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La contamination par les hydrocarbures peut altérer les propriétés physicochimiques et biologiques du sous-sol, par conséquent le diagnostic et l'évolution des contaminants peuvent être surveillés en couplant les analyses géochimiques et les techniques géophysiques. Dans ce travail, différentes méthodes géophysiques de sub-surface telles que la tomographie de résistivité électrique, la polarisation induite, le géoradar et le potentiel spontané ont été utilisées d'une manière combinée pour localiser les zones impactées par les hydrocarbures du site de l'ancienne raffinerie de Petit Couronne. Les investigations géophysiques par la tomographie de résistivité électrique en 2D ont révélés la présence des anomalies de fortes valeurs de conductivité et chargeabilité électrique associés aux zones contaminées de l'aquifère. Les résultats obtenus avec les profils d'ERT et IP indiquent que la contamination a modifié les parties capacitives et ohmiques de la conduction électrique dans les sédiments contaminés. Cette signature très conductrice des zones contaminées est due aux processus de biodégradation des hydrocarbures qui minéralisent les eaux de l'aquifère. Les panaches d'hydrocarbures ont été identifiés sur les profils de géoradar par une forte atténuation des amplitudes de signaux électromagnétiques. Les profils de potentiel spontané ont aussi fourni une cartographie spatiale des zones contaminées par leurs signatures électriques négatives qui est associées aux processus d'oxydoréduction et biodégradation à l'interface entre la zone non saturée et saturée. Une carte de potentiel redox a été reconstruite à partir de l'inversion des données résiduelles de potentiel spontané grâce au calcul des composantes de la densité du courant électrique. La contribution redox dans l'aquifère contaminé s'explique par des dipôles verticaux répartis sur la frange capillaire juste audessus de la nappe phréatique, en favorisant le mécanisme de la biogéobatterie sur ce site. L'ensemble de ces résultats ont été confirmés par les mesures géochimiques menées au niveau des forages. L'étude a montré que les altérations biologiques des hydrocarbures ont modifié les propriétés chimiques de l'eau porale et que l'étendue de la contamination des eaux souterraines peut être délimitée à partir du contraste géophysique observé entre les zones contaminées et les zones non contaminées. La combinaison des différentes méthodes géophysiques avec des analyses géochimiques ponctuelles au niveau des forages ont permis de mieux comprendre les différents processus qui sont à l'origine de modifications des propriétés biogéochimiques dans les sols et les eaux souterraines.
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Introduction

Problem and methods

Land contamination in industrialized countries is a major concern for the governmental and environmental authorities that are monitoring and remediating contaminated lands, as it is considered as a major risk for the general public inhabiting these lands. In France, almost 1600 sites have been contaminated due to a wide variety of industrial activities including those dealing with the processing of hydrocarbon's products (Donnes Basol et Basias). Contamination from hydrocarbon products such as gasoline, diesel and heavy oils is a major current environmental issue of great concern in France. The contamination may occur through spills which may result of blowouts, equipment failure, operator's errors, corrosion, sabotage, pigging operations, tank rehabilitation, heavy rainfall, flooding and others. These events may occur during the industrial activities or after the facilities closure, where their waste products and remaining residues can present a major hazard for the environment. The spilled hydrocarbon products percolate the subsurface and the underlying strata, and as a result, both the soil and groundwater may be negatively affected as the hydrocarbon substances mix with them.

The polluted sites constitute a source of major risk on the human health because some pollutants are carcinogens and can be inhaled or ingested. Therefore, proper waste management and monitoring techniques have to be developed to anticipate undesirable impacts on the contaminated environment. The rehabilitation or remediation of contaminated sites is crucial since it will help restore the quality of the contaminated environment in order to make it usable again by its inhabitants. Thereby, the French governmental laws require the establishment of a remediation procedure of polluted sites according to published official notices (e.g., Notice of the 8 th of February 2007). Generally, such procedure includes, determining the locations of pollution sources, quantifying the pollution, identifying the risk of the contaminant transport and remediating the site in later stages.

The characterization of hydrocarbon contamination is classically done through chemical and biological analysis of soil and groundwater samples recovered from boreholes. However, these invasive techniques are expensive, time-consuming and provide data with limited spatial and temporal resolution. This encouraged the development of cost-effective and fast complementary methods which can be used for investigating contaminated lands. As such, geophysical techniques hold a great promise as inexpensive and non-invasive tools which can be used in hydrocarbon contamination studies (Atekwana et al., 2000;Atekwana and Atekwana, 2010;Naudet et al., 2004;Sauck, 2000;[START_REF] Sogade | Induced polarization detection and mapping of contaminant plumes[END_REF]. By using geophysical techniques, it is possible to gather large scale data that cannot be provided by other conventional methods. Geophysical methods are a set of indirect methods which can provide information on the spatial distribution of the subsurface physical parameters (e.g., electrical conductivity, permittivity, magnetic susceptibility, etc.) that can be modified due to the presence of contaminants. For example, the hydrocarbon contaminated zone can be electrically different from the surrounding media and can produce significant anomalies in geoelectrical measurements (Atekwana and Atekwana, 2010). However, the geophysical methods are not directly related to chemical parameters such as the contaminant distribution or nature, and thus can't be used as stand-alone methods. To achieve a better interpretation, the geophysical data should be constrained by classical sampling geochemical investigations to relate the geophysical response to the subsurface chemical, biological and physical conditions. Tomographic geophysical methods came up in the early 1980s after the development of proper instrumental devices, computing facilities and inversion algorithms [START_REF] Loke | Electrical imaging surveys for environmental and engineering studies A practical guide to 2-D and 3-D surveys[END_REF]. This allowed geophysicists to perform 1D, 2-D and 3-D surveys with reasonable computation time and costs. The possibility to get large-scale information and the further development of cross-hole methods demonstrated the geophysical methods as promising techniques which can be used for different environmental applications. In the past decades, the development of geophysical techniques for the study of hydrocarbon contamination was particularly done on the geoelectrical and electromagnetic methods. These methods have the advantage of being able to measure several parameters which are sensitive to the presence of the contaminant and its alterations of the host environment. These techniques which include, induced polarization (IP), ground penetrating radar (GPR), electrical resistivity tomography (ERT) and self-potential (SP) have been successfully used in hydrogeophysical studies to map contaminants plumes in the vadose and saturated zones (Cassiani et al., 2006 ;Daily et al., 1992;Daily et al., 1995;Ramirez et al., 1993), to monitor the evolution of contaminant plumes during the remediation process (Benson et al., 1997;Bermejo et al., 1997;[START_REF] Daniels | Site studies of ground penetrating radar for monitoring petroleum product contaminants[END_REF][START_REF] Maxwell | Detection and mapping of an LNAPL plume using GPR: a case study[END_REF]Vanhala, 1997) and to highlight the impact of hydrocarbon contamination and its associated biodegradation processes on the soil and groundwater chemical and biological properties (Atekwana et al., 2000[START_REF] Atekwana | Biodegradation and mineral weathering controls on bulk electrical conductivity in a shallow hydrocarbon contaminated aquifer[END_REF]Naudet et al, 2004;Sauck et al., 1998).

However, the application of geophysical techniques at hydrocarbon contaminated sites over the last two decades has yielded dramatically variable results. This is due to the fact that geophysical attributes are affected by factors related to the contaminant itself and by factors related to the contaminated environment such as the thickness and depth of the impacted zone, the dynamic field conditions and the extent of the bacterial activity (Atekwana et al., 2000). Shortly after a contamination event, fresh oil spills are suggested to increase the bulk electrical resistivity of contaminated media as explained by the insulating layer model [START_REF] Mazac | Determination of the extent of oil contamination in groundwater by geoelectrical methods[END_REF]DeRyck et al., 1993). On the other hand, after few years, the contamination is referred to as an aged contamination and is considered to be associated with a decrease in the bulk electrical resistivity due to biodegradation processes, as demonstrated by the conductive layer model (Atekwana et al., 2000;Sauck et al., 1998). Moreover, as the biodegradation of hydrocarbons is associated with redox reactions (e.g., iron reduction), the electron transfer between the reduced and oxidized zones can generate a natural electrical current which can be detected by the SP method (Tim and Möller, 2001;Naudet et al., 2003Naudet et al., , 2004;;Naudet and Revil, 2005;Revil et al., 2010). The reduction of iron may also induce changes in the magnetic iron mineral content of contaminated sediments, which Chapter 1 Introduction can display distinct magnetic susceptibility signatures (Kappler and Straub, 2005;Lovley and Anderson, 2000;Weber et al., 2006).

Geophysical methods can also be implemented at the laboratory scale to investigate the influence of the different biological and chemical mechanisms on the different geophysical signatures. Laboratory geoelectrical measurements were able to detect and differentiate between different types of hydrocarbons (e.g., Revil et al., 2011) and to highlight the influence of the subsurface biogeochemical processes on the geophysical signals (e.g., Abdel [START_REF] Aal | Effects of microbial processes on electrolytic and inter-facial electrical properties of unconsolidated sediments[END_REF]. The joint interpretation of geophysical methods has been used in a variety of land contamination studies and successfully reduced the ambiguity of geophysical interpretations by detecting well recognizable geophysical anomalies associated with contaminant plumes (e.g., Atekwana et al., 2000;Benson and Stubben, 1995;Grumman and Daniels, 1995;Mazác et al., 1990).

Study objective

The main objective of this thesis is to characterize a hydrocarbon contaminated site through performing large-scale geophysical investigations, constrained by laboratory and field geochemical measurements. We aim to define the geophysical response to hydrocarbon contamination under the site geological and biological conditions and to develop a geophysical methodology which can describe the contamination extent and adverse its effects on the soil and groundwater chemical, physical and biological properties. The study also aims to find a good combination of fast and low-cost methods that can be used to follow the remediation process which is planned to proceed in 2018. Throughout this study, large-scale geophysical data were correlated with geochemical point measurements collected from a number of boreholes installed on the site. This aims to establish a reasonable relationship between geophysical methods such as ERT, GPR, IP, SP and MS and geochemical parameters (e.g., hydrocarbon content, total dissolved solids, redox potential, groundwater electrical conductivity, concentration of dissolved oxygen, etc.) that can be modified due to the presence of hydrocarbon contaminants. This relationship will be used in later stages to follow the efficiency of the remediation process and the temporal evolution of the contaminant plume in a fast and cost-effective way by using time-lapse geophysical surveys. The study is expected to contribute to the body of literature by providing case studies that show the geophysical responses to hydrocarbon contamination under our site conditions, as it is the first study where the 5 methods were combined on the same profile lines and under the same conditions.

Thesis Structure

In this chapter, we present a bibliographic study which describes the hydrocarbon contamination in terms of its physiochemical properties, its partitioning behavior, its impact on the soil and groundwater chemical and biological properties and its impact on the different Chapter 1 Introduction geophysical signals. The presence of hydrocarbons as a carbon source for microorganisms can induce biological and chemical processes that can modify the hydrocarbons properties and impact the host environment in many different ways. The way by which the contaminants can impact the subsurface depends on factors such as the time of residence and the oil spill history. Therefore, it is important to highlight the impact of the contamination on the short-term (recent contamination) and on the long term, where biological processes (e.g., bacterial degradation) are occurring. This chapter presents previous laboratory and field studies that attempted to characterize contaminated lands by using different geophysical methods. It also presents studies that explained the influence of the different biological and chemical processes associated with hydrocarbon contamination on the different geophysical signals. The second chapter describes the study site in terms of history, geology, location, pollution sources and type of contaminants. The second chapter also describes a geochemical study which was done by using the site boreholes and presents maps of geochemical parameters which describe the chemical and biological conditions of soil and groundwater. The third chapter outlines the different geophysical methods used in the framework of this thesis by explaining the origins of the measured signals and the principles and implementations of the different techniques. The fourth chapter presents a study where data acquired from geophysical methods including, SP, IP, ERT and GPR were interpreted jointly and constrained by maps of geochemical parameters (paper 1). This chapter aims to define the geophysical response to hydrocarbon contamination and delineate its borders according to the geophysical contrast between the contaminated and clean zones. This chapter also aims to assess the impact of the pollution and its consequent biodegradation processes on the soil and groundwater biological and chemical properties. Chapter 5 shows a field and a numerical modeling study which aims to map the distribution of the groundwater redox potential from the inversion of SP field data (paper 2). Chapter 6 presents a study showing the variation of magnetic susceptibility (MS) signatures of contaminated sediments with respect to the sampling depth and contaminant distribution. Chapter 7 shows an application of the GPR method which aims to map underground utilities (pipes, concrete slabs, etc.) to help planning the installation of new boreholes. Finally, chapter 8 outlines the conclusion of this work and the future plan and prospective.

Hydrocarbons: nature and partitioning behavior

The hydrocarbons are organic molecules composed of a number of carbon atoms (C) associated with one or more hydrogen atom (H). The general formula of a hydrocarbon compound is 𝐶 𝑎 𝐻 𝑏 , where 'a' is the number of C molecules and b is the number of H molecules. Petroleum hydrocarbons represent 65% to 95 % of crude oil fractions and are classified into 4 main classes: saturated hydrocarbons, aromatic hydrocarbons, resins hydrocarbons (e.g., carbazoles, sulfoxides, amides, etc.) and asphaltenes (e.g., phenols, fatty acids, ketones, esters, etc.). Saturated and aromatic hydrocarbons, which are considered as potential pollution threats, constitute a big fraction of the refined oil products that are commonly used in the industry. For example, gasoline which is used as fuel for engines combustion is essentially formed of alkanes and aromatic BTEX Chapter 1 Introduction hydrocarbons (Benzene, Toluene, Ethylbenzene and Xylenes). The BTEX products consist of a single benzene ring, have low solubility in water and exhibit a density of less than 1 g/mL.

The distribution of hydrocarbons in the subsurface depends on the product density. Hydrocarbons with a density of less than 1 mg/L such as BTEX are referred to as Light Non-Aqueous Phase Liquids (LNAPL), whereas those of a density greater than 1 mg/L are known as Dense Non-Aqueous Phase Liquids (DNAPL). The near subsurface is a porous medium which contains different phases according to the constituents of its pore spaces. The water table separates the saturated zone from the non-saturated (vadose) zone. The interface between these two zones contains the capillary fringe and the transition zone. The oil products partition in the subsurface in 4 different phases: free phase, residual phase, dissolved phase and vapor phase (Sau Atekwana, 2010) (Figure 1.1). a. Free phase: as the percolating LNAPL reaches the interface between the vadose and saturated zones, it floats on the water table due to its lower density compared to water and forms the socalled free phase. The hydrocarbons partially replace the water and air in the capillary fringe and transition zones with a hydrocarbon saturation of approximately 50% (Sauck, 2000). The free phase can extend to a large distance in the lateral direction and can have a thickness ranging from few centimeters to several meters, depending on the size of the spill and on the permeability of the aquifer material.

b. Residual phase: this phase consists of the spill part which didn't drain by gravity and residually saturated the pore spaces while the spill was traversing the vadose zone down to the water table. Therefore, the residual phase is limited to the spill source zone but it may be present at locations far from the source zone where the extended free phase can rise up due to tidal fluctuations of the water table. The groundwater table fluctuations due to seasonal recharge or the presence of an open water body close to the aquifer move the residual and the free phases up and down in accordance with the water level movement. As a result, part of the free phase will be trapped in the residual zone as the water level rises up, and part of it will be trapped in the upper portion of the saturated zone as the water level drops down. This pattern of trapped hydrocarbons is referred to as the smear zone (Sauck, 2000;Lee et al., 2001). c. Dissolved phase: this phase is located in the saturated zone and is determined by the solubility of the hydrocarbons fractions. The soluble fractions at the source area can form a plume of dissolved hydrocarbons with decreasing concentrations as the dissolved plume moves away from the source zone (Atekwana and Atekwana, 2010). The advective transport process that develops due to the hydraulic gradient spreads the dissolved plume from the source zone in the groundwater flow direction. Generally, the LNAPL fractions have very low solubility values and therefore the concentration of hydrocarbons in the dissolved phase will be much lower than that of the free phase.

d. Vapor phase: this phase is located in the upper part of the vadose zone and just above the residual phase. This phase is loaded with vapors of the volatile fractions of hydrocarbons.

The four phases are generally present together only in the source zone where the spill initially occurred. As we move further in the lateral direction from the source zone, the contamination extends as a dissolved phase plume. In the case of a DNAPL spill, the hydrocarbons percolate through the vadose and saturated zones. The spill reaches the underlying aquitard, where the free phase follows the aquitard topography. The DNAPL non-soluble fractions will be trapped in basins hydraulically disconnected from each other, while the soluble fractions will form a plume in the groundwater flow direction (Figure 1.2). Previous studies such as [START_REF] Pinder | Essentials of Multiphase Flow and Transport in Porous Media[END_REF] described the physical mechanisms and the associated equations of the LNAPL and DNAPL spills transport and partitioning in the saturated and non-saturated zones (For example, see section " 5.3.1" of Pinder and Gray (2008) which depicts a numerical example of the partitioning of a DNAPL spill into a water-saturated porous reservoir). 

Bacterial Biodegradation of Hydrocarbons

Microbial biodegradation of petroleum hydrocarbons is a natural mechanism by which hydrocarbon pollutants are cleaned up from the environment by the gradual breaking down of the organic compound chemical structure through several chemical and biological mechanisms (Das and Chandran, 2011). Hydrocarbons can be primarily biodegraded by microorganisms such as bacteria, yeast and fungi. However, bacteria are considered to be the most active degraders of oil spills in polluted environments [START_REF] Rahman | Enhanced bioremediation of n-alkane in petroleum sludge using bacterial consortium amended with rhamnolipid and micronutrients[END_REF]. Previous studies isolated many bacterial genera (e.g., Acinetobacter sp., Arthrobacter, Burkholderia, Gordonia, Brevibacterium, Aeromicrobium, Dietzia, Burkholderia, Mycobacterium, Pseudomonas, Sphingomonas, Rhodococcus, etc.) that proved to be capable of degrading hydrocarbons in soil systems (e.g., [START_REF] Throne-Holst | Identification of novel genes involved in long-chain n-alkane degradation by Acinetobacter sp. Strain DSM 17874[END_REF][START_REF] Chaillan | Identification and biodegradation potential of tropical aerobic hydrocarbon degrading microorganisms[END_REF][START_REF] Daugulis | Microbial degradation of high and low molecular weight polyaromatic hydrocarbons in a two-phase partitioning bioreactor by two strains of Sphingomonas sp[END_REF][START_REF] Floodgate | The fate of petroleum in marine ecosystems[END_REF].

Bacterial biodegradation of hydrocarbons can occur under aerobic and anaerobic conditions, where the aerobic degradation is the dominant and most rapid process if sufficient amount of oxygen is available. The aerobic degradation pathway involves an oxidative intracellular attack catalyzed by enzymes such as oxygenase and peroxidase [START_REF] Fritsche | Aerobic degradation by microorganisms[END_REF]. The pollutant is converted into metabolic intermediates by a step by step peripheral degradation process (Figure 1.3). This process leads to the formation of cell biomass and production of by-products such as CO2 and H2O. 

Controlling Factors

Different factors that can influence and limit the hydrocarbon biodegradation process have been recognized and reported (e.g., Cooney et al., 1985;[START_REF] Brusseau | The impact of physical, chemical and biological factors on biodegradation[END_REF]. The presence of microorganisms capable of degrading hydrocarbons is the main requirement, and the limiting factors are mainly those which sustain bacterial optimal growth rates and efficient metabolic activity.

Availability

Petroleum hydrocarbons availability to microorganisms is an important limiting factor because hydrocarbons bind to soil grains and are difficult to remove. The availability of hydrocarbons to microorganisms is defined as their susceptibility to microbial attacks [START_REF] Barathi | Utilization of petroleum hydrocarbons by Pseudomonas fluorescens isolated from a petroleum-contaminated soil[END_REF]. Linear alkanes and small aromatics are generally known to have higher susceptibility than heavy molecular weight compounds. For example, polycyclic aromatic hydrocarbons are heavy and hard to be degraded [START_REF] Perry | Microbial metabolism of cyclic alkanes[END_REF]Atlas and Bragg, 2009;[START_REF] Ulrici | Contaminant soil areas, different countries and contaminant monitoring of contaminants[END_REF].

Temperature Chapter 1 Introduction

The temperature is considered as an important factor because it directly affects the pollutants physical properties, as well as the diversity and activity of microorganisms [START_REF] Venosa | Biodegradation of crude oil contaminating marine shorelines and freshwater wetlands[END_REF]. Low temperatures can decrease the solubility of hydrocarbons, increase the oil viscosity and reduce the volatility of low molecular weight compounds. These conditions can reduce the bioavailability and delay the biodegradation process. Additionally, very high temperatures can decrease the oxygen solubility which may reduce the metabolic activity of aerobic microorganisms. Previous studies reported that the biodegradation rate decreases with decreasing temperature and recorded the highest degradation rates in soil systems at temperatures ranging from 30 to 40℃ [START_REF] Bartha | The treatment and disposal of petroleum wastes[END_REF]Cooney, 1984).

Nutrients and electron acceptors

The successful growth and cellular metabolism require the presence of mineral nutrients such as nitrogen, phosphate and iron, despite the presence of degradable carbon source (Cooney, 1984). The availability of nitrogen and phosphorus was reported to be a limiting factor for oil degradation in contaminated environments (Atlas, 1985). In previous studies, the addition of nutrients in nutrient deficient environments was necessary to enhance the cellular metabolic processes and accelerate the biodegradation of oil pollutants [START_REF] Mitsch | Wetlands[END_REF][START_REF] Choi | Evaluation of fertilizer additions to stimulate oil biodegradation in sand seashore mesocosms[END_REF]Kim et al., 2005). As the carbon source presents an electron donor during the redox reactions coupled to the biodegradation process, the oxidation of organic carbon requires the presence of terminal electron acceptors (TEAs) such as O 2 , NO 3 -, SO 4 2-, Fe (III), Mn (IV) and CO 2 . The availability of electron acceptors is considered as an important limiting factor for aerobic and anaerobic biodegradation processes which are associated with the sequential utilization of TEAs (Das and Chandran, 2011).

Impact on the subsurface chemical and biological conditions

Over long periods of time, the hydrocarbon contamination can be subjected to physical, chemical and biological alterations that can impact the host environment in many different ways (Sauck et al., 1998). The growth and proliferation of bacterial populations, their metabolic processes and their attachment to mineral surfaces can have a profound effect on the aquifer and soil chemical and physical properties (Bennet et al., 1996). A review done by Atekwana and Atekwana (2010) presented a conceptual model showing the implications of the presence of bacterial populations and their corresponding metabolic processes on the physiochemical and biological properties of the contaminated subsurface (Figure 1.4). The presence of excess organic carbon as a carbon source enhances the bacterial growth and metabolism, which leads to an increase in the bacterial populations and to the production of biofilms that accumulate on mineral surfaces (Bekkins et al., 1999).

Biofilms are a group of microbial cells embedded together in an extracellular polymeric matrix which determines its physiochemical properties. In oil contaminated environments, continuous biofilms may form on the water table where the oxygen and nutrients are most available Revil et al., 2010). This enhanced number of bacterial cells coating the mineral surfaces can lead to the clogging of pore spaces and to a consequent decrease in both the permeability and the porosity (Abdel [START_REF] Aal | Effect of bioclogging in porous media on complex conductivity signatures[END_REF]. Bacteria derive their energy through oxidizing organic carbon for their growth and reducing TEAs for their respiration [START_REF] Huling | Terminal electron acceptor mass balance: light nonaqueous phase liquids and natural attenuation[END_REF]. The reduction of TEAs such as nitrate (most energetically preferred), manganese, iron, sulfate and carbon dioxide (less energetically preferred) are referred to as terminal electron acceptor processes (TEAPS) [START_REF] Vroblesky | Temporal and spatial changes of terminal electronaccepting processes in a petroleum hydrocarbon-contaminated aquifer and the significance for contaminant biodegradation[END_REF]. Oxygen is the electron acceptor for aerobic metabolism, but the low concentration of dissolved oxygen in the aquifer is rapidly consumed by bacterial respiration in the upgradient close to the contamination source, converting this area to anaerobic. Since re-oxygenation by oxygen diffusion from the atmosphere is relatively slow, anaerobic bacteria utilize other TEAs to oxidize the organic matter. Hydrocarbon biodegradation by anaerobic bacteria follows a sequential utilization of electron acceptors, where the most energetically preferred reaction proceeds in the plume until all the required electron acceptors are depleted (Semple et al., 2007;Tiehm and Schulze, 2003). Then, the next most preferred reaction proceeds until its required electron acceptors are depleted. Therefore, if the biodegradation has been occurring for some time, it is expected to get data with very low concentrations (zero sometimes) for the most energetic electron acceptors (e.g., oxygen, nitrate and sulfate). In this sense, the depletion of electron acceptors was used as an indication of intrinsic bioremediation by a study done at a contaminated site near Rocky Point, North Carolina (Borden, 1994).

The sequential utilization of electron acceptors will create a zonation pattern of TEAPS. In cases where the aquifer has an old contamination, it is expected that methanogenesis (less energetically preferred) is the predominant TEAP at the upgradient in the core of the plume. This is because the alternative potential electron acceptors have been already depleted. However, the zonation depends on the availability of TEAs and on the competition of microorganisms for these TEAs. For example, Fe 3+ is considered to provide the greatest accepting potential capacity and to be the most abundant electron acceptor in shallow aquifers. The presence of Fe 3+ can exclude methanogenesis because iron reducers can outcompete the methanogenic community for the organic carbon. As a result, the reduction of Fe 3+ will be the predominant TEAP in the core of the plume. The consumption of electron acceptors through microbial respiration in the vicinity of the plume causes a change in the redox chemistry of pore fluids. Baedeker et al. (1993) showed that the plume is more reducing than the surrounding media. Therefore, the area within the plume is anoxic and reducing, while the area outside the plume is oxic and oxidizing.

The reduction of electron acceptors by the TEAPs leads to the production of reduced redox species (e.g., Mg 2+ , Fe 2+ , etc.) and metabolic by-products such as organic acids, carbonic acids, biogenic gases and biosurfactants. An example would be the reaction of CO2 (reduced from the electron acceptors) with water which produces carbonic acids [START_REF] Soltani | Distribution lipidique et voies métaboliques chez quatre bactéries Gramnégatives hydrocarbonoclastes[END_REF]. Organic acids such as benzoic, dimethylcyclohexanoic, cyclohexanoic, mythelbenzoic and toluic acids were identified in an aquifer impacted by a crude oil spill near Bemidji, Minnesota (Baedecker et al., 1987). Organic and carbonic acids cause etching and dissolution of minerals surfaces and reduce the pH of the contaminated medium, which leads to leaching of soluble salts present at the grains coatings (McMahon et al., 1995). These weathering and dissolution processes lead to the accumulation of ions in the pores fluids. The production of ions through minerals dissolution, in addition to the production of reduced redox species, may lead to a significant increase in the concentrations of total dissolved solids (TDS) (Atekwana et al., 2004b). McMahon et al. (1995) observed enhanced concentrations of ions such as calcium, magnesium and iron which are one to two times higher than background values at a site impacted by an oil plume in Hanahan, South Carolina. The dissolution patterns of the quartz and orthoclase grains were evident in SEM images of soil samples taken from the same site. Several previous studies reported enhanced Ca 2+ concentrations and a leachate plume of enhanced TDS concentrations below LNAPL impacted zones (e.g., Atekwana 2004a;Sauck, 2000). The authors attributed this increase to the minerals dissolution processes during bacterial biodegradation of hydrocarbons. Moreover, the production of cationic and anionic biosurfactants and organic acids increases the electrolyte concentration of pore fluids by directly adding ions into solution (Cassidy et al., 2001;[START_REF] Davis | Microbial growth and biofilm formation in geologic media is detected with complex conductivity measurements[END_REF]. The enhanced mineral dissolution can also impact the grain surface physical properties by increasing the porosity and the permeability (McMahon and Chapelle, 1991).

The Reduction of TEAs such as iron and sulfate by iron and sulfate-reducing bacteria can result in the precipitation of different mineral phases [START_REF] Fredrickson | Biogenic iron-mineralization accompanying the dissimilatory reduction of hydrous ferric oxide by a groundwater bacterium[END_REF][START_REF] Hansel | Secondary mineralization pathways induced by dissimilatory iron reduction of ferrihydrite under advective flow[END_REF]. The ferrous ion produced during the reduction of iron can result in the precipitation of secondary minerals such as siderite, magnetite and goethite. Iron sulfide minerals can be also precipitated through the reaction of the ferrous ion with the sulfide produced by sulfate-reducing bacteria. In this sense, previous studies linked the biological precipitation of iron minerals (e.g., siderite, pyrite and amorphous iron sulfide) in hydrocarbon contaminated groundwater to the bacterial reduction of iron and sulfate (Cozarelli et al., 1999;[START_REF] Prommer | Geochemical changes during biodegradation of petroleum hydrocarbons: Field investigations and biogeochemical modeling[END_REF].

