qK x h qK y h qK z          (10) 
The equation ( 9) is a simplified form of general physical law for fluid flow in a porous medium, which also applies to variable-density fluids [START_REF] Bear | Dynamics of Fluids in Porous Media[END_REF][START_REF] Post | Using hydraulic head measurements in variable-density ground water flow analyses[END_REF]:

  k q P g       (11)
and in three dimensions

x x y y z z k P q x k P q y k P qg x                   (12) 
Where kx, ky, kz, are the principal directional permeabilities in the x, y, z directions (m 2 ), a property of the porous medium; is dynamic viscosity (kg/m/s) of the groundwater; P is fluid pressure (kg/m/s 2 ),  is fluid density (kg/m 3 ) and g is the gravitational acceleration (m/s 2 ).

From equation (11) shows the two basic driving forces for groundwater flow should be know: P  and g  . This is the main reason why quantification of groundwater flow from field data, which normally occurs in the form of head measurements requires a special treatment [START_REF] Post | Using hydraulic head measurements in variable-density ground water flow analyses[END_REF]. In this case, it is necessary that the hydraulic head refers to the same density, normally to the density of freshwater. Combining equation ( 7) and equation ( 12) gives the following:

-26- [START_REF] Post | Using hydraulic head measurements in variable-density ground water flow analyses[END_REF]. This equation is used in most of well-known variable-density flow and transport code such as FEFLOW (Holzbecher, 1998a[START_REF] Kolditz | Coupled groundwater flow and transport: 1. Verification of variable density flow and transport models[END_REF][START_REF] Diersch | Variable-density flow and transport in porous media: approaches and challenges[END_REF] or SEAWAT [START_REF] Guo | User's Guide to SEAWAT: A Computer Program for Simulation of Three-dimensional Variable-density Ground-water Flow[END_REF].
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Horizontal flow component:

When using equations ( 10) and ( 13) to calculate horizontal flow, it is very important that the freshwater head gradient (or pressure gradient) is evaluated using freshwater heads at the same depth [START_REF] Post | Using hydraulic head measurements in variable-density ground water flow analyses[END_REF]. In variable-density groundwater, freshwater head may vary with depth, even for hydrostatic conditions [START_REF] Fetter | Applied Hydrogeology[END_REF]. Therefore, all the measurements are taken from piezometers with screens at different depths, fresh water heads need to be calculated at a suitable reference depth and with the same density. At a point i, the pressure at reference depth Pr has a relation to pressure measured at screen Pi as follow:

  r i z r i i a r i z P P g dz P g z z        ( 14 
)
Where a is average density between measurement point zi and the reference level zr.

2 r i a     (15) -27-
A correction of density between screen depth zi at point i to reference depth zr needs to be done. In a variable-density aquifer, water with low density (fresh water) floats on water with higher density (saltwater). From equation ( 8) and ( 14), we obtain the corresponding freshwater head at zr (h,r)

    , ia r f r r r i i r i f f f P h z z h z z z g            (16) 
Horizontal component flow then could be calculated from the horizontal gradient as in the following:

f xf f yf h qK x h qK y       (17)

Density estimates

Groundwater density is an important parameter in the interpretation of flow patterns in coastal aquifer. The fluid density can be estimated from the fluid electrical conductivity (EC) obtained using a stadard fluid electrical conductivimeter [START_REF] Acworth | Measurement of vertical environmental-head profiles in unconfined sand aquifers using a multi-channel manometer board[END_REF]. This method is extremely practical because measurements are cheap and easily performed [START_REF] Post | Electrical Conductivity as a Proxy for Groundwater Density in Coastal Aquifers[END_REF].

Relationship can be established between electrical resistivity, solute concentration and density.

Such relationship have been developed for coastal areas and sand aquifers [START_REF] Stuyfzand | An accurate, relatively simple calculation of the saturation index of calcite for fresh to salt water[END_REF]:

    2 6 1000 1 0.805 6.5 10 4 220 TDS T TDS             (18) 
Where: T is the fluid temperature ( o C) and TDS is the total dissolved solids (kg/kg). TDS can be converted from resitivity with the conversion factor for natural waters (usually between 0.55 and 0.75). This can be approximated from the formula following [START_REF] Stuyfzand | An accurate, relatively simple calculation of the saturation index of calcite for fresh to salt water[END_REF]:

6 20 0.69778 10 TDS EC     (19) 
Where: EC20 is the fluid conductivity in S/cm at temperature 20 o C. Since conductivity varies with temperature, it is necessary to correct the readings for changes in temperature. Most instruments contain circuits that automatically compensate for temperature and correct the readings to a standard 25°C. Therefore, it is necessary to account for this temperature difference using the relationship formular given by Stuyfzand: Water density can be also estimated on the basis of EC, temperature and pressure using the 'UNESCO-1980' equation of state of seawater [START_REF] Unesco | Joint Panel on Oceanographic Tables and Standards[END_REF].

    20 25 20 25 1 0.23 EC EC T T      ( 
( , , 0) ( , , p) 1 ( , t, p)

St St p KS        (21) 
Where:  is the density (kg/m 3 ) of sea water at practical salinity S, temperature t ( o C) and presure p (dBar), K is the secant bulk modulus relates the change in pressure to the change in volume. The practical salinity S base on the conductivity and is a function of the conductivity ratio (R).

 

, , )
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S t p EC R EC  ( 22 
)
in which EC(S,t,p) is the electrical conductivity of sea water at salinity S, temperature t and pressure p, and EC (35,15,0) is the electrical conductivity of standard sea water of practical salinity 35, at 15 o C and at atmospheric pressure. This approach can be considered to be a refinement of the approach of Stuyfzand. After the comparision between these approach [START_REF] Post | Electrical Conductivity as a Proxy for Groundwater Density in Coastal Aquifers[END_REF], the relationship given by Stuyfzand is better to predict the densities at low salinities (EC <30 mS/cm).

The Crau aquifer and study area

Introduction

The Crau coastal plain is a paleo-delta of the Durance River, located in the South-East of France, East of the present delta of the Rhône River, which is also known under the name of Camargue. The Crau aquifer delimited by Alpilles mountains in the North and by the Mediterranean sea in the South, forming a triangular area of about 600 km 2 between Arles, Salon-de-Provence and Fos. The aquifer is mostly recharged by direct infiltration of rainfall, irrigation practices and lateral groundwater flows. The irrigation of about 15,000 ha of meadow is done using water from the Durance supplied by a dense network of channels (Olioso et al., 2013). Groundwater naturally discharges into the marshes and the Rhône River. Intensive withdrawal occurs from pumping wells. The Crau aquifer is the main resource of domestic water for more than 300,000 inhabitants. It is important to notice that there is no natural river over the Crau plain and that all the surface water transfers occur through artificial canals.

-29-In this study, our approach was applied on an area of about 140 km 2 , is situated in downstream part of the Crau coastal plain, what is now called "Study area" shown in Figure 6). Pleistocene (Albinet M. et al., 1969) The study area was considered a suitable case of study area because: (i) it is an important aquifer in the South of France, highly vulnerable to salinization due to its coarse nature; (ii) groundwater salinity problems have occurred due to a great number of groundwater extraction wells for irrigation and the changes in the water management; (iii) the groundwater abstraction for domestic/industrial use caused significant variation of water heads; (iv) a dataset over a 20 year period is available for the site.

-30-

Geological and hydrogeological setting

The Crau delta is filled with quaternary deposits lying on very thick marl substratum of Pliocene age. The Crau aquifer constitutes an unconfined aquifer mainly formed during the Pleistocene and Quaternary period, by a procreation of sedimentary bodies contributed by gravels alluvium of Durance River (E. [START_REF] Colomb | La Crau, histoire Plio-Pléistocène[END_REF]. This aquifer presently outcrop in the Crau plain and progressively southwestwards to 50m below sea-level oh the coastline [START_REF] De Montety | Origin of groundwater salinity and hydrogeochemical processes in a confined coastal aquifer: Case of the Rhône delta (Southern France)[END_REF] and continue to the continental shelf edge (around 30km from the shoreline) and thickness varies from 10 to 70m [START_REF] Bouzouf | High resolution stratigraphy and evolution of the Rhone delta plain during Postglacial time, from subsurface drilling data bank[END_REF], represented in crosssections A-A' and C-C' (Figure 8 and Figure 10). Different geological zones can be distinguished corresponding to different times and origins of deposits (Figure 7). The lower Crau or "Old Crau", mainly represented by Arles Crau, is issued from deposits from the lower Pleistocene (from -2,000,000BP to -600,000BP). The main deposit of the lower Pleistocene is gravels of quartzite and limestone with a yellow matrix of sand and clay. The "Young Crau" is issued from deposits from the second part of the Pleistocene (upper Pleistocene): from -600,000BP to -100,000BP for the Luquier Crau, mainly of Riss period, and -100,000BP to -10,000BP for the Miramas Crau, mainly of Würm period (E. [START_REF] Colomb | La Crau, histoire Plio-Pléistocène[END_REF]. Both formations "Old Crau" and "Young Crau" have the general orientation NE-SW. The gravel and pebbles from Alps having variable lithology, with dominant contribution of magmatic rock is the main component of the deposits. They are locally cemented and constitute a conglomerate or associated to a matrix of finer materials (silty sand), which is locally called "taparas". This formation has a variable thickness from few meters in the area of ledge (Aulnes and Entressen ponds) up to more than 50m in river paleo-channels area (East of St Martin de Crau) and average from 10-20m in the center [START_REF] Roure | Geodynamique des Systèmes Plio-quaternaires des Nappes Alluviales de la Plaine de la Crau[END_REF]. It is very heterogeneous with lateral distribution due to shifts in the course of the Durance River.

The superficial layer (upper part of the Holocene Rhone deposits) is made of clay and silt with sand interlayers, heterogeneous and very low permeable [START_REF] Bouzouf | High resolution stratigraphy and evolution of the Rhone delta plain during Postglacial time, from subsurface drilling data bank[END_REF]. This layer deposited during the early stage of the transgression (18000 to 6000 BP) and thickness varies from 0m at the limit of Crau aquifer to around 30m in Camargue area.

-31- Due to the alluvial placer dynamic, hydraulic conductivity (K) is very variable. The value of K of Crau aquifer varies according to grain size, from 4.0x10 -5 and 1.6x10 -2 m/s by "Bureau de Recherches Géologiques et Minières, France" (BRGM, 1995), between 1.6x10 -5 and 1.8x10 -2 m/s [START_REF] Simmarano | Rôle de l'irrigation sur la recharge de la nappe de la Crau : traçage isotopique (d18O) et modélisation[END_REF] and between 1x10 -5 and 8x10 -2 m/s (INRA, 2013). Location of measured and calculated hydraulic conductivities in previous studies shown in Figure 11 and distribution of K modeled from INRA (2013) shown in Figure 12. The transmissivity could be very high in the area of Miramas, up to 10 -1 m 2 /s, and between 5.10 -3 and 5.10 -1 m 2 /s elsewhere [START_REF] Safege | Surveillance du biseau salé de la nappe de la Crau en 2004[END_REF]. The specific yield was calculated by BRGM (1995) from 0.1 to 0.5, with an average value of 0.15.

-32- The Crau aquifer is globally unconfined, but becomes semi-confined to confined in the marsh area of Vigueirat and Landre ponds, due to the presence of semi-pervious material (Rhone River sediment and lacustrine deposits). This material has low hydraulic conductivity (between 3.7x10 -5 and 8.7x10 -3 m/s) and its thickness in the study area varies from 0m at the limit of Crau aquifer to more 7m near Arles-Fos canal. The specific yield of aquifer obtained from pumping tests is in the range of 0.01 to 0.18 attesting the unconfined to semi-confined (leaky) behavior of aquifer.

-34- The hydraulic head is about 7.5 -8.0 m.asl in the north-eastern area and decreases to south-western with a mean hydraulic gradient of 2-3‰.

Figure 13. Water level distribution from 1990 to 2014. Data in 1990and 2001from SAFEGE (2004) 

Topography

The Crau delta extends North to Alpilles reliefs, East to the Rhône River and Camargue and West to limestone outcrops of Miramas and Istres area. It is an alluvial plain with a mean slope of 0.4% to South-West, which is also the general trend of groundwater flow.

In study area, the depositional have a slight slope and divides this the studied sector into two parts, high elevation part in upstream area with elevation varies from 5m in center to 20m -36-in north-east. From center to downstream area, the elevation is lower than 5m and less than 2m in marsh area (Figure 14). 

Climate

The Crau has a meso-Mediterranean climate characterized by two periods: the dry season with a 3-months summer drought, from June to the end of August, a mild winter (average temperature of 7°C and rare frosts). Annual rainfall is 400 to 600 mm, mainly occurring in autumn (50%), and December-January period (up to 120mm/month). The number of sunshine hours is high (>2800) and the wind very frequent and strong. This wind is an essential component of the Crau climate, with 300 days of wind per year, including 70 days with wind speeds higher than 20 km/h, mainly caused by the Mistral which is a north/north-westerly wind taking place in the Rhone corridor. This wind is cold and dry which increases soil desiccation and sunlight and lowers winter temperatures. The means temperature varies from 5 o C in December to 27 o C in June and August and average is 15-16°C. In dry Crau (Coussouls), the gravels accumulate heat during the day therefore temperature is higher than which in wet Crau (Vigueirat). Another major component of the Mediterranean climate is the high inter-annual variability. For example, between 1997 and 2006, the southern meteorological station of Crau area recorded an average yearly precipitation of 561 mm but with a minimum of 394 mm and a maximum of 823 mm. The inter-annual variability is illustrated by the ombrothermic diagram (Bagnouls and Gaussen, 1953) (Figure 15). From this diagram, the period which temperature -37-higher than precipitation, represent a dry period and inversely, the rest are humid periods. It shows that 2010 and 2011 were rather humid compared to 2012. Despite its relatively small size, a significant environmental condition gradient occurs from North to South and is reflected by a phonological time lag of approximately 5 to 10 days (phonological events occur earlier in southern areas) (Bourrely et al., 1983). 

Artificial recharge and discharge

The recharge of the Crau aquifer (550 km²) highly depends on the irrigation of around 15,000 ha of orchards and meadow from water of Durance River supplied through a dense network of canals which control the surface flows system. The contribution of irrigation to the recharge is estimated between 50% and 80% of the total recharge of aquifer depending on the estimation method [START_REF] Saos | Quantification des flux d'eau en irrigation gravitaire cas de la plaine de la Crau. Rapport d'étude, p.183[END_REF], Olioso et al., 2013) and the rest of recharge from rainfall. Groundwater in Crau aquifer is globally freshwater and greatly abstracted for domestic and industries.

In the studied area, 79 pumping wells have been found, including 8 municipal pumping stations and 71 private wells which provide about 965 m 3 /h for domestic supply, more than 1050 m 3 /h for industrial complexes and about 410 m 3 /h for agricultural activities (Annex 4).

The total withdrawal reaches about 56,000 m 3 /day. Municipal and irrigation wells are mainly located North-East of the area (upstream of study area) and have screen depths varying between less than 10 m.asl to more than 20 m.asl (Figure 16).

-38-Irrigation activities are mostly in the center and North of area (dry Crau), with about 1000 ha of orchards and take irrigation water from groundwater during the dry season (March to September). 

Origin of salinity of Crau aquifer

The origin of salinity of groundwater have been introduced in many guidelines (FAO, 1997[START_REF] Bear | Seawater Intrusion in Coastal Aquifers Concepts, Methods and Practices[END_REF] and applied in difference coastal aquifers and difference formations [START_REF] Pulido-Leboeuf | Strontium, SO42-/Cl-and Mg2+/Ca2+ ratios as tracers for the evolution of seawater into coastal aquifers: the example of Castell de Ferro aquifer (SE Spain)[END_REF][START_REF] Wang | Origin of groundwater salinity and hydrogeochemical processes in the confined Quaternary aquifer of the Pearl River Delta, China[END_REF][START_REF] Khaska | Origin of groundwater salinity (current seawater vs. saline deep water) in a coastal karst aquifer based on Sr and Cl isotopes. Case study of the La Clape massif (southern France)[END_REF]. Several sources of salinity have been identified: general mixing process of shallow karst waters with deep saline fossil waters [START_REF] Khaska | Origin of groundwater salinity (current seawater vs. saline deep water) in a coastal karst aquifer based on Sr and Cl isotopes. Case study of the La Clape massif (southern France)[END_REF] or infiltrated into the confined basal [START_REF] Wang | Origin of groundwater salinity and hydrogeochemical processes in the confined Quaternary aquifer of the Pearl River Delta, China[END_REF], by evaporating seawater and formed sedimentary deposits [START_REF] Pulido-Leboeuf | Strontium, SO42-/Cl-and Mg2+/Ca2+ ratios as tracers for the evolution of seawater into coastal aquifers: the example of Castell de Ferro aquifer (SE Spain)[END_REF] or from -39-upconing of underlying saltwater bodies by overexploitation of freshwater (Vengosh et al., 1999).