Previous investigations: impact on the geophysical signals 1.6.1. Fresh Hydrocarbons

At the initial stage of contamination, fresh spills were suggested to impact the subsurface only by the physical replacement of water in the saturated zone and air in the vadose zone by hydrocarbons. At this stage, chemical and biological alterations of hydrocarbons are negligible and the controlling factor is the contrast in physical properties between the hydrocarbons and the surrounding media. Petroleum hydrocarbons are characterized by an electrical conductivity of approximately 0.001 mS/m and a relative permittivity of approximately 2 to 3. On the other hand, clean water has an electrical conductivity of approximately 0.1 to 1 mS/S and a relative permittivity of around 80 (Atekwana and Atekwana, 2010). Therefore the partial replacement of water by oil can decrease the electrical conductivity and the relative permittivity of contaminated sediments. These assumptions gave the basis of the insulating layer model which assumed that contaminated sediments would exhibit a higher resistivity and a lower relative permittivity than the surrounding clean media. This model received wide support from field studies and laboratory experiments which reported enhanced GPR reflections and high apparent resistivity anomalies associated with contaminated groundwater and soils (Benson, 1995;Benson et al., 1997;Campbell et al., 1996;[START_REF] Olhoeft | Geophysical detection of hydrocarbon and organic chemical contamination[END_REF]DeRyck et al., 1993;Schneider and Greenhouse, 1992;[START_REF] Schneider | The application of automated high resolution d.c. resistivity in monitoring hydrogeological field experiments[END_REF][START_REF] Endres | Detection and monitoring of chlorinated solvent contamination by thermal neutron logging[END_REF]. DeRyck et al. (1993) used electrical resistivity probes to follow the change of electrical resistivity with respect to water saturation after the injection of kerosene into a polyethylene tank filled with sand. The study showed a decrease of water saturation due to the replacement of water by kerosene. The accumulation of kerosene which replaced water at the capillary fringe (between 70 and 110 cm) was shown to be associated with a large increase (from 200 to around 700 ohm.m) in the electrical resistivity with increased pooling of kerosene (Figure 1.5). Similarly, field studies reported high electrical resistivity anomalies associated with areas of known hydrocarbon plumes (Benson et al., 1997;[START_REF] Osella | Characterization of a contaminant plume due to a hydrocarbon spill using geoelectrical methods[END_REF]. In a controlled fresh spill experiment, Campbell et al. (1996) observed an increase in amplitude (brightness) of GPR reflections associated with increased pooling of gasoline. The study attributed this response to the replacement of the high relative permittivity water by the lower relative permittivity hydrocarbons. This produced a high velocity GPR layer which was responsible for the bright reflections (Figure 1.6). Similarly, a study done by Lopes de Castro and Branco (2003) over a fresh gasoline spill in Fortaleza (Brazil) reported enhanced GPR reflections in the contamination residual, free and dissolved phases. Enhanced GPR reflections were also reported at hydrocarbon contaminated sites by studies such as Benson (1995) and [START_REF] Benson | DC resistivity, ground penetrating radar, and soil and water quality data combined to assess hydrocarbon contamination: a case study[END_REF]. Atekwana and Atekwana, 2010;Campbell, 1996).

Altered Hydrocarbons

After sufficient time has passed, the geophysical properties of hydrocarbon contaminated sites will be determined by the type of physical, chemical and biological alterations of hydrocarbons (Sauck et al., 1998;Atekwana et al., 2000). The hydrocarbon contamination is then referred to as "aged contamination" and the extent to which these alterations can take place depends on conditions such as lithology, moisture, temperature and microbial activity (Atekwana and Atekwana, 2010).

Electrical Resistivity

As discussed earlier in section 1.5.2, bacterial biodegradation processes can induce significant changes in the sediments and pore fluids composition. Sauck et al. (1998) suggested a conductive electrical response due to the biogeochemical processes associated with an aged hydrocarbon contamination instead of the resistive response associated with a fresh contamination (insulating layer model). This temporal change in the resistivity behavior is attributed to the minerals dissolution by biodegradation by-products, and to the consumption of TEAs that may accumulate ions into solution. These processes can lead to a significant increase in the concertation of TDS which will enhance the ionic strength and the electrolytic conductivity of pore fluids. According to the conductive model, these modifications in the pore fluid chemistry can lead to an increase in the bulk electrical conductivity of contaminated media. Additionally, the bioprecipitation of mineral phases can also increase the bulk electrical conductivity and impact electrical resistivity measurements [START_REF] Slater | Pore-scale spectral induced polarization signatures associated with FeS biomineral transformations[END_REF]. Cassidy et al. (2001) investigated the evolution of electrolytic conductivity in columns contaminated with diesel over 120 days. The experiment consisted of an anaerobic column embedded with nutrients and an aerobic column with no added nutrients. As a result, a significant increase of electrolytic conductivity was observed in the anaerobic column with active biodegradation. Allen et al. (2007) showed a direct correlation between the increase of bulk electrical conductivity and the presence of specific microbial populations in LNAPL contaminated sediments. In a study done at a contaminated site in Carson City, Michigan, Atekwana et al. (2004a) showed higher bulk electrical conductivity values in contaminated locations compared to uncontaminated locations. The higher electrical conductivity was coincident with a high percentage of oil degrading microbes (5-55 percent of the heterotrophic microbial community) and high concentrations of organic acids (Figures 1.7 and 1.8). Additionally, in two other studies done at the same site, Legall (2002) showed that electron acceptors (manganese, iron, nitrate and sulfate) are depleted and Atekwana et al. (2003) showed increased TDS concentrations. The higher TDS concentrations observed at the contaminated locations were attributed to the higher concentrations of calcium, silica, bicarbonate ions, magnesium and sodium observed by Legall (2002). Moreover, SEM images of contaminated soil samples from the Carson City site showed extensive development of bacterial biofilms and showed that mineral surfaces are highly etched and pitted (Figure 1.9). Thus, these images provided evidence on the alteration of mineral surfaces through enhanced mineral weathering by bacterial processes. Therefore, the presence of oil degrading microbial populations in accordance with higher concentrations of organic acids attributed the high electrical conductivity values to the observed higher TDS concentrations resulting from enhanced mineral weathering by organic acids. (Atekwana et al., 2004a;Atekwana and Atekwana, 2010).

To validate the field results, Atekwana et al. (2004d) conducted a meso-scale biodegradation experiment on two biotic sand columns extracted from the Carson City site. One column was embedded with 4 liters of diesel and the other was kept clean. The results were similar to those of the field investigation, with the highest increase (>120%) of bulk electrical conductivity occurring at the capillary fringe and the smear zone, concurrent with the diesel free and residual phases (Figure 1.10). A smaller increase (10 %) was observed in the saturated zone where the contaminant Chapter 1 Introduction is in the dissolved phase. The microbial analyses recorded the highest population of oil degrading bacteria in accordance with the highest bulk electrical conductivity values in the capillary fringe and smear zone. The zone impacted by the residual phase of hydrocarbons (transition zone) was reported as the zone of most active biodegradation (Werkema et al., 2003). At this zone, the fluctuating water table smears the hydrocarbons and makes them readily available for bacterial activity (Lee et al., 2001). The higher bulk electrical conductivity and higher microbial populations observed in these studies (Atekwana et al., 2004b;Atekwana et al., 2004d;[START_REF] Atekwana | Biodegradation and mineral weathering controls on bulk electrical conductivity in a shallow hydrocarbon contaminated aquifer[END_REF] in accordance with higher TDS concentrations overlap with increased calcium and alkalinity and are consistent with weathering of minerals such as carbonates, gypsum and calcium feldspars. Therefore, these results validate the hypothesis which suggested that the increased TDS concentrations due to bacterial mediated mineral weathering increase the bulk electrical conductivity of contaminated sediments. Moreover, the good correlation between the bulk electrical conductivity and parameters such as DIC and redox species concentrations demonstrates the ability of the electrical conductivity in expressing possible bacterial activity in contaminated sediments.

These investigations illustrated that groundwater and soil electrical resistivity values are generally lower in contaminated sediments undergoing bio-mineralization of hydrocarbons during intrinsic biodegradation. This is attributed to the biogeochemical alterations of hydrocarbons which substantially modified the pore fluid biogeochemistry and induced a temporal shift in the geoelectrical signature from resistive to conductive (Sauck et al., 1998). In the light of the above hypothesis, many field studies recorded low electrical resistivity anomalies at sites impacted by aged hydrocarbon plumes (Atekwana et al., 2000;Shevnin et al., 2005;Werkema et al., 2003). However, the time frame until biological and chemical alterations of hydrocarbons take place is not clearly known and it could be from several weeks to several years, depending on the site biogeochemical conditions. For example, a study done by [START_REF] Yang | High resistivities associated with a newly formed LNAPL plume imaged by geoelectrical techniques-a case study[END_REF] reported a high electrical resistivity response over a 10 years old LNAPL spill in Nankan County, Taiwan.

Induced polarization

The sensitivity of the IP phenomena to microbial mediated chemical changes at the mineralelectrolyte interface makes the method ideal for investigating biophysicochemical changes due to hydrocarbon contamination. The accumulation of ions in the pore's fluid enhances the ionic strength and charge build up at the electrical double layer (EDL) which can enhance the membrane polarization mechanism. Additionally, the accumulation of charged bacterial cells with high surface area on mineral surfaces increases the surface roughness and contributes to the enhancement of the polarization magnitude (Abdel Aal et al., 2006;[START_REF] Poortinga | Electric double layer interactions in bacterial adhesion to surfaces[END_REF]. [START_REF] Sogade | Induced polarization detection and mapping of contaminant plumes[END_REF] applied the IP method to delineate a contaminant plume in Cape Cod, Massachusetts near Boston, USA. The IP measurements in this study were in great accordance with the plume distribution. This was inferred from the boreholes geochemical data, where the contaminated regions recorded higher chargeability than the clean regions. In a laboratory experiment, Abdel Aal et al. (2003) conducted induced polarization measurements on diesel contaminated sediments in biotic and abiotic columns. The results showed a temporal increase in electrolytic and interfacial conductivities only in the biotic column. This temporal change correlated well with changes in biological and chemical parameters. Therefore, the shift in the sediments electrical properties was attributed to bio-physiochemical changes associated with biodegradation of diesel.

Ground penetrating radar

The increased electrical conductivity of pore fluids due to microbial processes can impact the attenuation constant and the dielectric permittivity of GPR signals (Cassidy et al., 2007). The electrical conductivity controls the attenuation constant of the GPR signal in a way that an increase in the pore fluid conductivity increases the attenuation of GPR reflections. Therefore, the enhanced Chapter 1 Introduction conductivities can limit the effective depth of radio waves and result in shadow zones (Sauck, 2000). Atekwana et al. (2000) reported GPR shadow zones coincident with low electrical resistivity anomalies in a hydrocarbon contaminated site in Carson City, Michigan, USA. The study attributed the attenuation of the GPR reflections to enhanced electrical conductivities (corroborated by the electrical resistivity data) resulting from enhanced mineral weathering and increased TDS concentrations. A GPR profile acquired near an LNAPL source plume by [START_REF] Bradford | Frequency-dependent attenuation analysis of ground-penetrating radar data[END_REF] observed attenuation patterns starting below the water table and extending to deeper depths (Figure 1.13a). Geochemical data from the same study showed that biodegradation is active only in the upper part of the saturated zone, where the LNAPL is in the dissolved phase as indicated by low TEAs concentrations and high ions and TDS concentrations. The GPR results were similar to other GPR profiles conducted at the same source zone, presented by Sauck et al. (1998) and Che-Alota et al. ( 2009) (Figure 1.13b). Sauck et al. (1998) used the GPR shadow zones to map the transverse extent of the LNAPL contamination in the downgradient locations where the contamination is only in the dissolved phase. The study demonstrated that the GPR higher resolution compared to ERT can provide more information about the small vertical changes in the bulk electrical conductivity which cannot be detected by the ERT technique. Similarly, other studies reported attenuated GPR reflections in the vicinity of gasoline contaminant plumes (e.g., Bermejo et al., 1997;[START_REF] Daniels | Site studies of ground penetrating radar for monitoring petroleum product contaminants[END_REF]Grumman and Daniels, 1995;Maxwel and Schmock, 1995). 

Self Potential

As described previously (section 1.5.2), microbial processes in contaminated aquifers can cause significant changes in the groundwater redox chemistry. These changes can produce different redox conditions which can provide an electrochemical source for the SP signal (Naudet et al., 2004). Sauck et al., (1998) was the first study to relate the SP signal to redox processes in hydrocarbon contaminated aquifers. The study related SP anomalies detected at a hydrocarbon contaminated site to diffusion potentials associated with bacterial mediated redox processes during Chapter 1 Introduction the biodegradation of organic carbon. According to Sauck (2000), the driving force of this potential is the mobility of ionic charge carriers which can create chemical concentration gradients in the biologically active zones. The SP survey was repeated in 2007 after the remediation of the contamination source (in 2001). The SP anomalies didn't appear in the new survey, thus suggesting a relationship between the activity of microbial processes and the source mechanism of the SP signal.

According to the geobattery model developed by Sato and Mooney (1960), a mineralization potential can be detected by the SP method due to electron transport through mineral ore deposits during redox reactions. Based on this model, Naudet et al. ( 2004) devised a biogeobattery model where a redox gradient is created between the highly reduced zone below the water table and the oxidized zone above the water table (Figure 1.14). The electron transport in this model was proposed to be done by bacterial biofilms which form at the water table, where most of the oxygen and organic nutrients are available (Revil et al., 2010). In addition to biofilms, mineral particles precipitating at the water table during the biodegradation process can act as electronic conductors and transport electrons between the distinct redox zones of the biogeobattery (Arora et al., 2007). In the light of the above hypothesis, a linear correlation has been shown between the residual SP signals and redox potential measurements in the field (Naudet et al., 2004) and in a sand box experiment (Naudet and Revil, 2005). Naudet et al. (2004) successfully used the SP method to delineate the redox front of a contaminant plume where an electrochemical cell driven by the oxidation of organic matter and reduction of Fe (III) oxides was considered to be the source of the SP signal. Throughout the study, the electrokinetic component was first removed from the SP field data to produce a map of the residual SP, which represents the electrochemical signal associated with redox processes (Figure 1.15a). The residual SP map showed a good linear correlation (R=0.85) with the redox potential measured in boreholes (Figure 1.15b). This linear correlation was used to construct a redox potential map and delineate the plume redox front from the residual SP data (Figure 1.16). Minsley et al. (2003) related the electrical current sources and sinks to variations in the redox potential values (high and low). The SP data obtained in this study correlated well with hydrocarbon concentrations and the authors suggested that these current sources can be considered as an indication of contaminated media with active electrochemical source mechanisms. (Naudet et al., 2004).

Figure 1.16:

The redox potential map constructed by using the linear relationship between the residual SP data and the redox potential measured in boreholes in the Entressen landfill (Naudet et al., 2004).

In a sand box containing a permanganate contaminant plume, [START_REF] Mao | Resistivity and self-potential tomography applied to groundwater remediation and contaminant plumes: Sandbox and field experiments[END_REF] obtained a horizontal dipole source current density from the inversion of self potential data. This source current density remained at the plume front through its transport path across the sand box (Figure 1.17). This was verified by the visual observation of the plume location in the sandbox and by electrical resistivity measurements (Figure 1.18). The self potential data obtained from the predicted source current density had a very good match with the self potential data measured at the field (Figure 1.19). The authors suggested that the strong concentration gradient between the plume and the artificial groundwater of the sand box might be responsible for the obtained source current density.

The above investigations illustrate the ability of the SP method to be used as a proxy of redox potential and to delineate contaminant plumes in shallow aquifers. Nevertheless, Forte and Bentley (2013) did not reveal any high SP signals in a site where the groundwater is contaminated with degraded hydrocarbons. This response is explained by Revil et al. (2010) who stated that a biogeobattery producing large SP anomalies exists only in the presence of electronic conductors such as biofilms and minerals precipitates. The measured self potential data and the self potential data predicted from the inverted source current density [START_REF] Mao | Resistivity and self-potential tomography applied to groundwater remediation and contaminant plumes: Sandbox and field experiments[END_REF].

Magnetic Susceptibility

The formation of magnetic minerals through biological precipitation and minerals weathering during the hydrocarbon biodegradation process induces changes in the iron mineral content of sediments which can be measured by the MS method. An example would be the utilization of hydrocarbons by anaerobic Fe (III) reducing bacteria to transform iron oxides and hydroxides into crystalline Fe (II) containing different mineral phases such as magnetite, pyrite and siderite [START_REF] Postma | Formation of siderite and vivianite and the pore-water composition of a recent bog sediment in Denmark[END_REF][START_REF] Fredrickson | Biogenic iron-mineralization accompanying the dissimilatory reduction of hydrous ferric oxide by a groundwater bacterium[END_REF]. Therefore, it was suggested that MS measurements are sensitive to the microbial Fe transformation coupled to the hydrocarbons biodegradation process. Support for this theory came from previous studies such as [START_REF] Hanesch | Mapping of heavy metal loadings in soils by means of magnetic susceptibility measurements[END_REF] and [START_REF] Martins | Comparison between anthropogenic hydrocarbons and magnetic susceptibility in sediment cores from the Santos Estuary, Brazil[END_REF] that observed a good correlation between the hydrocarbon content and MS values in contaminated soil samples. Rijal (2010) studied the variation of normalized MS with time in soil microcosms amended with different concentrations of gasoline and diesel. The study showed a much higher increase of MS values in microbial active microcosms compared to sterile ones (Figure 1.20). In a microcosm laboratory study, [START_REF] Porsch | In-situ magnetic susceptibility measurements as a tool to follow geomicrobiological transformation of Fe minerals[END_REF] investigated the variation of volume specific magnetic susceptibility with respect to the reduction of Ferrihydrite by Shewanella oneidensis MR-1 (iron reducing bacteria). The study reported a large initial increase of volume specific MS accompanied by an increase in the reduction of iron and followed by a slight decrease of MS at day 18 (Figure 1.21). The XRD patterns of the minerals formed during the reduction of Ferrihydrite by the MR-1 bacteria showed that the initial increase of MS (days 4 and 8) is associated with the formation of Magnetite (Figure 1.21c). The slight decrease in MS at day 18 was shown to be associated with the further reduction of magnetite to siderite; a paramagnetic mineral with low volume specific magnetic susceptibility which was detected only at the end of the experiment. The increase in MS accompanied by the increase of iron reduction and magnetite formation occurred only in the microbial active microcosms, indicating microbial induced changes in the Fe-mineralogy which impacted the MS results. Similarly, after analyzing the MS variations in a hydrocarbon contaminated aquifer where iron reduction and methanogenesis are the main TEAPs, Mewafy et al. (2011) documented enhanced values of MS. The authors attributed these enhancements to the precipitation of magnetite coupled to the iron-reduction of anaerobic and aerobic bacteria. The presence of hydrocarbons was essential for magnetite to form in a study done by Rijal et al. (2010). A clear decrease in magnetite formation was observed outside the strongly contaminated zone. The Chapter 1 Introduction enhanced magnetite formation in the contaminated zone was attributed to the intensive geomicrobiological activity.
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Study Site: Geological and Geochemical Characterization

Location and history

The study site is an abandoned crude oil refinery located at 130 km North-West to Paris. The refinery extends over an area of 260 hectares along the Seine River in the city of Petit-Couronne (Figure 2.1). The construction of the refinery was launched in 1928 by the Society of Petroleum Jupiter and was set in official service on March 1, 1929. The refinery was considered as a true "stronghold" of the industry in the department of Seine-Maritime, with more than 200 recruited workers. In 1933, the refinery quickly distinguished itself as one of the most modern in Europe, with a high processing rate which achieved an annual refining capacity of about 600,000 tons of crude oil. This crude oil came from the Dutch East Indies and Venezuela and was transported to the refinery by a pipeline system extending from the port of Le Havre to the city of Petit-Couronne.

In 1948, the refinery was taken over by the Shell group. In 1950, extensions and changes in the refinery structures increased the activity of storage, production and processing capacities to 2 million tons of crude oil per year. The refinery was later ranked as the second in France after achieving a distillation capacity of 10 million tons of crude oil per year in 1969. In April 2008, the Swiss group Petroplus invested the site, but due to financial problems, the company decided to sell the refinery on January 20, 2012. By April 16, 2013, the Rouen Commercial court declared permanent site closure ending any activity on it (Antea Group, Rapport A67173/A). Following the site closure, Valgo took over the site in order to study the pollution and remediate it starting from 2014. 

Geological and hydrogeological contexts

The refinery has an elevation ranging between 5 and 15 meters above sea level. East to the refinery, there is a storage zone which reaches an elevation of around 70 meters (Figure 2.2). In terms of geology, the study site is located in the North-West of the Paris basin, on the alluvial plain of the Seine River. The geological map presented in Figure 2.3 shows that the refinery and part of the Petit-Couronne city lay on a plain of ancient alluvial formations containing sand and gravel. East to the refinery, the chalk bedrock formation rises and underlays the storage zone and part of the city. Generally, the first encountered geological entity in the site is an anthropogenic layer composed of sand and coarse grain gravel. Below, there is a layer of alluvial sediments coarsening from sand to gravel and followed by a chalk bedrock layer. Figure 2.4 shows a geological profile obtained from a borehole drilled at the South-Western border of the refinery. The profile shows a thin anthropogenic layer (0.3 m thick) overlaying a layer of alluvial deposits which reaches a depth of around 10 m. The alluvial layer is underlain by white and grey layers of chalk reaching a depth of 20 m (maximum depth of investigation of this borehole). The layers encountered during the geological surveys were generally identical on different sampling points. The hydrogeological setting of the site is characterized by two aquifers, an alluvial aquifer of the Seine River overlaying a chalk aquifer. The alluvial aquifer is in the layer of sand and gravel, between 4 and 12 m deep. Both aquifers of different hydrodynamic characteristics (porosity, permeability, etc.) are in hydraulic continuity and thus form a bilayer in the absence of a continuous impermeable horizon. The alluvial aquifer is characterized by permeability values ranging between 8.10 -3 and 5.10 -5 m/s. The chalk aquifer is characterized by transmissivity values ranging from 8.10 -2 to 6.10 -1 m 2 /s and permeability values ranging from 2.5.10 -3 m/s to 2.10 -2 m/s. This indicates that the geological system in the site is generally permeable with a productive reservoir having a thickness of around 30 m.

The groundwater flows generally from the South-East to the South-West towards the Seine River (Figure 2.5). The groundwater elevation is influenced by the high and low tides of the nearby River. The variations due to the tides can reach +2 m (NGF) at high tides and +1 m (NGF) at low tides. The effect of the tides decreases as the distance from the River bank increases. Along the Seine River and 500 m away from it, the amplitudes of tidal fluctuations may reach meadows of 1

Chapter 2 Study site Geological and Geochemical Characterization to 2 m. About 700 meters away from the River, the amplitudes vary between 0.15 and 0.20 m. The tidal influence is negligible at a distance larger than 1500 meters. 

Incidents and pollution sources

The Petit Couronne refinery had an average refining activity of 6.5 million tons of crude oil per year, it was supplied with crude oil by pipelines from the port of Le Havre and had numerous distribution channels. The refinery operated various petroleum processing units derived from crude oil. The distribution of the refinery production from 100% crude oil was as follows:

• Intimate fuel 7% • Bitumen 13% • Kerosene 9% • Oil 5% • Heavy Fuel 5% • Benzene 22% • Diesel 17%
The refinery also had a storage zone of liquid hydrocarbons composed of sixty large tanks. Therefore, in the case of an accident or leakage, the soil and groundwater can be contaminated by various types of hydrocarbons including both LNAPL and DNAPL products.

A study which aims to investigate the history of the pollution in the refinery was conducted by ARIA (Analyse, Recherche et Information sur les Accidents), an association which identifies incidents that may affect health safety, agriculture and environment (ARIA report, 2009). The study observed hydrocarbon traces in water samples taken from the drinking water supply catchments of the city of Petit Couronne by the end of 1985. In 1986, the odors of hydrocarbons were increasingly detected in groundwater samples. This led the communities responsible for water supply and distribution to complain against the refinery. Following these complaints, the court released an order to the polluter which includes defining the polluted geographical area and proposing solutions in order to restore the quality of the catchments in the shortest period possible. According to chemical analyses of samples performed between 1986 and 1990, a mixture of 30% light products and 70% heavy products was observed at the end of 1986. On the other hand, 70% of light products and 30% of heavy products were observed in 1990. In the early 90s, hydrocarbon odors were detected again at some neighborhoods of the city. It was in July 1990 that the report of the court against the refinery was published. The court report requested the refinery to undergo a permanent pumping in order to create a drawdown cone which can limit the spreading of the contaminants. Additionally, the request included environmental monitoring of non-contaminated areas by sampling methods.

August 4, 1990, marks a major event of pollution, which was the explosion of a residential pavilion that remained empty for two weeks. The explosion was caused by a water heater installed in a basement where hydrocarbon vapors have accumulated. The study also indicated that a leak was observed in the 23 rd of August 1990 in a gasoline transport pipe. This contamination source was both aerial and buried. However, many contamination events have occurred due to the refinery activities throughout its operating years (about 80 years), and not all these events are known or documented. According to the operators archives, the pollution accidents occurred due to events such as buried pipes leaks, disintegrated sewage, accidental oil spills (stripping, purging, overflow, etc.) and defective storage. The block diagram presented in Figure 2.6 shows schematically the LNAPL and DNAPL contamination partitioning scenarios (discussed in chapter 1, section 1.4) with respect to the geological setting of the refinery. It is expected that all the 4 contamination phases are present as the following:

 Free phase of LNAPL products floating on the groundwater table of the alluvial aquifer at a depth ranging between 4 and 12 m.  Residual phase contamination in the zone above the groundwater table, generally below the contamination source zones and in other locations due to the groundwater tidal fluctuations caused by the Seine River.  Plumes of dissolved phases of LNAPL and DNAPL products in the alluvial aquifer extending in the groundwater flow direction (towards the Seine River). However, the daily tidal variations influence the groundwater flow direction by reversing it. This fixes the groundwater pollution and reduces the movement of the hydrocarbon plume in the aquifer.  Free phase of DNAPL products following the topography of the aquitard at the interface between the alluvial aquifer and the chalk bedrock. 

Geochemical characterization

A number of wells divided into two groups have been installed on the site to measure different geochemical parameters of the soil and groundwater. The first group was drilled between 9 and 20 m deep by using tricone rotary drilling with water injection. The second group was drilled between 7 and 10 m deep by using the pipe jacking technique.

Floating phase

The investigations conducted in the wells showed two main plumes floating on the groundwater table as shown by Figure 2.7:

Chapter 2 Study site Geological and Geochemical Characterization (1) A main plume covering half of the site with a surface area of around 200000 m 2 . The plume has 3 parts: a. A central branch located in the center of the refinery having a variable thickness. The investigations done in this zone showed plume thicknesses of 0.5 cm in B13, 49.5 cm in B19, 63 cm in B14, 67 cm in B16 and 31 cm in B18. b. A South-Eastern branch located in the Southern boundary of the site reaching a thickness of 122 cm in B25. c. A South-Western branch located along the South-Western boundary of the refinery. Plume thicknesses of 184 cm in B29, 207 cm in B27 and 33 cm in B26 were observed in this part of the site.

(2) A second plume exists along the North-Western boundary of the site and covers an area of approximately 14,000 m 2 . This plume is associated with former oil separators and bus stations, and has a thickness of 124 cm in B32 and 14 cm in B30.

Due to access limitations and difficulties to conduct geophysical measurements, this study is limited to the central branch of the main plume, to the North-Western plume and to the Northern part of the refinery.

Hydrocarbons content in groundwater

A series of analyses have been conducted on groundwater samples collected from the site's boreholes in order to quantify the amount of hydrocarbons present in groundwater. The methods used for analyzing the samples were as follows:

1. Head space gas chromatography/mass spectrometry (GM/MS) to quantify the volatile C5-C10 hydrocarbons.

2. Hexane extraction gas chromatography with flame ionization detector (GC-FID) to quantify the total C10-C40 hydrocarbons.

3. Head space gas chromatography/mass spectrometry (GM/MS) to quantify the BTEX and volatile organic compounds concentrations.

Acetone/Hexane extraction and gas chromatography/mass spectrometry (GM/MS) for the quantification of Polycyclic Aromatic Hydrocarbons (PAH).

Results from few representative wells located in the main parts of the site will be discussed in this section. C5-C10 hydrocarbons analyses of groundwater samples indicated that the highest concentrations are found in the periphery of the zones characterized by the presence of a floating plume. Samples taken from boreholes B31 and B12 located in the North-Western part of the site recorded significant concentrations ranging from 98 to 100 mg/L. Lower concentrations ranging between 13 and 27 mg/L have been recorded in B13 and B11, while values ranging between 1.4 and 3.7 mg/L were recorded in B33 and B9 located between the North-West and the center of the site (Figure 2.7). C10-C40 hydrocarbons analyses showed similar results to those of the C5-C10 hydrocarbons, with the highest concentrations at the periphery of the zones impacted by a floating plume (Figure 2.8). Values ranging from 1.2 to 4 mg/L were recorded in B31 and B12, while values ranging from 1.6 to 6.1 mg/L were observed in B13 and B11. Wells B33 and B9 recorded values ranging between 1.3 and 2.6 mg /L. Volatile aromatic hydrocarbons analyses of samples taken from boreholes B31 and B12 showed contents of BTEX ranging between 4.3 and 81 mg/L, with benzene concentrations ranging from 1.9 to 12 mg/L. Borehole B13 located at the North of the site showed a BTEX content of 18 mg/L, with a benzene content of 4.9 mg/L. The other boreholes located between the North-West and the center of the site showed values ranging from tens to hundreds mg/L of BTEX (10 to 20% benzene). Additionally, PAHs measurements conducted on samples taken from B31, B12 and B13 recorded significant levels of naphthalene with values ranging from 40 to 290 g/L.

Analyses conducted on groundwater samples taken from the boreholes located in the North-Eastern part of the site (B1, B2, B3 and B4) recorded zero concentrations of hydrocarbons. This zone was considered as a groundwater clean zone and has a significant importance in our study because it could be used to determine the impact of the contamination on the groundwater chemical, biological and geophysical properties.

Groundwater geochemical parameters

Investigations of the total dissolved solids, dissolved oxygen and groundwater electrical conductivity (GEC) were accomplished by placing an INW (Instrumentation North West) smart sensor in each of the boreholes (Figure 2.9). Additionally, redox potential measurements were conducted on groundwater samples taken from the boreholes. The geochemical measurements showed the following:

1. Homogeneous temperature values ranging between 12.1 °C and 16.8 °C.

2. Neutral pH values ranging from 6.07 to 7.14.

3. TDS concentrations ranging from 100 to 1100 mg/L (Figure 2.10) and GEC values ranging between 442 and 2251 μS/cm (Figure 2.11). Both parameters showed higher values in the groundwater contaminated zones (e.g., B8, B9, B10, B11, B13, B20, etc.) compared to the groundwater clean zone (B1, B2, B3 and B4).

4. Dissolved oxygen values ranging from 0.18 mg/L to 3.32 mg/L, with lower values occurring in the groundwater contaminated zones (e.g., B8, B9, B10, B11, B13, B20, etc.) compared to the clean groundwater zone (Figure 2.12).

5.

Redox potential values ranging between -304 mV and 21.8 mV (Figure 2.13), with positive values mostly occurring in the clean groundwater zone (B1, B2, B3 and B4), and negative values in the contaminated zones (e.g., B8, B9, B10, B11, B13, B20, etc.). The high values of TDS and GEC are consistent with the presence of large amounts of organic carbon and low dissolved oxygen concentrations. These observations, that showed significant differences in the measured geochemical parameters between the contaminated and clean zones, suggest that biodegradation of hydrocarbons is occurring in the contaminated aquifer. However, borehole B5 showed lower GEC and TDS values compared to other contaminated locations. These lower values are attributed to the constant flushing of clean groundwater at the boundary of the plume, which can replace the high salinity contaminated groundwater in the groundwater flow direction. 

Scanning electron Microscope

Scanning electron microscope (SEM) Zeiss evo Ep 40 was used to image the soil samples and to perform mineralogical and geochemical characterization of rocks at the micrometer scale. Coating of the soil samples prior to examination by the SEM is required to improve the imaging quality by creating a conductive layer of metal. This layer inhibits charging, reduces thermal damage and improves the secondary electron signal required for topographic examination. We used carbon coating which is mainly used to prepare samples for X-ray microanalysis. When the carbon source is heated to its evaporation temperature, a fine stream of carbon is deposited on the specimens. The coated samples are then passed through the SEM and the data acquisition is done via a computer connected to the microscope. Images with a resolution in the order of 2 to 20 nm were obtained and the chemical elements were mapped via the X-ray microanalysis. SEM images of contaminated sediments showed that mineral grain surfaces are etched and pitted compared to images of clean soil samples (Figures 2.14 and 2.15). These remarkable dissolution features suggest intense mineral surfaces alterations by microbial processes (McMahon et al., 1995). 

Spectrocolorimetry

The sediment color is considered as an important parameter which can be used to describe sedimentary facies in a qualitative way. In this sense, the spectrocolorimetric analysis has been always considered as an environmental proxy, which permits the precise identification of sediments constituents such as iron, carbonates and clays. First derivative reflectance spectra (FDS) method was proposed as a tool to determine sediment's mineralogical composition (Barranco et al., 1989;Balsam and Deaton, 1991;Deaton and Balsam, 1991). According to the FDS method, the sedimentary components can be identified according to the position of the first derivative peak, in a way that each component has its distinctive spectral signature. For example, different studies have documented spectral signatures between 445 and 575 nm for iron oxides, and between 605 and 695 nm for organic compounds. Spectrocolorimetric analyses were conducted on soil cores by using a Minolta CM 2600d spectrocolorimeter. Throughout the measurement, the surficial layer of sediments was removed, after which a polyethylene film was placed on each soil core with caution taken to avoid the formation of air bubbles and folds. The measurements were then performed with a 1 cm sampling interval. We used the protocol of Balsam et al. (1997) and calibrated the device without the film since it is programmed to receive a given reflectance value for standard white. According to international standards and to published measurements done on iron-rich deposits (Balsam and Beeson, 2003;Damuth and Balsam, 2003), the signature of the first derivative spectrum shows a clear presence of iron deposits in the contaminated soil samples, indicated by the peaks between 545 and 575 nm (Figure 2.16). The peaks identified in the organic matter domain ranging from 600 to 700 nm indicate the presence of altered organic matter. In terms of sediments composition, this means that the contaminated sediments contain iron-rich deposits and altered organic matter. 

Electrical resistivity

Electrical resistivity tomography is one of the most commonly used geophysical techniques which can provide 1D, 2D, 3D and 4D images that describe the distribution of electrical resistivity in the subsurface. Significant advancements over the past two decades demonstrated the electrical resistivity method as an efficient tool which can be used in various environmental applications, including contaminated land investigations [START_REF] Loke | Electrical imaging surveys for environmental and engineering studies A practical guide to 2-D and 3-D surveys[END_REF]Atekwana and Atekwana, 2010). The electrical resistivity determines the capacity of a material to allow charges to flow freely through it. Therefore a high resistivity structure is a structure which readily allows the movement of electrical current. The electrical resistivity 𝝆 is the inverse of the electrical conductivity 𝝈: 𝜎 = 1 𝜌 .

(1)

Electrical Conduction and Resistivity (Theory)

The electrical conductivity/resistivity depends on the conduction phenomena and the circulation of free charges under the effect of an electrical field. The subsurface is considered as a complex system consisting of solid grains with pore spaces which could be partially or totally filled with various fluids having various chemical properties (e.g., salinity). The different phases present in the soil system contribute differently to the bulk electrical resistivity measured in the field and influence the resistivity response according to the different conduction processes:

1. Surface conduction which is controlled by the physical and electrical properties of the electrical double layer (EDL) located at the interface between the solid grains and the pores electrolytic solution. 2. Electronic conduction which is linked to the movement of electrons through metallic conductors such as disseminated minerals (e.g., sulfides and oxides). 3. Electrolytic conduction which is linked to the movement of ions dissolved in the pore fluid.

This phenomenon depends on the electrical conductivity of the pore fluid solution, the porosity and the fluid saturation degree.

According to experiments done by Archie between the late 1920s and the early 1930s, the bulk electrical resistivity 𝝆 𝟎 of a rock material is directly proportional to the pore fluid electrical resistivity 𝝆 𝒘 . In the case of fully saturated rocks:

𝜌 0 = 𝐹. 𝜌 𝑤 , ( 2 
)
where F is the formation factor which is related to the rock matrix. The formation factor is influenced by the variability of porosity in rocks and by the connectivity of its corresponding pore spaces:

𝐹 = 𝜃 -𝑚 , ( 3 
)
where 𝜽 is the porosity and m is the cementation index which is related to changes in the pore space pathways referred to as the tortuosity (Ellis and Singer, 2007).

The combination of equations ( 2) and ( 3) results in what is known as Archie's first law:

𝜌 0 = 𝜌 𝑤 𝜃 -𝑚 . (4)
Therefore, the bulk electrical resistivity of a rock material can vary according to: (i) changes in the rocks properties (lithology, porosity, etc.) which can influence the formation factor and cementation index and (ii) changes in the pore fluid properties (e.g., water content, chemical composition, temperature, etc.) which can influence the pore fluid electrical resistivity (Palacky, 1987;Breede et al., 2012;[START_REF] Slater | IP interpretation in environmental Investigations[END_REF]Revil et al., 2011).

The electrical resistivity theory is based on Ohm's law that describes the flow of electrical current in a material by relating the current density J (in A m -2 ) to the electrical field intensity E (in V m -1 ) and the electrical conductivity 𝝈 by the equation of Tsourlos (1995):

𝐽 = 𝜎. 𝐸 . ( 5 
)
The relationship between the electrical potential 𝛗 which is measured in practice and the electrical field intensity E is given by:

 𝐸 = -∇φ
Combining equations ( 5) and ( 6), we get:

𝐽 = -𝜎∇𝜑
Therefore, the current density is dependent upon the distribution of the electrical potential in the subsurface and the electrical conductivity of the medium. The distribution of the electrical potential in the subsurface (in an inhomogeneous anisotropic medium) is given by the following Laplace equation:

∇. (𝜎∇φ) = 0 . ( 8 
)
In practice, the electrical resistivity method comprises injecting direct current into the subsurface by using current electrodes, and then, determining the distribution of the apparent electrical resistivity by measuring the electrical potential difference between two potential electrodes [START_REF] Loke | Electrical imaging surveys for environmental and engineering studies A practical guide to 2-D and 3-D surveys[END_REF]. The electrical resistance of an electrical conductor is given by the simplified form of Ohm's law as:

R = ∆v I , ( 9 
)
where ∆𝒗 is the electrical potential and I is the electrical current intensity. The resistivity measured at the field is multiplied by a geometric factor K to obtain the apparent electrical resistivity in a homogenous half space:

Chapter 3 Geophysical Methods 𝐾 = 2𝜋 ( 1 𝑟 𝐴𝑀 - 1 𝑟 𝐵𝑀 )-( 1 𝑟 𝐴𝑁 - 1 𝑟 𝐵𝑁 ) , ( 10 
)
where r is the distance between the potential electrodes (M and N) and the current electrodes (A and B). K is the configuration (geometric) factor which describes the arrangement of the electrodes and is different for each configuration array. Combining equations ( 9) and ( 10), the apparent electrical resistivity can be written as:

𝜌 𝑎 = ∆𝑉 𝐼 𝐾 , (11) 
and

𝜌 𝑎 = 2𝜋∆𝑣 𝐼×[( 1 𝑟 𝐴𝑀 - 1 𝑟 𝐵𝑀 )-( 1 𝑟 𝐴𝑁 - 1 𝑟 𝐵𝑁 )]
.

(12)

Induced polarization effect

Upon applying an electrical current, the subsurface constituents become polarized and form a natural battery. After switching off the current source, the study of the decaying potential as a function of time is known as the induced polarization (IP) technique [START_REF] Bleil | Induced polarization: a method of geophysical prospecting[END_REF][START_REF] Hallof | On the interpretation of resistivity and induced polarization results[END_REF][START_REF] Madden | Background effects in the induced polarization method of geophysical exploration[END_REF]Telford et al., 1997;Vacquier et al., 1957). This method is sensitive to the capacitive properties of rocks and sediments which are influenced by lithology and changes in the pore fluid chemistry (Atekwana and Atekwana, 2010). The induced polarization effect is similar in principle to charging a capacitor or a battery, and is observed as a delay of the voltage response [START_REF] Naudet | Les méthodes de résistivité électrique et de potentiel spontané appliquées aux sites contaminés[END_REF]. The polarizability describes the capacity of the subsurface materials to store electrical charges and is influenced by parameters such as the electrical conductivity and the dielectric permittivity, which define how easily a material can become electrically charged.

The induced polarization phenomena is a current induced effect which takes place at the interface between the mineral grains and the pore fluid electrolyte [START_REF] Allaud | Schlumberger, The history of a technique[END_REF]. The impedance of the mineral electrolyte interface has been a subject for many laboratory studies which aimed to understand its associated physio-chemical mechanisms (Angoran and Madden, 1977;[START_REF] Klein | Mineral interfacial processes in the method of induced polarization[END_REF][START_REF] Lesmes | Dielectric spectroscopy of sedimentary rocks[END_REF][START_REF] Lesmes | The influence of pore fluid chemistry on the complex conductivity and induced polarization responses of Berea[END_REF][START_REF] Olhoeft | Low-frequency electrical properties[END_REF]Ward and Frazer, 1967). These studies showed that the capacitive impedance of the current passage is linked to an electrical double layer forming at the mineral-fluid interface. The EDL forms as a result of the attraction between the negative ions adsorbed on the solid grain surface and the opposite polarity ions in the electrolyte. The EDL constitutes of 2 layers: a fixed layer resulting from the attraction between the negative ions at the mineral surface and the cations of the pore fluid (referred to as the stern layer); and a layer of the electrolyte mobile cations referred to as the diffuse layer (Figure 3.1). The IP effect is associated with excess charge build-up in the pore fluid electrolyte which is considered as the current conduction path. The excess charge build-up may result from decreased mobility of the ionic charge carriers or from blockage of the pore current conduction path [START_REF] Sogade | Induced polarization detection and mapping of contaminant plumes[END_REF]. The process by which the conduction path is blocked defines two types of polarization mechanisms. The first is the electrode polarization which includes the blockage of the conduction path by conductive mineral grains such as disseminated minerals (e.g., pyrite and graphite) [START_REF] Telford | Applied Geophysics[END_REF]. The charges present at the mineral surface attract the charges of the pore fluid and form an EDL at the interface between the grain surface and the pore fluid (Figure 3.2). In this case, the current conduction mechanism changes from ionic to electronic. The second polarization mechanism is the membrane polarization which includes the blockage of the conduction path by a thick diffuse layer. This thick diffuse layer reduces the mobility of ion charge carriers by acting as a selective membrane which allows the passage of ions with certain size and polarity (Kemna, 2000;[START_REF] Slater | Electrical properties of iron-sand columns: implications for induced polarization investigation and performance monitoring of iron-wall barriers[END_REF][START_REF] Ward | Redox potential distribution of an organic-rich contaminated site obtained by the inversion of self[END_REF]. This kind of polarization referred also to as membrane electrolytic polarization can be caused by two different processes. The first one is due to constrictions within the pores channels, where the positive charges of the pore fluid build a layer with a thickness up to 100 µm. When a voltage is applied, the thick positively charged layer blocks the flow of ions and produces a potential difference across the constriction zone (Figure 3.3). The second process is due to the presence of negatively charged clay particles which attract the positive ions of the pore fluid and form an electrical double layer. This layer acts as an impervious membrane which blocks the flow of other ions and causes the polarization of the medium (Figure 3.4). [START_REF] Reynolds | An Introduction to Applied and Environmental Geophysics[END_REF].

The IP can be measured in both time and frequency domains. The frequency domain IP investigates the influence of soil polarization on the phase shift between the current signal and the voltage. The time domain IP measurement is acquired by injecting current and then measuring the decay of the primary voltage 𝑽 𝒑 (with time) after switching off the current source. The observed voltage doesn't drop off to zero directly after switching off the source, but instead, it drops to a secondary voltage 𝑽 𝒔 which is lower than 𝑽 𝒑 . The secondary voltage diminishes with time in a rate which depends on the polarization of the medium (Figure 3.5). The IP effect in the time domain is measured by the chargeability m which is defined as the ratio between the secondary and the primary voltages 𝑽 𝒔 and 𝑽 𝒑 :

𝑚 = 𝑉𝑠 𝑉𝑝 . ( 13 
)
The value of 𝑽 𝒑 depends on the selected time on the potential decay curve (t). Therefore, in the field, m is measured as the integrated apparent chargeability (Ma). Ma is defined as the area under the decay potential curve and is obtained from the integral of the decaying secondary voltage Vs (t) over a time interval on the discharge curve (𝑇 1 to 𝑇 2 ), divided by the primary voltage 𝑽 𝒑 :

𝑀 𝑎 = 1 𝑉 𝑝 ∫ 𝑉 𝑡 (𝑑𝑡) 𝑇2 𝑇1 . ( 14 
)
Dividing the integrated apparent chargeability Ma by the electrical resistivity 𝝆 gives the normalized chargeability 𝑴 𝑵 which quantifies the amplitude of polarization:

𝑀 𝑁 = 𝑀 𝜌 . ( 15 
)
𝑴 𝑵 is independent of the bulk electrical resistivity and more sensitive to geochemical conditions such as the groundwater electrical conductivity [START_REF] Slater | IP interpretation in environmental Investigations[END_REF].

Measurement Principles

Several types of investigations that aim to obtain the distribution of electrical resistivity and chargeability of the subsurface can be conducted by using the electrical resistivity method. The method employs a certain number of quadripoles to inject the current and then measure its corresponding potential difference. The obtained potential difference is then used to calculate the electrical resistivity which is sensitive to different chemical and physical parameters of the subsurface (as described earlier in the theory section). Induced polarization measurements are also done by measuring the decaying potential as a function of time after turning off the electrical current source. In the one-dimensional approach, two potential electrodes are fixed at a defined distance, whereas the distance between two current electrodes is gradually increased. The apparent electrical resistivity is then obtained and plotted against the electrodes spacing on a log-log plot. This will result in 1-D vertical information at the midpoint between the potential electrodes.

To get information about the horizontal and lateral apparent resistivity distributions, one should conduct 2-D studies referred to as electrical resistivity tomography (ERT). The ERT approach works in a similar manner to the 1-D approach with the difference that the electrodes are moved across a profile line (Figure 3.6). The distance between the current and potential electrodes is fixed and the electrodes are moved progressively along a profile line where measurements are recorded at each position. This is repeated again for different electrodes spacings until the maximum electrodes spacing is reached. For research purposes, this mechanism is done automatically by the field electrical resistivity meter (e.g., Syscal Pro) and the output will be a cross-sectional 2-D profile showing the lateral and vertical changes of electrical resistivity in the subsurface (Samouëlian et al., 2005). Before a field survey is conducted, it is important to define measurement settings, particularly the type of the configuration array which determines the geometry of the current and potential electrodes. The choice of an array depends on the type of the desired information such as the depth of investigation and the spatial and lateral resolutions. Different configuration arrays are available and are described in many previous studies (e.g., [START_REF] Loke | Recent developments in the direct-current geoelectrical imaging method[END_REF]. The data acquired by the different arrays differ in parameters such as the depth of investigation, signal strength and horizontal and vertical data coverage. The parameter that defines a configuration array is the geometric factor K, which is defined by the electrodes spacing a and the number of data levels n. The different arrays and their corresponding K factors are depicted in Figure 3.7. In the dipole-dipole array, the dipole of the injection electrodes is placed on one side and the dipole of the measurement electrodes on the other side. The distance between the electrodes of each dipole is a and the distance between the two dipoles is "n.a". For a wenner array, the electrodes are asymmetrically arranged, with the potential electrodes between the current electrodes with an equal distance a between the four electrodes.

Figure 3.8 shows the sensitivities of both the wenner and dipole-dipole arrays. The sensitivity describes the degree at which a change in the subsurface resistivity at a certain location with respect to the quadripole can be detected by the measurement. The wenner array has horizontal high sensitivity contours directly beneath the quadripole center (between C1 and P1). Therefore, it is more sensitive to horizontal changes in resistivity values. On the contrary, the dipole-dipole array shows high sensitivity values in the vertical direction and on the sides below the two dipoles (C1-C2 and P1-P2). Therefore, it is more sensitive to resistivity changes in the vertical direction. The dipole-dipole array has a higher depth of investigation compared to the wenner array, whereas the wenner array has a lower signal to noise ratio and provides a better resolution at shallow depths (Figure 3.9).

Chapter 3 Geophysical Methods To get the desired information about the apparent resistivity and chargeability distributions in the subsurface, a Syscal Pro resistivity meter from IRIS instruments was used. The Syscal Pro is an automated resistivity meter for dc electrical surveys and is commonly used in surveys dealing with groundwater exploration and structural geology investigation (www.iris-instruments.com). The following equipment was used during the ERT surveys:

 Syscal Pro resistivity meter  Multi-core cables  Connection cables  Crocodile clips  Steel electrodes  Small hammer  Laptop  Connection boxes
After mapping out the profiles by using a measuring tape, a number of steel electrodes were planted in the ground with a constant electrodes spacing (Figure 3.10). Multi-core cables were then laid down parallel to the electrodes in a way that each node is facing one of the electrodes. Crocodile clips were then used to connect the electrodes to the cable nodes, taking into account that each cable takes up to 18 electrodes. The cables were then connected to the Syscal Pro resistivity meter channels after taking the electrodes order into consideration. The field measurement configuration was done by the software Electre Pro which allows adjusting parameters such as the number of electrodes, electrodes spacing, type of configuration array, injected current intensity, number of data levels, number of stacks per measurement and time of data acquisition. The number of electrodes and the electrodes spacing used were chosen according to the required resolution and penetration depth, taking into consideration that the depth of investigation increases as the size of the profile increases.

A field laptop was used to upload the measurement setup file done by Electre Pro into the resistivity meter system. Prior to starting the data acquisition, the electrical contact between each electrode and the ground was checked by using an option available in the Syscal Pro system. Water and salt were added in cases of poor electrical contact and small holes were drilled in the areas were asphaltic layers were encountered. In this case, bentonite mud was added to the holes before placing the electrodes in order to improve the electrical contact. Areas where pipes are present in the subsurface were avoided as much as possible to avoid the effect of the pipes on the geophysical data acquisition and interpretation processes. 

Data processing a. Filtering

The ERT profiles collected in the field were first filtered by the software Prosys 2, where bad and negative data points were manually removed before saving the file in the Res2Dinv format. The second filtering step was done by using the option "exterminate bad data points" in the inversion software Res2Dinv (Figure 3.11). This step allows the removal of points which have apparent resistivities much higher or lower than points which are at the same data level. These bad data points could result from poor electrical contact between the electrodes and the ground surface, or due to system failure and very humid conditions. For filtering the IP data, the potential decay curves were analyzed and those with anomalous behaviors were removed. 

b. Inversion

The ERT profiles acquired in the field constitute of the distribution of apparent electrical resistivity. This is not an explicit measurement of the electrical resistivity due to contributions from the heterogeneous transmitting medium and from the electrodes geometry and positions. Therefore, an inversion algorithm is needed to calculate the distribution of the real electrical resistivity.

There exist several available softwares which can perform this inverse problem. One of these is Res2Dinv, a commercially available software (Loke and Barker, 1996). Res2Dinv creates a 2-D model of rectangular blocks by using the field data. The arrangement and size of the blocks are generated according to the distribution of the field data points. The maximum depth of the model is set approximately to the maximum measurement depth according to the largest electrodes spacing used. The forward modeling relies on the use of the finite difference or finite element method for the numerical computation of the electrical resistivity. A nonlinear least squares optimization technique with a smoothing constraint is used to invert the apparent resistivity section into a real resistivity section showing the lateral and vertical distributions of electrical resistivity in the subsurface (Figure 3.12). The inversion algorithm tries to minimize the cost function between the calculated apparent resistivity distribution and the resistivity measured at the field by using several iteration steps until it gets the best fit. The error of the inverted resistivity model is given as a root main square error (RMS):

Chapter 3 Geophysical Methods 𝑅𝑀𝑆 = √ 1 𝑛 ∑ (𝑟 𝑖 𝑚𝑒𝑠 -𝑟 𝑖 𝑚𝑜𝑑 ) 2 𝑛 𝑖=1 , ( 16 
)
where n is the number of data points, 𝒓 𝒊 𝒎𝒆𝒔 is the apparent resistivity data measured at the field and 𝒓 𝒊 𝒎𝒐𝒅 is the apparent resistivity data calculated by the model. An RMS error below 10 % is considered to be acceptable. During the inversion, the first adjusted parameter was the damping factor which should be higher for noisy data sets. The initial damping factor was set to 0.160 while the minimum damping factor was set to 0.015. For more noisy data, particularly those of the dipole-dipole array the initial damping factor used was 0.25 and the minimum factor used was 0.1. The second parameter was the mesh grid size. For noisy data sets, it was better to use 4 nodes per unit electrodes spacing. This renders the inversion slower but produces more accurate values. For this reason, a number of 4 nodes per unit electrodes spacing was set for the dipole-dipole data, while 2 nodes per unit electrode spacing was set for the wenner array data. For more accurate results and because the smallest values were 10 times smaller than the largest apparent resistivity values in some cases, the Jacobian matrix was set to be calculated for all the iteration steps during the inversion process. Two inversion methods were used, these are the robust constrained and the conventional least square inversion methods. The robust constrained inversion produced results with lower RMS errors compared to the conventional least square inversion method.

Ground penetrating radar

Ground penetrating radar (GPR) is another geophysical method which is commonly used in various environmental domains such as hydrogeology, geology and archaeology [START_REF] Bristow | Ground Penetrating Radar in Sediments[END_REF][START_REF] Hubbard | Hydrogeophysics[END_REF]. The GPR is a high frequency electromagnetic method which scans the earth's interior by sending pulses of electromagnetic waves into the subsurface (Annan, 2002(Annan, , 2003;;Neal, 2004). These waves encounter changes in the subsurface dielectric properties before they are reflected back to the surface and captured by a receiver. Recent developments demonstrated the GPR method as an efficient tool which can be used to study hydrocarbon contamination in soil systems (e.g., Atekwana et al., 2000;Cassidy, 2007).

Theory

The radar wave velocity 𝒗 in different materials is determined by the dielectric permittivity 𝜺, which is the measure of electric charge polarization triggered by the application of an electrical field on a medium:

𝑣 = 1 √ 𝜇𝜀 , ( 17 
)
where 𝝁 is the magnetic permeability. The dielectric constant 𝒌 (also called relative dielectric permittivity) is commonly used to describe the dielectric behavior in geological materials and increases as the water content increases. 𝒌 is obtained by dividing the dielectric permittivity 𝜺 by the permittivity of vacuum 𝜺 𝟎 :

𝑘 = 𝜀 𝜀 0 . ( 18 
)
As the near surface sediments are considered to be nonmagnetic, the magnetic permeability 𝝁 is assumed to be constant. Therefore, the radar electromagnetic wave velocity can be written as:

𝑣 = 𝑐 √𝑘 , ( 19 
)
where c is the velocity of light in vacuum (0.3 m/ns). The GPR provides better spatial resolution in comparison to the electrical resistivity method, but it has a limited depth of penetration depending on the lithology and sediments composition. The penetration depth of the GPR wave is controlled by the electrical conductivity 𝝈 which contributes strongly to the attenuation constant 𝜶 (m) of the radar signal by the following equation:

𝛼 ≈ 𝜎 2 √ 𝜇 𝜀 . ( 20 
)
Soil systems with high clay content have a high electrical conductivity which can produce a high attenuation constant. Therefore the GPR has a limited depth of penetration in clayey soils in comparison to clay-free soils such as those consisting of sand and gravel.

Measurement principles

GPR surveys can be conducted in two different modes, the transillumination mode and the reflection mode (Annan and Cosway, 1992). Reflection surveys are the most commonly used in geological applications and can be employed in two modes, the common-offset mode and the multi-offset common midpoint (CMP) mode. In the common-offset mode, the GPR system consists of a transmitter and a receiver having fixed separation (offset) and orientation at each measurement point (Figure 3.13a).

The measurements are taken at regular station intervals ∆(𝑥) as the GPR system is moved over the surface. The transmitter antenna generates an electromagnetic pulse into the ground, while the receiver antenna captures the reflected, diffracted and direct waves which are transmitted back to the surface. The movement of the device from one measurement point to another provides many traces on a profile line referred to as the radargram (Figure 3.13b). The radargram represents the amplitude and time of arrival of each wave (two way travel time) as a function of distance. Therefore, the subsurface reflectivity is mapped versus the spatial position, where variations in reflections amplitudes and time delay reflect variations in velocity, attenuation and electromagnetic impedance. The GPR records reflections from subsurface features which could be stratigraphic (e.g., geological interfaces, groundwater table, etc.) or buried structures (tunnels, pipes, concrete slabs, etc.) on a 2D profile. The shape of the obtained reflections can give information about the detected structure. For example, as shown in the radargram of Figure 3.13, a point reflector (e.g., buried pipe) will produce a hyperbolic reflection, while a plane reflector (e.g., geological interface, groundwater table, etc.) will produce a continuous reflection having a shape that reflects the topography of the detected interface.