In Rhone river delta, saltwater origin and evolution of Rhone delta plain have dealt in several researches (L 'Homer et al., 1981[START_REF] Vella | Geochemical and boron, strontium, and oxygen isotopic constraints on the origin of the salinity in groundwater from the Mediterranean Coast of Israel[END_REF][START_REF] De Montety | Origin of groundwater salinity and hydrogeochemical processes in a confined coastal aquifer: Case of the Rhône delta (Southern France)[END_REF]. In the study of [START_REF] Vella | Geochemical and boron, strontium, and oxygen isotopic constraints on the origin of the salinity in groundwater from the Mediterranean Coast of Israel[END_REF], a radiocarbon chronology was used for the accumulation of Holocene sedimentary bodies (unconfined aquifer) and morphology of mouth lobes. These sediment bodies correspond to the sea-level rise around 6000 years BP and the Pleistocene surface topography (Figure 17). According to the evolution of past coastline, the study area is situated near the shoreline existing between 2400 to 4000 years BP.

Figure 17. Comparison of the delta lobes progradation [START_REF] Vella | Geochemical and boron, strontium, and oxygen isotopic constraints on the origin of the salinity in groundwater from the Mediterranean Coast of Israel[END_REF] and the Pleistocene gravel isobaths [START_REF] Roure | Geodynamique des Systèmes Plio-quaternaires des Nappes Alluviales de la Plaine de la Crau[END_REF].

-40-In the later researches, De Montety (2008) defined the sources of salinity in groundwater of confined Pleistocene aquifer in Rhone delta which is separated from seawater by an impervious layer. This aquifer is shown on Figure 18. A natural tracer characterization was carried out on a monitoring network through Crau and Camargue plain and samples of Mediterranean seawater and Rhone River water. Isotopic and hydrochemical investigations confirmed that the strong salinities in groundwater of this gravel aquifer are due to mixing between Mediterranean seawater and freshwater from Rhone River and Crau aquifer. The percentage of seawater in groundwater increases from north to south and reaches up to 98% in the most southern part of this aquifer. This study also shown that the salinity of the aquifer has strongly increased since 1970 possible due to the increasing of exploitation activities in this aquifer. In study area, salinity of groundwater have been observed during the period 1982-2005 with observation for every 2-3 months and from 2006 until now, very few data are available and missing in several years (2007)(2008)(2009)(2010). Based on these observations, a salinity evolution was created as in Figure 19. The contour map show a saltwater intrusion to NE direction in the downstream part of study area. In sector along N286 road, landward displacement of saltwater front of Cl=10g/l was about 1200m during 1990-2001 (more than 100m/year) and around 1000m from 2001-2014 (average 75m/year).

-41- 

Methods

The research focuses on the constraints related to the modeling of groundwater in the coastal downstream part of the Crau aquifer. In such aquifer, the concomitant presence of freshwater and saltwater modifies flow patterns typically represented by the Darcy equation. Woks on these groundwater are difficult because of the influence of salinity on properties (density and permeability) and the complex mathematical representation of the flow equations. Moreover, the influence of heterogeneities makes the model parameterization and calibration more difficult.

To help such works, we propose to combine four methods: -46 - 

-(i)

Hydrodynamic measurements

Water level data in aquifers, surface water and sea water are very important in studying movement of groundwater as discussed in section 2.2. These data need to be interpreted with relation to water density.

Water level measurements

In this study, 45 points (including 28 piezometers, 16 wells and 1 surface water station) have been chosen to observe water level, electrical conductivity and temperature (location of these piezometers shown in Figure 21). Most of the piezometers have been constructed from the 1980s, with some replacements after 2000s, and 9 new piezometers were added in 2009 in the marsh area around the canals and ponds. Depth of piezometers and wells varies between 7 and 32 m (piezometers and wells information in Annex 1, geological and technical logs in and Annex 6). All the wells are less than 15m depth and located in dry Crau part while most of piezometers are deeper than 15m and located around the marsh area. All geological logs show that the aquifer is unconfined, but semi-confined to confined aquifer in the marsh area of Vigueirat and Landre (NW-SE boundary of area) due to the present of the semi-pervious covers.

Salinity in wells

According to previous works, the main physical-chemical characteristics of groundwater were defined through electrical conductivity surveys, water head measurements and analysis of water samples. The distribution of saltwater (Figure 19) from 1990 and 2014 campaigns shows that seawater intrusion globally comes from SW to NE.

-48 -Electrical conductivity has been measured in wells and piezometers at the same time than water levels at the depth of 10 m below groundwater level. This aquifer shows a very high variability in EC (Figure 22). The direction of EC gradient is similar to the one of water level, i.e. from NE to SW. EC is lower than 1000 S/cm in NE and center of area and more than 50,000 S/cm in the SW. Beside these measurements, three campaigns have been organized to measure EC profile (every meter) in piezometers from the salty zone. EC profiles are shown in Annex 3. Electrical conductivity has been measured at different depths in observation wells of sector 1 (i.e. along the road N286) and sector 2 (i.e. along the Arles-Fos canal; Figure 23). Data show that the EC comes from south west to north east. Along the Arles-Fos canal, groundwater is salty with the chloride isoline of 15 g/l varying from -10 m.asl (in well X4415) to -18 m.asl. But along road D286, EC at -18 m.asl in borehole X35 is below the limit of 22, 3 mS/cm.

-49 - -50 -All EC measurements show that groundwater has to be considered as density variable and need to use a correction of water level with density. For each piezometer, water density has been calculated by Stuyfzand's equation (1989). According to hydraulic head contour maps with density correction (Figure 25), groundwater flow directions are from the NE to SW. The hydraulic head on the NE boundary is about 10.0 m.asl and around 0.3 -0.5 m.asl in the SW boundary; the average hydraulic gradient is about 2 -3‰.

Geophysical investigation

Usual process to study coastal aquifer includes geology (lithology, geometry …) and hydrogeology (water table and salinity distribution …). However these methods are time consuming. For this reason such data are often limited. In the other hand, geophysical methods can be very relevant and valuable. Indirect information obtained from geophysical investigation can help to understand geology and hydrogeology combined with direct information. Nowadays, -53 -the two most common methods used to study saltwater intrusion are electromagnetic (EM) [START_REF] Goldman | Mapping of Seawater Intrusion into the Coastal Aquifer of Israel by the Time Domain Electromagnetic Method[END_REF][START_REF] Fitterman | Characterization of saltwater intrusion in South Florida using electromagnetic geophysical methods. 18 SWIM[END_REF][START_REF] Jin | The use of the time domain electromagnetic method to delineate saline groundwater in granular and carbonate aquifers and to evaluate their porosity[END_REF][START_REF] Abdalla | Rate of seawater intrusion estimated by geophysical methods in an arid area: Al Khabourah, Oman[END_REF] and electrical resistivity tomography (ERT) [START_REF] Acworth | Electrical imaging of the saline intrusion pattern beneath a tidal creek in a sand aquifer[END_REF][START_REF] Batayneh | Use of electrical resistivity methods for detecting subsurface fresh and saline water and delineating their interfacial configuration: a case study of the eastern Dead Sea coastal aquifers, Jordan[END_REF][START_REF] De Franco | Monitoring the saltwater intrusion by time lapse electrical resistivity tomography: The Chioggia test site (Venice Lagoon, Italy)[END_REF][START_REF] Comte | Evaluation of effective groundwater recharge of freshwater lens in small islands by the combined modeling of geoelectrical data and water heads[END_REF].

Electromagnetic (EM) mapping

Introduction

One of the most popular geophysical methods currently used to provide information about the spatial variation of soil properties is EM induction [START_REF] Triantafilis | Electromagnetic conductivity imaging (EMCI) of soil using a DUALEM-421 and inversion modeling software (EM4Soil)[END_REF]. EM methods were originally developed for mine exploration and have been widely used over the last decades for groundwater investigations [START_REF] Fitterman | Characterization of saltwater intrusion in South Florida using electromagnetic geophysical methods. 18 SWIM[END_REF]). These techniques have been described in geophysical handbooks and scientific papers [START_REF] Mcneill | Electromagnitic terrain conductivity measurement at low conduction numbers[END_REF][START_REF] Stewart | Evaluation of Electromagnetic Methods for Rapid Mapping of Salt-Water Interfaces in Coastal Aquifers[END_REF][START_REF] Stewart | Evaluation of Transient Electromagnetic Soundings for Deep Detection of Conductive Fluids[END_REF][START_REF] Borne | La méthode électromagnétique EM 34-3 pour la prospection de sub-surface[END_REF][START_REF] Triantafilis | Elucidation of physiographic and hydrogeological features of the lower Namoi valley using fuzzy kmeans classification of EM34 data[END_REF][START_REF] Santos | 1-D laterally constrained inversion of EM34 profiling data[END_REF]. This technique is widely used for engineering purposes [START_REF] Mcneill | Electromagnitic terrain conductivity measurement at low conduction numbers[END_REF] and is cost effective and reliable. Then, despite the qualitative nature of the provided information, this method is widely applied for hydrogeological and environmental investigations. Many applications of electromagnetic surveys have been applied for resources management in coastal aquifer [START_REF] Stewart | Evaluation of Electromagnetic Methods for Rapid Mapping of Salt-Water Interfaces in Coastal Aquifers[END_REF][START_REF] Goldman | Mapping of Seawater Intrusion into the Coastal Aquifer of Israel by the Time Domain Electromagnetic Method[END_REF][START_REF] Fitterman | Characterization of saltwater intrusion in South Florida using electromagnetic geophysical methods. 18 SWIM[END_REF] With the development of the EM31 and the EM34-3 (Geonics Ltd) it is possible to map terrain conductivity virtually as fast as the operators can walk and at low costs. The interpretation of EM data by using some modeling programs is qualitative even their inversion can be done for layered models.

Principle of operation

In this study, we employed an EM34-3 of Geonics (Figure 26) to directly measure bulk conductivity. This equipment consists of two coils. One is the transmitter which is energized with an alternating current at a specific frequency and other is the receiver. The transmitter creates a magnetic field in the subsurface while the receiver detects and records the magnetic field. These two coils can be operated with different spacing of 10, 20 and 40 m to vary the depth of exploration. Changing the orientation of transmitter/receiver loops from the vertical to the horizontal (Figure 27) also varies the depth of exploration by increasing the 70% response from 0.75 to 1.5 time the intercoil spacing [START_REF] Mcneill | Electromagnitic terrain conductivity measurement at low conduction numbers[END_REF]. The use of different intercoil spacing with different frequencies (6400, 1600 and 400 Hz) and different loops orientation vertical and horizontal allows to construct an image of subsurface electrical conductivity distribution from 7.5 meters to a maximum of 60 meters [START_REF] Santos | 1-D laterally constrained inversion of EM34 profiling data[END_REF].

-54 - Consider to Figure 28, in which a transmitter coil Tx energized with an alternating current at an audio frequency, is placed on the earth and a receiver coil Rx is located a short distance s away. The time-varying magnetic field arising from the alternating current in the transmitter coil induces very small currents in the earth which generates a secondary magnetic field Hs which is sensed, together with the primary field, Hp, by the receiver coil. In general this secondary magnetic field is a complicated function of the intercoil spacing s, the operating frequency, f, and the ground conductivity . Under certain constraints, technically defined as "operation at low values of induction number", the secondary magnetic field is a very simple function of these variables. These constraints are incorporated in the design of the EM31 and EM34-3 whence the secondary magnetic field is shown to be

2 0 4 s p H i s H    (23) 
-55 -Where:

Hs: secondary magnetic field at the receiver coil Hp: primary magnetic field at the receiver coil

= 2f f = frequency (Hz)
o = permeability of free space = groundwater conductivity (mho/m)

s = intercoil spacing (m) 1 i 
The ratio of the secondary to the primary magnetic field is now linearly proportional to the terrain conductivity, a fact which makes it possible to construct a direct-reading, linear terrain conductivity meter by simply measuring this ratio. Given Hs/Hp the apparent conductivity indicated by the instrument is defined from equation as -56 -

Interpretation

Usually the interpretation of the EM34-3 data is qualitative. One-dimensional modeling or inversion is possible [START_REF] Santos | A hydrogeological investigation using EM34 and SP surveys[END_REF].

A mesh of prismatic blocks centered at each measurement point, as is usual in threedimensional modeling, make up the earth model. The program inverts all the data set jointly, using the cumulative response [START_REF] Mcneill | Electromagnitic terrain conductivity measurement at low conduction numbers[END_REF] approach at each site of the grid of measurements to calculate the forward response and derivatives. Spatial smoothness constraints are introduced during the inversion procedure in order to construct a conductivity model, which represents the main features contained in the data. Two inversion algorithms are given by Sasaki.

The least square solution of such a non-linear smoothing problem is [START_REF] Sasaki | Two-dimensional joint inversion of magnetotelluric and dipole-dipole resistivity data[END_REF]:

  T T T J J+λC C δp=J b   (25)
And in the second algorithm [START_REF] Sasaki | Full 3-D inversion of electromagnetic data on PC[END_REF], the equation is :

    T T T T o J J+λC C δp=J b+λC C p-p   (26) 
Here p is the vector containing the corrections applicable to the model parameters, po is a reference model, b is the vector of the differences between the logarithm of the observed and the calculated a, J is the Jacobian matrix, the superscript T is the transpose operation and  is a Lagrange multiplier that controls the amplitude of the parameter corrections and the elements of the matrix C are the coefficients of the values of the roughness in each parameter which is defined in term [START_REF] Sasaki | Two-dimensional joint inversion of magnetotelluric and dipole-dipole resistivity data[END_REF]. Although the final result obtained applying such a method is only a rough approach of a three-dimensional model and, for this reason it is designated as quasi-three-dimensional model, it can be very useful in the global interpretation of surveys. Therefore, we have some difference methods of interpretation: i) Direct interpretation using multiple EM readings at selected locations -Using (empirical) formulae -Using EMIX34 computer software ii) Analysis of relative readings (shows area of saline water and fresher water)

iii) Correlation of results with other more direct techniques:

-Salinity profiles from boreholes on same island -Salinity profiles from islands with similar geology -Electrical resistivity soundings -57 -

The Electrical Resistivity Topography (ERT)

Introduction

Electrical resistivity (ER) is one of the main properties adapted to hydro-geophysical studies [START_REF] Guérin | Borehole and surface-based hydrogeophysics[END_REF]. The resistivity of rocks is affected by different factors (Matsui et al,. 2000): porosity, pore fluid resistivity, water saturation, water content by volume and clay content.

Electrical resistivity tomography (ERT, also called Direct Current -DC Resistivity

Imaging) is now one of the most popular geophysical techniques that has been rapidly developed and widely used in the last few decades to map the electrical resistivity of the subsurface [START_REF] Griffiths | Two-dimensional resistivity imaging and modeling in areas of complex geology[END_REF][START_REF] Loke | Rapid least-squares inversion of apparent resistivity pseudosections by a quasi-Newton method1[END_REF][START_REF] Zarroca | Electrical methods (VES and ERT) for identifying, mapping and monitoring different saline domains in a coastal plain region (Alt Emporda, Northern Spain)[END_REF]. The advantage of this method is the quality of the electrical resistivity data obtained with relatively high spatial resolution [START_REF] Bauer | Geoelectrical imaging of groundwater salinization in the Okavango Delta, Botswana[END_REF] and the possibility to obtain continuous coverage of the underground in 2D and 3D spaces [START_REF] Batayneh | Use of Geoelectrical Technique for Detecting Subsurface Fresh and Saline Water: A Case Study of the Eastern Gulf of Aqaba Coastal Aquifer, Jordan[END_REF].

Principle of operation

Using ERT for investigation of seawater intrusion is effective because the presence of salt increases the bulk electrical conductivity of the soil.

The multi-electrode resistivity technique consists in using a multi-core cable with as many conductors as electrodes plugged into the soil. Electrical current (I) is injected in two electrodes and potential difference (V) is measured on two other electrodes (Figure 29). The various combinations of transmitting (A,B) and receiving (M,N) pairs of electrodes construct the mixed sounding/profiling section, with a maximum investigation depth which mainly depends on the total length of the cable. Based on the potential differences and the used electrode configuration (e.g. Wenner, Schlumberger), an apparent resistivity can be calculated.