The parameters which control the common offset mode measurement are the time window, the fixed antenna spacing, the antenna orientation, the time sampling interval and the system central frequency. The CMP mode is similar to the seismic refraction method and differs from the common-offset mode by that the antenna spacing is varied. The CMP measures the change in the two way travel time to estimate the radar signal velocity versus depth. The GPR profiles acquired in this project were carried out by using the common-offset mode. A Mala Geosciences GPR system composed of a shielded antenna comprising the transmitter and the receiver in a single housing was used (Figure 3.14). The design of the shield ensures receiving and emitting signals only from the bottom of the housing which is in contact with the ground surface. This protects the receiver from external noise signals, especially in industrial sites where electromagnetic signals sources could be encountered frequently. A Mala X3M integrated control unit is attached to the antenna, in addition to a 300 mm distance measuring wheel that controls the data collection at user's defined distance intervals. 100 MHz and 250 MHz antennas were used and the measurements were done by using a wheel mode with a recording interval of 0.10 meters, a time window ranging between 200 and 600 ns and a number of 512 stacks per trace. Prior to data acquisition, each profile line was marked by a rope and a measuring tape to ensure straight profiles with precise lengths. The ground surface was cleaned from rocks and metals which could perturb the radar signal. The ground surface was also insured to be as flat as possible to avoid effects of the topography variation in the radar measurements. The Mala Geoscience GPR system used to acquire the GPR data. The system contains a shielded antenna, a control unit (X3M), a distance measuring wheel and a field laptop.

Data Processing

The data acquisition was followed by the following processing steps: 

Self-potential

The self-potential (SP) method is a passive geoelectrical technique which differs from the electrical resistivity method by that it doesn't require injecting electrical current into the subsurface. The method detects naturally occurring electrical currents by measuring the electrical potential difference between a reference electrode and a measurement electrode at the ground surface. These natural currents which could be generated by different internal current sources can produce several types of self-potential signals such as the streaming potential, the thermoelectric potential, the electrochemical potential and the mineralization potential.

Theory

The self-potential signal is related to electrical charges polarization which is generated by non-equilibrium thermodynamic processes in a porous medium. The source current density which produces the SP signal could be generated through: (1) groundwater flow processes (electrokinetic component, e.g., Jardani et al., 2006) or by electrochemical processes such as oxidoreduction reactions (Nyquist and Corry 2002;Naudet et. al., 2003) and temperature gradients (Revil et al., 2013). In the subsurface, the self-potential anomaly is based on the total current density 𝑱 which is the sum of the conductive current term 𝝈𝛁𝝋 and the net source current density 𝑱 𝒔 :

𝐽 = -𝜎𝛻𝜑 + 𝐽 𝑠 , (21) 
where the conductive current term is described by Ohm's law and is the product of the natural electrical potential φ (referred to as the self-potential) and the medium electrical conductivity σ.

The term 𝑱 𝒔 represents the total source current density described as the sum of the electrokinetic and redox components:

𝐽 𝑠 = 𝜎(-∇𝐸 𝐻 + 𝐶∇ℎ) , ( 22 
)
where 𝑪 is the electrokinetic coupling coefficient and 𝒉 is the hydraulic head (in m). The electrokinetic contribution or the streaming potential is associated with the flow of water in porous media. The electrical signal is generated as the water current drags the excess electrical charges coating the mineral surfaces in the electrical diffuse layer (at the fluid-mineral interface) (Revil et al., 2003;Jardani et al., 2006). 𝑬 𝑯 is the redox potential (in mV) which constitutes the electrochemical potential part of the signal. According to the charge conversion law the equation of the current density can be written as:

∇. 𝐽 = 0 . ( 23 
)
The electrical field is the solution of the following Poisson's equation,

∇. (𝜎∇𝜑) = ∇. 𝐽 𝑠 . (24)

A first order approximation of the Fournier equation (Fournier, 1989) which relates the selfpotential signal to the variation of hydraulic heads has been expressed by Revil et al. (2003):

𝜑 -𝜑 0 = 𝐶 ′ (ℎ -ℎ 0 ) , (25) 
where 𝝋 and 𝝋 𝟎 are the electrical potentials at the measurement and base stations respectively. 𝒉 and 𝒉 𝟎 are the hydraulic heads at the measurement and base stations respectively and 𝑪 ′ is the electrokinetic coupling coefficient. The removal of the electrokinetic component from the electrical potential 𝝋 will result in the residual potential 𝝋 𝑯 which can be related to the redox potential by the following linear approximation:

𝜑 𝐻 -𝜑 0 = 𝐶 𝐻 (𝐸 𝐻 -𝐸 0 ) , ( 26 
)
where 𝑪 𝑯 is the redox coupling coefficient and 𝑬 𝑯 and 𝑬 𝟎 are the redox potential measurements at the measurement and base stations respectively.

Measurement principles

In this study, the self-potential measurements were done by using two non-polarizable (Pb-PbCl2) Petiau electrodes. The first electrode is fixed and referred to as the reference electrode, whereas the second electrode can move into different measurement points with a rolling wire (Figure 3.16). The used electrodes are rods of lead suspended in porous containers supersaturated with KCL/PbCl2 solutions. The electrodes were placed in small holes filled with bentonite mud during the measurements. This ensures good electrical contact between the soil and the nonpolarizable electrodes (Jardani et al., 2006). The potential difference at each point was measured by using a high input impedance (10 MΩ) voltmeter (MX20) which was connected to the electrodes through the rolling wire. Each measurement was repeated several times at each point until a stable value was reached.

Figure 3.16:

The self-potential method measurement principles. Two electrodes are used, the first one is the measurement electrode and has a fixed location, whereas the second one is the measurement electrode and is moved to different measurement points by using a rolling wire.

Magnetic Susceptibility

Magnetic susceptibility (MS) of a natural material is a measure of its degree of magnetization in the presence of a magnetic field (Morris et al., 1994). All natural substances are considered magnetic, with various degrees of magnetic strength. Magnetic materials are divided into three categories according to their degree of magnetization: diamagnetic, ferromagnetic and paramagnetic. Ferromagnetic substances have the strongest magnetism of all and are considered true magnetic materials. Ferromagnetism is a result of the magnetic moments alignment of all the atoms in the crystal lattice through interactions of electron orbitals. Iron is among the most abundant ferromagnetic materials, as it occurs in many oxides such as magnetite and hematite, and in some sulfides such as greigite and pyrrhotite [START_REF] Mullins | Magnetic susceptibility of soil and its significance in soil science -a review[END_REF]Thompson and Morton, 1979). Therefore, the magnetic susceptibility method is sensitive to changes in the iron-mineral content of sediments [START_REF] Thompson | Environmental magnetism[END_REF]. As mentioned before in section 1.6.2, Chapter 3 Geophysical Methods biophysicochemical processes associated with the biodegradation of hydrocarbons may induce changes in the iron mineral content of sediments, which can be displayed as changes in the magnetic susceptibility signatures (Kappler and Straub, 2005;Lovley and Anderson, 2000;Weber et al., 2006). Therefore, the MS method can be used as a fast and cost-effective indicator of biodegradation in hydrocarbon contaminated sediments (Mewafy et al., 2011;Rijal et al., 2010Rijal et al., , 2012)).

Theory

The MS can be determined as volume magnetic susceptibility, defined as the ratio between the induced magnetization per unit volume and the applied magnetic intensity. The MS can also be displayed as mass specific magnetic susceptibility obtained by dividing the volume magnetic susceptibility by the density of the material (Thompson and Morton, 1979). The magnetic state of a soil sample is generally described by the following equation:

𝐵 = 𝜇 0 (𝐻 + 𝑀) , ( 27 
)
where B is the sample flux density in Tesla (T), 𝝁 𝟎 is the permeability of free space (4𝜋 × 10 -7 ),

H is the intensity of the applied electrical field (in Am -1 ) and M is the sample magnetization (in Am -1 ). Dividing by H, we get:

𝜇 = 𝜇 0 + 𝜇 0 𝐾 , ( 28 
)
where 𝝁 is the permeability of the sample (in Am -1 ) and 𝑲 is the magnetic susceptibility of the sample volume (dimensionless). Therefore, the equation can be written as:

𝜇 0 𝐾 = 𝜇 -𝜇 0 . ( 29 
)
Having the relative permeability 𝝁 𝒓 defined as the ratio between the permeability of a material and the permeability of vacuum:

𝜇 𝑟 = 𝜇 𝜇 0 , (30) 
the bulk volume magnetic susceptibility can be directly related to the relative permeability through the following equation:

𝐾 = 𝜇 𝑟 -1 . (31)

Measurement principles

The MS sensor consists of an oscillator having very high thermal stability, with an inductor which determines the oscillation frequency according to changes in the permeability. When the inductor contains only air, 𝝁 𝟎 value determines the oscillation frequency. When the inductor is in contact with a soil sample, the μ value determines the oscillation frequency. The values of 𝝁 𝟎 and μ are recorded and then the value of magnetic susceptibility is calculated. Soil samples and soil Chapter 3 Geophysical Methods cores mainly composed of sand were collected by advancing a core barrel with a PVC liner ahead of a drilling stem. The cores were preserved in coolers and transported to the lab, oven dried, sieved and analyzed for MS by using a Bartington MS2 magnetic susceptibility meter (Figure 3.17). We conducted the measurements by using an interval of 0.5 cm and the device was calibrated after each measurement to minimize the drift and maintain a valid measurement. To get high accuracy measurements, the sensor was kept 10 secs at each point and each measurement was repeated several times. (2) Université de Rouen, UMR 6014 CNRS COBRA SIMA-IUT Evreux 55 rue Saint Germain, Evreux, France.
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Introduction

Hydrocarbon contamination of the shallow subsurface remains a major environmental concern. The task of delineating contamination plumes as well as studying their impact on the soil and groundwater biogeochemical properties is needed to support the remediation efforts and plans. Often, the characterization of hydrocarbon contamination is performed by chemical analysis of soil and groundwater samples. This invasive technique leads to a limited number of investigations and involves a high cost. Geophysical methods hold great promise as cost-effective and noninvasive tools, which can be used in hydrocarbon contamination studies. As such, geophysical methods, including electrical resistivity tomography (ERT), induced polarization (IP), ground penetrating radar (GPR) and self-potential (SP) have been successfully used to characterize contaminant plumes and investigate their impact on soil and groundwater properties (Arora et al., 2007;Atekwana et al., 2000Atekwana et al., , 2002Atekwana et al., , 2004b;;Benson et al., 1997;Campbell et al., 1996;Glaser et al., 2013;Werkema et al., 2003).

At the initial stage of contamination, fresh spills are suggested to be associated with an increase of the bulk electrical resistivity and GPR wave velocities in contaminated sediments. This assumption is based on the partial replacement of water in the pores by petroleum hydrocarbons, which exhibit higher electrical resistivity and lower relative permittivity (2-3) compared to water saturated sediments (20-30 for sand) and clean water (80) (Atekwana and Atekwana, 2010;[START_REF] Mazac | Determination of the extent of oil contamination in groundwater by geoelectrical methods[END_REF]DeRyck et al., 1993). Such assumption received wide support from field studies and controlled spills laboratory experiments that reported enhanced GPR reflections (e.g., Campbell et al., 1996;Benson, 1995) and high electrical resistivity anomalies (e.g., DeRyck et al., 1993;Schneider and Greenhouse, 1992) at hydrocarbon contaminated sites. Conversely, Sauck et al. (1998) suggested a change in the electrical response from resistive to conductive due to a variety of biogeochemical processes associated with aged hydrocarbon contamination. This temporal change in the resistivity response was mainly attributed to the increase in the concentration of total dissolved solids (TDS) in pore fluids. The increase in TDS concentrations was related to enhanced mineral dissolution by biodegradation byproducts during the bacterial degradation of hydrocarbons (McMahon et al., 1995). This hypothesis was supported by geochemical studies that reported highly conductive groundwater below hydrocarbon plumes (Baedecker et al., 1987;Baedecker et al., 1993;Eganhouse et al., 1993), as well as by geophysical studies that showed low electrical resistivity anomalies (e.g., Atekwana et al., 2000;[START_REF] Atekwana | Biodegradation and mineral weathering controls on bulk electrical conductivity in a shallow hydrocarbon contaminated aquifer[END_REF]Sauck et al., 1998, Sauck, 2000;Shevnin et al., 2005) and attenuated GPR reflections (Atekwana et al., 2000;Bermejo et al., 1997) at hydrocarbon contaminated sites.

However, the high resistivity response associated with the presence of hydrocarbons can last after decades of the contamination event (e.g., Benson et al., 1997;[START_REF] Petterssen | Environmental geophysics at Scott Base: ground penetrating radar and electromagnetic induction as tools for mapping contaminated ground at Antarctic research bases[END_REF][START_REF] Tezkan | A radiomagnetotelluric survey on an oilcontaminated area near the Brazi Refinery, Romania[END_REF]. [START_REF] Petterssen | Environmental geophysics at Scott Base: ground penetrating radar and electromagnetic induction as tools for mapping contaminated ground at Antarctic research bases[END_REF] attributed the resistive response of an aged contaminant plume (46 years old) to the extreme cold weather which could have inhibited the bacterial activity at the site. Even if the contamination is aged, biodegradation occurs only when appropriate moisture and nutrient conditions are available for the bacterial populations that are capable of degrading hydrocarbons [START_REF] Haack | Microbial populations in contaminant plumes[END_REF]. The application of geophysical techniques at hydrocarbon sites over the last two decades has yielded dramatically variable results. This is due to the fact that geophysical attributes are affected by factors related to the contaminant (e.g., type of hydrocarbons and their distribution relative to air and water) and by factors related to the contaminated environment (e.g., geological and biological conditions). Therefore, testing the ability of geophysical methods to characterize the contamination is a crucial task before their use in a remediation plan.

The electrical resistivity method is sensitive to changes in both the pore-fluid and mineralfluid interface chemistry, but it is not able to differentiate between the relative contributions of these two mechanisms to the bulk electrical resistivity (Atekwana and Atekwana, 2010). The diffusion controlled polarization processes which occur at the mineral-fluid interface, induce significant changes in the low frequency capacitive properties of sediments which could be measured by the IP method [START_REF] Allaud | Schlumberger, The history of a technique[END_REF]. The sensitivity of the IP phenomena to microbial mediated chemical changes at the mineral-electrolyte interface makes the method ideal for investigating bio-physico-chemical changes due to hydrocarbon contamination [START_REF] Slater | IP interpretation in environmental Investigations[END_REF][START_REF] Sogade | Induced polarization detection and mapping of contaminant plumes[END_REF][START_REF] Aal | Effect of bioclogging in porous media on complex conductivity signatures[END_REF].

The self-potential (SP) method is another geophysical technique, which can be used to monitor hydrocarbon plumes undergoing biodegradation of the contaminant mass (e.g., [START_REF] Minsley | Three-dimensional self-potential inversion for subsurface DNAPL contaminant detection at the Savannah River Site, South Carolina[END_REF]. Bacterial biodegradation of hydrocarbons induces changes in the groundwater redox conditions which result in the creation of zones with different redox potentials. This leads to the establishment of redox gradients that produce an electrochemical source for the SP signal through natural geobattery processes [START_REF] Béhaegel | Geophysical measurements on an ancient coking plant contaminated by tar[END_REF]Naudet et al., 2003Naudet et al., , 2004;;Naudet and Revil, 2005;Timm and Möller, 2001). In the light of the above hypothesis, significant negative SP anomalies have been observed at hydrocarbon contaminated sites and a linear correlation was established between self-potential signals and redox potential measurements (Hämmann et al., 1997;Nyquist and Corry, 2002;Naudet et al., 2003;Arora et al., 2007;Rittgers et al., 2013).

The impact of the contamination on each geophysical signal depends on the biological and chemical processes occurring at the site. For example, a study performed by [START_REF] Blondel | Case study of a hydrocarbon contaminated site using the spectral induced polarization method: contribution of laboratory measurements for the interpretation of field results[END_REF] did not observe any modifications between the contaminated and clean areas for normalized chargeability. The contamination did not influence the capacitive part of the conduction, which is controlled by chemical changes at the mineral-fluid interface. In contrast, the contamination influenced the ohmic part of the conduction, which is controlled by changes in the pore fluid chemistry. This was inferred by observing low resistivity anomalies in the impacted zones. Naudet et al. (2004) applied the combination of SP and ERT and successfully delineated the extent of a contaminant plume in the Entressen landfill (France). The authors used electrical conductivity values from a 2D-electrical resistivity survey to produce a map of fluid conductivity showing the position of the contaminant plume. Successively, they used the obtained residual SP distribution to produce a map of redox potential which was able to delineate the redox front of the plume. The groundwater electrical conductivity changes were attributed to bacterial processes that were evidenced by the recorded SP anomalies, which were considered to be driven by redox gradients established during the biodegradation process. Additionally, the vertical and horizontal resolutions of each geophysical method play an important role in the detection of changes induced by the presence of hydrocarbon contamination. Sauck et al. (1998) used the GPR shadow zones to map the transverse extent of a hydrocarbon plume in the downgradient locations where the contamination is only in the dissolved phase. The study concluded that the GPR higher resolution compared to ERT can provide more information about the small vertical heterogeneities, which were not detected by the ERT technique.

These investigations illustrate that each geophysical method is sensitive to a certain geochemical parameter and has a different resolution. Therefore, the combination of different geophysical techniques would be the best way to obtain complementary data sets that can reduce the ambiguities in the geophysical interpretations and constrain the solution by providing insight on the different mechanisms that might modify the subsurface biogeochemical properties. Furthermore, the man-made structures which are commonly encountered at industrial sites introduce limitations to the use of certain geophysical methods. For example, ERT surveys cannot be easily conducted in areas with an asphaltic layer, while GPR surveys can. Thus, the use of different methods can cover larger areas in industrial sites.

To the best of our knowledge, there are only few studies that have investigated the geophysical response or recorded consistent results from the four different geophysical methods for the same site and field conditions. In this study, four geophysical methods including ERT, IP, GPR and SP were combined to define the type of geophysical response of a hydrocarbon impacted site with at least 80 years of spillage history. The geophysical data were compared by geochemical point measurements to evaluate the relationship between the distribution of geochemical parameters and the observed geophysical signatures. In addition, the study investigates the adverse effects of the contamination on the soil and groundwater biogeochemical conditions. As discussed earlier, the geophysical response can vary dramatically depending on each site environmental conditions. Therefore, this study is designed to evaluate the ability of the geophysical methods to characterize the contamination at a part of the contaminated site. This aims to find a good combination of non-intrusive and low cost methods which can be used to follow the remediation process on the whole site by providing large scale information in a fast way.

Study site

The study site was an abandoned petroleum refinery located North-West to Paris (France) and situated on an alluvial plain of the Seine River. The site was contaminated by diverse hydrocarbon products, including light non-aqueous phase liquid (LNAPL) and dense non-aqueous phase liquid (DNAPL) through leakage from tanks and pipelines over the refinery operating years (Figure 4.1). The activities of the refinery started at the beginning of the 20's century and dealt with various petroleum products such as bitumen, kerosene, oil, heavy fuel and benzene. The seepage of LNAPL and DNAPL products into the subsurface resulted in three contamination phases: a dissolved phase, a free phase and a residual phase. The dissolved phase was detected deep in the aquifer and spreads down to a depth of approximately 25 m. The free phase has a thickness varying from 1 to 100 cm and the residual phase is present mainly at the source zones. However, the groundwater table fluctuations resulted in the presence of the residual phase away from the source zones as the groundwater table and the extended free phase plume rise and drop due to the river high and low tides. It is important to note that not all the contamination source zones are known due to the long history of contamination and due to changes in the refinery structures (i.e., tanks and pipelines) locations associated with almost 85 years of refining activity.

In terms of geology, the first 2 m constitutes an anthropogenic layer composed of sand and coarse grain diameter gravel. A layer of fine to medium sand coarsening to gravel underlays the anthropogenic layer. This layer has an average thickness ranging between 8 and 25 m. An alluvial unconfined aquifer exists in the sand and gravel layer at a depth ranging from 4 to 11 m. The alluvial aquifer is underlain by a chalk aquifer which starts at a depth ranging between 11 and 25m. The groundwater flow direction is from the South-East to the North-West towards the River.

Methods

Geochemistry

A series of analyses have been conducted on groundwater samples including: head space gas chromatography/mass spectrometry (GM/MS) to quantify the volatile C5-C10 hydrocarbons, the BTEX (benzene, toluene, ethylbenzene and xylene) and the halogenated volatile organic compounds; hexane extraction and gas chromatography/flame ionization detector (GC-FID) to quantify the total C10-C40 hydrocarbons and the standard method (ASTMD6209-13) to quantify the polycyclic aromatic hydrocarbons (PAH). Investigations of the TDS, dissolved oxygen and groundwater electrical conductivity (GEC) were accomplished by placing INW (Instrumentation NorthWest) smart sensors in the site boreholes. Additionally, in-situ redox potential measurements were conducted on groundwater samples taken from the boreholes.

Geophysics a. Electrical resistivity tomography and induced polarization

The ERT method comprises injecting direct current into the subsurface by using current electrodes, and then, determining the spatial distribution of apparent electrical resistivity by measuring the electrical potential difference between potential electrodes (Loke and Barker, 1996). A Syscal Pro system was used to obtain six two-dimensional (2D) ERT and IP profiles. These profiles were acquired according to the contaminants distribution in groundwater (Figure 4.2), where one profile was conducted in the clean zone (P6), two profiles were conducted in the Chapter 4 Geophysical and Geochemical Characterization of a Site Impacted by Hydrocarbon Contamination Undergoing Biodegradation (Paper 1) contaminated zone (P1 and P4) and three profiles extended from the clean to the contaminated zone (P5, P8 and P9). An additional profile was conducted in a clean area outside the contaminated site and will be considered as a background profile.

The measurements were performed by using wenner and dipole-dipole arrays and with an electrode spacing of 2 m. The data collected in the field were filtered and processed using the computer software Res2Dinv (Loke and Barker, 1996). This program uses the field data to determine 2D models of electrical resistivity and chargeability in the subsurface (Griffiths and Baker, 1993). These models are subdivided into several small blocks and a least-square inversion technique is used to retrieve the resistivity and chargeability values of each block with a smoothness constraint. Additionally, the obtained IP data were normalized by the inverted electrical resistivity data to get profiles of the normalized chargeability.

b. Ground penetrating radar

Ground penetrating radar (GPR) is a high frequency electromagnetic method which operates by sending pulses of electromagnetic waves into the subsurface. These waves encounter changes in the subsurface dielectric properties and, afterward, they are reflected back to the surface, where they are captured by a receiver (Neal, 2004). The GPR survey, discussed in this paper, was carried out by using a Mala Geosciences GPR system consisting of a shielded antenna, a Mala X3M integrated control unit and a 300 mm distance measuring wheel that controls the data collection at user's defined distance intervals. The 250 MHz antenna was chosen after field testing with both 100 MHz and 250 MHz antennas, where the 250 MHz antenna provided the best image quality with the required penetration depth.

Four 2D GPR profiles were acquired by using a wheel mode with a recording interval of 0.10 meters, a time window of 450 ns and a number of 512 stacks per trace. The 4 GPR profiles (P1, P4, P6 and P8) were acquired along the ERT profiles to provide a joint interpretation of the data produced by the two geophysical methods. The data acquisition was followed by the following processing steps: (i) dewow filtering to remove the initial direct current signal component and its subsequent low frequency trend; (ii) background removal; (iii) time-zero correction to overcome the time zero point jump (caused by equipment instability) and find the true ground surface reflection; (iv) band-pass filtering to remove the low and high frequency components, where the pass region used was between 50 and 350 MHz and (v) to improve the visual quality of the data, it was necessary to multiply the traces by a gain function that overcomes the effects of geometrical spreading losses.

c. Self potential

Two non-polarizable (Pb-PbCl2) Petiau lead electrodes suspended in porous containers and supersaturated with lead chloride solutions were used to collect the self potential data. The first electrode is the reference electrode which has a fixed location. The second electrode is the measurement electrode which is moved across different locations by a rolling wire. The location of the reference electrode was chosen in the clean zone and was common for all the measurement stations. To ensure a good electrical contact between the electrodes and the resistive surface sediments, small holes were dug and filled with bentonite mud at the measurements and reference stations (Jardani et al., 2006). The potential difference between the two electrodes was measured by using a high input impedance (10 MΩ) voltmeter (MX20).

A self potential map was acquired in February 2015, by doing the measurements at all possible locations with a random spacing. The zones with no SP measurements correspond to areas where we had no access to, and to areas where buildings and thick asphaltic layers were encountered. Zones where pipelines are present in the subsurface were avoided and anomalies corresponding to such installations were filtered out from the data. The removal of the selfpotential electrokinetic component from the SP field data is important for isolating the SP signal produced by redox processes. This was carried out by computing the electro-kinetic component from the following first order approximation of Fournier's equation expressed by Revil et al. (2003):

redox obs EK         , (1) 
  0 ' EK C h h     , ( 2 
)
where redox  

(mV) is the SP signal due to the redox effect; EK   (mV) denotes the SP signal related to the electrokinetic effect; ' C (mV/m) denotes the electrokinetic coupling coefficient; h (m) is the piezometric head recorded in the different wells and h0 (m) is the piezometric head at the reference station [START_REF] Atangana | Electrical Characterization and Mineralogical Differentiation of a Weathering Cover in the South Cameroon Humid Intertropical Zone using the Self-potential Method[END_REF]. To determine the electrokinetic coupling coefficient, a simple laboratory experiment was performed by using a 50 cm long and 10 cm in diameter graduated plastic tube (Revil and Jardani, 2013). The bottom of the tube was filled with a representative soil sample extracted from borehole B8 (Figure 4.2). Then, contaminated groundwater having an electrical conductivity of approximately 1000 μS/cm was extracted from borehole B8 and injected from the top of the tube. The self potential difference between two nonpolarizable electrodes placed at the bottom and the top of the soil sample was measured at different water head levels with an interval of 5 cm. The output of this experiment was a plot of the potential difference against the water head levels from which the electrokinetic coupling coefficient C' (represented in mV per meter of water head variation) was computed. The results showed a C' value of -4.0±1 mV/m. The C' value was then used to calculate the electrokinetic SP contribution associated with groundwater flow, which was then subtracted from the SP data to produce a map of residual SP. We note that the obtained electrokinetic contribution was determined to be very small in comparison to the self-potential signature associated with redox effects. (B34 and B12) showed concentrations ranging from 1.2 to 4 mg/L. B13 and B11 recorded higher concentrations ranging between 1.6 and 6.1 mg/L. The boreholes located between the North-West and the center of the site (B33 and B9) showed values ranging between 1.3 and 2.6 mg/L. The measurements of C5-C10 hydrocarbons recorded values ranging from 98 to 100 mg/L in B34 and B12. These measurements also recorded values ranging from 13 to 27 mg/L in B13 and B11, whereas it recorded values ranging from 1.4 to 3.7 mg/L in B33 and B9. Zero concentrations of all the measured types of hydrocarbons were recorded in groundwater samples taken from the North-Eastern part of the site (B1, B2, B3 and B4). Therefore, this zone was considered as a groundwater clean zone. Figures 4. 3, 4.4 and 4.5 and Table 1, show the measured groundwater geochemical parameters. The analyses done on groundwater samples taken from the contaminated aquifer boreholes (e.g., B7, B8, B9, B10, B11, etc.) show: TDS concentrations ranging from 300 to 1000 mg/L (Figure 4.3); GEC values ranging from 500 to 2000 μS/cm (Figure 4.4) and low electron acceptors (TEAs) concentrations such as dissolved oxygen (Figure 4.5), sulfate and nitrate (Table 1). In contrast, the analyses done on groundwater samples taken from the clean groundwater zone boreholes (B1, B2, B3 and B4) show: lower TDS concentrations ranging from 50 to 200 mg/L, lower GEC values ranging from 200 to 400 μS/cm and higher concentrations of TEAs. However, boreholes B5, B6 and B34 show lower GEC and TDS values compared to the other contaminated locations. This is attributed to the constant flushing of clean groundwater at the boundary of the plume, which can replace the high salinity contaminated groundwater in the flow direction.

Results

Geochemistry

The redox potential measurements showed negative redox potential values ranging from -10 to -300 mV in the contaminated groundwater boreholes (e.g., -120 mV in B9, -89.4 mV in B10) and positive redox potential values ranging from 1 to 30 mV in the clean groundwater boreholes (e.g., 30 mV in B3 and 18 mV in B1). Temperature values ranging from 12.1 °C to 16.8 °C and pH values ranging from 6.07 to 7.14 were recorded at the whole site. Based on the contamination history (at least 80 years) and on the observed difference in geochemical parameters between the contaminated and the clean samples, it is assumed that sufficient time has elapsed to modify the biogeochemical properties of the subsurface through alteration of hydrocarbon products by bacterial processes.