The fundamental physical law used in resistivity surveys is Ohm's Law that governs the flow of current in the ground. The equation for Ohm's Law in vector form for current flow in a continuous medium is given by

J E   (27) 
-58 - Where: σ is the conductivity of the medium, J is the current density and E is the electric field intensity. In geophysical surveys the medium resistivity ρ, which is equals to the reciprocal of the conductivity (ρ=1/σ), is more commonly used. The relationship between the electric potential and the field intensity is given by

E   (28) 
Combining equations, we get

J    (29) 
In almost all surveys, the current sources are in the form of point sources. In this case, over an elemental volume ∆V surrounding the a current source I, located at (xs, ys, zs) the relationship between the current density and the current (Dey and Morrison 1979a) is given by

      . s s s I J x x y y z z V             (30)
where δ is the Dirac delta function. This equation can then be rewritten as

          . , , , , s s s I x y z x y z x x y y z z V                  (31) 
-59 -This is the basic equation that gives the potential distribution in the ground due to a point current source. A large number of techniques have been developed to solve this equation. This is the "forward" modeling problem, i.e. to determine the potential that would be observed over a given subsurface structure. Fully analytical methods have been used for simple cases, such as a sphere in a homogenous medium or a vertical fault separating two areas each with a constant resistivity. For an arbitrary resistivity distribution, numerical techniques are more commonly used. For the 1-D case, where the subsurface is restricted to a number of horizontal layers, the linear filter method is commonly used [START_REF] Koefoed | DETERMINATION OF RESISTIVITY SOUNDING FILTERS BY THE WIENER-HOPF LEAST-SQUARES METHOD*[END_REF]. For 2-D and 3-D cases, the finite-difference and finite-element methods are the most versatile. In Chapter 2, we will look at the use of a forward modeling computer program for 2-D structures.

From the current (I) and potential (φ∆) values, an apparent resistivity (ρa) value is calculated.

a k I    (32) 1 1 2 1 1 2 2 2 2 1 1 1 1 C P C P C P C P k r r r r          (33)
k is a geometric factor that depends on the arrangement of the four electrodes. Resistivity measuring instruments normally give a resistance value, R= ∆φ/I, so in practice the apparent resistivity value is calculated by

a kR   (34)
The calculated resistivity value is not the true resistivity of the subsurface, but an "apparent" value that is the resistivity of a homogeneous ground that will give the same resistance value for the same electrode arrangement. The relationship between the "apparent" resistivity and the "true" resistivity is a complex relationship. To determine the true subsurface resistivity from the apparent resistivity values is the "inversion" problem.

Applying geophysics to validate flow and transport modeling

Ground water validation is one of the most challenging issues facing modelers and hydrogeologists [START_REF] Hassan | A methodology for validating numerical ground water models[END_REF]. Model quality mainly depends on previous characterization of subsurface environment which requires extensive borehole drilling that can adversely affect the geologic integrity of the site or be prohibitively expensive. Therefore, uncertainty is always inherent in the model and requires a validation procedure which is performed calibration and sensitivity analysis was described in section 4.4.

-60 -Model calibration is classically done by doing many repeated runs of the numerical model in which aquifer structure, parameters and boundary conditions are modified until obtain an acceptable match between observed (or expected) and computed hydraulic heads and concentration distribution.

The validation of variable-density flow models simulating seawater intrusion in coastal aquifers requires not only head observations but also information about concentration distribution in groundwater [START_REF] Comte | Apport de la tomographie électrique à la modélisation des écoulements densitaires dans les aquifères côtiers[END_REF]. Therefore, by combining head with salinity and flow rate observations, the parameters became much better constrained [START_REF] Shoemaker | Important observations and parameters for a salt water intrusion model[END_REF][START_REF] Carrera | Computational and conceptual issues in the calibration of seawater intrusion models[END_REF] But in fact, the use of concentration distribution is not as simple as it might look which caused by salt water circulation within the well [START_REF] Carrera | Computational and conceptual issues in the calibration of seawater intrusion models[END_REF] because of the difference between measured salinity profiles and actual width of the mixing zone [START_REF] Stuyfzand | An accurate, relatively simple calculation of the saturation index of calcite for fresh to salt water[END_REF].

In the last decades, many studies has been done to solve the difficulties of concentration data, which using electrical conductivity (EC) measurement, normally from geophysics [START_REF] Batayneh | Use of electrical resistivity methods for detecting subsurface fresh and saline water and delineating their interfacial configuration: a case study of the eastern Dead Sea coastal aquifers, Jordan[END_REF][START_REF] Comte | Cross-validation of geo-electrical and hydrogeological models to evaluate seawater intrusion in coastal aquifers[END_REF][START_REF] Jin | The use of the time domain electromagnetic method to delineate saline groundwater in granular and carbonate aquifers and to evaluate their porosity[END_REF][START_REF] De Franco | Monitoring the saltwater intrusion by time lapse electrical resistivity tomography: The Chioggia test site (Venice Lagoon, Italy)[END_REF][START_REF] Nguyen | Modeling of Drainage and Hay Production over the Crau Aquifer for Analysing Impact of Global Change on Aquifer Recharge[END_REF][START_REF] Batayneh | Use of Geoelectrical Technique for Detecting Subsurface Fresh and Saline Water: A Case Study of the Eastern Gulf of Aqaba Coastal Aquifer, Jordan[END_REF][START_REF] Comte | Evaluation of effective groundwater recharge of freshwater lens in small islands by the combined modeling of geoelectrical data and water heads[END_REF][START_REF] Ramalho | Assessment of the leachate movement in a sealed landfill using geophysical methods[END_REF] 

Application to the study area

EM method

Two campaigns of EM surveys have been conducted (Figure 32) in marsh area around the saltwater front which was defined by electrical conductivity measurements (discussed in sections 2.3.6 and 3.2). Principle EM profile with regard to saltwater front is shown in Figure 30. The first campaign have been carried out in four sectors northeastern side of the canal Colmatage (sectors 1-4) and the second campaign in eight sectors on the other side of canal (sectors 5-12). The transmitter-receiver separation was 10m (EM34-10) and 20m (EM34-20) with both vertical dipole (VD) and horizontal dipole (HD). Distance between sectors varies from about 600 m to 11 km. 480 points where measured with EM34-10, 853 points with EM34-20 and 30 points with EM34-40 (Table 6). The topography in marsh area is flat at a level between 0-1 m.asl in the marsh zone and 2-3 m.asl in the sector 1-4. In several sectors, some measurements with an intercoil separation of 40m (EM34-40) have been added in order to image the apparent electrical conductivity distribution at the difference depths. These surveys have covered distances of more than 20km (Figure 31).
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ERT method

ERT has been applied in three profiles, with two profiles T1 and T2 orientated perpendicularly to the saltwater-freshwater interface to evaluate the electrical measurement and profile T3 in the center of study area to determine the geological structure (Figure 32). The profiles were collected with a multi-electrode ABEM Lund Imaging System. 

Short-lived natural radioactive isotopes as tracers

General introduction

Natural 222 Rn was used as a good groundwater tracer of submarine groundwater discharge because of its conservative nature (inert), short half-life (half-life = 3.824 days) comparable to the time scale of circulation in many coastal settings, easiness in measurement and high abundance in groundwater compared to surface waters [START_REF] Moore | Determining coastal mixing rates using radium isotopes[END_REF][START_REF] Burnett | Estimating the dynamics of groundwater input into the coastal zone via continuous radon-222 measurements[END_REF][START_REF] Drost | Point dilution methods of investigating ground water flow by means of radioisotopes[END_REF]. The 222 Rn concentration in groundwater is in radioactive equilibrium with 226 Ra and the equilibrium value depends on the 226 Ra content and specific surface area of the constituents of the aquifer. Using these characteristics, aquifers can be classified according to their 222 Rn concentrations [START_REF] Hamada | Estimation of groundwater flow rate using the decay of Rn-222 in a well[END_REF]. In addition, radon can be used to estimate groundwater flow rate in wells [START_REF] Hamada | Estimation of groundwater flow rate using the decay of Rn-222 in a well[END_REF][START_REF] Schincariol | Instabilities in variable density flows: Stability and sensitivity analyses for homogeneous and heterogeneous media[END_REF] and groundwater discharge to seawater, lakes or marshes. In many recent researches, radon was used to map groundwater discharge points in surface waters [START_REF] Dimova | Evaluation of groundwater discharge into small lakes based on the temporal distribution of radon-222[END_REF].

In this research, we applied radon as a tracer to estimate the discharge of groundwater in to surface water and groundwater velocities.

Estimate of groundwater velocities using the decay of 222

Rn in a single well

Introduction

Groundwater velocities and directions can be estimate from the movement of a tracer between two measure points, such as common salt, bromide, chloride, rhodamine, various fluorocarbons, radioactive components and dyes…. Application of tracers is very useful because of their low susceptibility to adsorption or ion exchange on aquifer materials. Then groundwater velocities can be calculated by using Darcy's law [START_REF] Millham | A Comparison of Methods to Determine K in a Shallow Coastal Aquifer[END_REF]Howes, 1995, Fetter, 2001). This equation supposes the hydraulic gradient between two groundwater measure piezometers is constant. In coastal aquifer with density variations by mixing of saltwater and freshwater makes the tracer analyses more sensitive and should be use with care [START_REF] Mongelli | Tracing groundwater salinization processes in coastal aquifers: a hydrogeochemical and isotopic approach in the Na-Cl brackish waters of northwestern Sardinia, Italy[END_REF]. Moreover, this application requires groundwater wells separated by distance comparable to the distance over which significant changes of the aquifer can be expected [START_REF] Schincariol | Instabilities in variable density flows: Stability and sensitivity analyses for homogeneous and heterogeneous media[END_REF]. This method has certain disadvantages, such as the difficulty of installation measuring device into a well, the tracer can change the natural hydro-geochemical conditions. Therefore, a natural tracer such as 222 Rn can be used to solve these problems [START_REF] Cook | Inferring ground water flow in fractured rock from dissolved radon[END_REF][START_REF] Hamada | Estimation of groundwater flow rate using the decay of Rn-222 in a well[END_REF][START_REF] Schincariol | Instabilities in variable density flows: Stability and sensitivity analyses for homogeneous and heterogeneous media[END_REF].

Methodology

In the aquifer, when groundwater flows in to a well, radon decay is no longer balanced by decay of 226 Ra. Activity of radon therefore decreases with time following an exponential law:
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  t t ww gw C C e    (35) 
where lambda () is the radon decay constant (2.1 x 10 -6 s -1 ) and The total amount of 222 Rn for the complete cross section of well per unit length is calculated from Eq.( 36) with  from -/2 to /2 as: The advantage of Schubert approach is take in to account the different hydraulic conditions in the aquifer and well including filter screen and filter pack, which was not considered by Hamada, given by a horizontal convergence factor  [START_REF] Drost | Point dilution methods of investigating ground water flow by means of radioisotopes[END_REF] with the relationship
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where K1, K2, K3 is hydraulic conductivity of filter screen, filter pack and aquifer respectively, r1, r2 is the inside and outside radius of the filter screen and r3 is radius of the borehole.

If the monitoring well is an open borehole without filter screen and filter pack, the coefficient  = 2. In case of an unpacked well or packed by the same material of the aquifer, then this coefficient can be calculated as

22 1 2 1 2 1 2 4 11 r K r r K r                      (41)

Field investigations

In order to estimate groundwater velocity in the research area, we have adapted a protocol modifying the methods of Schubert et al 2011. The selected piezometers have been chosen located in difference locations in the interested zone near the fond of saltwater intrusion. These piezometers have different depths to the bottom of aquifer (from 15m in XC to 24.2m in L3 and 30m in these others) and well screen distributed of all the depth (from 1-2m of on top steel protection casing to the bottom). Lithology and well construction information of these piezometers are shown in Annex 3.

In this research, a vertical heterogeneous distribution of the aquifer and variable-density have been considered, which was not done by previous studies. Depending on the depth of piezometers and density distribution, three samples in each piezometers (XD, X20, X26, L3), -66 -two samples in well XC and one sample in XA were taken and analyzed (Figure 34). The shallower sample consists in freshwater (with EC less than 1 mS/cm at average depth of 5 to 8m from the surface. The intermediate sample were taken in the layer corresponds to the saltwater front (at depth of 15 to 17m from the surface) and the deepest samples were taken at depth where groundwater effected by saltwater intrusion (at average depth of 21 to 22m from the surface). -67 - For selected piezometers, electrical conductivity and temperature have been measured before and after water sampling. The evaluation of groundwater velocity was done for three water depths. Knowing the depth of the bottom of the piezometer and the water level and the distribution of salinity, the water column was divided in three segments. The shallower sample was taken at the mean depth of the freshwater zone, with lower shallower segment, the intermediate to the mean depth of the intermediate segment in the changing zone of EC, and the deepest sample in the middle of the deeper segment with high EC. Purges of the different column segments were done successively at the same intermediate positions. The operations done in the field followed basically this scheme:

1. The piezometric head and the water depths have been measured and recorded 2. The volume of water in the piezometer was calculated.

3. The height of the water column was divided in three parts, at equal distances.

4. The 12V pump was lowered until the mean depth of the shallower segment. The pump was attached slowly to one end of a 23m-long hose in Nalgene and the nominal flow rate of the pump is about 2 liter / minute to avoid the contamination with fresh groundwater.

5. The other end of the hose was introduced into the bottom of a 2.5 liter-glass bottle.

6. The pump was activated and the volume of the bottle was filled with incoming groundwater.
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8. The volume of water into the bottle was renovated without removing the hose, with the pump continuously pumping for another filling time.

9. In the discharged water the temperature and the conductivities were measured with a probe.

10. When the second filling time was reached (and the renovation of the water volume achieved), the hose was gently removed from the bottle while the pump was continuously pumping.

11. As soon as the hose was out of the bottle, the pump was switched to off, a water volume of 5 ml was removed from the bottle with a syringe and the lid of the bottle was closed. The removal of this 5 ml volume is necessary to compensate thermal expansion of groundwater sample.

12. The time of collection was recorded for radon decay correction.

13. The operations were repeated for the mean depths of the second and third segments.

14. The hose was not emptied in between the sample collections, to avoid degassing.

After collections of the stagnant water in the piezometer, we proceeded with the collection of the sample after purge.

1. We raised the pump at the depth of the shallower sample.

2. We pumped at least three times the volume of the shallower water segment.

3. Then we sampled groundwater as described in points 5 to 12.

The pump was then lowered to the depth of the intermediate sample and purge

was done for a volume of three times the intermediate water segment.

5. Then we sampled groundwater as described in points 5 to 12.

6. The pump was then lowered to the depth of the deepest sample and purge was done for a volume of three times the deeper water segment.

-70 -

Estimate of groundwater discharge in to surface water using 222 Rn continuous monitor

Introduction

The observed enrichment of radon in groundwater relative to the surface water bodies helps to understand the groundwater-seawater interactions occurring in a wide range of time scales. Because the 222 Rn concentrations in surface waters are low and due to its short half-life, large volume water are required for the measurement of 222 Rn and hence in situ monitoring is highly essential [START_REF] Jacob | Radon as an indicator of submarine groundwater discharge in coastal regions[END_REF].

For the in situ measurement of 222 Rn in the coastal area, surface water will continuously pumped from the same depth and sprayed as a jet into an air-water exchanger (Figure 35). The radon is thus stripped out from the water and recirculates through a closed air loop via a desiccant tube into a single-detector system (a Rad7 system, Durridge Inc.). The purpose of the desiccant is to absorb moisture, as detection efficiency decreases at higher humidity. The equilibrium of 222 Rn between the liquid and gaseous phase is established within 30min. The radon monitor uses a high electric field above a silicon semiconductor detector at ground potential to attract the positively charged polonium daughter, 218 Po + (half-life =3,1min; alpha energy = 6.00MeV) and 214 Po + (half-life =164min; alpha energy = 7.67MeV), which are counted as a measure of 222 Rn concentration in air. An air filter at the inlet of the radon monitor prevents dust particles and charged ions from entering into alpha detector. The ions are collected in energy specific windows which eliminate interference and maintain very low background. 222 Rn activities are expressed in Bq/m 3 (disintegration per second per m 3 ) with 2 uncertainties.

In order to get acceptable precision, 222 Rn activity at each location was counted for two hours (three cycles of counting) after attaining equilibrium. At room temperature, as the radon in air is about four times more than that in water at equilibrium, the measured radon concentrations in air are corrected accordingly. [START_REF] Burnett | A continuous monitor for assessment of Rn-222 in the coastal ocean[END_REF][START_REF] Drost | Point dilution methods of investigating ground water flow by means of radioisotopes[END_REF] -71 -In order to triple the time resolution, the continuous radon monitor system was connected to 2 or 3 radon detectors (Figure 36) 

Method

Estimating groundwater discharge approach is based on a radon model which was first given by Cable and then applied and developed by many other studies [START_REF] Cable | Estimating groundwater discharge into the northeastern Gulf of Mexico using radon-222[END_REF][START_REF] Burnett | A continuous monitor for assessment of Rn-222 in the coastal ocean[END_REF][START_REF] Burnett | Estimating the dynamics of groundwater input into the coastal zone via continuous radon-222 measurements[END_REF][START_REF] Lambert | Submarine groundwater discharge estimates at a Florida coastal site based on continuous radon measurements[END_REF][START_REF] Oliveira | Isotope techniques for assessment of submarine groundwater discharge and coastal dynamics in Ubatuba coastal areas, Brazil[END_REF][START_REF] Dimova | Application of radon-222 to investigate groundwater discharge into small shallow lakes[END_REF]. This model is a mass balance box of all radon input and output to the ponds including diffusion across the sediment-water interface which relevant to all groundwater sink and source (Figure 37). Base on this model, applied to the research area of Crau-Vigueirat system and assuming steady-state condition, the equation of radon mass balance may be written as: 

F F F F F F F       (42) 
In this equation, all radon fluxes can be calculated or measured except radon flux in ground water Fgw due to groundwater discharge into the ponds which is the unknown radon flux that we are interested on. The other fluxes are determine and calculate as follows.

Friver is radon flux in the river water, Friver (Bq/m 2 /d) = Rnriver * Qriver / S, where Qriver is the river water flow and S is the surface of the pond.

Fdiff is the radon flux produced by sediments diffusion. This term is important because it provides a constant radon input through the sediment interface even if no groundwater discharge occurs. where I 226 Ra is the inventory of 226 Ra in the water column, therefore, water depth needed to be measure.

Fair is the flux of radon lost to the atmosphere and was evaluated using the gas transfer velocity (k) approach. A recent study (Cockenpot et al., 2015) about radon degassing in the nearby Berre Pond has shown that the relationships between wind and gas transfer velocity k modeled with a variety of methods fits statistically the experimental relation:

3 660 0.0033 5.4 ku  (44)
where k660 is the gas transfer velocity (cm/h) or radon, normalized to CO2 at 20°C for brackish waters and u is the wind velocity (m/s) measured at 10m above ground. The gas transfer velocity can be determine using the relationship of McIntyre (1995) obtained experimentally for freshwaters:

  0.5 1.6 600 0.45 600 k u Sc   ( 45 
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where Sc is the Schmidt number, corresponding to the ratio between kinetic viscosity and molecular diffusivity of radon, that in the case of freshwater is divided by 600 (Sc for CO2 in freshwater at 20°C). The kinetic viscosity is the ratio between absolute viscosity and density. We calculated absolute viscosity with the equation of [START_REF] Seeton | Viscosity-temperature correlation for liquids[END_REF] where Rnave is the average Rn concentration measured in the pond.

Fout is output flux obtained by multiplying the measured radon activity at the outlet with the total water outflow.

The time evolution of radon input from the rivers into the ponds can be modelled using the usual differential equation:

/ river diff Ra gw decay air out dRn dt F F F F F F F        (49) 
This equation can be rearranged to separate variables and integrated imposing as boundary condition that the radon activity at time t=0 is the one of the river inputs (Rnriver).
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where:

1 Rn c h k    (51) 
and

2 air gw diff Ra out c kRn F F F F       (52)

Results of field investigation

Two field monitoring surveys have been done in April, 2014 with one sector along the canal Arles-Fos and other survey have been measured in Landre pond), field survey measurements shown in Table 5 and Figure 34.
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To determine radon activities in surface water, an automatic continuous measuring system on a small boat have been setup and surveyed with an average speed of 3-4km/h. Surface water samples have been collected at a depth interval of 1m from the various locations along the canal and in the lake and pump to air-water exchanger system (Figure 38). By this system, radon will stripe out from the water and circulate through a close air-loop including with a desiccant to absorb moisture, and then go into a radon monitor system (including 3 parallel RAD-7 monitors).

At the same frequency of 5minutes, a coordination have been selected using a GPS equipment and water physical parameters such as temperature, electrical conductivity (EC) have been measured. 

Numerical modeling of saltwater intrusion

Introduction

Generally, "a model is a representation of an object, system, or idea in some form other than the entity itself" [START_REF] Leendertse | Discussion-contribution[END_REF]. The use of groundwater models is prevalent in the field of environmental science. Models have been applied to investigate a wide variety of hydrogeological conditions. More recently, groundwater models are being applied to predict the transport of contaminants or saltwater intrusion for risk evaluation.

In general, models are conceptual descriptions or approximations that characterize physical systems using mathematical equations. By mathematically representing a simplified version of a hydrogeological system, reasonable alternative scenarios can be predicted, tested, and compared. The applicability or usefulness of a model depends on how closely the mathematical equations approximate the physical system being modeled. In order to evaluate the applicability or usefulness of a model, it is necessary to have a thorough understanding of the physical system and the assumptions embedded in the derivation of the mathematical equations.

Groundwater models describe the groundwater flow and transport processes using mathematical equations based on certain simplifying assumptions. These assumptions typically involve the direction of flow, geometry of the aquifer, the heterogeneity or anisotropy of sediments or bedrock within the aquifer, the contaminant transport mechanisms and chemical reactions. Because of the simplifying assumptions embedded in the mathematical equations and the many uncertainties in the values of data required by the model, a model must be viewed as an approximation and not an exact duplication of field conditions. Groundwater models, however, even as approximations are a useful investigation tool that groundwater hydrologists may use for a number of applications.

Application of existing groundwater models include water balance (in terms of water quantity), gaining knowledge about the quantitative aspects of the unsaturated zone, simulating of water flow and chemical migration in the saturated zone including river-groundwater relations, assessing the impact of changes of the groundwater regime on the environment, setting up/optimizing monitoring networks, and setting up groundwater protection zones.

It is important to understand general aspects of both groundwater flow and transport models so that application or evaluation of these models may be performed correctly.

The protocol to set up a numerical modeling include 4 main steps [START_REF] Anderson | Applied Groundwater Modeling: Simulation of Flow and Advective Transport[END_REF], such as (i) define objectives, (ii) build and revise a conceptual modeling , (iii) develop a numerical modeling and (iv) calibrate and validate model.

-77 - [START_REF] Anderson | Applied Groundwater Modeling: Simulation of Flow and Advective Transport[END_REF] In certain hydrogeological situations such as seawater intrusion, radioactive waste disposal, groundwater contamination and geothermal energy production, fluid density variations occur because of changes in solute or colloidal concentration, temperature and pressure of groundwater [START_REF] Simmons | Variable-density groundwater flow and solute transport in heterogeneous porous media: approaches, resolutions and future challenges[END_REF]. Field and laboratory studies have shown that groundwater dynamics are strongly influenced by density differences producing convective current [START_REF] Kolditz | Coupled groundwater flow and transport: 1. Verification of variable density flow and transport models[END_REF]. The stratification in the main cause of the instability (free convection) which enhances hydrodynamic mixing of the high density with the lower density.

Many mathematical and numerical models have been used to predict the location and movement of saltwater interface (Abd-Elhamid and Javadi, 2011) and some of them considered the dependence on fluid density [START_REF] Voss | Variable density flow and solute transport simulation of regional aquifers containing a narrow freshwater-saltwater transition zone[END_REF], Holzbecher, 1998a[START_REF] Frolkovič | Numerical modeling of convection dominated transport coupled with density driven flow in porous media[END_REF][START_REF] Simmons | Variable-density groundwater flow and solute transport in heterogeneous porous media: approaches, resolutions and future challenges[END_REF]. These models can be categorized as sharp interface or dissuasive interface models depends on the method of treating the interface.
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Heterogeneity and variable-density flow

Heterogeneity

Soil structure is the arrangement of soil particles at various scales, mainly depends on soil properties such as bulk density, porosity, penetration resistance, hydraulic conductivity [START_REF] Seger | Characterisation of the structural heterogeneity of the soil tilled layer by using in situ 2D and 3D electrical resistivity measurements[END_REF]. In practical, geologic systems are not really homogeneous or uniform, it is variable by space and time and very difficult to characterize [START_REF] Besson | Structural heterogeneity of the soil tilled layer as characterized by 2D electrical resistivity surveying[END_REF]. Therefore, single-number representations of porous media are not correct to the reality but widely accepted to simplify and ignore the limitation of characterize and observe soil properties in actual formations over large spatial scales. Several studies have shown that the solute transport in porous media is controlled by the spatial variations in heterogeneous conductivity field [START_REF] Dagan | Flow and transport in porous formations[END_REF]. This concept could be reach with the stochastic approach using a model where the input parameters are considered to be random spatial function with an associated probability density function [START_REF] Neuman | Stochastic theory of field-scale fickian dispersion in anisotropic porous media[END_REF][START_REF] Dagan | Flow and transport in porous formations[END_REF][START_REF] Tompson | Numerical simulation of solute transport in threedimensional, randomly heterogeneous porous media[END_REF]. This approach could be support and validate by accurate field analyses and data collection. After validations stochastic approaches can provide a quantitative description of soil properties over large spatial scales and account for the inherent spatial variability.

Variable-density

When density differences are significant, solute transport is the result not only of forced convection (advection) and dispersion/diffusion but also of free convection. Almost researches of solute transport in groundwater have focused on transport that occurs mainly by forced convection. Most mass transport studies in groundwater have focused on transport that occurs primarily by force convection [START_REF] Simmons | Variable-density groundwater flow and solute transport in heterogeneous porous media: approaches, resolutions and future challenges[END_REF]. This conclusion have been confirmed in case of surface water/groundwater interaction in a stably-stratified fresh surface/salt groundwater interface [START_REF] Massmann | On variable density surface water-groundwater interaction: A theoretical analysis of mixed convection in a stably-stratified fresh surface water -saline groundwater discharge zone[END_REF]. Several studies have investigated the error introduced by adopting the sharp interface approximation and to correct the Ghyben-Herzberg estimate of the interface depth [START_REF] Pool | A correction factor to account for mixing in Ghyben-Herzberg and critical pumping rate approximations of seawater intrusion in coastal aquifers[END_REF].

Numerous studies have used this approach in groundwater flow and solute transport modeling [START_REF] Shikaze | Density-dependent solute transport in discretely-fractured geologic media: is prediction possible?[END_REF], Zhang et al., 1998[START_REF] Simmons | Variable-density groundwater flow and solute transport in heterogeneous porous media: approaches, resolutions and future challenges[END_REF][START_REF] Qahman | Evaluation and numerical modeling of seawater intrusion in the Gaza aquifer (Palestine)[END_REF][START_REF] Lin | A modeling study of seawater intrusion in Alabama Gulf Coast, USA[END_REF][START_REF] Pool | A correction factor to account for mixing in Ghyben-Herzberg and critical pumping rate approximations of seawater intrusion in coastal aquifers[END_REF][START_REF] Webb | Modeling the Transient Response of Saline Intrusion to Rising Sea-Levels[END_REF][START_REF] Winsauer | Modeling the cutoff behavior of underground structure in multi-aquifer-aquitard groundwater system[END_REF] and shown that the magnitude of horizontal flow velocity, the solute transport rate and density difference between the contaminant solution and the ambient groundwater influenced the stability of the plumes.
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Variable-density flow in heterogeneity systems

In variable-density flow systems, heterogeneity in hydraulic properties can perturb flow over many length scales [START_REF] Simmons | Variable-density groundwater flow and solute transport in heterogeneous porous media: approaches, resolutions and future challenges[END_REF]. Several studies have been done from the year of 1980s to examine the way in which heterogeneity in hydrogeological properties can affect the variable-density instabilities. The first studies have been applied to multiple hydraulic conductivity layer models to show that when increase the number of layers, the system approached the behavior of an equivalent anisotropic, homogeneous single layer [START_REF] Mckibbin | Onset of convection in a layered porous medium heated from below[END_REF]. Then, several experimental and numerical investigations of variable-density groundwater flow in homogeneous, layered and lenticular media has been applied by Schincariol and concluded that more anisotropic and heterogeneous permeability field will make more dampening of instability growth [START_REF] Schincariol | Instabilities in variable density flows: Stability and sensitivity analyses for homogeneous and heterogeneous media[END_REF]. After an numerical study, [START_REF] Shikaze | Density-dependent solute transport in discretely-fractured geologic media: is prediction possible?[END_REF] suggested that heterogeneity can enhance plume migration rates or dissipate them. Heterogeneity is important because it is the triggering mechanism for the onset of instabilities and control the instabilities to grow or decay [START_REF] Simmons | Variable-density groundwater flow and solute transport in heterogeneous porous media: approaches, resolutions and future challenges[END_REF]. Variabledensity flow and solute transport are most sensitive to the medium, which are properties that can be determined more accurately than the geometry and hydraulic properties of the fracture network, which have a smaller impact on density-driven transport [START_REF] Graf | Variable-density groundwater flow and solute transport in irregular 2D fracture networks[END_REF].

Governing equations

The governing equations of variable-density groundwater flow and solute transport are described in detail in many studies by [START_REF] Voss | Variable density flow and solute transport simulation of regional aquifers containing a narrow freshwater-saltwater transition zone[END_REF][START_REF] Bear | Dynamics of Fluids in Porous Media[END_REF][START_REF] Diersch | Finite element modeling of recirculating density-driven saltwater intrusion processes in groundwater[END_REF][START_REF] Stuyfzand | An accurate, relatively simple calculation of the saturation index of calcite for fresh to salt water[END_REF], Holzbecher, 1998a[START_REF] Guo | User's Guide to SEAWAT: A Computer Program for Simulation of Three-dimensional Variable-density Ground-water Flow[END_REF].

Groundwater modeling begins with a conceptual understanding of the physical problem. The next step in modeling is translating the physical system into mathematical terms. In general, the results are the familiar groundwater flow equation and transport equations. The governing flow equation for three-dimensional saturated flow in saturated porous media is:
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Where, Kxx, Kyy, Kzz = hydraulic conductivity along the x,y,z axes which are assumed to be parallel to the major axes of hydraulic conductivity; The transport of solutes in the saturated zone is governed by the advection dispersion equation which for a porous medium with uniform porosity distribution is formulated as follows: An understanding of these equations and their associated boundary and initial conditions is necessary before a modeling problem can be formulated. Basic processes, that are considered, include groundwater flow, solute transport and heat transport. Most groundwater modeling studies are conducted using either deterministic models, based on precise description of causeand-effect or input-response relationships or stochastic models reflecting the probabilistic nature of a groundwater system.
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The governing equations for groundwater systems are usually solved either analytically or numerically. Analytical models contain analytical solution of the field equations, continuously in space and time. In numerical models, a discrete solution is obtained in both the space and time domains by using numerical approximations of the governing partial differential equation. Various numerical solution techniques are used in groundwater models. Among the most used approaches in groundwater modeling, three techniques can be distinguished: Finite Difference Method, Finite Element Method, and Analytical Element Method. All techniques have their own advantages and disadvantages with respect to availability, costs, user friendliness, applicability, and required knowledge of the user.

Numerical modeling of heterogeneity and variable-density flow

The mathematical or the numerical models are usually based on the real physics the groundwater flow follows. These mathematical equations are solved using numerical codes such as MODFLOW, FEFLOW, GMS, SUTRA, etc. Various types of numerical solutions like the finite difference method (FDM) and the finite element method (FEM).

-81 -

The FDM is the oldest and is based upon the application of a local Taylor expansion to approximate the differential equations. The FDM uses a topologically square network of lines to construct the discretization of the partial differential equation (PDE). The FEM is a numerical technique for finding approximate solutions to boundary value problems for differential equations. It uses variation methods (the calculus of variations) to minimize an error function and produce a stable solution. Analogous to the idea that connecting many tiny straight lines can approximate a larger circle, FEM encompasses all the methods for connecting many simple element equations over many small subdomains, named finite elements, to approximate a more complex equation over a larger domain.

However simulation codes called finite elements (FE) are in fact hybrid models using the FE technique for the spatial resolution and the FD technique for time-resolved [START_REF] Voss | Variable density flow and solute transport simulation of regional aquifers containing a narrow freshwater-saltwater transition zone[END_REF]Souza, 1987, Simmons et al., 2001).

Flow simulation densitaires involves solving coupled flow and transport, because the transport influences the flow (convection) and the influence of flow transport (advection). Equations must be solved simultaneously by an iterative process given time step. The velocity field at the required resolution Darcy transport results from the resolution of the flow (the pressure) at the previous iteration. Once stabilized for a given time step (called convergence model) solution, the iterations are carried forward to the next time step.

The modeling of variable density flow has been addressed by numerous authors and a number of codes were developed to simulate variable-density groundwater systems.

For hydrogeological modeling, simulation densities particular phenomena related to transport salt (eg. Seawater intrusion) or heat (eg. Geothermal), the most widely used codes which have the subject of numerous publications, both in theory and in applied fields (Kumar, 2004). The main models are presented below in chronologic order: 1984) is a 2D groundwater saturated-unsaturated transport model, a complete saltwater intrusion and energy transport model. SUTRA simulates fluid movement and transport of either energy or dissolved substances in a subsurface environment. SUTRA employs a twodimensional hybrid finite-element and integrated finite-difference method to approximate the governing equations that describe the two interdependent processes that are simulated: (1) fluid density dependent saturated or unsaturated groundwater flow and either (2a) transport of a solute in the groundwater, in which the solute may be subject to equilibrium adsorption on the porous matrix and both first-order and zero-order production or decay, or (2b) transport of thermal energy in the groundwater and solid matrix of the aquifer.