Geophysics

This section presents the geophysical results and derives primary interpretations by correlating the geophysical data with soil boring profiles. Profile P6, which is located in the clean groundwater zone, shows a high resistivity region extending from near surface into the aquifer, with values ranging from 250 to 500 Ω.m and reflecting background values (Figure 4.7a). This profile was affected by the presence of a metallic pipe which appears as a small low resistivity anomaly located between surface points x=85 m and x=96 m and at a depth of around 2 m. The IP profile P6 shows low normalized chargeability in the aquifer with values ranging from 0.3 to 0.5 mS/m (Figure 4.7b). The high chargeability anomaly located between surface points x=85 m and x=96 m represents the metallic pipe. The GPR profile P6 shows a good reflection pattern reaching a depth of around 8 m, where a fairly continuous reflector representing the water table appears (Figure 4.7c). This reflector is a result of the large change of the relative permittivity from dry sand to saturated sand (Sauck et al., 1998). The GPR profile did not show a reflection from the buried pipe because it was done parallel to the ERT profile and 1 meter away from it due to the presence of dense vegetation.

The geophysical profiles P1 and P4, shown in Figures 4.8 and 4.9, are located within the contaminated area. P1 shows a high resistivity region extending from near surface to a depth of approximately 6 m with resistivity values ranging from 150 to 300 Ω.m (Figure 4.8a). This high resistivity region represents the anthropogenic layer and the sand and gravel vadose zone. Below this zone, the resistivity values decrease to reach approximately 5-30 Ω.m in the aquifer which has a depth of approximately 9 m. The IP profile P1 shows higher normalized chargeability values (1.5 to 5 mS/m) in the aquifer, in comparison to the clean zones' profiles (Figure 4.8b). The most prominent feature in the GPR profile P1 is the region of attenuated reflections (shadow zones) appearing at a depth of 4 m and extending to the bottom of the profile (Figure 4.8c). P4 shows a zone of low resistivity (5 to 30 Ω.m) and high chargeability (1 to 5 mS/m) rising from the aquifer to a very shallow depth and coincident with a region of GPR shadow zones (Figure 4.9). This indicates that the attenuation of GPR reflections may be attributed to the soil enhanced electrical conductivity which can limit the penetration depth of GPR waves (Sauck, 2000). Furthermore, the examination of soil boring data revealed that these attenuation regions in both profiles are coincident with moist and glistening sediments having a darker color and strong gasoline odor. The gradual increase of resistivity values at a depth of approximately 21 m in profile P4 is related to the top of the chalk aquifer which has a depth of around 23 m in this zone (Figure 4.9). value of 400 μS/cm. The low resistivity zone, appearing above the high resistivity one, corresponds to clayey sediments which are present exceptionally in this part of the site. The GPR profile P8 shows a strong reflection pattern with the groundwater table reflector appearing at a depth of approximately 8 m in the clean part of the profile (Figure 4.10c). This reflector disappears in the contaminated part of the profile and the shadow zones appear again starting from a depth of 4 m, and between surface points x=75 m and x=120 m. The shadow zones, which appear above the water table in the clean part of profile P8 and in profile P6, are related to the conductive clayey sediments present in this part of the site. Additionally, profile P8 shows a change of SP values from positive in its clean part, to negative in its contaminated part (Figure 4.10a).

To validate the electrical resistivity shift observed in P8, two more profiles extending from the clean to the contaminated zone were conducted (Figure 4.11). These profiles show a sharp shift from high electrical resistivity values (150-300 Ω.m) close to the clean aquifer boreholes, to lower values close to the contaminated aquifer boreholes (5-30 Ω.m). The shift is identified at x=80 m in P8, at x= 76 m in P5 and at x=52 m in P9.

The residual SP map acquired at the site shows negative values ranging from -234 to -10 mV in the regions of contaminated groundwater (Figure 4.12a). Conversely, the map shows positive values ranging from 8 to 80 mV in the region of clean groundwater. Furthermore, the SP data show a good correlation (R 2 =0.81) with the redox potential data (Figure 4.12b), with positive redox potential values within the clean groundwater region coincident with positive SP values, and negative redox potential values in the contaminated groundwater region coincident with negative SP values. It is important to note that there is no significant change in the lithology between the clean and contaminated zones. Hence, the observed changes in the self-potential, electrical resistivity, normalized chargeability and GPR signals are significant and suggest that the contaminated media geophysical properties have been modified due to hydrocarbon contamination.

Discussion

The geophysical results obtained in this study demonstrated the following: (1) regions of low resistivity and high chargeability values starting above the groundwater table and extending into the contaminated aquifers down to a depth of around 23 m; (2) regions of attenuated GPR reflections starting at a shallow depth and (3) a sharp shift in the self-potential signatures from negative values in the contaminated zone to positive values in the clean zone. The shift in the geoelectrical signature, from resistive in the clean zone to conductive in the contaminated zone, indicates that significant alterations of the hydrocarbon contaminants and host media have occurred.

The source of the conductive response is thought to be a leachate produced by bacterial action on hydrocarbons during the biodegradation of the contaminant mass (Atekwana and Chapter 4 Geophysical and Geochemical Characterization of a Site Impacted by Hydrocarbon Contamination Undergoing Biodegradation (Paper 1) Atekwana, 2010). Bacteria obtain their energy through biodegradation of hydrocarbons, as these microorganisms oxidize organic matter for their growth and reduce TEAs for their respiration (Semple et al., 2007;Tiehm and Schulze, 2003). The reduction of TEAs such as oxygen, nitrate, manganese, iron, sulfate and carbon dioxide leads to their depletion. This was shown in the geochemical data, where lower concentrations of oxygen, nitrate and sulfate were observed in the contaminated zone (Figure 4.5 and Table 1). The reduction of TEAs produces metabolic byproducts such as CO2 and H2O, which in turn undergo chemical reactions and form organic and carbonic acids (Sauck, 2000). An example would be the reaction of the metabolic byproduct CO2 with water which produces carbonic acids that reduce the pH of the medium [START_REF] Martinho | An experimental study of the diesel biodegradation effects on soil biogeophysical parameters[END_REF]. Apparently, organic and carbonic acids cause etching and dissolution of minerals surfaces and the reduction of the pH causes the leaching of soluble salts present at the grains coating (McMahon et al., 1995). These processes lead to an increase in the concentrations of TDS and enhance the ionic strength and electrolytic conductivity of pore fluids (Atekwana et al., 2004a). This explanation is corroborated by our geochemical data which recorded elevated TDS concentrations which are two to three times greater than background values (Figure 4.3). Further support for this explanation was provided by the scanning electron microscope (SEM) images of contaminated samples that showed etched pits and dissolution patterns which could be attributed to microbial alterations of mineral grains (Figure 4.13a). Additionally, higher concentrations of ions were observed in the impacted zones, with the highest concentrations for Pb 2+ , Zn 2+ , Mg 2+ and Ca 2+ (Table 1). The increase in the TDS concentrations and electrolytic conductivity is reflected in the elevated GEC measurements that showed values ranging between 600 and 2000 μS/cm in contaminated samples, whereas the values were in between 200 and 400 μS/cm in clean samples (Figure 4.4).

The observed elevated concentrations of TDS and the consequent increase of pore water electrical conductivity can increase the bulk electrical conductivity, and as a result, can produce low electrical resistivity values in the contaminated zones (Atekwana et al., 2004a;Sauck, 2000). The increase in the bulk electrical conductivity was evident in profiles P1, P4 and P8 that showed resistivity values ranging from 5 to 50 Ω.m in the contaminated aquifer. Previous studies also reported low electrical resistivity anomalies, associated with a leachate plume of enhanced TDS concentrations below LNAPL impacted zones (e.g., [START_REF] Atekwana | Biodegradation and mineral weathering controls on bulk electrical conductivity in a shallow hydrocarbon contaminated aquifer[END_REF]Sauck et al., 1998). These studies attributed these observations to minerals dissolution processes coupled to the biodegradation of hydrocarbons.

The low electrical resistivity anomaly was coincident with GPR shadow zones that followed the same pattern of the anomaly in profile P4 (Figure 4.9). This indicates that the increased soil electrical conductivity played a key role in the attenuation of GPR signal amplitudes, leading to shadow zones in profiles P1 and P4. This assumption was also validated by profile P8, where the shadow zones appeared and the reflection from the water table disappeared in its contaminated part, which was associated with low resistivity values (Figure 4.10). The increased electrical conductivity of pore fluids introduces significant absorptive losses, which are primarily dependent upon the pores chemical and physical properties (Cassidy, 2007). The attenuation of the GPR signal depends on the electrical conductivity of the medium as shown in the following equation:

𝛼 ≈ 𝜎 2 √ 𝜇 𝜀 , ( 3 
)
where α is the attenuation constant, σ is the electrical conductivity, µ is the magnetic permeability and ɛ is the dielectric permittivity. Apparently, changes in the pore fluid conductivity impacted the attenuation constant and thus produced attenuated reflections zones (shadow zones) in the GPR profiles. The signal attenuation in the GPR profiles P1 and P4 started at depths of around 4 m and 3 m respectively (Figures 4.8 and 4.9). These shallow shadow zones correspond to the residual phase of the contamination. This was validated by the soil boring data which showed a marked change in the color of sediments with a strong gasoline odor starting at the depths where the shadow zones were encountered. The residual phase was not well detected by the ERT method due to the method's lower resolution compared to the GPR and due to the high resistivity of the vadose zone. As a conclusion, the observed elevated concentrations of TDS are believed to be responsible for the soil increased electrical conductivity which starts at the residual phase expressed by the shadow zones in the GPR profiles, and extends into the aquifer down to a depth of 23 m as a dissolved phase expressed by the low resistivity values in the ERT profiles.

The accumulation of ions in the pore fluids and the associated electrochemical reactions enhance the ionic strength and charge build up at the electrical double layer (EDL) which forms at the electrolyte-mineral interface [START_REF] Slater | Electrical properties of iron-sand columns: implications for induced polarization investigation and performance monitoring of iron-wall barriers[END_REF][START_REF] Ward | Redox potential distribution of an organic-rich contaminated site obtained by the inversion of self[END_REF]. This can enhance the membrane polarization of the EDL as a result of decreased mobility of the ionic charge carriers or blockage of the pore current conduction path [START_REF] Sogade | Induced polarization detection and mapping of contaminant plumes[END_REF]. Besides, Abdel Aal et al. (2014) showed that iron mineral precipitates such as magnetite and pyrite have high interfacial polarizability due to the high population of conduction electrons in the mineral structure. Microbial mineral interactions can lead to the precipitation of different iron phase minerals. For example, the iron reduction by anaerobic Fe (Ш) reducing bacteria may enhance the production of Fe (П), which can react with Fe (Ш) and HS -in solution to form magnetite and pyrite respectively (Abdel Aal et al., 2014). The energy dispersive X-ray spectroscopy (EDX) measurements of contaminated samples showed iron peaks that can contribute to the polarization of the contaminated sediments (Figure 4.14a). The obtained normalized chargeability, defined as the specific capacity, is independent of the conduction magnitude (electrical resistivity) and is sensitive to the geochemical modifications at the mineral-fluid interface [START_REF] Lesmes | The influence of pore fluid chemistry on the complex conductivity and induced-polarization responses of Berea sandstone[END_REF][START_REF] Slater | IP interpretation in environmental Investigations[END_REF]. Therefore, the production of ions that enhanced the solution's ionic strength, in addition to the presence of iron mineral precipitates, are probably responsible for the higher normalized chargeability responses in the contaminated zone profiles (Figures 4.8b and 4.9b).

The leachate plume resulting from the hydrocarbon contamination is rich in organic matter with a great capacity to donate electrons during redox reactions. The consumption of TEAs through microbial respiration in the vicinity of the plume causes a change in the redox chemistry of pore fluids. Baedecker et al. (1993) showed that the plume is more reducing than the surrounding media.

Therefore, the zone within the plume is anoxic and reducing, while the zone outside the plume is oxic and oxidizing. As microorganisms play a key role because they derive their energy from oxidation-reduction reactions to maintain life-sustaining processes (Semple et al., 2007;Tiehm and Schulze, 2003), different microbial communities can be present as continuous biofilms at the water table, where most of the oxygen and organic nutrients are available (Naudet and Revil, 2005). According to the biogeobattery model, bacterial biofilms or mineral precipitates accumulating below the water table separate the reduced zone from the oxidized zone and act as electronic conductors (Delong, 2002;Naudet et al., 2004;[START_REF] Tender | Harnessing microbially generated power on the seafloor[END_REF]. The presence of an electrical conductor allows electron transfer between the distinct redox zones and produces a natural electrical current which can be measured at the surface as an electrical self-potential signal (Naudet et al., 2004;Revil et al., 2010). While the reduction of TEAs during the biodegradation process is limited to a negative range of redox potential (Tiehm and Schulze, 2003), the redox potential measurements showed negative values within the contaminated aquifer in accordance with the negative SP values, and positive values within the clean aquifer in accordance with the positive SP values. The obtained good correlation (R 2 = 0.81) between the SP and redox potential values indicates that electron transfer processes driven by redox gradients are occurring at the contaminated site. However, the study does not provide any evidence on the presence of bacterial biofilms due to the destructive sampling procedure, which was done during the drilling process. Nevertheless, the iron peaks observed in the EDX data (only in contaminated samples) indicate that mineral precipitates may have played an important role in the current conduction process (Figure 4.14).

By using the SP data, the clean zone borders were delineated according to the zone of positive SP values (Figure 4.15). The borders of the clean zone were also roughly estimated through remarking the points at which the aquifer resistivity values started to change from high to low in profiles P8, P9 and P5 (Figure 4.15). Both estimations were in great agreement and detected the borders of the clean zone at approximately the same locations in between the contaminated and clean boreholes. The change of the geophysical response in profile P8 occurred at x=80 m in the ERT profile, at x= 75 m in the GPR profile and at x= 88 m in the SP profile (Figure 4.10). This demonstrates the success of the three methods in detecting a geophysical contrast between the contaminated and clean zones at close proximity depending on the horizontal resolution of each method.

The geophysical response in this study supports the findings of Sauck (2000), who suggested that biological alterations of hydrocarbons can substantially modify the pore water biogeochemistry, producing a temporal shift in the geoelectrical signature from resistive to conductive. However, most of the previous studies observed the low resistivity anomalies mostly within the groundwater fluctuation zone and directly below the groundwater table, whereas this study suggests that after sufficient time, a massive contamination of LNAPL and DNAPL products can be observed as a low resistivity anomaly down to several meters in the aquifer due to the contamination dissolved phase.

Conclusion

The study provides a successful application where the most frequently used geophysical methods in hydrocarbon contamination investigations were combined on the same profile lines. The geochemical data provided evidence of bacterial biodegradation processes and the hydrocarbon contaminated aquifers were localized as low resistivity zones. The combination of the four methods reduced the ambiguity in the interpretations by recording the change in the geophysical signatures at similar locations. Additionally, this combination provided insight on the different processes that might have modified the contaminated sediments chemical and biological properties. The ERT and IP results indicated that the contamination modified the capacitive and ohmic parts of the electrical conduction in contaminated sediments. The GPR was able to give information about the depth to the residual zone and can be used in further investigations to detect the residual phases and locate unknown source zones. The ERT and IP methods provided information about the extent of the contamination in the aquifer due to the dissolved phase and can be used to obtain spatial information on the groundwater quality and chemical conditions. Furthermore, the SP method provided an indirect indication of bacterial activity and possible presence of biofilms and mineral precipitates that are suggested to have played a key role in the electrical current conduction. The observed good correlation between the SP data and the redox potential distribution can be used for the fast monitoring of the plume evolution over time during the remediation process.

The study was able to roughly delineate the clean zone borders and demonstrated a good relationship between the geophysical and the geochemical data. Therefore, this approach can be used to monitor the remediation process according to the observed geophysical contrast between the clean and contaminated zones. The successful detection of the contamination by the four methods provides a methodology which has the ability to provide large area coverage, in a way that a certain geophysical method can be used when another cannot be conducted. The next stage of the research will include time lapse 3D geophysical measurements to monitor the remediation process. A proper understanding of the biological and chemical factors that govern the geophysical responses, and which of these factors are likely to mostly affect the geophysical signal is important. Therefore, the geophysical surveys will be guided by biological and chemical surface phase experiments to get a better understanding of the processes involved in changing the geophysical response of contaminated sediments.

Abdel Aal, G.Z., E.A. Atekwana, and A. Revil, 2014. Geophysical 

Abstract

Mapping the redox potential of shallow aquifers impacted by hydrocarbon contaminant plumes is important for the characterization and remediation of such contaminated sites. The redox potential of groundwater is indicative of the biodegradation of hydrocarbons and is important in delineating the shapes of contaminant plumes. The self-potential method was used to reconstruct the redox potential of groundwater associated with an organic-rich contaminant plume in Northern France. The self-potential technique is a passive technique consisting in recording the electrical potential distribution at the surface of the Earth. A self-potential map is essentially the sum of two contributions, one associated with groundwater flow referred to as the electrokinetic component, and one associated with redox potential anomalies referred to as the electroredox component (thermoelectric and diffusion potentials are generally negligible). A groundwater flow model was first used to remove the electrokinetic component from the observed self-potential data. Then, a residual self-potential map was obtained. The source current density generating the residual selfpotential signals was assumed to be associated with the position of the water table, an interface characterized by a change in both the electrical conductivity and the redox potential. The source current density was obtained through an inverse problem by minimizing a cost function including a data misfit contribution and a regularizer. This inversion algorithm allows the determination of the vertical and horizontal components of the source current density, taking into account the electrical conductivity distribution of the saturated and non-saturated zones obtained independently by the electrical resistivity tomography method. The redox potential distribution was finally determined from the inverted residual source current density. A redox map was successfully built and the estimated redox potential values correlated well with in-situ measurements.

Introduction

The increasing public concern with groundwater contamination problems has generated significant research activity, which aims to support the contaminant plumes characterization and remediation efforts (e.g., Rao et al., 2000;[START_REF] Craun | Causes of outbreaks associated with drinking water in the United States from 1971 to 2006[END_REF]. The redox potential is considered as a key-parameter for the characterization of organic-rich contaminant plumes because bacteria derive their energy through oxidizing organic carbon for their growth and reducing terminal electron acceptors (usually oxygen) for their respiration [START_REF] Christensen | Characterization of redox conditions in groundwater contaminant plumes[END_REF]Tiehm and Schulze, 2003;Semple et al., 2007). Bacterial activity induces significant changes in the redox environment by playing the role of catalysts [START_REF] Atlas | Microbial degradation of petroleum hydrocarbons: an environmental prospective[END_REF]Revil et al., 2010;Atekwana and Atekwana, 2010;[START_REF] Vayenas | Visualization experiments of biodegradation in porous media and circulation of the biodegradation rate[END_REF]. The consumption of electron acceptors by bacterial biodegradation processes in an organic-rich contaminant plume causes a change in the redox chemistry of the groundwater. Baedeker et al. (1993) have shown that the area within the plume is quickly becoming reducing and anoxic, whereas the area outside the plume is oxidizing and oxic.

Mapping the redox potential by classical geochemical methods is invasive (i.e., requiring boreholes), expensive and provides only scarce information. In addition, these measurements are time-consuming as they require a lot of precautions to avoid perturbing local equilibria by the introduction of oxygen. The need for cost-effective and fast methods to continuously characterize the contaminated groundwater has increased the interest of the concerned communities in the use of non-intrusive geophysical methods (Sauck, 2000;Atekwana et al., 2000;2002;[START_REF] Buselli | Groundwater contamination monitoring with multichannel electrical and electromagnetic methods[END_REF][START_REF] Nimmer | Direct current and self-potential monitoring of an evolving plume in partially saturated fractured rock[END_REF]Werkema et al., 2003, Revil andJardani, 2013;[START_REF] Binley | The emergence of hydrogeophysics for improved understanding of subsurface processes over multiple scales[END_REF].

Several field and laboratory studies have shown a strong relationship between the selfpotential method and the redox potential distribution in contaminated groundwater (Tim and Möller, 2001;Naudet et al., 2003Naudet et al., , 2004;;Naudet and Revil, 2005;Revil et al., 2010). The selfpotential method is a passive geophysical technique that detects naturally occurring electrical currents by measuring the electrical potential distribution at the ground surface of the Earth. The method is sensitive to source current densities generated by pore water flow processes (electrokinetic component, e.g., Jardani et al., 2006) or by electrochemical processes such as oxidoreduction reactions (Nyquist and Corry 2002;Naudet et al., 2003) and temperature gradients (Revil et al., 2013). The contribution associated with groundwater flow is well-established and can be used to reconstruct the hydraulic properties of the subsurface during pumping tests (e.g., Soueid Ahmed et al., 2016a, b). Self-potential signals have been observed in a number of studies associated with organic-rich contaminant plumes (Hämmann et al., 1997;Vichabian et al., 1999, Nyquist andCorry, 2002;Naudet et al., 2003;Arora et al., 2007;Rittgers et al., 2013). Sandbox experiments have been conducted to better characterize this process (e.g., Naudet and Revil, 2005;[START_REF] Fachin | Self-potential signals from an analog biogeobattery model[END_REF]Rittgers et al., 2013). The changes in the redox environment associated with bacterial biodegradation of hydrocarbons establish zones with different redox potentials. In the presence of electronic conductors (abiotic conductors such as semi-conductors, e.g., pyrite and magnetite, and biotic conductors such as biofilms, see Delong, 2002;[START_REF] Tender | Harnessing microbially generated power on the seafloor[END_REF], this leads to the establishment of a natural geobattery (see Naudet et al., 2004). The biogeobattery theory was developed by Revil and co-worker (Naudet et al., 2004;Revil et al., 2010 and references therein). Support in favor of this biogeobattery theory has been developed since and validated by laboratory experiments [START_REF] Risgaard-Petersen | Sulfur, iron-, and calcium cycling associated with natural electric currents running through marine sediment[END_REF], 2014).

The above investigations illustrate the ability of the self-potential method to infer the redox potential and to monitor organic-rich contaminant plumes in shallow aquifers associated with active electrochemical source mechanisms. In the present study, a self-potential field survey was performed over a hydrocarbon contaminant plume in Northern France. We also modeled the electrokinetic contribution to remove it from the measured self-potential map. Our goal is to invert the residual self-potential map to estimate the distribution of the redox potential and to provide further support to the existence of biogeobatteries in such contaminant plumes. Note that the hydrocarbon contamination investigated in the present paper is very different from the contamination previously investigated at Entressen, which corresponds to leachates from a municipal landfill (Naudet et al., 2004).

Theory

Forward Problem

In an isotropic heterogeneous aquifer contaminated by hydrocarbons, the electrical source current density j S (A m -2 ) is responsible for the self-potential signal measured at the ground surface. This source current density can result from two contributions: (1) the streaming source current density component w j which is caused by groundwater flow in porous media (electrokinetic component, see [START_REF] Sill | Self-potential modeling from primary flows[END_REF]) and (2) the redox source current density component R j which is associated with the biogeobattery phenomenon (Naudet et al., 2004;Revil et al., 2010). The physical mechanisms that describe the self-potential anomalies are governed by a generalized Ohm's law, in which the total current density j is written as the sum of the conductive current density (given by Ohm's law) plus the source current density S j mentioned above:

S      jj , (1) 
j j + j S W R  , (2) 
where  denotes the electrical potential (in V), 

  E (in V m -1 ) describes the electrical field (induction is discarded because of the low frequency of the excitations), and 𝞂 denotes the electrical conductivity of the material (in S m -1 ).

The streaming current density is linearly dependent on the Darcy velocity u (in m s -1 ):

ŴV Q  ju , (3) 
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where ˆV Q (in C m -3 ) denotes the effective charge density advectively carried along with the flow of the pore water. This charge density can be determined from the permeability itself k (in m 2 ) by using 10 10 log 9.2 0.82log

V Qk    [START_REF] Jardani | Tomography of the Darcy velocity from self-potential measurements[END_REF][START_REF] Revil | Coupled hydromechanical and electromagnetic disturbances in unsaturated clayey materials[END_REF] or from

ˆ/ Vf Q C k   
(where C is the electrokinetic coupling coefficient in V Pa -1 and f  denotes the pore water viscosity in Pa s). The effect of the pore water conductivity (and therefore the ionic strength of the pore water) in the electrokinetic process is accounted for in the conduction term since the conductivity of the porous material is essentially proportional to the conductivity of the pore water.

The redox current density can be linearly related to the redox potential as (Revil et al., 2010;Rittgers et al., 2013):

RH E     j , (4) 
where H E denotes the redox potential (generally determined from the activity of the Fe 2+ /Fe 3+ couple).

For the total current density, the continuity equation (conservation equation of the electrical charge) is:

0    j . (5) 
The total current density is conservative. From equations ( 1) and ( 5), the electrical (self-) potential is therefore governed by a Poisson equation:

        . (6) where ( ) ( ) 
S W R V H QE               j j j u (in A m -3
) appears as the driving source term (volumetric source current density). The computation of the electrical potential is therefore obtained through solving the Poisson equation by using, for instance, the finite elements method.

In doing so, we need the spatial distribution of the electrical conductivity, the total current density sources WR  jj and the boundary conditions. The electrical conductivity of the subsurface can be inferred independently by using the electrical resistivity tomography method (e.g., [START_REF] Binley | Examination of solute transport in an undisturbed soil column using electrical resistance tomography[END_REF]. Regarding the boundary conditions for the self-potential problem, the Neumann and Dirichlets are:

0   at d  , (7) 0 
S         j n at N  . ( 8 
)
The Neumann boundary condition ( 8) is imposed at the insulating air-ground interface N  and the Dirichlet boundary condition ( 7) is imposed at all the remaining boundaries d  far from the area of interest. Equation ( 6) can be also written in an integral form as:
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1 S Ω ( ) = ( , ) (r')dV ψ  r K r r' j , (9) 
where dV denotes a volume element around the current source point, 1 Ω denotes the source volume, K(r,r') denotes the kernel operator that incorporates the information on the variability of the electrical conductivity, boundary conditions and geometry of the studied domain. The Kernel matrix is composed by the Green functions of the problem. Since this kernel operator connects the distributions of both electrical current density sources ( W j and R j ) that generate the electrical potential measured at the ground surface, the electrical potential given in equation ( 9) can be decomposed as:

( ) ( ) ( ) r r r RW ψ ψ ψ , (10) with 1 R 
Ω ( ) = ( , ) (r')dV r K r r' j R ψ  , (11) 1 W 
Ω ( ) = ( , ) (r')dV r K r r' j W ψ  , (12) 
For the purpose of delineating a contaminated area from the self-potential analysis, the electrical signature due to the redox potential can only be determined by removing the effect of the electrokinetic phenomena from the self-potential field observations. In other words, we need first to compute (e.g., Naudet et al., 2004):

( ) ( ) ( ) r r r RW ψ ψ ψ  . ( 13 
)
The streaming potential can be estimated numerically by coupling the hydraulic and electric problems. At the first stage, the different wells present in the study site are employed to parameterize and calibrate the groundwater flow model (and therefore the associated electrokinetic component) by solving the following steady-state flow equations:

u 0   , ( 14 
) (15)
with the following boundary conditions:

( , )

D h h x y  at d  , ( 16 
)   0 kh     n at N  , ( 17 
)
where h is the hydraulic head (in m), K is the hydraulic conductivity of the aquifer (in m s -1 ), and ( , ) Darcy velocity in the saturated zone is used to compute the streaming potential contribution from equation (3). Then the residual self-potential map is built by removing this electrokinetic contribution from the measured self-potential signals. Finally, the residual self-potential map is inverted as described in the next section.

Inverse problem

The self-potential signals measured at hydrocarbon contaminated sites are partially associated with an electrochemical component produced by oxido-reduction reactions. The processes by which this electrochemical signal is produced is described by the biogeobattery model (Naudet et al., 2004;Revil et al., 2010). The biogeobattery process typically occurs at the interface between the contaminated aquifer and the unsaturated zone (transition zone) where biofilms and minerals such as pyrite and magnetite can connect the anode of the biogeobattery (i.e., associated with the reducing zone) to the cathode (i.e., associated with the oxidizing zone) (see Figure 5.1). Electrons migration through biofilms and semi-conductors provides an electrical current through the capillary fringe [START_REF] Linde | Inverting self-potential data for redox potentials of contaminant plumes[END_REF]. In this section, we will describe the different steps that will be followed to retrieve the redox potential by inverting the residual selfpotential data. For this reason, the discretization of the current density vector will be performed only in the transition zone which is considered to have an arbitrary thickness of 1 m (see discussion below and see [START_REF] Linde | Inverting self-potential data for redox potentials of contaminant plumes[END_REF].

The inverse problem relies on the minimization of the following objective (cost) function:

    0 J W KJ J J R d R R R R       ψ , (18) 
where R ψ denotes a vector of the observed residual self-potential field, 

 

,,

x y z R R R R  J
J J J corresponds to the three components of the electrical current density associated with the redox contribution considered here as the unknown parameters to be estimated by the inversion algorithm. The matrix

  ,, K = K K K x y z ij ij ij
denotes the kernel matrix (N × 3M) where N denotes the number of the self-potential measurements recorded at the ground surface and M denotes the number of the elements that are discretized in order to assign the value of the electrical density. In equation ( 18), 0 R J denotes a priori electrical current density model.