1. SUTRA (2-D Saturated/Unsaturated Transport Model) SUTRA (
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SEAWAT (3-D Variable-Density Ground-Water Flow) and MODFLOW

The SEAWAT (2002) program was developed by U.S. Geology Survey (USGS) to simulate three-dimensional, variable density, transient ground-water flow in porous media. The source code for SEAWAT was developed by combining MODFLOW and MT3DMS into a single program that solves the coupled flow and solute-transport equations. The program has been used to study on brine migration in continental aquifers, saltwater intrusion in coastal aquifers. The SEAWAT code follows a modular structure, and thus, new capabilities can be added with only minor modifications to the main program. SEAWAT reads and writes standard MODFLOW and MT3DMS data sets, although some extra input may be required for some SEAWAT simulations. This means that many of the existing pre-and post-processors can be used to create input data sets and analyze simulation results. Users familiar with MODFLOW and MT3DMS should have little difficulty applying SEAWAT to problems of variable-density ground-water flow.

FEFLOW (Finite Element Subsurface Flow Simulation System)

FEFLOW is a finite-element package for simulating 3D and 2D fluid density coupled flow, contaminant mass (salinity) and heat transport in porous and fractured media. It is capable of computing [START_REF] Diersch | FEFLOW Finite Element Modeling of Flow, Mass and Heat Transport in Porous and Fractured Media[END_REF]):

• Groundwater systems with and without free surfaces (phreatic aquifers, perched water tables, moving meshes);

• Problems in saturated-unsaturated (variable-situration zones);

• Variable-density (salt intrusion) and variable-temperature transport phenomena (thermohaline flows);

• Complex geometric and parametric situations.

The package is fully graphics-based and interactive. Pre-, main-and post processing are integrated. There is a data interface to GIS (Geographic Information System) and a programming interface. The implemented numerical features allow the solution of large problems. Adaptive techniques are incorporated.
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FEFLOW Code

FEFLOW has been used to simulate groundwater flow/discharge and solute transport for both steady state and transient conditions by matching computed and measured piezometric levels [START_REF] Padilla | Numerical modeling of surfacewater/groundwater flows for freshwater/saltwater hydrology: the case of the alluvial coastal aquifer of the Low Guadalhorce River, Malaga, Spain[END_REF] and determine the transaction between salt water and fresh water of this coastal alluvial area [START_REF] Padilla | Numerical modeling of surfacewater/groundwater flows for freshwater/saltwater hydrology: the case of the alluvial coastal aquifer of the Low Guadalhorce River, Malaga, Spain[END_REF][START_REF] Allow | Seawater intrusion in Syrian coastal aquifers, past, present and future, case study[END_REF] and [START_REF] Barazzuoli | A conceptual and numerical model for groundwater management: a case study on a coastal aquifer in southern Tuscany, Italy[END_REF]. The conceptual model was based on steady-state flow and transient solute transport [START_REF] Barazzuoli | A conceptual and numerical model for groundwater management: a case study on a coastal aquifer in southern Tuscany, Italy[END_REF][START_REF] Padilla | Numerical modeling of surfacewater/groundwater flows for freshwater/saltwater hydrology: the case of the alluvial coastal aquifer of the Low Guadalhorce River, Malaga, Spain[END_REF]. Steady-state flow will be calibrated by using water level during 2012-2013 and collected data from piezometric wells. Using the flow model to calculate the interaction between groundwater and surface water [START_REF] Hu | Modeling the influences of land reclamation on groundwater systems: A case study in Shekou peninsula, Shenzhen, China[END_REF]; [START_REF] Faye | Seawater intrusion in the Dakar (Senegal) confined aquifer: calibration and testing of a 3D finite element model[END_REF]; [START_REF] Padilla | Numerical modeling of surfacewater/groundwater flows for freshwater/saltwater hydrology: the case of the alluvial coastal aquifer of the Low Guadalhorce River, Malaga, Spain[END_REF] and solute transport model will be calibrated using the salinity observed in control wells near the coastal wedge of the aquifer [START_REF] Cronin | Geochemical modeling and isotope studies in the Sherwood Sandstone aquifer, Lagan Valley, Northern Ireland[END_REF]. The computed head and salinity distribution will be compared with the control wells to calibrate the model and computed velocity and flow direction together will be calibrate with isotopic data measurements which will be done on boreholes [START_REF] Faye | Seawater intrusion in the Dakar (Senegal) confined aquifer: calibration and testing of a 3D finite element model[END_REF][START_REF] Jakimavičiūte-Maselienea | Modeling of coupled groundwater flow and radionuclide transport in crystalline basement using FEFLOW 5.0[END_REF]; [START_REF] Schincariol | Instabilities in variable density flows: Stability and sensitivity analyses for homogeneous and heterogeneous media[END_REF].

For theoretical and practical information concerning the use of FEFLOW and the solution of equations, the reader can refer to the respective manuals [START_REF] Diersch | Finite element modeling of recirculating density-driven saltwater intrusion processes in groundwater[END_REF], Diersch et al., 2011a, Diersch et al., 2011b).

The basic mass conservation equation of a fluid in a variably saturated media is given by

    .s o s S q Q tt           (55)
The fluid motion is described by the Darcy equation written in this form
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In equations ( 55) and ( 56): The finite element formulation of the mass balance equation can be written as ( ) . on s wS s w q w wQ wq tt 
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Where w is a test function and qn corresponds to the normal fluid flux directed positive outward on .

Geolithological, hydrogeological and hydrochemical data can be carried out in a GIS environment (ArcView, MapInfo, Surfer…) that is totally interfaced with FEFLOW. This is very useful in the development of the conceptual model, in the creation of the numerical model and in the analysis of simulation results.

Chapter 4

RESULTS
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Geophysics survey

The main objectives of geophysical methods are saline intrusion mapping and aquifer characterization (depth of aquifer/water head, spatial dimensions and properties of geological formations).

In order to interpret the indirect geophysical measurements, a comparison have been done between geophysical data and lithological information from boreholes and water level, electrical conductivity measurements from piezometers in this area.

Electromagnetic mapping (EM34)

After two campaigns of EM survey, 12 profiles of EM34 have been done (Figure 32 and Table 2) in the marsh area, with 10 profiles perpendicular with salt-freshwater limit and two others along the canals. The spatial distribution of apparent soil electrical conductivity (a -mS/m) of EM34-20 have been compared with a spatial distribution of electrical conductivity (EC) measurements from in pore water at 10 m depth. The small a (<30 mS/m) characterize the freshwater zone in the center and northeast of Crau. In the zone along the Colmatage canal in center of marsh area, a varies from 30-80 mS/m characterize a saline intrusion zone, equivalent to EC from 6000-18000 S/cm. In the southwest area, a is very high (>100 mS/m) characterize the saltwater zone.

The EM34 data have been interpreted by using the software EM4Soil -a software package which was developed to enable the inversion of electromagnetic (EM) conductivity data a acquired at low induction numbers (EMTOMO, 2015). The inversion algorithm is based upon the Occam regularization method [START_REF] Sasaki | Two-dimensional joint inversion of magnetotelluric and dipole-dipole resistivity data[END_REF][START_REF] Sasaki | Full 3-D inversion of electromagnetic data on PC[END_REF] was described and applied in several studies [START_REF] Santos | Inversion of Conductivity Profiles from EM Using Full Solution and a 1-D Laterally Constrained Algorithm[END_REF][START_REF] Triantafilis | Electromagnetic conductivity imaging (EMCI) of soil using a DUALEM-421 and inversion modeling software (EM4Soil)[END_REF], Triantafilis et al., 2013). With the inverse model, EM34 apparent conductivity (a) were inverting using a 1-D spatially constrained algorithm for quasi-3D conductivity imaging, then a map of spatial distribution of estimated electrical conductivity  have been done would help to better understand in term of geology (structure, lithology,…) and hydrogeology (saline groundwater interface, …).

The first campaign, studying the thickness and geometry of depositional systems, using intercoil spacing of 10 and 20 m, has been applied on 4 sectors in the NE of the Colmatage canal. This sector contains freshwater and is far from salt-freshwater limit as determined by electrical conductivity measured in piezometers. The second campaign have been developed around the salt intrusion zone described by previous studies [START_REF] Safege | Surveillance du biseau salé de la nappe de la Crau en 2004[END_REF][START_REF] Safege | Surveillance du biseau salé de la nappe de la Crau en 2004[END_REF]. This campaign was dedicated to understand the current distribution of salt and brackish water in this aquifer.

-88 - -90 - -91 - (location of EM sectors shown in Figure 32).
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Sector EM1

Sector EM2

Sector EM3
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Sector EM4

Sector EM5

Sector EM6
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Sector EM7

Sector EM8

Sector EM10

-95 - In sector 1, the small  (less than 2 mS/m) have been found from top to about 4 m depth.

Sector EM11

One can distinguish the water table in the aquifer (water table in Pz21 is 3.15 m). In some sectors,  of the top soil (few meters depth) is very high (mS/m) and compares to the values of ECe smaller than 20 mS/m (fresh water). These zones coincide with the clay layer described in piezometers XB, X19, L1 and XA (sectors 6, 7, 8 and12). In sector Vigueirat 2 (sector 5, Figure 45), sector Tonkin (sector12, Figure 45) and sector along the Colmatage Canal in center of the marsh (sector 10, Figure 45),  of topsoil is high in some place ( > 300 mS/m) and coincide with brackish surface water (ECe is up to 700 mS/m). The electrical conductivity is high in some places because: 1) water table is very low about 0.3 m to 0.7 m from the surface; 2) saltwater table is shallow (less than 10 m); 3) surface water is not connected to pond or canals and 4) effect of evapo-transpiration that concentrates salt in water. In comparison, the saturated sand and gravels layer with fresh water (ECe < 200 mS/m) is characterized by  ranging between 5 and 40 mS/m (sectors 1, 3, 4 and 6, Figure 45).

In sector EM12 along the Arles to Fos canal, the value of RMSE is 28% and could be due to the low resolution of a along this sector. The sector is too long (>10km), and data of EM34 is discontinue in some parts because of the security regulation of Vigueirat (cows and bulls grazing).

Despite these comparisons and validations, electrical conductivity appears to sign the presence of saltwater and the difference of lithology. Therefore, the spatial distribution of  -96 -from quasi 3-D imaging have been done to validate and calibrate at difference depths the saltwater model (Figure 63 and Figure 64).

Figure 64 shows the spatial pattern of estimated electrical conductivity from EM34 data at difference depths. All distributions show a high conductivity zone in the southwestern part of the area. These conductive zone can potentially present saltwater intrusion. Coupled with 2-D cross sections (Figure 43, Figure 44 and Figure 45), interpretation for the different depth has been done. With the respect to soil type and conductivity, the depth of clay layer and the interface of salt-fresh water have been determined.

Electrical Resistivity Tomography (ERT)

Three ERT profiles (SW-NE oriented) were measured. Profiles T1 (Pissarotte sector) and T2 (Tonkin sector) were located SW of area, perpendicularly to the saltwater-freshwater limit. T3 profile was done in the center of area to determine the geological features (Figure 32). Investigations were done with a multi-electrode ABEM Lund Imaging System, with interelectrode spacing of 5m.

Inversion of the measured apparent resistivity a was carried out to estimate the real resistivity of the soil with the software package RES2DINV (v.3.5, Geotomo Software). The software constructs a resistivity model of the subsurface based on iterative smoothnessconstrained least squares inversion [START_REF] Loke | Rapid least-squares inversion of apparent resistivity pseudosections by a quasi-Newton method1[END_REF].

Saline intrusion mapping

Profile 1 is located perpendicular on the limit between saltwater and freshwater [START_REF] Safege | Surveillance du biseau salé de la nappe de la Crau en 2004[END_REF][START_REF] Safege | Surveillance du biseau salé de la nappe de la Crau en 2004[END_REF]. It shows (Figure 46) a high contrast of electrical resistivity. Below 30 m depth, very low resistivity (a few ohm.m) are observed and probably interpreted as the substratum of clays and marl of Pliocene. Between 20-30 m depth, resistivity varies between 10 and 40 ohm.m that reflects salt and brackish water coming from SW to NE. At about 5 to 20 m depth, higher resistivity (> 40 ohm.m) are observed, reflecting the aquifer of gravel with freshwater/brackish water. The sallow part of the profile (up to 5 m) shows low resistivity corresponding to superficial Holocene sediments made of sandy clay. Low resistivity may also result from the increase of salt content due to evaporation (transpiration). High resistivity zone in the shallow part is due to the channel fresh water.

Profile 2 was orientated perpendicular to saltwater limit to characterize the distribution of saltwater and clay. Electrode e spacing was 5 m giving a total length of 320 m. The obtained RMS was 11%. This profile shows resistivity lower than 20 ohm.m in the first 7 m depth that can be attributed to clay or shallow saltwater. As for sector 1, below 25-30 m depth, very low resistivity (few ohm.m) is observed corresponding to the substratum of clays and marl of -97 -Pliocene. Between 7 and 25 m depth, resistivity varies from 20 to more than 100 ohm.m. This resistive, heterogeneous layer corresponds to sand and gravel sediments with fresh or brackish water. -98 -

Piezometric heads and aquifer geometry

Profile 3 was also oriented SW-NE and located in the center of the area. Electrodes were spaced 2m, giving a total length of 128 m. RMS is 10.9%. Profile (Figure 47 Moreover, according to geological description in Pz21, bellow 15.4m depth, the lithology changes from gravels, pebbles and sand of Pleistocene to marl, gravel and clay of Pliocene. Interpretations of results can be summarized as follows: (i) the resistivity of sandy gravelly aquifer is strongly governed by the salinity of water; (ii) the resistivity of the top of the profiles is influenced by the clay content salt concentration due to evaporation (transpiration).
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Aquifer porosity

The porosity was estimated using Archie's law. The relationship between bulk resistivity of a saturated porous medium r (ohm.m) and its porosity and resistivity of pore water w (Ohm.m) is expressed by Archie's equation [START_REF] Archie | The Electrical Resistivity Log as an Aid in Determining Some Reservoir Characteristics[END_REF] 

r w w m a F      (59)
And similar for the bulk electrical conductivity () and pore water conductivity (w)

m w rw aF     (60)
where F = a/ m (Humble formula, in [START_REF] Winsauer | Modeling the cutoff behavior of underground structure in multi-aquifer-aquitard groundwater system[END_REF] is an intrinsic parameter representing the micro-geometry of the material; m and a are dimensionless material-dependent empirical factors; m is known as the cementation index and a is the coefficient of pore tortuosity. For unconsolidated sandstone formation, parameters a and m can be set to 0.81 and 2 respectively [START_REF] Winsauer | Modeling the cutoff behavior of underground structure in multi-aquifer-aquitard groundwater system[END_REF], then F=0.81 -2 . The porosity calculated using Archie's law varies from 4% to more than 30% on top, with an average of 11.5%. This value is comparable to the one related in other research on Crau aquifer (Olioso et al., 2013) . The very high porosity between 0 and 8 m depth correspond to high content of clay constituting the Holocene sediment. . The porosity values at some depth are quite small (about 4-5%) that can be explained conglomerate (cemented sand and gravels). 45.a); ii) a saturated coarse sand and gravel layer with fresh water where  ranges from 2 to 30 mS/m (sector 1-5, Figure 45); iii) a superficial fine sand and clay layer found in marsh area where  varies from 100 to more than 300 mS/m (sector 5-12, Figure 45) and iv) a conductive ( > 80mS/m) coarse sand and gravel layer saturated by brackish or saltwater observed between 3-7 and 30 m depth in sector Pissarotte and between 15-20 and 30 m depth in Vigueirat area (sector 5, 6, 7, 8 and 10, Figure 45, Figure 43 and Figure 44).

The electrical conductivity of aquifer increases with depth and towards SW due to saltwater. The most conductive area is found in sector Pissarotte (Figure 43) and in sector along the Arles-Fos canal (Figure 44) with  > 150 mS/m at a depth less than 10 m. This characteristic is observed for all other sectors in the marsh area (Figure 45).

The variation of electrical conductivity also corresponds to the variation of lithology.

The thickness of superficial fine sand and clay layer increases to SW from 0 m in center to 5-7 m along the Arles-Fos canal. On the other hand, water level decreases to SW from 2-3 m in the NE of marsh area to 0.3-0.7 m SW of marsh. Therefore the thickness of high conductive (low resistivity) superficial layer also increases to SW due to: i) influence of clay content and ii) increase of dissolved salt due to evaporation.
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Isotopic surveys
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Groundwater numerical modeling

Conceptual model

Geometry and structure

The study area is the downstream part of the Crau coastal plain, and has an area of about 140 km 2 . It includes the marsh area of the Vigueirat Natural Reservation (Wet Crau) and one part of the irrigation zone of the Coussouls natural reserve zone (Dry Crau). The main structural and hydrogeological characteristics of the Crau aquifer are known through the geological information and the lithological descriptions from 45 borehole logs. Two main geological units are considered: the Holocene clay and sandy clay layer and the Pleistocene conglomerate of sand, clay and gravels (Figure 50 and Figure 52). Hydraulic parameters of the aquifer are considered heterogeneous taking into account available data. The topography shown in (Figure 14) is based on kriged information from 203 boreholes/wells and national geodesic points (http://geodesie.ign.fr/). The main geometricstructural and hydrogeological characteristics of the study area (Figure 50) were based on -118 -geological and lithological descriptions of boreholes and results of geophysics surveys (3 ERT profiles and 12 EM profiles). The digital elevation model (DEM) of each layer surface was interpolated by ordinary kriging.

Water table

Until now, more than 60 observation wells have been set in this area by difference organizations. Most of observation wells have been installed since the 1980 years and surveyed with monthly measurement data. From 1999, BRGM continuously surveyed groundwater with data loggers (Pz32, Pz9, Pz11, Pz13, Pz21). Data are available from ADES database (http://www.ades.eaufrance.fr). We monthly measured water heads in 45 boreholes (Figure 21) from March 2013 to March 2014 during geophysical and geochemistry studies. Measured water levels have been converted to equivalent freshwater levels (section 3.2). A maximum correction of about 0.33m was done on piezometer XD (Table 1). The resulting hydraulic head map shows a global NE-SW flow direction (Figure 25).

In study area, the aquifer is unconfined to semi-confined in the marsh area due to the clayey layer with very low permeability (semi-pervious or impervious material). Aquifer is mostly recharged by the direct infiltration of rainfall and water flowing from upstream zone (N-E area). The natural outflow of the aquifer discharges into the canal system, but also by evapotranspiration and pumping wells. Part of groundwater flows out of study area to SW direction.

Salinity of groundwater

Due to the good correlation between electrical conductivity and chloride concentration [START_REF] Bear | Dynamics of Fluids in Porous Media[END_REF][START_REF] Stuyfzand | An accurate, relatively simple calculation of the saturation index of calcite for fresh to salt water[END_REF][START_REF] Post | Electrical Conductivity as a Proxy for Groundwater Density in Coastal Aquifers[END_REF], EC could be used to survey saltwater intrusion. Groundwater chlorine concentration was studied by electrical conductivity measurements in boreholes and surface waters of canals and ponds. The distribution of electrical conductivity has been discussed in section 3.2 (Figure 23 andAnnex 3). The highest electrical conductivity are observed in the marsh area, on the S-W part of study area, along the Arles-Fos canal. The EC measurement varies in space and depth. The highest values, about 54mS/cm, have been observed into piezometer XD.

Exchange with surface water

The water level in canal and pond have been observed automatically in 4 points (S2, S3, S5, S6) and measure manual at two point E1 and E2. From the observation data, water level in boreholes is little higher than in surface water. This seams indicate that groundwater discharges to surface water but with a very low flow rate. Results from radon survey have been used to -119 -quantify the exchange between surface water and groundwater. From these results, groundwater discharge to canals and ponds is 55 l/m 2 /day.

Role of recharge

Recharge from rainfall is taken into account in the model as inflow applied on the top layer. This recharge was computed with time step of 10 days from 2000 to 2010 by the STICS crop model developed by INRA [START_REF] Brisson | Conceptual basis, formalisations and parameterization of the STICS crop model[END_REF]. This calculation has been calibrated and simulated with the help of Baillieux A. (INRA, 2013). The average recharge used into the model ranges between 0 and 2 mm/day, with an average value of about 0.6 mm/day.

Importance of pumping wells

Pumping wells are included in the model as boundary conditions. Well screens were set as indicated by the technical description of the well. Some of them are multi-layer wells. Annex 

3D density-dependent flow model

Despite previous studies and existing data, there are still remaining unknowns about the behavior of groundwater flow in Crau aquifer. Developing a 3D density dependent flow numerical model will help to integrate all the available information and experiment results to better understand the groundwater dynamic and its effect on saltwater intrusion. Before building model, all input parameters such as initial water heads, hydraulic conductivity, porosity, storativity and geometry of aquifer have to be collected. All layer properties were interpolated from this information using conventional kriging.

Boundary conditions

The horizontal mesh refinement includes 150,285 elements and 81,840 nodes covering an area of about 140km². A high degree of mesh refinement was adopted also along the boundaries and pumping/observation wells which were placed in the mesh as fixed nodes

representing their true position. The elements dimensions range from less than 15m around the control points such as pumping wells and observation wells to about 70m in the marsh area or up to 200m in the rest area. This mesh has been built to have a good detail into both the pumping well area and the marsh one. The 3D numerical model (Figure 52) consists of 12 numerical layers subdividing the aquifer system made of sandy clay and sandy gravel. The bottom of layers was obtained by combining lithological descriptions from drilling well and results of the ERT and EM investigations. The upper layer, that appears in marsh SW area of study area, mainly consists of impermeable clay to sandy clay sediments with depth varying from 0 to 7m and hydraulic conductivity K of 3.7x10 -5 -8.7x10 -3 m/s. The specific yield of aquifer obtained from pumping tests is in the range of 0.01 to 0.18 attesting the unconfined to semi-confined (leaky) behavior of aquifer. It overlies the main aquifer layer consisting of sand, pebble and gravel sediments with sandy-clayey matrix that shows high lateral heterogeneity due to the shift of the Rhone River. In the studied sector, the depositional surfaces have a slight slope to South-West, which is also the general trend of groundwater flow. Due to the alluvial placer dynamic, hydraulic conductivity (K) is very variable. Resulting transmissivity globally varies between 5x10 -3 and 5x10 -1 m 2 /s.

The system is constrained by boundary conditions: NW and SE boundaries were set as no-flow conditions. NE and SW boundaries were set as constant water head (Dirichlet type). NE boundary was considered as a constant water head according to the water table simulated by the model of Crau aquifer (INRA, 2013) and to observation wells (BGRM). The constant water head conditions applied along the SW boundary is set to the water levels measured in observation wells of this area. Along SW boundary and in marsh area, a system of drainage condition (Neumann type) represents draining canals of Arles-Fos, Vigueirat and Colmatage.

The drain conductivity was assumed to be equal to the hydraulic conductivity of the clay and sandy clay layer. The groundwater recharge rate from irrigation and rainfall was specified in the model as a sink/source boundary condition. Input values were calculated by STICS model for each model elements with time step of 10 days (INRA, 2013). Discharge condition (flux boundary) was assigned for the pumping wells (10 municipal pumping wells and private irrigation wells).

-121 -Boundary conditions are summarized on Figure 52. In a variable-density flow model, concentrations along the boundaries are also required. 

Model parameters

Porosity of aquifer was specified in the range 0.038 and 0.17 with an average of 0.5 as estimated using Archie's law for difference depth (as discussed in 4.1.2).

The concentration of freshwater is 0 g/l and the density is 1000 kg/m 3 , and respectively of 35 g/l and 1.025 kg/m 3 for seawater. The longitudinal dispersivity is 0.35 m and transverse dispersivity is 0.003 m. The aquifer is mainly unconfined therefore specific yield is approximately equivalent to the storage coefficient and was set to 15%. Model is run in 2 modes: i) steady state condition of flow used to get suitable initial conditions (heads and concentrations) for the transient model; ii) transient simulation mode from 2004 to 2014. Simulated results were compared to water heads and electrical conductivities observed in boreholes (including 45 manual surveys and 4 continuous surveys).

Information on saltwater intrusion

Realistic models must include the three dimensions distribution of lithological units and their hydraulic properties [START_REF] Günther | Contribution of Nuclear Magnetic Resonance for supporting hydraulic model generation[END_REF]. However, model parameters are never completely defined and always associated to uncertainties [START_REF] Gunduz | Surface and Subsurface Flow and Contaminant Transport Modeling in Lower Altamaha Watershed[END_REF]. Physical properties of aquifer such as hydraulic conductivity, porosity and storativiy are the most important parameters for flow. With saltwater intrusion models, initial groundwater salinity is also required. The use of geophysics to provide information to model have been applied in many previous researches [START_REF] Stewart | Evaluation of Electromagnetic Methods for Rapid Mapping of Salt-Water Interfaces in Coastal Aquifers[END_REF][START_REF] Borne | La méthode électromagnétique EM 34-3 pour la prospection de sub-surface[END_REF][START_REF] Buchanan | Mapping water table depth using geophysical and environmental variables[END_REF][START_REF] Sirhan | Characterization by electrical and electromagnetic geophysical methods of the shallow hydrogeological system at Hebron (West Bank, Palestine) in a semi-arid zone[END_REF]. For saltwater intrusion, geophysical data may be used through a coupled -123 -hydrogeophysical inversion [START_REF] Bouzouf | High resolution stratigraphy and evolution of the Rhone delta plain during Postglacial time, from subsurface drilling data bank[END_REF][START_REF] Comte | Cross-validation of geo-electrical and hydrogeological models to evaluate seawater intrusion in coastal aquifers[END_REF][START_REF] Comte | Apport de la tomographie électrique à la modélisation des écoulements densitaires dans les aquifères côtiers[END_REF][START_REF] Capizzi | Integrated hydrogeochemical and geophysical surveys for a study of sea-water intrusion[END_REF][START_REF] Comte | Evaluation of effective groundwater recharge of freshwater lens in small islands by the combined modeling of geoelectrical data and water heads[END_REF], Herckenrath et al., 2013a, Herckenrath et al., 2013b). Additionally, 222 Rn concentrations can be used as a natural tracer to estimate the groundwater flow velocity [START_REF] Hamada | Estimation of groundwater flow rate using the decay of Rn-222 in a well[END_REF][START_REF] Schincariol | Instabilities in variable density flows: Stability and sensitivity analyses for homogeneous and heterogeneous media[END_REF] and assess the groundwater discharge. Application of geophysical and isotopic studies, therefore can be combined to classical measurements of water heads and water salinity.

Petrophysical and geometric items are two separate groups of the relationships between geophysical models and hydrologic models. Petrophysical relationship describes the correlation between a geophysical parameter and a hydrologic variable or parameter (Herckenrath et al., 2013b). The common one is Archie's law [START_REF] Archie | The Electrical Resistivity Log as an Aid in Determining Some Reservoir Characteristics[END_REF] that describes the dependence of bulk electrical conductivity () to pore water conductivity (w) and porosity (see section 4.1.2).

Porosity of aquifer has been estimated by using results of inversed ERT model with application of Archie law. For model, we assumed that porosity are horizontally homogeneous and vertically heterogeneous, i.e. vertically distributed.

The second type of constraints coupling geophysics and hydrologic models is the geometric relationship describing the spatial characteristics of the subsurface. Geometric constraints are used to delineate geological units (elevation and thickness of layer) and spatial structure of heterogeneous aquifer properties.

The variation of electrical conductivity is also indicating the variation of the lithology. ERT and EM methods are successfully applied since the electrical conductivity is sensitive to both clay content and groundwater salinity [START_REF] Goldman | Mapping of Seawater Intrusion into the Coastal Aquifer of Israel by the Time Domain Electromagnetic Method[END_REF][START_REF] Jin | The use of the time domain electromagnetic method to delineate saline groundwater in granular and carbonate aquifers and to evaluate their porosity[END_REF][START_REF] Triantafilis | Mapping clay content variation using electromagnetic induction techniques[END_REF]. The results of geophysics are described in section 1.1. Lithology can be divided in different units. A superficial unsaturated layer of coarse sand and gravel with a thickness about 6m is located in the NE marsh area (center of the study area) and shows very low < 2mS/m (sector EM1). The saturated coarse sand and gravel layer of freshwater with  ranging from 2 to 30mS/m is found in the NE marsh area (sector EM1-EM5). A superficial fine sand and clay layer found in marsh area above the saltwater with a thickness increasing toward SW from 0 to 5-7 m along the Arles-Fos canal (sector EM5-EM12). This high conductive layer with  from 100 to more than 300 mS/m is due to clay cation activity and dissolved salt resulting from evapotranspiration. Using the lithological information obtained from borehole and EM -ERT investigations, the 3D organization of lithology unit is as show in Figure 52.

Hydraulic parameters estimated from geophysics and isotopes

For modeling, the most important parameters are the hydraulic conductivity and porosity. These parameters were estimated from the results of geophysics and isotope measurements.
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The hydraulic conductivity was discussed in previous studies but these lasts do not provide enough information for the marsh area. The locations where of hydraulic conductivity values are available from previous and current studies are shown in Figure 53. We used the approach proposed by Schubert and Hamada [START_REF] Hamada | Estimation of groundwater flow rate using the decay of Rn-222 in a well[END_REF][START_REF] Schincariol | Instabilities in variable density flows: Stability and sensitivity analyses for homogeneous and heterogeneous media[END_REF] where groundwater (Darcy) flow velocity can be estimated by using the decay of 222 Rn in single well (sections 3.4 and 4.2). The groundwater velocity was estimated at three different depths in 6 boreholes and provided hydraulic conductivity using the water table gradient (Section 4.2 -Table 3). These estimated permeabilities have been used to calibrate the model. Spatial distribution of hydraulic conductivity was kriged using values of hydraulic conductivity.

Estimation of groundwater electrical conductivity from geophysics

Using the distribution of obtained from EM and ERT, the electrical conductivity of groundwater w was estimated using the equation of [START_REF] Archie | The Electrical Resistivity Log as an Aid in Determining Some Reservoir Characteristics[END_REF] as follow:
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w r      (61) 
Where: w is electrical conductivity of pore water r is bulk conductivity obtained from geophysics is porosity of aquifer.

The value of porosity used for the calculation is the average value of the aquifer estimated from 8 m to 30 m depth onto XD (see previous section), I;e.  = 7.5%. This value does not include the top clay layer (0 to 8 m). The correlation between calculated and measured groundwater EC is shown on Figure 54. It indicates that estimated EC well agrees with measured EC. Measured and calculated EC are sometimes very different in the top freshwater interval, with calculated conductivities much higher than measured ones. This difference could be due to the role of the clay to the bulk conductivity or to the porosity that could be higher than the average porosity used for calculation. However Figure 54 shows that salinity of groundwater could be estimated using EM data and ideally combining both measured and calculated values of porosity. 

Freshwatersaltwater interface

As discussed above in section 3.3, ERT and EM methods provide a valuable information of the freshwater and saltwater interface. From EM and ERT results (section 1.1) , saltwater--126 -sediment bearing high conductivity of > 80mS/m are found at 3-7 m depth in the SW area (Pissarotte area) increasing to the depth of 15-20 m in Vigueirat area. In the middle of the marsh area, fresh water extents to the depth of 30 m. Saltwater intrusion thickness decreases from the SW limit of the study area to the center of the marsh area and intrusion disappears after the marsh area (sectors 5, 6, 7, 8 and 10 in Figure 45, Figure 43 and Figure 44). Groundwater EC increases with depth towards SW due to seawater intrusion and diffusion. The most conductive area is found in Pissarotte area (Figure 43) and along the Arles-Fos Canal (Figure 44) with > 150mS/m at less than 10m depth. This is observed in all other sectors of marsh area (Figure 45).

Combining measurements of EC in boreholes and estimated EC from geophysics (using Archie's equation), the initial distribution of groundwater EC was computed.

Coupling geophysical and isotopic approach to calibrate and validate saltwater intrusion modeling

Model calibration is a very important step to ensure the accuracy of developed modeling.

In this process, model parameters are adjusted until the simulated results (hydraulic heads, flow rates, concentrations) fit the observed data.

Calibrating model using measurements from boreholes

The model was first ran in steady state condition for the mean situation of March 2013 -March 2014 and calibrated with measured hydraulic heads and groundwater EC of 45 boreholes and 4 continuous surveys. All input parameters have been changed in their initial range using trial-and-error process until a steady state was reached. Calibration has been achieved modifying hydraulic properties and boundary conditions to fit the observed values of i) groundwater heads and ii) salinity concentration. The results shows a quite fair fit between observed and simulated water heads, as shown in Figure 55.