Such a priori model is used to avoid the potential presence of undesirable bias in the estimated model due to the non-uniqueness of the inverse problem, a problem that is inherent to all potential field problems. The a priori model can be derived from the gradient of the redox potential measurements obtained at different wells. In equation ( 18),  denotes a regularization parameter that controls the weights of the data misfit term KJ RR  ψ with respect to the regularizer Chapter 5 Redox Potential Distribution of an Organic-Rich Contaminated Site Obtained by the Inversion of Self-Potential Data (Paper 2)

0 JJ RR 
to find an optimal solution. In the present paper, we compute  by using the L-curve technique [START_REF] Hansen | Rank-Deficient and Discrete Ill-Posed Problems: Numerical aspects of Linear Inversion[END_REF]. Equation ( 18) corresponds to a linear problem for which the solution that minimizes the objective function ( 18) can be easily found as [START_REF] Hansen | Rank-Deficient and Discrete Ill-Posed Problems: Numerical aspects of Linear Inversion[END_REF]:
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This solution allows us to fit the (residual) self-potential data and reconstruct the spatial distribution of the redox potential via the following approximation [START_REF] Linde | Inverting self-potential data for redox potentials of contaminant plumes[END_REF]:

J Z sv Rz hh EE      , (20) 
where [START_REF] Linde | Inverting self-potential data for redox potentials of contaminant plumes[END_REF], this procedure is independent of the thickness of the capillary fringe (transition zone).
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Field investigations

Study site characterization

The area of investigation was an abandoned petroleum refinery located in the North-Western part of the Paris basin (France) and on an alluvial plain of the Seine River. The refinery was built in 1928, had an average refining activity of 7 million tons of crude oil per year and was shut down in 2013. Leakage from tanks and pipelines over the refinery operating years resulted in the seepage of light non-aqueous phase liquid (LNAPL) and dense non-aqueous phase liquid (DNAPL). Borehole data available over the area indicated that three different contamination phases exist:

(1) a dissolved phase spreading down to a depth of 25 m; (2) a free phase present at different locations with a thickness ranging between 1 and 100 cm and (3) a residual phase consisting of the spill part which did not drain by gravity and residually saturated the pore spaces above the water table while the spill was traversing the vadose zone down to the aquifer (Atekwana and Atekwana, 2010). This phase is present at the source zones and at some other locations where the extended free phase can rise up due to the groundwater seasonal fluctuations caused by the nearby river. Note that the hydrocarbon contamination at this site is considered as mature (or aged) because enough time has elapsed for the biological processes to alter the hydrocarbons and their host environment after the contamination events, which started more than 80 years ago.

Geologically, the site is characterized by the first 2 m being an anthropogenic layer mainly composed of sandy soil with coarse grain diameter gravels. Below, there is a layer of fine to medium sand coarsening to gravel with depth, and with an average thickness ranging from 8 to 25 m. The site is characterized by one unconfined aquifer located in the sand and gravel layer inversion technique to obtain the resistivity value of each block (with a smoothness constraint). The 2-D ERT tomograms have been interpolated to obtain maps of the electrical resistivity distribution in the saturated and non-saturated zones.

To collect the self-potential data, two non-polarizable (Pb-PbCl2) Petiau electrodes were used: one is fixed and referred to as the reference electrode, whereas the other can move into different measurement points with a rolling wire. The electrodes are rods of lead suspended in porous containers supersaturated with KCL/PbCl2 solutions. The electrodes were placed in small holes filled with bentonite mud during the measurements. This ensures good electrical contact between the soil and the non-polarizable electrodes (Jardani et al., 2006). The measurements were performed by using a high input impedance (10 MΩ) voltmeter (MX20) which was connected to the electrodes to record their corresponding self-potential difference.

The self-potential survey was performed over a single day and no rain events happened during that day or in the two days prior the survey. The areas with no self-potential data correspond to the emplacement of facilities, buildings and pavements with a thick layer of asphalt. The base station of the self-potential survey was chosen in the clean zone and it was common to all the measurements which were done at 550 stations. To measure the drift between the two electrodes, the potential difference between the two electrodes was measured prior and after the survey. The difference was less than 1 mv indicating a minor and negligible drift. Note that the electrodes used for this survey were new. The temperature variation of the electrodes was not taken into account as the Petiau electrodes have a very small temperature sensitivity close to 0.2 mV/°C [START_REF] Perrier | A one year systematic study of electrodes for long period measurements of the electric field in geophysical environments[END_REF][START_REF] Petiau | Second generation of lead-lead chloride electrodes for geophysical applications[END_REF]. Each station was measured up to 5 times and for each measurement, the scanning electrode was kept in the ground until a stable reading was achieved. The data reproducibility was tested by comparing the data presented in this paper to a self-potential map acquired one year earlier. The old map (not shown) did not cover the whole site and had fewer data points. The data showed however the same pattern with slight differences of less than 5 mV in the amplitudes of the signals.

Results and discussion

A representative electrical resistivity profile (ERT1) acquired in the contaminated zone is shown in Figure 5.5. The profile shows a simple geological structure with two main electrical resistivity domains: (1) a shallow resistive zone (100-300 Ω m) corresponding to the sand and gravel vadose zone and (2) a very conductive layer (<30 Ω m) starting at a depth of 9 m and corresponding to the contaminated alluvial aquifer. The map of the electrical resistivity distribution in the vadose zone (depth of 3 m) shows electrical resistivity values ranging from 100 to 400 Ω.m in the regions of contaminated and clean groundwater (Figure 5.6a). Figure 5.6b shows the electrical resistivity distribution is the site's saturated zone at a depth of 11m. The map is dominated by low electrical resistivity values (5-50 Ω m), except for the North-Eastern part of the Chapter 5 Redox Potential Distribution of an Organic-Rich Contaminated Site Obtained by the Inversion of Self-Potential Data (Paper 2) site, where higher electrical resistivity values (150-400 Ω m) appear in accordance with the clean groundwater zone (B1, B2, B3 and B4).

The low electrical resistivity values in the contaminated zone in comparison to the clean zone reflects the significant mineralization of groundwater which is responsible for the increase in TDS concentrations during the biodegradation of hydrocarbons (Atekwana et al., 2004). The etching and dissolution of minerals surfaces by biodegradation by products (e.g., organic and carbonic acids), in addition to the leaching of soluble salts (from grains surfaces) increase the concentrations of TDS and the groundwater electrical conductivity values in contaminated aquifers (McMahon et al., 1995;Atekwana et al., 2000;Sauck, 2000). Consequently, the increase of pore water electrical conductivity increases the bulk electrical conductivity and produces low resistivity anomalies in the impacted zones. The self-potential map (Figure 5.7) shows negative values ranging from -130 mV to -5 mV (with respect to the position of the reference) in the contaminated regions. Contrarily, the map shows positive values ranging from 10 to 70 mV in the clean region, located in the North-Eastern part of the site.

As mentioned earlier, the self-potential signal measured in the field includes two components: an electro-kinetic component associated with groundwater flow and an electrochemical component associated with redox processes. Other contributions (thermoelectric effects and diffusion potentials) are negligible in comparison to the electrokinetic and redox components, see discussions in [START_REF] Revil | Ionic contribution to the self-potential signals associated with a redox front[END_REF] and Revil et al. (2010). Redox-driven anomalies associated with buried metallic objects produced also strong but localized self-potential anomalies (see examples in [START_REF] Castermant | Redox potential distribution inferred from self-potential measurements associated with the corrosion of a burden metallic body[END_REF], Rittgers et al., 2013) that can be filtered out easily (see [START_REF] Revil | Review: Some low-frequency electrical methods for subsurface characterization and monitoring in hydrogeology[END_REF].

The first step of our analysis is the removal of the electrokinetic contribution from the recorded self-potential data. This step is important for isolating the self-potential signal produced by oxido-reduction reactions. This was carried out through the numerical computation of the electrokinetic contribution by solving the hydroelectric coupling problem as described previously in section (2.1). In the first step, the hydraulic head data collected from different wells were exploited to predict the distribution of the hydraulic head variations (Figure 5.8). This was done through estimating the hydraulic conductivity K of the aquifer (assumed here homogenous, K=10 - 7 m s -1 ) and defining the imposed boundary conditions for solving the diffusion equation. We acknowledge that this is a strong assumption that is probably not completely realistic. However, it seems to fit the head data pretty well in this special case study. In more complex environments, it will be better to invert the hydraulic conductivity or transmissivity fields first. Note that this assumption is not really needed however since the heads can be interpolated and we can use a single value of the apparent coupling coefficient as discussed by Arora et al. (2007). We also assume that the flow in the vadose zone is producing a negligible self-potential anomaly.

In the second step, we used the spatial distribution of the Darcy velocity of the groundwater flow which was determined numerically in the first step to compute the electrical current density of the confined aquifer. The electrical current density was neglected in the vadose zone. The charge Chapter 5 Redox Potential Distribution of an Organic-Rich Contaminated Site Obtained by the Inversion of Self-Potential Data (Paper 2) density parameter was calculated after determining the electrokinetic coupling coefficient C through a simple laboratory experiment (Figure 5.9a) described by Revil and Jardani (2013). The assumption of a single permeability value is consistent with the use of a single value for the effective charge density. For the streaming potential measurements, a graduated plastic tube, 50 cm long and 10 cm in diameter was used. A representative soil sample extracted from borehole B8 was placed at the bottom of the tube and two non-polarizable electrodes were placed at the bottom and the surface of the soil sample. The measurements were performed at ambient temperature (20°C±1C°C). A contaminated groundwater sample extracted from the same borehole with an electrical conductivity value of approximately 1000 μS/cm was injected from the top of the tube. The measurement was repeated at different water head levels with an interval of 5 cm. Then the potential difference values were plotted against the water head levels in order to compute the electro-kinetic coupling coefficient C', which is represented in mV per meter of water head variation (Figure 5.9b). C' was determined to be -4.0±1 mV/m. These parameters, in addition to the electrical conductivity distribution in the saturated and unsaturated zones (determined from the ERT survey) were used to solve the Poisson equation to define the electrical signature (electrokinetic component) associated with groundwater flow (Figure 5.10). The electrokinetic component was determined to be very small and was removed from the self-potential data to produce the residual self-potential data. The residual self-potential map showed a similar pattern compared to the original field self-potential map, with positive self-potential values in the clean groundwater zone and negative self-potential values in the contaminated groundwater zone (Figure 5.11).

To predict the redox potential distribution in the aquifer, the self-potential data were inverted by using the approach introduced in the inverse problem description (section 2.2), where the heterogeneity of the electrical conductivity in the saturated and vadose zones is taken into account. This inversion is based on the estimation of the redox values from the vector of the electrical current density predicted through the inversion of the residual self-potential data. The electrical sources responsible for the self potential field were assumed to be located in the transition zone which was divided into 144 cells, with a dimension of "35 m × 56 m × 1 m for each (Figure 5.12). The electrical current density components that were predicted from the inversion of the selfpotential data were assigned for each cell. The total number of the unknown parameters to invert was 3×144=432 and the total number of self-potential measurements was 350, so we dealt with an undeterminated inverse problem. The inverse problem was performed with a smooth constraint and the regularization parameter was determined through the L-curve approach. The retrieved current density components are illustrated in Figures 5.13 and 5.14. The figures show that the amplitudes of the horizontal components of the electrical current density Jx and Jy (Figure 5.13) are very small compared to the vertical component Jz (Figure 5.14). This was verified by comparing the correlation of the observed and numerical data obtained only from the vertical component (Figure 5.15a), with the correlation of the observed and numerical data obtained from the combination of the vertical and horizontal components (Figure 5.15b). Therefore, the contributions of the horizontal components can be neglected. The distribution of the redox potential in the aquifer was then reconstructed from the vertical component of the current density by using equation (20) as described in section (2.2). Similar to the measured redox potential values, the predicted redox potential map showed positive values (10 to 40 mV) in the clean groundwater zone and negative values (0 to -150) in the contaminated groundwater zone (Figure 5.16a). The inverted redox potential values showed a good linear correlation (R 2 = 0.79) with the observed redox potential values (Figure 5.16b). This further supports the concept of biogebattery at this site with the source current density produced in the capillary fringe just above the water table. Note that the result shown in Figure 5.16 is free from the choice of the base station for the self-potential signals. It is only based on the relative amplitude of the residual self-potential anomaly with respect to the position of the reference electrode and the difference in redox potential between the contaminated zone and the background.

Conclusion

This study shows an application of the self-potential and electrical resistivity methods to estimate the redox potential at a site impacted by a mature hydrocarbon contamination undergoing biodegradation. The geophysical methods constrained by measurements of geochemical parameters provided useful information on the quality of groundwater, and indicated that biodegradation processes are occurring in the contaminated aquifer. An active (bio)geobattery process in which the redox potential gradient is the driving force of the self-potential electrochemical signal is suggested to be present in the contaminated portion of the site. This natural geobattery is created due to the existence of a strong redox potential gradient between the highly reducing conditions within the plume and the oxidizing conditions outside the plume. The associated current density occurred therefore in the capillary fringe of the unconfined aquifer.

The electrokinetic component of the observed self-potential signals was removed numerically from the field self-potential data to produce a residual self-potential map. For this purpose, a groundwater flow model was parameterized and calibrated to compute the spatial distribution of the Darcy velocity, which was used to calculate the streaming potential (electrokinetic component). A redox potential map was then reconstructed from the inversion of the residual self-potential data through the computation of the electrical current density components, taking into account the electrical conductivity distribution in the subsurface which was obtained from an electrical resistivity survey. The horizontal components were determined to be very small compared to the vertical component of the source current density. Therefore, the redox contribution in the contaminated aquifer can be explained by vertical dipoles distributed across the capillary fringe just above the water table, supporting further the mechanism of biogebattery at this site.

The predicted redox potential values showed a good correlation with the redox potential values measured independently in a set of wells. This good correlation illustrates the ability of the self-potential method to delineate the redox front of the contaminant plume. Moreover, the selfpotential equipment (voltmeter, electrodes and rolling wires) are inexpensive and stable over long periods of time. Therefore, the self-potential method can be considered as a cost-effective and fast method which could be used in the next stage of our research for the long term monitoring of the contaminant plume evolution during the remediation process. However, it would be necessary to undertake more biological and chemical investigations to characterize the biogeobattery mechanism (e.g., type of biofilms and bacteria, the precipitation of semi-conductors etc.) and define the more precisely the redox reactions (iron reduction, methanogenesis, etc.) occurring at this site. 
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Chapter 6 Magnetic Signatures of Hydrocarbon Contaminated Sediments (Paper 3)

Abstract

Magnetic susceptibility and electrical resistivity methods were employed in order to investigate the effects of hydrocarbon contamination on the magnetic susceptibility of sediments at a contaminated petroleum refinery in Northern France. A shift of geoelectrical signature from resistive to conductive, together with geochemical analyses of groundwater and soil samples, indicated that biodegradation of hydrocarbons is occurring in the aquifer and transition zone contaminated sediments. We noticed that the magnetic susceptibility was much higher for hydrocarbon contaminated soil samples than for clean soil samples in the groundwater fluctuation zone. This magnetic susceptibility enhancement was attributed to iron transformation processes coupled to bacterial biodegradation of hydrocarbons. However, the contaminated and clean samples of the aquifer sediments showed the same low magnetic susceptibility despite the presence of oil contamination and biodegradation. This response was attributed to iron minerals dissolution which is favored in water saturated conditions. The shift of magnetic susceptibility and electrical resistivity was absent in the samples that were taken close to the contamination source which had high electrical resistivity and the same moderate magnetic susceptibility for clean and contaminated samples. The very high hydrocarbon content in these samples was thought to have produced a toxic environment for microorganisms, which suppressed the bacterial activity and prevented any significant shift in the geophysical signatures. Our results demonstrate that magnetic susceptibility of sediments can vary depending on the contamination extent, depth and sediment's biological conditions. Therefore, the combination of the magnetic susceptibility with electrical resistivity may provide a quick method to assess the hydrocarbon contamination, and to get primary information about the bacterial activity at our contaminated site.

Introduction

Hydrocarbon contamination of sediments remains a problem of major environmental concern. Cost-effective and fast methods are needed to continuously characterize the contaminated sediments and determine its chemical and biological properties. In the presence of hydrocarbon contamination, anaerobic Fe (III) reducing bacteria can use the hydrocarbons as a carbon source to transform iron oxides and hydroxides into crystalline Fe (II) containing different mineral phases. The reduction of iron oxides enhances the production of Fe (II) which in turn can react with Fe (III), HS -or HCO3 in the solution. This will result in the formation of different iron phase minerals such as magnetite, pyrite and siderite [START_REF] Postma | Formation of siderite and vivianite and the pore-water composition of a recent bog sediment in Denmark[END_REF][START_REF] Fredrickson | Biogenic iron-mineralization accompanying the dissimilatory reduction of hydrous ferric oxide by a groundwater bacterium[END_REF]. These biophysicochemical processes induce changes in the iron mineral content of soils and sediments that can display distinct magnetic susceptibility signatures (Kappler and Straub, 2005;Lovley and Anderson, 2000;Weber et al., 2006). Magnetic susceptibility (MS) of a natural material is a measure of its degree of magnetization in the presence of an external magnetic field and is directly proportional to the iron mineral content of sediments (Morris et al., 1994). The MS method has been used as an indicator of magnetic iron minerals and iron transformation processes at hydrocarbon contaminated sites, where the hydrocarbon biodegradation is coupled to iron reduction and organic carbon oxidation (Rijal et al., 2010(Rijal et al., , 2012;;Mewafy et al., 2011).

Previous studies such as [START_REF] Hanesch | Mapping of heavy metal loadings in soils by means of magnetic susceptibility measurements[END_REF] and [START_REF] Martins | Comparison between anthropogenic hydrocarbons and magnetic susceptibility in sediment cores from the Santos Estuary, Brazil[END_REF] observed a good correlation between hydrocarbons content and MS in hydrocarbon contaminated soil samples. After analyzing the MS variations in a hydrocarbon contaminated aquifer where iron reduction and methanogenesis are the main terminal electron acceptor processes, Mewafy et al. (2011) documented enhanced MS values associated with hydrocarbon contamination, and concluded that these enhancements are due to the precipitation of magnetite resulting from ironreduction of bacterial anaerobic and aerobic processes. In a microcosm laboratory study, [START_REF] Porsch | In-situ magnetic susceptibility measurements as a tool to follow geomicrobiological transformation of Fe minerals[END_REF] investigated the variation of volume specific magnetic susceptibility with respect to the reduction of Ferrihydrite by Shewanella oneidensis MR-1 (iron reducing bacteria). The study reported a large initial increase of volume specific MS accompanied by an increase in the reduction of iron, followed by a slight decrease of MS at the end of the experiment. The X-ray diffraction patterns of the minerals formed during the reduction of Ferrihydrite showed that the initial increase of MS is associated with the formation of Magnetite. On the contrary, the slight decrease in MS was shown to be associated with the further reduction of magnetite to siderite; a paramagnetic mineral with low volume specific magnetic susceptibility. The increase in MS accompanied by the increase of iron reduction and magnetite formation occurred only in the microbial active microcosms, indicating microbial induced changes in the Fe-mineralogy which increased the MS.

The presence of hydrocarbons was essential for magnetite to form in a study done by Rijal et al. (2010), a clear decrease in the magnetite formation was observed outside the strongly contaminated zone. The enhanced magnetite formation in the contaminated zone was attributed to the intensive geo-microbiological activity. Given these studies, it was suggested that MS measurements are sensitive to microbial Fe transformation which can be coupled to hydrocarbons Chapter 6 Magnetic Signatures of Hydrocarbon Contaminated Sediments (Paper 3) biodegradation processes. Therefore, the MS method has high potential to serve as such less expensive and reliable tool to monitor oil contamination undergoing biodegradation coupled to iron transformation processes [START_REF] Martins | Comparison between anthropogenic hydrocarbons and magnetic susceptibility in sediment cores from the Santos Estuary, Brazil[END_REF]Mewafy et al., 2011;Morris et al., 1994;[START_REF] Porsch | Impact of organic carbon and iron bioavailability on the magnetic susceptibility of soils[END_REF].

During bacterial biodegradation of hydrocarbons, the attachment of microbial cells with large surface areas to mineral surfaces, and their alteration of the host environment through biogeochemical processes, can influence the grain surface resistivity (Atekwana and Atekwana, 2010). The biodegradation of hydrocarbons can increase the concentrations of total dissolved solids and groundwater electrical conductivity through minerals weathering processes and through adding ions directly into the solution (Sauck, 2000). These modifications can induce a change in the electrical resistivity signature from resistive in clean sediments to conductive in contaminated sediments (Atekwana et al., 2000;2002;2003;Werkema et al., 2000). Therefore, the electrical resistivity method is considered as an efficient tool in the study of hydrocarbon contaminated sediments and can be used as an indication of hydrocarbon biodegradation processes.

The main purpose of this study is to investigate the effects of hydrocarbon contamination and its consequent biodegradation on the magnetic susceptibility of sediments at a contaminated petroleum refinery in Northern France. The study aims to investigate the factors that might influence the MS response after examining samples taken from different depths and with different contamination extents. To achieve a better interpretation, the electrical resistivity method is used in combination with geochemical analyses of groundwater and soil samples to investigate the possible presence of hydrocarbon biodegradation, which could be coupled to iron transformation processes that can induce changes in the sediments iron content and magnetic susceptibility signatures.

Site description

The study site is an abandoned crude oil refinery located at 130 km North-West to Paris. The refinery which extends over an area of 260 hectares along the Seine River in the city of Petit Couronne was constructed in 1928. The site was contaminated by light non-aqueous phase liquid (LNAPL) and dense non-aqueous phase liquid (DNAPL) products due to leakage from tanks and pipelines. Three different contamination phases exist in the site subsurface including a dissolved phase, a free phase and a residual phase. Geologically, the site is characterized by the first 2 m being an anthropogenic layer mainly composed of sandy soil with coarse grain diameter gravels. Below, there is a layer of fine to medium sand coarsening to gravel with depth. This layer has an average thickness ranging from 8 to 25 m. The site is characterized by two aquifers: one alluvial unconfined aquifer located in the sand and gravel layer, between 4 and 11 m deep and a chalk aquifer at a depth ranging from 10 m to 25 m. A clean and a contaminated zone were identified according to the hydrocarbons content analyses of soil and groundwater that documented the presence of volatile and semi-volatile organic compounds such as benzene, toluene and xylenes.

Methods

Soil samples and cores

The soil samples were divided into 3 categories according to their sampling locations: category A, which contains soil samples taken from the zone located directly above the groundwater table (transition zone); category B, which contains soil samples taken from the water saturated zone and category C, which contains soil samples which were very close to the contamination source and were taken at a depth ranging between 0 and 2m. Additionally, two soil cores were taken from the zone above the groundwater table at two different locations. Core 1 is contaminated while core 2 is clean with no detected hydrocarbons. To determine the total hydrocarbons content, a series of analyses have been conducted on the soil samples:

(1) Methanol extraction and gas chromatography/mass spectrometry (GM/MS) to quantify the volatile C5-C10 hydrocarbons.

(2) Acetone extraction and gas chromatography with flame ionization detector (GC-FID) to quantify the total C10-C40 hydrocarbons.

(3) Head space gas chromatography/mass spectrometry (GM/MS) to quantify the BTEX and volatile organic compounds concentrations.

(4) Acetone/hexane extraction and gas chromatography/mass spectrometry (GM/MS) for the quantification of polycyclic aromatic hydrocarbons (PAH).

A Zeiss electron scanning microscope (SEM) was used to get images of the minerals surfaces in the order of 2µm and to perform chemical elemental composition analysis of soil samples by using the energy dispersive X-ray spectroscopy (EDX). To get information about the groundwater chemical parameters (e.g., total dissolved solids, groundwater electrical conductivity and dissolved oxygen), INW smart sensors were installed in the site boreholes. Additionally, insitu redox potential and PH measurements were done on groundwater samples.

Magnetic Susceptibility

The samples were preserved in coolers, oven dried, sieved and analyzed for MS by using a Bartington MS2 magnetic susceptibility system. The MS2 system relies on the change in the core permeability which changes the inductance in a wound inductor. Magnetic susceptibility is defined as the ability of a material to be magnetized in the presence of an external field. Therefore, the MS2 sensor operates on the principle of AC induction by supplying power to its oscillator circuit, which generates a low intensity alternating magnetic field. The oscillation frequency is determined by the inductance which is defined by the permeability of the material. The permeability μ0 (permeability of free space in N.A 2 ) determines the inductance when the inductor contains only air. On the other hand, when the inductor is in contact with a soil sample, the inductance changes according to the change of the material permeability μ. The sensor measures the frequency values of μ0 and μ and calculates the change in inductance which represents the relative permeability of a material (μr = 𝜇 𝜇 0

). From the relative permeability 𝝁 𝒓 , the MS meter calculates the volume magnetic susceptibility (𝝌 𝒗𝒐𝒍 ) from the following equation:

𝜒 𝑣𝑜𝑙 = 𝜇 𝑟 -1.
The sensor was calibrated after each measurement to eliminate the thermally induced sensor drifts through obtaining a new µ0 value which aims to reestablish the zero reference after each measurement. This was done through placing the sensor on the calibration cylinder and pressing the Z (calibrate) button after each measurement. To get high accuracy measurements, the sensor was kept 10 secs at each point until a stable value was reached. The measurement was repeated several times at each location, and the average of these measurements was considered as the MS value to be presented. For the soil cores, a measuring tape attached to the soil core was used to take the measurements at an interval of 0.5 cm.

Results and Discussion

The measurements of MS and electrical resistivity conducted on the soil samples showed different types of responses depending on the sampling location and contamination extent. Figure 6.1 shows the geophysical results of category A samples, which are samples that were situated at the groundwater fluctuation zone (referred to as the transition zone). The contaminated samples of category A recorded a total hydrocarbon content of approximately 20 mg/kg. We found that contaminated samples from category A had higher MS (100-250 SI) and lower electrical resistivity (50-100 Ω.m) in comparison to clean soil samples which exhibited values ranging from 2 to 10 (SI) for MS and from 300 to 400 (Ω.m) for electrical resistivity. In addition, soil core 1 taken from the same zone showed a transition of MS values from low (5)(6)[START_REF] Metwaly | Application of GPR technique for subsurface utility mapping: A case study from urban area of Holy Mecca[END_REF](8)(9)(10)(11)(12)(13)(14)(15) in the clean sediments to higher values in the contaminated sediments (120-160 SI) (Figure 6.2a). The high values decreased to intermediate values (75-90 SI) starting from a depth of around 50 cm, where the blackish color which represents the hydrocarbon contamination decreased; indicating a decrease in MS values accompanied by the decrease in the contamination extent. On the other hand, the clean soil core (core 2) showed homogenous low MS values (2-15 SI) along the whole core (Figure 6.2b). To investigate the relationship between the observed MS values and the contamination extent, the MS values were correlated against the hydrocarbon content (Figure 6.3). As a result, a positive correlation was observed (R 2 =0.80), indicating a direct relationship between the concertation of hydrocarbons and the MS values in the transition zone sediments.

The measurements of groundwater geochemical parameters shown in Table 1 demonstrated: increased total dissolved solids (TDS) concentrations (400-1000 mg/L); increased groundwater electrical conductivity (GEC) values (400-2000 μS/cm); negative redox potential values (-10 to -300 mV) and depleted dissolved oxygen concentrations within the contaminated zone boreholes. In contrast, lower TDS concentrations (100-300 mg/L), lower GEC values (<400μS/cm), positive redox potential values (1-40 mV) and higher dissolved oxygen concentrations were observed in the clean zone boreholes. This observed contrast in the geochemical parameters values between the contaminated and clean zones provides evidence that biodegradation of organic matter is occurring at the site. Alterations of hydrocarbons by bacterial activity substantially modified the chemical and physical properties of the contaminated sediments and produced a dramatic shift in the electrical resistivity signatures from resistive in the clean state to conductive in the contaminated state (Sauck, 2000), as shown by the electrical resistivity results (Figure 6.1b). The transition zone has documented the highest values of bulk electrical conductivity in previous studies and was suggested to be the most biologically active in the presence of sufficient carbon source (Werkema et al., 2003).

The observed lower electrical resistivity values in the contaminated sediments compared to the clean sediments, in addition to the geochemical data, imply that biodegradation processes are occurring in the transition zone sediments. Our MS results support the findings of a study done by Rijal et al., (2010), who observed the highest MS in the top of the fluctuation zone at a hydrocarbon contaminated site. The MS measurements are sensitive to microbial iron transformation processes associated with the biodegradation of hydrocarbons in the biologically active transition zone. These processes could be responsible for the formation of iron minerals which enhanced the MS values of contaminated sediments in this zone. During Iron reduction coupled to biodegradation of hydrocarbons, Fe (III) is converted to Fe (II) which in turn can be oxidized by the protons of water to form magnetic minerals such as magnetite. Magnetite is considered as a Ferromagnetic material characterized by a high magnetic susceptibility (Mewafy et al., 2011). SEM images of samples taken from category A contaminated sediments show that mineral grain surfaces are intensively etched and pitted compared to images from uncontaminated soil samples (Figure 6.4). The remarkable dissolution features suggest intense mineral surface alteration by microbial processes in the contaminated sediments (Atekwana and Atekwana, 2010). In addition, the EDX data showed high iron peaks in the contaminated samples, whereas the data showed low Fe peaks in the clean soil samples (Figure 6.5).