Errors between simulated and observed values water heads are small (from 0 to less than 1m) when compared to the hydraulic gradient and the dimension of aquifer. Note that observed heads vary from 0.5 in SW area to about 17m in NE area. The two sets of values are well correlated and close to the 1:1 line with RMS of 0.542 and an average absolute difference less than 0.5m. The highest difference is about 1m and obtained on Pz11 in the center of area.
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Validation of saltwater intrusion using geophysics results

The simulated EC in Pissarotte area and along the Arles to Fos canal (Figure 60 and Figure 61) are consistent with observations. In Pissarotte area, results show a high conductivity Similar to cross-section along the Arles -Fos canal (Figure 61), the saltwater pattern is an arc-shape from SE to NW. A conductive/saline zone is found below 13 m depth into L1 and below 22 m into X17 with an EC higher than 200 mS/m in geophysics model and a concentration higher than 10 g/l in groundwater model. An upper zone with EC between 80 and 200 mS/m in geophysics model and 3-10 g/l in groundwater model represents a resistive/brackish zone with a thickness of 5-7 m. The superficial layer with thickness of about 5 m at L1 and about 15-17 m at X17 and X19 represent the freshwater zone found on both models.

-132 - [START_REF] Mcneill | Electromagnitic terrain conductivity measurement at low conduction numbers[END_REF] and the inversion algorithm the Occam regularization method (Sasaki, 1989, de Groot-Hedlin and[START_REF] De Franco | Monitoring the saltwater intrusion by time lapse electrical resistivity tomography: The Chioggia test site (Venice Lagoon, Italy)[END_REF]. The distribution of EM34 measurement points and limit for this model is shown in Figure 62 and results from the model shown in Figure 63 and Figure 65.

Figure 65 shows the spatial pattern of estimated EC from EM34 data at different depths.

All spatial distributions show that a high conductivity zone SW the study area. These conductive zones can potentially present saltwater intrusion. Using Figure 43, Figure 44 and Figure 45, and with respect to geological material and EC, the limit of clay layer and the interface of saltwaterfreshwater have been defined from 3D groundwater model.

-133 - The mass concentration and fluid budget obtained from validated model is presented on Figure 66. Mean recharge in marsh area occurring from ponds and canals is 12,843m 3 /day and groundwater discharge to surface water varies from 32,340 m 3 /day to 333,000m 3 /day and in average of 92,528 m 3 /day. This flux to surface water is higher than the one calculated with radon (Table 9) because it includes groundwater drained by the network of streams at the northern rim of the pond's area (Colmatage, Vergière, Centre Crau canals). These streams are characterized by elevated radon activity that confirms that these water are essentially groundwater drained locally.

We can see from Figure 66 that the sum of all input and output fluxes does not equilibrate in this system. A reason for this disequilibrium could be the changes of pond's surfaces and groundwater and surface water levels, implying that this system is not necessarily in steady state condition in terms of water mass balance.
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Effect of recharge and pumping on saltwater intrusion

The model was used to assess the possible control of saltwater intrusion through the reduction of groundwater extraction by pumping wells or by the increase of the recharge from surface water. Various scenarios have been done to simulate the saltwater intrusion in 2014 with the following conditions:

all pumping wells stop in this study area; -pumping rates double with respect to current rates; -no recharge occurs. Simulated water heads of scenarios 1 and 2 are compared against heads obtained with the current pumping rates (Figure 67). Change on water heads varies between 0.2 and 1 m depending of the location of the observation borehole. For boreholes close the pumping wells, change is higher.

-139 - For scenario 3 without recharge, water heads are significantly higher than those of current condition (Figure 68). This is clear that the recharge in this area play an important role to groundwater. However, maximum changes are 0.5 m, i.e. less than the changes induced by the modification done on pumping rates. The water head changes therefore affect the saltwater intrusion. The limit of TDS concentration of 10,000 mg/l in the various scenarios clearly shows the effect of changes on pumping and recharge on saltwater intrusion, mainly in the SE area. The simulated equiconcentration contour 10,000 mg/l slightly move upstream with about 50 to 100 m without recharge and about 50 to 100 m for doubled pumping rates. In SW Pissarotte area, saltwater front enter up to 500 m, indicating the important role of the water extraction on the position of saltwater front. On the contrary, if pumping wells stop, the saltwater intrusion will move downstream of about 50 m (Figure 69).

Table 10 presents the results of sensitivity analysis for different scenarios. It indicates the maximum salinity simulated in piezometer XD at SW boundary and the distance from the boundary beyond which the salinity is equal 10g/l in the sector along the road N286. Based on simulated model, if all pumping wells in study area stop exploit, saltwater front of 10g/l would displaced downward of about 130m/year, conversely, doubling the pumping rate induced a landward displacement of saltwater front up to 50m in one year (near Pissarotte pumping station). The simulated mass transport model indicated also significant change in saltwater intrusion due to activities of irrigation on the surface. In case of no recharge from the surface, saltwater front displaced landward of about 20m/year and if doubling the recharge in this area could help mitigate the seawater intrusion with saline front displaced downward of about 50m every year. 

GENERAL CONCLUSION

-145 -

The use of groundwater models is prevalent in the field of environmental science to investigate a wide variety of hydrogeological conditions. More recently, groundwater models are being applied to predict the transport of contaminants or saltwater intrusion for risk evaluation. The applicability or usefulness of a model depends on how closely the mathematical equations approximate the physical system that is being modeled. In order to evaluate the applicability or usefulness of a model, it is necessary to have a thorough understanding of the physical system and the assumptions embedded in the derivation of the mathematical equations.

To simulate the variable-density flow system in heterogeneity hydrogeological conditions is complicated and sensitive due to the non-linear coupling between the flow and transport equations. Thus, observed data of salinity from wells and boreholes are normally not enough to validate a saltwater intrusion model. The aim of this study was to propose an approach to control and reduce the effects of uncertainties and heterogeneities of variabledensity groundwater modeling into coastal aquifers. Combination of different methods from geophysics and isotope can help to better parameterize and validate the saltwater intrusion modeling.

First, radon has been used to assess groundwater velocities in the study aquifer, to highlight pattern of groundwater discharges and to constraint water-mass balance. A monitoring of 222 Rn in boreholes and wells have been done in the Crau aquifer. It is likely that the radon activity in groundwater is controlled by salinity and grain size of sediments in the aquifer where the wells are located. The radon activity measurements in boreholes have been used to estimate the groundwater (Darcy) flow velocity applying the approach of Schubert and Hamada. In our study, the decay of Radon was measured at different depths in boreholes to achieve information on hydraulic conductivity and heterogeneity of aquifer. The groundwater velocities evaluated with radon activity vary from few cm/day to more than 1 m/day. Based on salinity and radon activity observed in boreholes, the origin of saltwater in the aquifer seems to be related to ancient seawater and not current seawater intrusion, this is in agreement with previous studies from [START_REF] Vella | Geochemical and boron, strontium, and oxygen isotopic constraints on the origin of the salinity in groundwater from the Mediterranean Coast of Israel[END_REF][START_REF] De Montety | Origin of groundwater salinity and hydrogeochemical processes in a confined coastal aquifer: Case of the Rhône delta (Southern France)[END_REF]. Our approach is useful to areas where it is difficult to operate pumping tests (lack of groundwater wells; due to the limited diameter of wells it may not be possible to install measuring devices) or tracing tests (in areas where the tracers can change the natural hydro-geochemical conditions).

Radon activity in groundwater and surface water has been used to estimate the exchange between groundwater and surface water. Using continuous measurements of 222 Rn and the balance box model of Burnett et al., the water mass-balance of groundwater and surface water was calculated. Radon surveys in surface waters suggest no significant discharges of groundwater to surface water (55 l/m 2 /day). This method is useful for large areas of surface water and/or too deep to install a seepage meter.

-146 -Geophysical methods are very useful techniques to inform on the hydrogeological characteristics and calibrate models. Inversed 2D and 3D geophysical models provide high resolution datasets of subsurface structure at a low cost and in a short time. However, this technique still faces difficulty while different resistivity models may produce the same apparent geophysical effect. Therefore, to reduce the errors and uncertainties in geoelectrical models, it is necessary to compare these models with geological and hydrogeological data.

In the study area, the saltwater front is located around the marsh area where it is distributed in a dense network of ponds, canals and the bulls grazing fields of the bull husbandry industry. Because space for geophysical measurements is very constrained, electromagnetic methods appear useful and need little measurement space. An electromagnetic method using a EM34 device have been applied for mapping the saltwater intrusion with a total investigation length of more than 30km. This method is very simple and rapidly operated at a low cost and on a restrained surface. In order to reduce the errors and uncertainties and to validate results of EM method, a combination of difference geophysics techniques is strongly recommended. Electrical Resistivity Tomography (ERT) was the second choice and developed within this study in three profiles. The advantage of the ERT method is the quality of the electrical resistivity data obtained with relatively high spatial resolution. Both the EM and ERT can be coupled to obtain a continuous coverage of the underground in 2D and 3D spaces. The EM34 data have been interpreted using the software EM4Soil and ERT resistivity interpretation have been done with RES2DINV.

Based on the apparent resistivity/conductivity values obtained from ERT and EM investigations, 3D saltwater distribution was characterized. The low resistivity area is located in the southwest of the study area. Low resistivities were found from 4-5 m.asl close the southwest boundary to more than 20 m.asl near X34, X35 (about 1.7km from the boundary).

Observations of water in wells and boreholes also indicate brackish water. In marsh area, low resistivity was found near the surface confirming the presence of a top clay layer and the salinity of surface water caused by evaporation. Outside this area no indication of saltwater or saltwater intrusion has been found.

Based on ERT results, porosity of the aquifer was estimated using the Archie's law for each layers of the aquifer. Data provide detailed information on geometry of the aquifer that can be further interpreted using the lithological descriptions from boreholes.

A 3D finite element model was built with FEFLOW software to simulate groundwater flow and the transition between saltwater and freshwater. All mechanisms which affect saltwater intrusion in the aquifer are considered in this model, including advection, dispersion, adsorption, diffusion and chemical reactions. Our model has combined existing data from different sources to estimate the groundwater flow, the mass balance and the effects of recharge -147 -and pumping rates in difference management scenarios. With knowledge obtained from geophysics and isotope measurements, hydrogeological parameters such as hydraulic conductivity, porosity and lithology have been achieved to reduce the errors and the uncertainties of modeling.

Coupling geophysics and groundwater modeling may help to describe the spatial characteristics of the subsurface. Geometric constraints were used to delineate geological units (elevation and thickness of layers) and distribution of heterogeneous properties. The variation of electrical conductivity is also responding to the variation of the lithology. ERT and EM methods are thus applied since the electrical conductivity is sensitive to both clay content and groundwater salinity. With comparison to geological information provided from boreholes, a detailed geological unit distribution has been done. Based on this coupling approach, the simulated numerical model is validated and flux and mass budgets are results of this study.

Flow modeling was calibrated by fitting the simulated and observed hydraulic head in observation points and validated using isotope results and geophysics. A good match was achieved between observed and simulated groundwater heads and concentrations for both models in the steady state and in the transient state. The simulated results from groundwater modeling have detailed the recharge/discharge between groundwater and surface water in marsh area. Results of the numerical model show a significant intrusion of the saltwater front in the southwestern part of the study area.

The developed model was applied to simulate displacement of saltwater intrusion resulting from different scenarios of recharge and pumping rates. The first scenario considers no pumping while the second scenario considers doubling the current pumping rate. The third and fourth scenarios test a non-recharge and double recharge condition respectively over the study area. Simulated results clearly show the effects of pumping and recharge on water table and on saltwater intrusion. Compared to the current situation, water head would drawdown approximately 0.3-0.5 m if pumping rate double. Conversely, if all pumping wells were to stop then the water head would increase by 0.2-1.0 m. Water heads simulated for non-recharge over this area show a global decrease of about 0.2-0.5 m. The simulated mass transport model also indicated a significant change in saltwater intrusion due to activities such as irrigation and abstraction. Doubling the pumping rate induced a landward displacement of saltwater front up to 50 m in one year in SE area (near Pissarotte pumping station). On the other hand, reducing the pumping rate in this area will help mitigate the seawater intrusion. In case of no pumping wells, the saltwater front displaced downward of approximate 130 m/year.

The coupling geophysics and isotope techniques appears to be a very useful tool to help saltwater intrusion modeling in coastal aquifers. Such methods can be widely applied to other sectors or others scales because of their ease of application. This approach could be applied to -148 -study of the effects of climate change, sea level rise and over pumping leading to saltwater intrusion in coastal aquifers.

Future works may increase the potential and the reliability of the proposed approaches as follows:

-More applications should be carried out to achieve more information on hydrogeological parameters (porosity, hydraulic conductivity and storativity) to better constraint the effect of errors and uncertainties on the models, such as pumping tests or slug tests in boreholes.

-A complicated relationship between groundwater and surface water in this area could be clarified by using seepage meters in the field to quantify fluxes at the surface water.

-Extent the boundaries of the current model to the Mediterranean Sea in the southern area and to Rhone River in the western area to test the possible effect of such extended boundary conditions and simulate the effect of sea level rise due to climate change.

-Others geophysical and isotopic (Radon and Radium) investigations can be carried out in the same profiles during rainy season to consider the impact of recharge to groundwater flow pattern and the saltwater distribution.

-To clarify the hydrogeological information (porosity, lithology) in a vertical distribution, a borehole logging method in this area is recommended to clarify the heterogeneity of the aquifer.

-Scenarios develop for long periods.

-Apply this method to other areas. [START_REF] Vella | Geochemical and boron, strontium, and oxygen isotopic constraints on the origin of the salinity in groundwater from the Mediterranean Coast of Israel[END_REF] and the Pleistocene gravel isobaths [START_REF] Roure | Geodynamique des Systèmes Plio-quaternaires des Nappes Alluviales de la Plaine de la Crau[END_REF] . 2.5m, b. 5m, c. 10m, d. 15m, e. 20m, f. 25m, g. 
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  is the radon concentration in well water after time t has elapsed since the moment the water entered the well. The water residence time in the well and the radon deficit / t ww gw CC  of ground water depends on the radius I of the well and on the velocity of the groundwater flow.
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  is the flux produced by disintegration of the dissolved 226 Ra calculated as follow

whereFdecay

  molecular diffusivity with the equation ofPeng et al. (1974). The atmospheric flux can be calculated with the approach ofMcIntyre (1995): Rnave and Rnair are the average Rn activities in the ponds waters and in the air, δ is the Ostwald coefficient. The Ostwald coefficient is calculated using the Bunsen coefficient, obtained using the equation of Schubert et al 2012, which takes into account the effects of salinity on radon solubility.
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h

  = piezometric head; Q = volumetric flux per unit volume representing source/sink terms; -80 -Ss = specific storage coefficient defined as the volume of water released from storage per unit change in head per unit volume of porous material.

  of the solute; Rc = sources or sinks; Dij = dispersion coefficient tensor; vi = velocity tensor.



  = pressure head, ( > 0 saturated medium,  ≤ 0 unsaturated medium);s() saturation, (0 < s ≤ 1, s = 1 if medium is saturated) q =Darcy flux vector z = elevation above reference datum -84 -t = time So =  + (1-)r is specific storage due to fluid and medium compressibility,  = porosity  = fluid compressibility r = coefficient of skeleton compressibility Kr(s) = relative hydraulic conductivity (0 < Kr ≤ 1, Kr = 1 is saturated t s = 1) K = tensor of hydraulic conductivity for the saturated medium (anisotropy)  = buoyancy coefficient including fluid density effects Q = specific mass supply,

Figure 41 .

 41 Figure 41. Spatial distribution of appaeent electrical conductivity a (mS/m) with EM34-20m HDM (upper) and electrical conductivity ECe (S/cm)in groundwater at -10m depth from groundwater level in piezometers (lower), red and blue colors represent the conductive and resistive layers, respectively.

Figure 42 .

 42 Figure 42. EM34 data statistic of all measurements .

Figure 43 .

 43 Figure 43. Spatial distribution of a. electrical conductivity water in piezometers (ECe -S/cm) and b. estimated electrical condutivity from EM34 apparent electrical conductivity (a -mS/m) in sector EM9 (Pissarote)

Figure 44 .

 44 Figure 44. Spatial distribution of a. electrical conductivity water in piezometers (ECe -S/cm) and b. estimated electrical condutivity from EM34 apparent electrical conductivity (a -mS/m) in sector EM12 along the canal from Arles-Fos

Figure 45 :

 45 Figure 45: Plot of 2-D cross section of estimated electrical conductivity (σ-mS/m) from a joint inversion of EM34 apparent electrical conductivity (σa -mS/m) data using a 1-D laterally constrained algorithm for quasi-3-D conductivity imaging along 10 sectors (sectors 1-12, locations of sectors shown in Figure 32)

Figure 46

 46 Figure 46. 2-D electrical resitivity tomography on section 1 (Figure 32)
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 56 Figure56compares observed and simulated salt concentration of groundwater. The largest difference is observed in the saltwater-freshwater transition zone (in X17 at 10 m and 20 m depth). RMS for salt concentration is about 7000 mg/l with concentration observations from 500 to 36000 mg/l, giving an acceptable calibration.
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 57 Figure 57. Comparision of hydraulic head between a) observation measurment in piezometer (black arrows are groundwater flow directions) and b) flow model results after calibration (hydraulic head contours in m) on 23/10/2013

Figure 58 .