To verify whether the enhanced MS values in the contaminated sediments are related to the degradation process and not directly to the presence of hydrocarbons, the clean soil core (Core 2) was contaminated by different fresh (not degraded) hydrocarbon products (benzene, diesel, toluene, etc..) and the MS measurements were repeated. The results of this experiment showed similar MS values to the previous measurement which was done on the same core in its clean state (Figure 6.6). The absence of MS values enhancement in the contaminated core suggests that this enhancement is related to the biodegradation processes of hydrocarbons and not to its direct presence. Figure 6.7 shows the geophysical measurements done on soil samples of category B, which are mainly sediment samples that remained water saturated throughout the year. The contaminated samples of this category recorded a total hydrocarbon content similar to that of the category A samples, with concentrations of approximately 20 mg/kg. These samples exhibited low MS values (5)(6)[START_REF] Metwaly | Application of GPR technique for subsurface utility mapping: A case study from urban area of Holy Mecca[END_REF](8)(9)(10)(11)(12)(13)(14)(15)(16)(17)(18)(19)(20) in both clean and contaminated samples. However, the clean samples recorded a significantly higher electrical resistivity (200-300 Ω.m) compared to contaminated samples (20-50 Ω.m). This electrical resistivity change in addition to the geochemical data indicate that biodegradation processes are occurring in the contaminated aquifer. Contaminated soil samples of category B had a much smaller MS in comparison to contaminated samples of category A, despite the presence of a similar amount of hydrocarbons. The total hydrocarbon content did not correlate well with the MS values (R 2 =0.1) in the samples taken from the water saturated zone (Figure 6.8). The SEM images of contaminated sediments from this category showed similar weathering features to those occurring in the transition zone contaminated sediments (Figure 6.9). However, the EDX analysis didn't show any iron peaks in the contaminated sediments which recorded similar results as the clean sediments (Figure 6.10).

The low MS values of the contaminated sediments, the absence of a good correlation between the hydrocarbon content and MS and the absence of an iron peak in the EDX data despite the occurrence of bacterial biodegradation in the aquifer are probably attributed to the high mobility and to the complete water saturated conditions, which favors the dissolution of magnetic grains rather than the formation of new ones (Rijal et al., 2010). Support of this suggestion comes from studies such as [START_REF] Maher | Characterization of soils by mineral magnetic measurements[END_REF], who documented lower MS values in soils that are seasonally water saturated. The authors suggested that the presence of organic matter in saturated and strongly reduced anoxic soils favors the depletion of magnetic minerals rather than the formation of new ones.

Soil samples of category C are samples that were situated in the top 2m soil layer and were taken close to the contamination source. The contaminated samples of this category had a dark blackish color due to the very high amount of total hydrocarbons which exceeded 10000 mg/kg. Both, hydrocarbon contaminated and clean samples exhibited similar MS values ranging from 20 to 50 SI (Figure 6.11a). On the other hand, electrical resistivity values ranging from 300 to 400 (Ω.m) were recorded in the clean sediments, whereas values ranging from 470 to 600 (Ω.m) were recorded in the contaminated sediments (Figure 6.11b). In contrast to the transition and saturated zones sediments which recorded a shift from high resistivity in clean sediments to lower resistivity in contaminated sediments, samples of this category recorded higher resistivity in contaminated sediments compared to clean sediments.

According to the insulating layer model, this response is attributed to the presence of nondegraded hydrocarbons (Benson et al., 1997;DeRyck et al., 1993). Hydrocarbons are considered as insulating materials having a higher electrical resistivity than the surrounding media in their natural non-altered state. The higher resistivity values in the contaminated sediments and the absence of the conductive electrical response indicate the absence of biodegradation processes at this location. As these samples had similar MS for both contaminated and clean sediments, and as they were taken from a very shallow depth, we expect that anthropogenic heavy metals input by atmospheric deposition which is common in industrial sites contributed to the slight enhancement of MS values, which is unlikely due to the bacterial activity as indicated by the electrical resistivity results. The examination of metals concentrations in the samples of category C showed significant concentrations of Fe, Zn, Pb, Cu and Si, which may reflect the presence of anthropogenic metals contamination. Despite the presence of high amounts of hydrocarbons in the samples of category C, these geophysical responses are probably due to that the hydrocarbon concentration has been very high leading to a toxic effect on microorganisms. This can inhibit the biodegradation and the iron minerals transformation processes in these sediments. Note that, as the samples from categories A and B were taken from deeper depths, the influence of atmospheric deposition was neglected.

Conclusion

The study revealed a variable influence of hydrocarbon contamination on the MS measurements, depending on the sampling depth and sediments conditions. The electrical resistivity method constrained by geochemical measurements supported the MS investigations by providing an indication of biodegradation processes when recording a shift from high resistivity in clean sediments to lower resistivity in contaminated sediments. The highest MS values were recorded in the groundwater fluctuating zone contaminated sediments and were attributed to the enhanced bacterial activity at this zone as inferred from the electrical resistivity and geochemical measurements. The high mobility in the saturated zone, as well as the dissolution of magnetic minerals, might explain the low MS values recorded in the saturated zone sediments that had hydrocarbon content, electrical resistivity values and geochemical parameters concentrations similar to those of the transition zone sediments. The study also suggested that the very high hydrocarbons content produced a toxic environment for microorganisms and inhibited the biodegradation processes in the shallow (top soil) contaminated sediments. The slight MS enhancement in these sediments was attributed to anthropogenic atmospheric deposition of metals.

The presence of hydrocarbons in the contaminated sediments as a carbon source has played an important role and had a significant influence on the MS values due to the iron minerals transformation processes. Our results reveal that the combination of the magnetic susceptibility and electrical resistivity methods can be used to monitor the contamination, and can be considered as a proxy of bacterial activity in our contaminated site. However, the processes are complex and more field and laboratory chemical and biological studies (e.g., iron phases, bacterial populations, etc.) are required to complete this work. This will be done to precisely characterize the bacterial processes and the relationship between the different biological parameters and the magnetic susceptibility signatures. 

Introduction

Oil contamination of the shallow subsurface is a major problem of environmental concern. Boreholes installation is considered as a crucial step for delineating contamination plumes, studying the groundwater properties and proceeding with the remediation processes. Gathering information about the shallow subsurface utility infrastructure is important for safe and costeffective boreholes installation. Non-destructive and accurate techniques are therefore needed to acquire knowledge about the shallow structures which could affect the boreholes installation and produce any potential hazards during the process. Geophysical methods have been shown as effective and non-destructive techniques which could explore the shallow subsurface in a fast and accurate way. Among all geophysical methods, the GPR is considered as the most efficient tool which can be used for utility detection and has been extensively used for a variety of applications including archeological, hydrogeological and civil engineering investigations [START_REF] Enes | On the imaging application of ground penetrating radar[END_REF][START_REF] Jeng | Application of sub-image multiresolution analysis of ground penetrating radar data in a study of shallow structure[END_REF].

The GPR uses high frequency electromagnetic waves to detect subsurface features whose electromagnetic properties differ from those of the surrounding media. Numerous successful applications of the GPR which successfully detected buried utilities in the shallow subsurface have been documented (e.g., [START_REF] Cheng | Identification and positioning of underground utilities using ground penetrating radar (GPR)[END_REF][START_REF] Metwaly | Application of GPR technique for subsurface utility mapping: A case study from urban area of Holy Mecca[END_REF][START_REF] Reynolds | An Introduction to Applied and Environmental Geophysics[END_REF]. However, the application of the GPR in industrial areas characterized by intensive urban activities is still a challenge because of the complicated infrastructure, which could contain noise sources that can impact the acquired data. The GPR method is less effective in heterogeneous environments and in conductive media such as clayey soils, which can decrease the penetration depth through introducing conductive absorptive losses which can cause the attenuation of the GPR signal (Cassidy, 2007).

In this study, we applied the GPR method to produce a map of potential safe positions of boreholes locations, which will be used for the remediation process in the contaminated petroleum refinery of Petit-Couronne. The shallow subsurface in this site is characterized by the presence of different types of utilities including, electrical cables, pipelines and concrete slabs at a depth ranging from 30 to 200 cm. There exist no accurate background information about the utilities in this area, therefore the GPR was used to locate the existing utilities before starting the boreholes installations process in order to avoid any potential problems such as pipelines and cables destruction. This study also aims to reduce the drilling cost by reducing the number of nonsuccessful attempts which could result from the presence of such utilities. The electrical resistivity tomography method was also used to get more information about the geological structures of the study area.

Boreholes planning and GPR data acquisition

The study zone extends over an area of 5600 m 2 in the center of the refinery (Figure 7.1). An initial plan of boreholes locations was established with a number of 20 boreholes having a distance of approximately 10 m between each. Figure 7.2 shows the initial boreholes locations plan and the GPR profiles conducted across these locations. 17 vertical and horizontal GPR profiles were conducted using a Mala Geoscience X3M radar system coupled to a shielded antenna. Antennas with central frequencies of 250 MHz and 100 MHz were used. A recording tape was used to accurately measure the distance along the surveyed profiles and the radar antenna was moved along the profiles lines which were delineated by the measuring tape. For data acquisition, we used a wheel mode with a recording interval of 0.10 meters, time windows of 70 ns and 200ns (in order to get information from deeper sources), and a number of 512 stacks per trace. Each profile was repeated in the reverse direction for higher data accuracy. 

Data processing

The data processing process was started by a dewow filtering to remove the initial direct current signal. This was followed by a time-zero correction to overcome the time zero point jump caused by equipment instability. This step is done to find the true ground surface reflection. The traces were multiplied by a gain function to overcome the effects of geometrical spreading losses and improve the visual quality of the data by enhancing the low amplitude reflections. Filtering the data constituted of applying a band pass filter that improves the signal quality by improving the signal to noise ratio. This step has to be done carefully to avoid signal alterations which can result in removing reflections that represent subsurface structures. According to the information observed in the amplitude spectra of the raw data, a band pass filter of 150 MHz to 250 MHz was applied to the profiles which were acquired by using the 250 MHz antennae. Whereas, a 50 MHz to 150 MHz band pass filter was applied to the profiles acquired by using the 100 MHz antenna. The mean velocities of the electromagnetic waves were estimated by: (1) velocity adaptation through fitting the continuous reflections with the geological layers identified by the ERT profiles and available geological data, and (2) by determining the velocity through fitting hyperbolic reflections originating from point sources.

Results and discussion

The profiles showed a complex pattern with reflections from different subsurface utilities buried in the shallow part of the subsurface (0-1 m). These reflections included responses from pipes, cables, concrete slabs and interfaces such as the interface between the filling and the original soils. The profiles showed many hyperbolic reflected signals which correspond to buried pipes. Based on the size of the hyperbola, we could classify two types of buried pipes as follows: (1) the wider hyperbolas correspond to reflections from large diameter oil pipes and (2) and the narrower hyperbolas correspond to smaller diameter water supply pipes. The reflections from buried pipes were recorded in profiles P1, P2, P4 and P5. Profile 1 showed the hyperbolic reflections at x=8m, x=13 m and x=21 m, at a depth ranging from 0.8 to 1.2 m (Figure 7.3). The wide hyperbolic reflection below location L2 corresponds to a large diameter oil supply pipe. Therefore the L2 location was marked as "bad location". The straight continuous reflector at a depth of 1.5 m corresponds to the interface between the surface dry sandy gravel layer and the below contaminated sand humid layer. This was validated by the geological and ERT data which showed a change in sediments and electrical resistivity values at the same depth (Figure 7.4). The lower resistivity values which appear below this interface corresponds to humid contaminated sediments. As discussed in the previous chapters, the hydrocarbon biodegradation processes are considered to be responsible for the soil elevated electrical conductivity, which limited the penetration depth of the GPR.

Another important feature observed along the GPR profiles P2, P3, P4 and P5 is characterized by a strong large diameter ringing reflection starting at a shallow depth (Figures 7.5,7.6 and 7.7). This ringing pattern corresponds to buried concrete slabs. The reflections from subsurface electrical cables are those observed in profiles P2 and P4, and characterized by strong multiple reflections that extend to the maximum depth of investigation. Several excavations were done to validate our interpretations and relate the observed reflections to the buried utilities. Figure 7.8 shows an excavation done at x=10 m along profile P5 showing a buried concrete slab at a depth of around 1m. This observation agreed well with the position of the wide ringing reflection in the GPR profile which started at the same depth. Another two excavations were done at x= 8 m and x= 13 m along profile P1 (Figure 7.9). These excavations showed two types of buried pipes (oil and water pipes) reflected in the GPR profile as narrow and wide hyperbolic reflections. 

New boreholes locations

According to the GPR profiles, we could state whether the initial locations of the boreholes are suitable or not. The locations were marked unsuitable when observed to be above or close to a buried utility. In this case, the initial locations were moved to a position where we have no reflections from buried utilities in the GPR profiles. Therefore, according to the obtained results, locations L2, L3, L6, L10 and L17 were moved on the new locations map as shown in Figure 7.10. 

Chapter 8 Conclusion

The application of geophysical methods for monitoring hydrocarbon contaminated sites has been the subject for many research activities in the last two decades. This is driven by the need for obtaining large scale spatial data, given that the classical geochemical investigations are expensive, time consuming and provide only small scale point measurements. However, the application of geophysical methods to contaminated sites could face many obstacles. One of which is getting access to such sites, despite the presence of numerous contaminated sites in Europe and particularly in France. This could be due to confidentiality issues and to conflicts between the different scientific and engineering communities (e.g., environmental engineers, geochemists, geophysicists, etc.), as each one of them has his own language, understandings and theories. Therefore, the application of geophysical methods in this thesis was limited to the one site which we could have the access to; the refinery of Petit-Couronne.

The main objective of this work was to contribute to the development of the application of geophysical methods to hydrocarbon contaminated sites investigations. In this sense, the objective of this thesis was to characterize the hydrocarbon contamination and investigate its effects on the soil and groundwater geophysical and geochemical properties in an abandoned petroleum refinery contaminated by different hydrocarbon products (e.g., LNAPL and DNAPL products). For that, five geophysical methods including ERT, GPR, IP, SP and MS were applied and combined with geochemical data acquired from the site boreholes. The comparison between the contaminated and clean zones showed that the contamination changed the chemical and biological properties of soil and groundwater. This was shown through recording increased TDS concentrations, increased groundwater electrical conductance, a change of redox potential values from positive to negative, increased ions concentrations and depleted concentrations of electron acceptors such as oxygen, nitrate and sulfate. These geochemical changes, which are evidences of microbial biodegradation of hydrocarbons were reflected in the different geophysical signatures. Generally, the geophysical responses recorded by the different methods supported the findings of Sauck (2000), who suggested that biological alterations of hydrocarbons can substantially modify the pore water biogeochemistry, producing a temporal shift in the geoelectrical signature from resistive to conductive. Apparently, the leaching of soluble salts and the mineral dissolution processes associated with the production of organic acids during the biodegradation of hydrocarbons increased the TDS concentrations, and as a result, increased the groundwater electrical conductivity. These modifications in the chemical properties of pore fluids modified the ohmic and capacitive parts of the electrical conduction in contaminated sediments. This was reflected as an increase of electrical conductivity and chargeability in the zones impacted by the dissolved phase of the contamination. A change of the electrical resistivity signature form resistive in the clean background aquifers (≈300 Ω.m) to conductive in the contaminated aquifers (<50 Ω.m) was observed. The ERT and IP methods provided information about the extent of the contamination in the aquifer due to the dissolved phase, where the low resistivity anomalies extended to a depth of around 23m. Thus these methods can be used to obtain spatial information on the groundwater quality and chemical conditions. Furthermore, the increase in the soil electrical conductivity effected the GPR measurements which showed attenuated reflections amplitudes (shadow zones) in the zones impacted by the residual phase of the contamination.

The changes in groundwater redox chemistry due to the utilization of electron acceptors during the redox processes were reflected in the SP data, where an active biogeobattery process was suggested to be present in the contaminated portion of the site. This natural geobattery was created due to the existence of a strong redox potential gradient between the highly reducing conditions within the plume and the oxidizing conditions outside the plume. This created a driving force for the self-potential electrochemical signal. A residual self-potential map was first produced through removing the electrokinetic component from the observed self-potential signals. This was done by calibrating a groundwater flow model to compute the spatial distribution of the Darcy velocity, which was used to calculate the streaming potential; referred to as the electrokinetic component of the SP signal. An inversion algorithm was then used to obtain the current density components from the residual self potential data. The horizontal components were determined to be very small compared to the vertical component of the source current density which was used to construct a redox potential map of the site. Therefore, vertical dipoles distributed across the capillary fringe were suggested to be responsible for the redox effect in the SP signal. A good correlation was shown between the predicted redox potential values and redox potential values measured independently in a set of wells. This good correlation illustrates the ability of the selfpotential method to delineate the borders between the contaminated and clean zones according to the contrast in the redox conditions created due to the biodegradation process.

The iron minerals transformation processes, particularly the precipitation or iron minerals was reflected as changes in the magnetic susceptibility signature. The MS measurements recorded variable values according to the sediments biological conditions and depth. The biologically active transition zone exhibited high MS values in contaminated locations compared to clean ones. This response was attributed to the precipitation of iron minerals coupled to the biodegradation process which was evidenced by the geochemical and electrical resistivity measurements. On the other hand, low MS values were observed in the contaminated aquifer sediments, despite the occurrence of biodegradation, evidenced by the electrical resistivity values and geochemical parameters concentrations. This response was attributed to the dissolution of magnetic minerals and their high mobility in the saturated zone. The top soil layer showed no differences in MS values between contaminated and clean sediments. This was explained by the absence of biological activity at this zone due to the presence of a very high hydrocarbons content, which produced a toxic environment for the microorganisms. Therefore, the presence of hydrocarbons in the contaminated sediments as a carbon source has played an important role and had a significant influence on the MS values due to the iron minerals transformation processes.

Throughout this study, the geochemical and geophysical data were in great agreement. The geophysical methods consistently showed the same behavior in the contaminated zones where biodegradation is occurring as inferred from the geochemical data. The contaminated zones (according to hydrocarbon concentrations analyses done on groundwater samples) recorded lower resistivity anomalies and negative redox potential values compared to the clean zone which recorded higher resistivity values and positive self potential values. Therefore, the hydrocarbon contamination of groundwater was delineated according to the geophysical contrast between the contaminated and clean zones. The plume borders, which were delineated according to the geophysical data were in great agreement with the boreholes geochemical data, as the borders of the contaminated zone were detected between the contaminated and the clean boreholes.

The given results illustrate the ability of geophysical methods to characterize and delineate the contamination at the site. The combination of the different geophysical methods reduced the ambiguity in the interpretations by recording consistent results that showed a clear geophysical contrast between contaminated and clean zones. Additionally, this combination provided insight on the different processes that might have modified the contaminated sediments chemical and biological properties. By using these 5 methods, it will be possible to follow the remediation process and assess the changes in groundwater geochemical properties over time. This will be done through observing the temporal evolution of the geophysical signatures (Figure 8.1). [START_REF] Blondel | Case study of a hydrocarbon contaminated site using the spectral induced polarization method: contribution of laboratory measurements for the interpretation of field results[END_REF]. This approach, combined with few geochemical point measurements will help evaluate the remediation process and delineate the contaminant plume evolution in a time-lapse manner. As the GPR proved to be more sensitive to small changes in the bulk electrical conductivity occurring in the contamination residual phase, this method will be first used to locate the unknown source zones through high-resolution scanning of the site. Then time-lapse GPR measurements will be used to follow the changes of electrical conductivity in the residual zones as the remediation proceeds. The SP method proved to be sensitive to changes in the redox conditions which are in turn related to the contaminant distribution in groundwater. Therefore, fixed SP electrodes connected to an automated system will be used to follow the evolution of the contaminant plume over time.

Besides, it is necessary to conduct laboratory experiments in parallel to the field ones in order to better understand the geoelectrical response of each type of contaminant, and to fully understand the associated biological and chemical mechanisms. It is also important to define the duration and concentration at which the different hydrocarbon compounds alter the sediments biogeochemical properties and consequently the geophysical signal. For this purpose, a sand box experiment has been constructed to follow the evolution of the geophysical response with respect to the contaminant type and concentration, and with respect to the variations of the different geochemical parameters (Figure 8.2). The sand-box simulates field conditions with a saturated and a non-saturated zone and contains boreholes which enable high-resolution imaging of the electrical resistivity vertical changes. The sandbox will be injected by an oil spill extracted from the site contaminant plume and the biological conditions in the sandbox will be monitored by adding a mix of bacterial populations and nutrients to activate the biodegradation process. The temporal effects of the contamination on the geoelectrical response will be followed by conducting time-lapse geophysical and geochemical measurements.