 58 Figure 58. Comparation of spatial distribution of a) electrical conductivity of groundwater and b) calculated concentration at -10m asl (on 23/10/2013)

  zone. Near X1, this conductive zone distribute at about 13m of depth and shows EC over 200 mS/m. Upper this high conductive zone, conductivity varies from 80 mS/m to 200 mS/m with a thickness of about 10 m corresponding to the transition zone (TDS between 10 and 30 g/l in model). The low EC (below 50 mS/m in geophysics inversed model and below 3 g/l in hydrogeological model) were found in superficial layer from about 3 m into X30 and deeper than 10 m into X35.
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 60 Figure 60. Comparison between the 2D geoelectrical inverse model (EM profile) along the Arles to Fos canal and corresponding 3D saltwater intrusion model
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 61 Figure 61. Comparison between the 2D geoelectrical inverse model (EM profile) in Pissarotte area and corresponding three3D saltwater intrusion model
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 62 Figure 62. Location of EM measurements and limits of interpolated geophysical model

Figure 63 .

 63 Figure 63. 3D distribution of estimated EC ( -ms/m) from a joint inversion of EM34-10, EM34-20 and EM34-40 data using a 1-D laterally contrained algorithm for quasi-3D EC imaging

Figure 65 .

 65 Figure 65. Comparison simulated EC from geophysics and numerical models at depth of a. 2.5m, b. 5m, c. 10m, d. 15m, e. 20m, f. 25m, g. 30m. Left) Spatial distribution of estimated EC ( ms/m) from a joint inversion of EM34-10, EM34-20 and EM34-40 data using a 1-D laterally contrained algorithm for quasi-3D conductiviy imaging; right) Mass concentration distribution from numerical model
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 66 Figure 66. Fluid and mass budget (average of simulated results for 2014) based on the results of numerical modeling. QGD is the volume of groundwater discharge to surface waters. Inversly, QRD is the volume of groundwater recharged from surface waters (ponds and canals).
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 67 Figure 67. Comparision of hydrographs of observations wells for scenario 1 and 2

Figure 68 .

 68 Figure 68. Comparision of hydrographs of observations wells for scenario without recharge

Figure 69 .

 69 Figure 69. Displacement of the saltwater front (10g/l) after 1 year of change
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 31 Figure 3.1. Electrical conductivity profiles in piezometers (observed on 17-18/12/2013)

Figure 3 . 2 .

 32 Figure 3.2. Variation of electrical conductivity in wells in two campaigns a) Sector along the road D286 b) Sector along the canal from Arles to Bouc c) Sector in center of marsh, along Vigueirat canal

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  13)With this equation, Kfx, Kfy, Kfz (m/d) are freshwater hydraulic conductivity in the principal directions x, y, z. It is assumed here that salinity variations have a negligible effect on  so that f/ 1, which is a very good approximation for most practical applications. The

difference between Kf and field-measured values of hydraulic conductivity, which are for ambient values of  and , is much smaller than the uncertainty associated with this parameter.

Therefore, in the equation for two components x and y, no special correction of existing hydraulic conductivity is required. Whereas in vertical flow component, the term f f    involving local groundwater variable-density is needed

Table 1 .

 1 Water density in piezometers and water level with density correction (freshwater head)

Well Temperature T Average EC in well Average density  WL measured hi Fresh water head hf

  

		o C	(S/cm)	kg/m 3	m.asl	m
	XA	15.8	8658	1004.18	0.61	0.73
	XC	16.3	797	999.44	0.89	0.88
	X17	17.7	9288	1004.20	0.49	0.58
	XB	15.7	7171	1002.95	0.5	0.56
	X19	17.8	18150	1009.34	0.48	0.76
	P21	19.2	578	998.81	1.4	1.40
	P21 Bis	19.2	768	998.91	1.42	1.40
	P1901	18.6	760	999.02	1.84	1.84
	P2171	18.9	625	998.89	1.5	1.50
	P16bis	19.5	707	998.81	0.75	0.75
	X20bis	16.1	1461	999.83	0.7	0.70
	P20	19.2	540	998.79	0.89	0.89
	P9	17.5	642	999.16	0.89	0.89
	X26bis	15.2	9824	1004.95	0.6	0.75
	P13	18.1	668	999.10	2.67	2.67
	P72	17.2	700	999.24	1.67	1.67
	P70	17.4	475	999.09	2.48	2.48
	P33	16.7	557	999.25	4.24	4.24
	P33bis	16.9	549	999.21	3.53	3.53
	P27bis	17.6	685	999.16	3.82	3.82
	P26ter	18.2	921	999.18	4.39	4.39
	X36	16.5	780	999.40	0.53	0.52
	XD	16.6	23688	1011.34	0.53	0.860
	X4415	16.6	29380	1014.78	0.36	0.69
	L1	16.4	17348	1008.57	0.4	0.57
	L2	16.4	13652	1005.55	0.45	0.60
	L3	14.5	18934	1009.65	0.38	0.59
	X13		25556	1013.21	0.45	0.81
	X30	17.1	21664	1010.42	0.5	0.78
	X33	16.2	4986	1001.87	0.52	0.56
	X35	16.9	2284	1000.07	0.55	0.55
	IKEA 1	17.5	328	998.99	0.771	0.76

Well Temperature T Average EC in well Average density  WL measured hi Fresh water head hf

  

		o C	(S/cm)	kg/m 3	m.asl	m
	IKEA 2	17.8	600	999.08	0.826	0.82
	IKEA 3	22.1	722	998.25	0.86	0.84
	IKEA 4	17.5	642	999.16	1.092	1.09
	X23	17.1	1550	999.71	0.74	0.73
	X4400b	19.8	48800	1027.00	-0.58	-0.56
	C3	18.5	52500	1026.18	0.24	1.00
	C4	18.5	41700	1020.58	0.14	0.74
	X15	15.3	782	999.59	1.46	1.45
	P34	16.8	477	999.19	7.97	7.97
		Figure 24. Location of observation points and water level map (raw data of 24/10/2013)
				-52 -		

Table 2 .

 2 EM34 profiles

	Sector	Location	Distance	Measurements (point)
			(m)	EM34-10	EM34-20
		Center Crau (nearby P21, P21bis)	1,600	90	73
		Along Center Crau canal	909		22
		Nearby X20 piezometer	1,153		32
		Nearby X26 piezometer	1,235	29	36
		Northern of Vigueirat	1,977	57	57
		Center of Vigueirat, nearby XB	2,028		40
		Center of Vigueirat, nearby X19	1,426	33	33
		Southern of Vigueirat	2,598		121
		Sector Pissarotte, nearby X13, X31-X35	2,236	117	96
	10	Sector Tonkin	2,599	28	83
	11	Along Colmatage canal	5,849		107
	12	Along canal Arles-Fos	6,800	126	153
		Total	30,410	480	853

Table 3 .

 3 Summary of results of regular measurements of 222 Rn from groundwater samples in selected piezometers for estimation of groundwater flow (detailed information of piezometers is shown in

	Annex 1)

Table 4 .

 4 Summary of results of 222 Rn analysis from groundwater in continue pumping wells

		Exploitation			Sampling				+/-
	Sample	station	Lat.	Long.	date	EC	T	222 Rn	(2σ)
						μS/cm	°C	Bq/m 3 Bq/m 3
	P1	Pissarotte	850661 6266209 27/03/2013 817	16.6	8506	231
	P2	Vallignette 852901 6269502 24/07/2012 980	18.2	9475	152
	P3	Fanfarigoule 856885 6267836 27/03/2013 716	17.0	2681	124
	P4	Caspienne 858250 6272759 27/03/2013 749	16.6	8829	236
	P5	BMW	859100 6276936 27/03/2013 653	16.6	5921	180
	P6	Sulauze	860082 6277239 27/03/2013 726	17.1	2604	113

Table 5 .

 5 Radon activities in surface water in the Crau area. X and Y are coordinates according to Lambert 93 projection. st., radon measurement points with the boat maintainedin a stable location. av., average radon activities during continuous radonmeasurement done on a boat transect.Coordinates are centroids of several consecutive points during navigation.

	Station	Location	X	Y	Date	EC	T 222 Rn +/-(2σ)
					2014 μS/cm °C Bq/m 3 Bq/m 3
	Arles -Fos canal					
	S1	st. Mas Thibert	839760 6274350 01/09	659 21.5 415	39
					24/09	695 19.3	-	-
	S2	av. Ligagneau	843154 6267142 24/03	871 13.6 312	47
		av. Ligagneau -					
	S3	Galejon	847281 6265851 24/03	855 13.7 349	24
		st. Galejon (Landre					
	S4	outlet)	847710 6265520 24/03	810 13.4 238	25
		av. Landre -le					
	S5	Relais	847886 6265301 24/03	829 13.5 253	42
	S6	st. Le Relais	847970 6265120 24/03	829 13.5 203	12
					01/09	683 21.0 178	20
					23/09	660 19.5 231	23
	Landre Pond					
		st. Outlet of Landre					
	S7	pond (no outflow) 847710 6265520 01/09	615 20.3	-	-
					23/09	635 18.2	11	5
					23/09	631 18.1 13	7
	S8	av. Southern Landre 847631 6265735 25/03	911 12.2 40	12
	S9	av. Central Landre 847830 6266054 25/03	791 12.4 78	14
	S10 av. Northern Landre 847786 6266608 25/03	788 12.7 111	17
	Canals entering the Landre pond				
	S11	st. Vigueirat canal 842040 6272630 23/09	650 19.3 172	26
	S12	st. Vergiere canal	843690 6273090 23/09	700 17.1 495	36
			843690 6273090 06/11	752 12.6 770	58
	S13 st. Centre Crau canal 846650 6269850 23/09	570 17.4 82	19
					06/11	759 12.1 156	28

Table 6 .

 6 EM-34 survey measurement statistics

	Sensor	Readings	Mean+-1std	Std dev.	Min	Max
			dev.			
	VDM-10m	435	77.38	64.83	7.13	201.30
	HDM-10m	435	29.17	24.74	3.80	93.34
	VDM-20m	774	58.99	38.30	10.50	198.07
	HDM-20m	774	60.12	48.75	9.70	232.65
	VDM-40m	30	62.32	13.65	49.00	112.60
	HDM-40m	30	42.97	2.87	38.60	48.00

Table 7 .

 7 Porosity values estimated by Archie's law with a=0.81 and m=2. Example for piezometer XD.

	ID	Depth	Bulk electrical	Water conductivity	Porosity (%)
			resistivity (ohm.m)	(mS/m)	
	1	0-6	60	102.4	36.3
	2	6-8	100	107.8	27.4
	3	8-10	120	233	17.0
	4	10-12	120	508	11.5
	5	12-14	120	694	9.9
	6	14-16	120	2980	4.8
	7	16-18	120	4600	3.8
	8	18-20	100	4600	4.2
	9	20-22	100	4600	4.2
	10	22-24	50	4600	5.9
	11	24-28	50	4600	5.9
	12	28-30	35	4600	7.1
	4.1.3 Partial conclusions		

Resistivity distributions from EM and ERT methods show four different layers. i) A superficial unsaturated layer made of coarse sand and gravel (thickness of about 6 m) in the northeastern part of marsh area (center of research area) with very low  < 2 mS/m (sector 1, Figure

Table 8 .

 8 Input parameters and boundary conditions applied to the model

	Input variables		Numerical solution parameters
	Recharge (average) (mm/day)	0.6	Number of elements	150285
	Pumping rates of all wells (m3/d) 56600	Number of nodes	81840
	s (kg/m 3 )	1025	Number of layers	15
	f (kg/m 3 )	1000	Area of model (km 2 )	140
	Cs (kg/m 3 )	35	Clay layer size (m)	0-7
	Estimated parameters and starting values	Aquifer layer size (m)	9-28
	Kh of clay layer (m/s)	3.7x10 -5 -		
		8.7x10 -3		
	Kh of aquifer	2.5x10 -4 -	Time step length (day)	< 1
		1.2x10 -2		
	Kz /Kh	0.1		
	Sy, Ss clay layer	0.001, 10 -6		
	Sy, Ss aquifer	0.05, 10 -5		
	L, T/L (m)	10, 0.1		
	n of clay	0.01		
	n of aquifer	0.1		

Table 10 .

 10 Results of sensitivity analysis

S.No. Scenario test Maximum Salinity in XD Distance from the model limit with Salinity 10g/l

  

			mg/l	m
	1	Original calibrated parameters	33,422	1,677
	2	No pumping	30,780	1,547
	3	2xPumping	34,362	1,724
	4	No recharge	33, 654	1,694
	5	2xRecharge	31,026	1,629
		-141 -		

Table . 4

 . .1. Municipal stations in research area

				X	Y	Z	Debit
	No.	ID	Name	Lambert 93 Lambert 93	m	(m 3 /day)
	1	F74	Z.I. FOS SUR MER	854490		5	72
	2	P1-2	Pissarotte	850519		3	3,093
	3	P3	Les Tapies_Port de Bouc (Total)	855838		14	6,817
	4	P4	Ventillon-Port autonome de Marseille	856121		14	6,773
			Fanfarigoule			
	5	P5		856885		14	6,084
			(Fos sur Mer)			
	6	TOT	TOTAL	857635		15	9,600
	7	F30	MAS VINCENT	845242		11	4,586
	8	F54	PUITS COSSOUR	850187		11	3,363
			TOTAL				40,388
				-199 -		

Table . 4

 . .2. Private pumping wells

	No	ID	Name	X Lambert 93	Y Lambert 93	Z m	Debit (m3/day)
	1	F1	Forages d'irrigation 1	853392		11	24
	2	F10	Forages d'irrigation 10	850555		11	24
	3	F11	Forages d'irrigation 11	851042		11	24
	4	F12	Forages d'irrigation 12	850415		11	24
	5	F13	Forages d'irrigation 13	850288		11	24
	6	F14	Forages d'irrigation 14	850759		11	24
	7	F15	F15	845175		11	24
	8	F16	F16	844222		6	24
	9	F17	F17	847915		0	24
	10	F18	F18	847567		0	24
	11	F19	F19	846317		0	24
	12	F2	Forages d'irrigation 2	850762		11	24
	13	F20	F20	845968		0	24
	14	F21	F21	844933		0	24
	15	F22	F22	844440		0	24
	16	F23	F23	843036		0	24
	17	F24	F24	842362		11	24
	18	F25	F25	848234		11	24
	19	F26	F26	844377		11	288
	20	F27	F27	844985		11	308
	21	F28	F28	845071		11	308
	22	F29	F29	845136		11	256
	23	F3	Forages d'irrigation 3	850810		11	24
	24	F31	F31	845839		11	27
	25	F32	F32	846157		11	24
	26	F33	F33	846169		11	1,065
	27	F34	F34	846306		11	24
	28	F35	F35	846535		11	237
	29	F36	F36	846680		11	24
	30	F37	F37	846898		11	149
	31	F38	Château de Vergières 1	847011		11	120
	32	F39	F39	848194		11	24
	33	F4	Forages d'irrigation 4	850687		11	24
	34	F40	SCA La Grand Crau -Bayard	848233		11	16
	35	F41	F41	848243		11	24
	36	F42	F42	848274		11	294
	37	F43	F43	848388		11	260

Annex 5. Lithology description and well construction of radon sampling piezometers
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-130 -assumed that the pumping rates are the same as those of 2011. A good agreement was globally achieved between simulated results and observed water heads (Figure 59) in continuous observation wells (Pz11, Pz13, Pz19 and Pz32; Figure 21). Groundwater discharge to surface water was estimated using 222 Rn giving a value of 55 l/m 2 /day for canal Arles-Fos and 4-7 l/m 2 /day for the Landre pond. The total area of surface water systems have been simulated in saltwater modeling is 2.38 km 2 , as detailed in Table 9. Total volume of groundwater discharge to surface water by this method was 57,513 m 3 /day. 

ABSTRACT

This research has focused on the constraints related to the modeling of groundwater in coastal aquifer. In these aquifers, the concomitant presence of freshwater and saltwater alters the flow patterns typically represented by the Darcy equation. The influence of salinity on density and permeability make the mathematical resolution of flow equations more complex. Moreover, the influence of heterogeneities in the aquifer makes it more difficult and risky the parameterization model and its calibration. We propose to use strongly the results of both geophysical and isotopic investigations. Thus, we hypothesize that the description of the subsurface and the imaging of the freshwater/saltwater can help to develop and validate/calibrate the simulation of groundwater in coastal aquifers. We have also shown that geochemical measurements such as radon measurement may help to validate the simulated flow.

Our approach was applied on the downstream part of the Crau aquifer. The comparison of the simulated results to observed data has shown the usefulness and applicability of our approach. 
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