Another obstacle which faces the application of geophysical methods at contaminated sites is the noise which can be produced in the geophysical data when acquired at industrial sites. This problem was a subject of research for many studies which aimed to improve the quality of such data by improving the signal to noise ratio. The numerous field geophysical measurements conducted during this thesis could lead to improving the methodology (e.g., acquisition, processing, interpretation, etc.) of geophysical data acquired in industrial sites. However, more efforts should be done to improve the quality of geophysical measurements on the field. An example would be working on the development and the use of boreholes measurements. Conducting geoelectrical measurements in boreholes allows acquiring data with higher vertical resolution and a better signal to noise ratio. Moreover, this kind of measurements could be done in boreholes which were initially installed for geochemical and hydrogeological monitoring of the site. This approach will increase the choices for geophysical methods in terms of setup (surface or borehole) and resolution (vertical and horizontal). This will make it possible to extend the scope of geophysical methods and overcome the obstacles encountered at urban sites. By applying the different geophysical techniques at both the laboratory and field scales, combined with geochemical investigations, contamination diagnoses and remediation monitoring can be more efficient and less time consuming.
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 4 Figure 4.13: Scanning electron microscope images of a contaminated (a) and a clean (b) soil sample which were taken from the aquifer. The image of the contaminated sample shows etched pits and dissolution features which are absent in the image of the clean sample. ..................................................Figure 4.14: EDX results of a contaminated (a) and a clean (b) soil sample which were taken from the zone located directly above the groundwater table. The results show higher iron (Fe) peaks in the contaminated sample. ................................................................................................................................Figure 4.15: The SP map with respect to the hydrocarbons distribution and the conducted ERT profiles. The dotted curve depicts the estimated clean zone boundaries according to the shift of SP values from positive to negative. The "X" marks on the ERT profiles represent the locations at which the resistivity values changed from high in the clean zone to low in the contaminated zone. .........................................Figure 5.1: Sketch of the biogeobattery process that occurs at the water table located at the interface between the saturated and non-saturated zones. The diagram shows that mineral precipitates and bacterial biofilms transfer electrons between the cathode and the anode during the oxidation of organic carbon (modified from Revil et al., 2010). e-indicates the flux of electrons through biotic and/or abiotic electronic conductors located in the capillary fringe, and Jr indicates the source current density associated with the redox component of the self-potential field .................................................................................Figure 5.2: Borehole data showing the distribution of C10-C40 and C5-C10 hydrocarbons in groundwater overlaying an aerial photo of the site (Google Earth-© 2017 Google). The data shows a clean zone with zero concentrations of hydrocarbons in the North-Eastern part of the site (boreholes B1, B2, B3 and B4). ...................................................................................................................................................................Figure 5.3: The distribution of groundwater electrical conductivity measured in the site boreholes (obtained by kriging with a linear variogram) overlaying an aerial photo of the site (Google Earth-© 2017 Google). The map shows higher electrical conductivity values close to the contaminated zone boreholes (e.g., B10, B13, B7, B8 and B33)..............................................................................................................Figure 5.4: The distribution of redox potential measured in the site boreholes (obtained by kriging with a linear variogram) overlaying an aerial photo of the site (Google Earth-© 2017 Google).The map shows negative redox potential values close to the contaminated zone boreholes (e.g., B10, B13, B7, B8 and B33) and positive redox potential values close to the clean zone boreholes (e.g., B1, B2, B3 and B4). .. Figure5.5: 2D-electrical resistivity tomography profile (Wenner configuration and 2 m electrodes spacing) acquired in the contaminated zone across borehole B10. Note that the shown location of the borehole is not its exact location on the profile (to avoid hiding profile features). The profile shows a high resistivity region in the non-saturated zone (150-300 Ω.m) and a low resistivity region in the saturated zone(5-30 Ω.m) which is located at a depth of approximately 9m. .........................................................Figure 5.6: Distribution of electrical resistivity in the non-saturated (a) and saturated (b) zones overlaying an aerial photo of the site (Google Earth-© 2017 Google). The maps were obtained by the interpolation of data obtained from 27 electrical resistivity tomography profiles. The dashed lines represent the ERT profiles. ERT1 represents the location of the ERT profile shown in Figure 5. .........................................Figure 5.7: The measured self-potential map on the study site acquired in May 2016. The arrows show the direction of groundwater flow and the black dots correspond to the self-potential measurement stations made in the field. The white circle with the term 'REF' corresponds to the SP base (reference) station which was common for all the measurement stations. The self-potential map shows positive values close to the clean zone boreholes (B1, B2, B3 and B4) and negative values close to the contaminated zone boreholes (e.g., B7, B8, B9, B10, etc.). .....................................................................................................
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 514 Figure 5.8: (a) The groundwater elevation in the study site. The arrows show the direction of groundwater flow. (b) Correlation between the hydraulic heads observed in boreholes (data points extracted from the interpolation of the data observed in the field) and the numerically predicted hydraulic heads which were used to calculate the electrokinetic self-potential component. .................................................................. Figure 5.9: (a) The laboratory experiment used to calculate the electrokinetic coupling coefficient C' (Revil and Jardani, 2013). Two electrodes connected to a voltmeter were placed at the bottom and top of a soil sample. The arrows indicate the direction of water flow and the measurement was repeated at different water head levels with an interval of 5cm. (b) Plot of the water head difference against the measured electrical potential measured across the soil sample. ................................................................................Figure 5.10: Map of the electrokinetic component of the self-potential data. The arrows represent the groundwater flow direction and the white circle with the term 'REF' corresponds to the SP base (reference) station. ..................................................................................................................................... Figure 5.11: Map of the residual self-potential data (redox component) calculated by removing the electrokinetic component from the field self-potential data. The arrows represent the groundwater flow direction and the white circle with the term 'REF' corresponds to the SP base (reference) station. ........Figure 5.12: The position of the discretized domain used to invert the self-potential data. This domain corresponds to the transition zone, which separates the saturated zone from the non-saturated zone at a depth of 7.5m. The transition zone was considered to have a thickness of 1m. ........................................ Figure 5.13: The inverted horizontal current density components (Jx and Jy). .......................................Figure 5.14: The inverted vertical current density component (Jz). .........................................................Figure 5.15: (a) Correlation between the measured and inverted self-potential data obtained by using only the vertical current density component (Jz). (b) Correlation between the measured and inverted selfpotential data obtained from the combination of the three current density components (Jz Jx and Jy). The figure shows that the horizontal components are negligible compared to the vertical component. ..........Figure 5.16: (a) The map of the predicted redox potential values obtained from the inversion of the residual self-potential data. (b) The linear correlation between the predicted redox potential values and the redox potential measured on boreholes showing a good correlation coefficient (R 2 = 0.79). .................... Figure 6.1: Plot of magnetic susceptibility (a) and electrical resistivity (b) of clean and contaminated soil samples from category A, which were sampled from the transition zone. ................................................ Figure 6.2: Magnetic susceptibility results of contaminated (a) and clean (b) soil cores taken from the transition zone. The figure shows higher MS values in the presence of hydrocarbon contamination (represented by blackish colored sediments). ............................................................................................ Figure 6.3: The correlation between the hydrocarbons content and the magnetic susceptibility of category A soils samples. A good correlation with a determination coefficient (R 2 ) of 0.80 was observed. .......... Figure 6.4: Scanning electron microscope images if a contaminated (a) and a clean (b) soil sample taken from the transition zone (category A). The images show etched pits and mineral weathering features in the contaminated sample. ................................................................................................................................Figure 6.5: EDX analysis results of a contaminated (a) and a clean (b) soil sample taken from the transition zone. The results show higher iron (Fe) peaks in the contaminated sample. ............................Figure 6.6: Core 2 before (a) and after (b) the addition of fresh hydrocarbons. The results show similar MS values before and after the addition of hydrocarbons to the clean soil core which was taken from the transition zone. ..........................................................................................................................................
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 56367 Figure 5.8: (a) The groundwater elevation in the study site. The arrows show the direction of groundwater flow. (b) Correlation between the hydraulic heads observed in boreholes (data points extracted from the interpolation of the data observed in the field) and the numerically predicted hydraulic heads which were used to calculate the electrokinetic self-potential component. .................................................................. Figure 5.9: (a) The laboratory experiment used to calculate the electrokinetic coupling coefficient C' (Revil and Jardani, 2013). Two electrodes connected to a voltmeter were placed at the bottom and top of a soil sample. The arrows indicate the direction of water flow and the measurement was repeated at different water head levels with an interval of 5cm. (b) Plot of the water head difference against the measured electrical potential measured across the soil sample. ................................................................................Figure 5.10: Map of the electrokinetic component of the self-potential data. The arrows represent the groundwater flow direction and the white circle with the term 'REF' corresponds to the SP base (reference) station. ..................................................................................................................................... Figure 5.11: Map of the residual self-potential data (redox component) calculated by removing the electrokinetic component from the field self-potential data. The arrows represent the groundwater flow direction and the white circle with the term 'REF' corresponds to the SP base (reference) station. ........Figure 5.12: The position of the discretized domain used to invert the self-potential data. This domain corresponds to the transition zone, which separates the saturated zone from the non-saturated zone at a depth of 7.5m. The transition zone was considered to have a thickness of 1m. ........................................ Figure 5.13: The inverted horizontal current density components (Jx and Jy). .......................................Figure 5.14: The inverted vertical current density component (Jz). .........................................................Figure 5.15: (a) Correlation between the measured and inverted self-potential data obtained by using only the vertical current density component (Jz). (b) Correlation between the measured and inverted selfpotential data obtained from the combination of the three current density components (Jz Jx and Jy). The figure shows that the horizontal components are negligible compared to the vertical component. ..........Figure 5.16: (a) The map of the predicted redox potential values obtained from the inversion of the residual self-potential data. (b) The linear correlation between the predicted redox potential values and the redox potential measured on boreholes showing a good correlation coefficient (R 2 = 0.79). .................... Figure 6.1: Plot of magnetic susceptibility (a) and electrical resistivity (b) of clean and contaminated soil samples from category A, which were sampled from the transition zone. ................................................ Figure 6.2: Magnetic susceptibility results of contaminated (a) and clean (b) soil cores taken from the transition zone. The figure shows higher MS values in the presence of hydrocarbon contamination (represented by blackish colored sediments). ............................................................................................ Figure 6.3: The correlation between the hydrocarbons content and the magnetic susceptibility of category A soils samples. A good correlation with a determination coefficient (R 2 ) of 0.80 was observed. .......... Figure 6.4: Scanning electron microscope images if a contaminated (a) and a clean (b) soil sample taken from the transition zone (category A). The images show etched pits and mineral weathering features in the contaminated sample. ................................................................................................................................Figure 6.5: EDX analysis results of a contaminated (a) and a clean (b) soil sample taken from the transition zone. The results show higher iron (Fe) peaks in the contaminated sample. ............................Figure 6.6: Core 2 before (a) and after (b) the addition of fresh hydrocarbons. The results show similar MS values before and after the addition of hydrocarbons to the clean soil core which was taken from the transition zone. ..........................................................................................................................................
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 71 Figure 6.7: Plots of Magnetic susceptibility (a) and electrical resistivity (b) of clean and contaminated samples of category B, which were taken from the aquifer. ..................................................................... Figure 6.8: Linear scatter plot between the magnetic susceptibility and the total hydrocarbons content of category B samples. R 2 denotes the coefficient of determination which was determined to be very low (0.10). ........................................................................................................................................................ Figure 6.9: Scanning electron microscope images of a contaminated (a) and a clean (b) soil sample taken from the aquifer. The images show etched pits and mineral weathering features in the contaminated sample. .......................................................................................................................................................Figure 6.10: EDX analysis results of a contaminated (a) and a clean (b) soil sample taken from the aquifer. The results show similar elements composition in both samples. ................................................ Figure 6.11: Plot of magnetic susceptibility (a) and electrical resistivity (b) of clean and contaminated samples from category C, which were sampled close to the surface.........................................................Figure 7.1: The location of the study zone (Google Earth). The study zone is located in the center of the refinery and covers an area of around 5600 m 2 . ........................................................................................Figure 7.2: Well initial locations map. The red circles show the wells locations and the blue arrows show the direction of the GPR profiles. ..............................................................................................................Figure 7.3: GPR profile acquired along profile P1. The GPR profile shows several hyperbolic reflections corresponding to buried water and oil supply pipes (The reflection template adapted from Metwaly, 2015). ...................................................................................................................................................................Figure 7.4: ERT profile (a) and geological data (b) acquired along profile P1. The blue line in the ERT profile represents the interface between layers 1 and 2 which are shown in the lithology profile. ...........Figure 7.5: GPR profile P2 showing ringing reflections from a buried concrete slab and from an electrical cable (The reflections templates are adapted from Metwaly, 2015). ........................................................Figure 7.6: The GPR profile P3 showing a ringing reflections from a buried concrete slab (The reflections templates adapted are from Metwaly et al., 2015). ...................................................................................Figure 7.7: The GPR profile P5 showing reflections from buried concrete slabs and pipes (The reflections templates are adapted from Metwaly et al., 2015). ..................................................................Figure 7.8: An excavation done along profile P5 showing a buried concrete slab at a depth of around 1m. ...................................................................................................................................................................Figure 7.9: Excavations done along profile P1 showing buried water and oil supply pipes. The narrow hyperbolas in the GPR profiles represent the water supply pipes while the wide hyperbolas represent the oil pipes. ....................................................................................................................................................Figure 7.10: New boreholes locations map according to the GPR data. The green and yellow flags correspond to good and bad locations respectively and the blue arrows show the direction of the GPR profiles. The Letter N corresponds to the new location and the black arrows represent the direction in which the initial locations were moved. ....................................................................................................Figure 8.1: An example showing the variation of electrical resistivity over time at a hydrocarbon contaminated site (Blondel et al., 2014). ...................................................................................................Figure 8.2: The global scheme and the aerial view of the sand box experimental setup. The setup constitutes of a sand box containing a saturated and a non-saturated zone and 5 boreholes which will be used for the geophysical and geochemical measurements. .......................................................................
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 72 Figure 6.7: Plots of Magnetic susceptibility (a) and electrical resistivity (b) of clean and contaminated samples of category B, which were taken from the aquifer. ..................................................................... Figure 6.8: Linear scatter plot between the magnetic susceptibility and the total hydrocarbons content of category B samples. R 2 denotes the coefficient of determination which was determined to be very low (0.10). ........................................................................................................................................................ Figure 6.9: Scanning electron microscope images of a contaminated (a) and a clean (b) soil sample taken from the aquifer. The images show etched pits and mineral weathering features in the contaminated sample. .......................................................................................................................................................Figure 6.10: EDX analysis results of a contaminated (a) and a clean (b) soil sample taken from the aquifer. The results show similar elements composition in both samples. ................................................ Figure 6.11: Plot of magnetic susceptibility (a) and electrical resistivity (b) of clean and contaminated samples from category C, which were sampled close to the surface.........................................................Figure 7.1: The location of the study zone (Google Earth). The study zone is located in the center of the refinery and covers an area of around 5600 m 2 . ........................................................................................Figure 7.2: Well initial locations map. The red circles show the wells locations and the blue arrows show the direction of the GPR profiles. ..............................................................................................................Figure 7.3: GPR profile acquired along profile P1. The GPR profile shows several hyperbolic reflections corresponding to buried water and oil supply pipes (The reflection template adapted from Metwaly, 2015). ...................................................................................................................................................................Figure 7.4: ERT profile (a) and geological data (b) acquired along profile P1. The blue line in the ERT profile represents the interface between layers 1 and 2 which are shown in the lithology profile. ...........Figure 7.5: GPR profile P2 showing ringing reflections from a buried concrete slab and from an electrical cable (The reflections templates are adapted from Metwaly, 2015). ........................................................Figure 7.6: The GPR profile P3 showing a ringing reflections from a buried concrete slab (The reflections templates adapted are from Metwaly et al., 2015). ...................................................................................Figure 7.7: The GPR profile P5 showing reflections from buried concrete slabs and pipes (The reflections templates are adapted from Metwaly et al., 2015). ..................................................................Figure 7.8: An excavation done along profile P5 showing a buried concrete slab at a depth of around 1m. ...................................................................................................................................................................Figure 7.9: Excavations done along profile P1 showing buried water and oil supply pipes. The narrow hyperbolas in the GPR profiles represent the water supply pipes while the wide hyperbolas represent the oil pipes. ....................................................................................................................................................Figure 7.10: New boreholes locations map according to the GPR data. The green and yellow flags correspond to good and bad locations respectively and the blue arrows show the direction of the GPR profiles. The Letter N corresponds to the new location and the black arrows represent the direction in which the initial locations were moved. ....................................................................................................Figure 8.1: An example showing the variation of electrical resistivity over time at a hydrocarbon contaminated site (Blondel et al., 2014). ...................................................................................................Figure 8.2: The global scheme and the aerial view of the sand box experimental setup. The setup constitutes of a sand box containing a saturated and a non-saturated zone and 5 boreholes which will be used for the geophysical and geochemical measurements. .......................................................................
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 73 Figure 6.7: Plots of Magnetic susceptibility (a) and electrical resistivity (b) of clean and contaminated samples of category B, which were taken from the aquifer. ..................................................................... Figure 6.8: Linear scatter plot between the magnetic susceptibility and the total hydrocarbons content of category B samples. R 2 denotes the coefficient of determination which was determined to be very low (0.10). ........................................................................................................................................................ Figure 6.9: Scanning electron microscope images of a contaminated (a) and a clean (b) soil sample taken from the aquifer. The images show etched pits and mineral weathering features in the contaminated sample. .......................................................................................................................................................Figure 6.10: EDX analysis results of a contaminated (a) and a clean (b) soil sample taken from the aquifer. The results show similar elements composition in both samples. ................................................ Figure 6.11: Plot of magnetic susceptibility (a) and electrical resistivity (b) of clean and contaminated samples from category C, which were sampled close to the surface.........................................................Figure 7.1: The location of the study zone (Google Earth). The study zone is located in the center of the refinery and covers an area of around 5600 m 2 . ........................................................................................Figure 7.2: Well initial locations map. The red circles show the wells locations and the blue arrows show the direction of the GPR profiles. ..............................................................................................................Figure 7.3: GPR profile acquired along profile P1. The GPR profile shows several hyperbolic reflections corresponding to buried water and oil supply pipes (The reflection template adapted from Metwaly, 2015). ...................................................................................................................................................................Figure 7.4: ERT profile (a) and geological data (b) acquired along profile P1. The blue line in the ERT profile represents the interface between layers 1 and 2 which are shown in the lithology profile. ...........Figure 7.5: GPR profile P2 showing ringing reflections from a buried concrete slab and from an electrical cable (The reflections templates are adapted from Metwaly, 2015). ........................................................Figure 7.6: The GPR profile P3 showing a ringing reflections from a buried concrete slab (The reflections templates adapted are from Metwaly et al., 2015). ...................................................................................Figure 7.7: The GPR profile P5 showing reflections from buried concrete slabs and pipes (The reflections templates are adapted from Metwaly et al., 2015). ..................................................................Figure 7.8: An excavation done along profile P5 showing a buried concrete slab at a depth of around 1m. ...................................................................................................................................................................Figure 7.9: Excavations done along profile P1 showing buried water and oil supply pipes. The narrow hyperbolas in the GPR profiles represent the water supply pipes while the wide hyperbolas represent the oil pipes. ....................................................................................................................................................Figure 7.10: New boreholes locations map according to the GPR data. The green and yellow flags correspond to good and bad locations respectively and the blue arrows show the direction of the GPR profiles. The Letter N corresponds to the new location and the black arrows represent the direction in which the initial locations were moved. ....................................................................................................Figure 8.1: An example showing the variation of electrical resistivity over time at a hydrocarbon contaminated site (Blondel et al., 2014). ...................................................................................................Figure 8.2: The global scheme and the aerial view of the sand box experimental setup. The setup constitutes of a sand box containing a saturated and a non-saturated zone and 5 boreholes which will be used for the geophysical and geochemical measurements. .......................................................................
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 74 Figure 6.7: Plots of Magnetic susceptibility (a) and electrical resistivity (b) of clean and contaminated samples of category B, which were taken from the aquifer. ..................................................................... Figure 6.8: Linear scatter plot between the magnetic susceptibility and the total hydrocarbons content of category B samples. R 2 denotes the coefficient of determination which was determined to be very low (0.10). ........................................................................................................................................................ Figure 6.9: Scanning electron microscope images of a contaminated (a) and a clean (b) soil sample taken from the aquifer. The images show etched pits and mineral weathering features in the contaminated sample. .......................................................................................................................................................Figure 6.10: EDX analysis results of a contaminated (a) and a clean (b) soil sample taken from the aquifer. The results show similar elements composition in both samples. ................................................ Figure 6.11: Plot of magnetic susceptibility (a) and electrical resistivity (b) of clean and contaminated samples from category C, which were sampled close to the surface.........................................................Figure 7.1: The location of the study zone (Google Earth). The study zone is located in the center of the refinery and covers an area of around 5600 m 2 . ........................................................................................Figure 7.2: Well initial locations map. The red circles show the wells locations and the blue arrows show the direction of the GPR profiles. ..............................................................................................................Figure 7.3: GPR profile acquired along profile P1. The GPR profile shows several hyperbolic reflections corresponding to buried water and oil supply pipes (The reflection template adapted from Metwaly, 2015). ...................................................................................................................................................................Figure 7.4: ERT profile (a) and geological data (b) acquired along profile P1. The blue line in the ERT profile represents the interface between layers 1 and 2 which are shown in the lithology profile. ...........Figure 7.5: GPR profile P2 showing ringing reflections from a buried concrete slab and from an electrical cable (The reflections templates are adapted from Metwaly, 2015). ........................................................Figure 7.6: The GPR profile P3 showing a ringing reflections from a buried concrete slab (The reflections templates adapted are from Metwaly et al., 2015). ...................................................................................Figure 7.7: The GPR profile P5 showing reflections from buried concrete slabs and pipes (The reflections templates are adapted from Metwaly et al., 2015). ..................................................................Figure 7.8: An excavation done along profile P5 showing a buried concrete slab at a depth of around 1m. ...................................................................................................................................................................Figure 7.9: Excavations done along profile P1 showing buried water and oil supply pipes. The narrow hyperbolas in the GPR profiles represent the water supply pipes while the wide hyperbolas represent the oil pipes. ....................................................................................................................................................Figure 7.10: New boreholes locations map according to the GPR data. The green and yellow flags correspond to good and bad locations respectively and the blue arrows show the direction of the GPR profiles. The Letter N corresponds to the new location and the black arrows represent the direction in which the initial locations were moved. ....................................................................................................Figure 8.1: An example showing the variation of electrical resistivity over time at a hydrocarbon contaminated site (Blondel et al., 2014). ...................................................................................................Figure 8.2: The global scheme and the aerial view of the sand box experimental setup. The setup constitutes of a sand box containing a saturated and a non-saturated zone and 5 boreholes which will be used for the geophysical and geochemical measurements. .......................................................................
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 75 Figure 6.7: Plots of Magnetic susceptibility (a) and electrical resistivity (b) of clean and contaminated samples of category B, which were taken from the aquifer. ..................................................................... Figure 6.8: Linear scatter plot between the magnetic susceptibility and the total hydrocarbons content of category B samples. R 2 denotes the coefficient of determination which was determined to be very low (0.10). ........................................................................................................................................................ Figure 6.9: Scanning electron microscope images of a contaminated (a) and a clean (b) soil sample taken from the aquifer. The images show etched pits and mineral weathering features in the contaminated sample. .......................................................................................................................................................Figure 6.10: EDX analysis results of a contaminated (a) and a clean (b) soil sample taken from the aquifer. The results show similar elements composition in both samples. ................................................ Figure 6.11: Plot of magnetic susceptibility (a) and electrical resistivity (b) of clean and contaminated samples from category C, which were sampled close to the surface.........................................................Figure 7.1: The location of the study zone (Google Earth). The study zone is located in the center of the refinery and covers an area of around 5600 m 2 . ........................................................................................Figure 7.2: Well initial locations map. The red circles show the wells locations and the blue arrows show the direction of the GPR profiles. ..............................................................................................................Figure 7.3: GPR profile acquired along profile P1. The GPR profile shows several hyperbolic reflections corresponding to buried water and oil supply pipes (The reflection template adapted from Metwaly, 2015). ...................................................................................................................................................................Figure 7.4: ERT profile (a) and geological data (b) acquired along profile P1. The blue line in the ERT profile represents the interface between layers 1 and 2 which are shown in the lithology profile. ...........Figure 7.5: GPR profile P2 showing ringing reflections from a buried concrete slab and from an electrical cable (The reflections templates are adapted from Metwaly, 2015). ........................................................Figure 7.6: The GPR profile P3 showing a ringing reflections from a buried concrete slab (The reflections templates adapted are from Metwaly et al., 2015). ...................................................................................Figure 7.7: The GPR profile P5 showing reflections from buried concrete slabs and pipes (The reflections templates are adapted from Metwaly et al., 2015). ..................................................................Figure 7.8: An excavation done along profile P5 showing a buried concrete slab at a depth of around 1m. ...................................................................................................................................................................Figure 7.9: Excavations done along profile P1 showing buried water and oil supply pipes. The narrow hyperbolas in the GPR profiles represent the water supply pipes while the wide hyperbolas represent the oil pipes. ....................................................................................................................................................Figure 7.10: New boreholes locations map according to the GPR data. The green and yellow flags correspond to good and bad locations respectively and the blue arrows show the direction of the GPR profiles. The Letter N corresponds to the new location and the black arrows represent the direction in which the initial locations were moved. ....................................................................................................Figure 8.1: An example showing the variation of electrical resistivity over time at a hydrocarbon contaminated site (Blondel et al., 2014). ...................................................................................................Figure 8.2: The global scheme and the aerial view of the sand box experimental setup. The setup constitutes of a sand box containing a saturated and a non-saturated zone and 5 boreholes which will be used for the geophysical and geochemical measurements. .......................................................................
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 76 Figure 6.7: Plots of Magnetic susceptibility (a) and electrical resistivity (b) of clean and contaminated samples of category B, which were taken from the aquifer. ..................................................................... Figure 6.8: Linear scatter plot between the magnetic susceptibility and the total hydrocarbons content of category B samples. R 2 denotes the coefficient of determination which was determined to be very low (0.10). ........................................................................................................................................................ Figure 6.9: Scanning electron microscope images of a contaminated (a) and a clean (b) soil sample taken from the aquifer. The images show etched pits and mineral weathering features in the contaminated sample. .......................................................................................................................................................Figure 6.10: EDX analysis results of a contaminated (a) and a clean (b) soil sample taken from the aquifer. The results show similar elements composition in both samples. ................................................ Figure 6.11: Plot of magnetic susceptibility (a) and electrical resistivity (b) of clean and contaminated samples from category C, which were sampled close to the surface.........................................................Figure 7.1: The location of the study zone (Google Earth). The study zone is located in the center of the refinery and covers an area of around 5600 m 2 . ........................................................................................Figure 7.2: Well initial locations map. The red circles show the wells locations and the blue arrows show the direction of the GPR profiles. ..............................................................................................................Figure 7.3: GPR profile acquired along profile P1. The GPR profile shows several hyperbolic reflections corresponding to buried water and oil supply pipes (The reflection template adapted from Metwaly, 2015). ...................................................................................................................................................................Figure 7.4: ERT profile (a) and geological data (b) acquired along profile P1. The blue line in the ERT profile represents the interface between layers 1 and 2 which are shown in the lithology profile. ...........Figure 7.5: GPR profile P2 showing ringing reflections from a buried concrete slab and from an electrical cable (The reflections templates are adapted from Metwaly, 2015). ........................................................Figure 7.6: The GPR profile P3 showing a ringing reflections from a buried concrete slab (The reflections templates adapted are from Metwaly et al., 2015). ...................................................................................Figure 7.7: The GPR profile P5 showing reflections from buried concrete slabs and pipes (The reflections templates are adapted from Metwaly et al., 2015). ..................................................................Figure 7.8: An excavation done along profile P5 showing a buried concrete slab at a depth of around 1m. ...................................................................................................................................................................Figure 7.9: Excavations done along profile P1 showing buried water and oil supply pipes. The narrow hyperbolas in the GPR profiles represent the water supply pipes while the wide hyperbolas represent the oil pipes. ....................................................................................................................................................Figure 7.10: New boreholes locations map according to the GPR data. The green and yellow flags correspond to good and bad locations respectively and the blue arrows show the direction of the GPR profiles. The Letter N corresponds to the new location and the black arrows represent the direction in which the initial locations were moved. ....................................................................................................Figure 8.1: An example showing the variation of electrical resistivity over time at a hydrocarbon contaminated site (Blondel et al., 2014). ...................................................................................................Figure 8.2: The global scheme and the aerial view of the sand box experimental setup. The setup constitutes of a sand box containing a saturated and a non-saturated zone and 5 boreholes which will be used for the geophysical and geochemical measurements. .......................................................................
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 77 Figure 6.7: Plots of Magnetic susceptibility (a) and electrical resistivity (b) of clean and contaminated samples of category B, which were taken from the aquifer. ..................................................................... Figure 6.8: Linear scatter plot between the magnetic susceptibility and the total hydrocarbons content of category B samples. R 2 denotes the coefficient of determination which was determined to be very low (0.10). ........................................................................................................................................................ Figure 6.9: Scanning electron microscope images of a contaminated (a) and a clean (b) soil sample taken from the aquifer. The images show etched pits and mineral weathering features in the contaminated sample. .......................................................................................................................................................Figure 6.10: EDX analysis results of a contaminated (a) and a clean (b) soil sample taken from the aquifer. The results show similar elements composition in both samples. ................................................ Figure 6.11: Plot of magnetic susceptibility (a) and electrical resistivity (b) of clean and contaminated samples from category C, which were sampled close to the surface.........................................................Figure 7.1: The location of the study zone (Google Earth). The study zone is located in the center of the refinery and covers an area of around 5600 m 2 . ........................................................................................Figure 7.2: Well initial locations map. The red circles show the wells locations and the blue arrows show the direction of the GPR profiles. ..............................................................................................................Figure 7.3: GPR profile acquired along profile P1. The GPR profile shows several hyperbolic reflections corresponding to buried water and oil supply pipes (The reflection template adapted from Metwaly, 2015). ...................................................................................................................................................................Figure 7.4: ERT profile (a) and geological data (b) acquired along profile P1. The blue line in the ERT profile represents the interface between layers 1 and 2 which are shown in the lithology profile. ...........Figure 7.5: GPR profile P2 showing ringing reflections from a buried concrete slab and from an electrical cable (The reflections templates are adapted from Metwaly, 2015). ........................................................Figure 7.6: The GPR profile P3 showing a ringing reflections from a buried concrete slab (The reflections templates adapted are from Metwaly et al., 2015). ...................................................................................Figure 7.7: The GPR profile P5 showing reflections from buried concrete slabs and pipes (The reflections templates are adapted from Metwaly et al., 2015). ..................................................................Figure 7.8: An excavation done along profile P5 showing a buried concrete slab at a depth of around 1m. ...................................................................................................................................................................Figure 7.9: Excavations done along profile P1 showing buried water and oil supply pipes. The narrow hyperbolas in the GPR profiles represent the water supply pipes while the wide hyperbolas represent the oil pipes. ....................................................................................................................................................Figure 7.10: New boreholes locations map according to the GPR data. The green and yellow flags correspond to good and bad locations respectively and the blue arrows show the direction of the GPR profiles. The Letter N corresponds to the new location and the black arrows represent the direction in which the initial locations were moved. ....................................................................................................Figure 8.1: An example showing the variation of electrical resistivity over time at a hydrocarbon contaminated site (Blondel et al., 2014). ...................................................................................................Figure 8.2: The global scheme and the aerial view of the sand box experimental setup. The setup constitutes of a sand box containing a saturated and a non-saturated zone and 5 boreholes which will be used for the geophysical and geochemical measurements. .......................................................................
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 710 Figure 6.7: Plots of Magnetic susceptibility (a) and electrical resistivity (b) of clean and contaminated samples of category B, which were taken from the aquifer. ..................................................................... Figure 6.8: Linear scatter plot between the magnetic susceptibility and the total hydrocarbons content of category B samples. R 2 denotes the coefficient of determination which was determined to be very low (0.10). ........................................................................................................................................................ Figure 6.9: Scanning electron microscope images of a contaminated (a) and a clean (b) soil sample taken from the aquifer. The images show etched pits and mineral weathering features in the contaminated sample. .......................................................................................................................................................Figure 6.10: EDX analysis results of a contaminated (a) and a clean (b) soil sample taken from the aquifer. The results show similar elements composition in both samples. ................................................ Figure 6.11: Plot of magnetic susceptibility (a) and electrical resistivity (b) of clean and contaminated samples from category C, which were sampled close to the surface.........................................................Figure 7.1: The location of the study zone (Google Earth). The study zone is located in the center of the refinery and covers an area of around 5600 m 2 . ........................................................................................Figure 7.2: Well initial locations map. The red circles show the wells locations and the blue arrows show the direction of the GPR profiles. ..............................................................................................................Figure 7.3: GPR profile acquired along profile P1. The GPR profile shows several hyperbolic reflections corresponding to buried water and oil supply pipes (The reflection template adapted from Metwaly, 2015). ...................................................................................................................................................................Figure 7.4: ERT profile (a) and geological data (b) acquired along profile P1. The blue line in the ERT profile represents the interface between layers 1 and 2 which are shown in the lithology profile. ...........Figure 7.5: GPR profile P2 showing ringing reflections from a buried concrete slab and from an electrical cable (The reflections templates are adapted from Metwaly, 2015). ........................................................Figure 7.6: The GPR profile P3 showing a ringing reflections from a buried concrete slab (The reflections templates adapted are from Metwaly et al., 2015). ...................................................................................Figure 7.7: The GPR profile P5 showing reflections from buried concrete slabs and pipes (The reflections templates are adapted from Metwaly et al., 2015). ..................................................................Figure 7.8: An excavation done along profile P5 showing a buried concrete slab at a depth of around 1m. ...................................................................................................................................................................Figure 7.9: Excavations done along profile P1 showing buried water and oil supply pipes. The narrow hyperbolas in the GPR profiles represent the water supply pipes while the wide hyperbolas represent the oil pipes. ....................................................................................................................................................Figure 7.10: New boreholes locations map according to the GPR data. The green and yellow flags correspond to good and bad locations respectively and the blue arrows show the direction of the GPR profiles. The Letter N corresponds to the new location and the black arrows represent the direction in which the initial locations were moved. ....................................................................................................Figure 8.1: An example showing the variation of electrical resistivity over time at a hydrocarbon contaminated site (Blondel et al., 2014). ...................................................................................................Figure 8.2: The global scheme and the aerial view of the sand box experimental setup. The setup constitutes of a sand box containing a saturated and a non-saturated zone and 5 boreholes which will be used for the geophysical and geochemical measurements. .......................................................................
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 11 Figure 1.1: Schematic of the distribution of the different contamination (LNAPL) phases in the subsurface (Atekwana and Atekwana, 2010).
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 1 Figure 1.2 shows the different possible scenarios of the LNAPL and DNAPL partitioning into the different phases after the occurrence of oil spills:
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Figure 1 . 2 :

 12 Figure 1.2: Schematic of the partitioning of LNAPL and DNAPL into dissolved, free and residual phases after the occurrence of oil spills.

Figure 1 . 3 :

 13 Figure 1.3: Aerobic biodegradation main principles (Fritsche and Hofrichter, 2000; Das and Chandran, 2011).
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Figure 1 . 4 :

 14 Figure 1.4: Conceptual diagram showing the physiochemical impact of microbial growth and activity in porous media (modified after Atekwana and Atekwana, 2010).

Figure 1 . 5 :

 15 Figure 1.5: Plot of the bulk electrical resistivity relative to depth obtained from a controlled kerosene spill experiment. A high resistivity layer was obtained between 70 and 110 cm and was attributed to kerosene accumulation in the capillary fringe (modified after DeRyck et al., 1993).
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 16 Figure 1.6: GPR profiles from a controlled spill experiment showing the temporal response of the GPR prior to and after the injection of a gasoline spill. The results show bright reflections which increased over time during the increased pooling of gasoline at the water table (20-25 ns) (modified afterAtekwana and Atekwana, 2010; Campbell, 1996).
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 17 Figure 1.7: The insitu electrical conductivity variation (d) with respect to the LNAPL distribution (b) grain size distribution (a) and microbial populations distribution (c) at a clean location in the Carson City site (Atekwana et al., 2004a).
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 18 Figure 1.8: The insitu electrical conductivity variation (d) with respect to the LNAPL distribution (b) grain size distribution (a) and microbial populations distribution (c) at a contaminated location in the Carson City site (Atekwana et al., 2004a).
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 19 Figure 1.9: Scanning electron microscope images of contaminated soil samples taken from the Carson City site. The images show etched and pitted mineral surfaces (a) and extensive development of bacterial biofilms (b)(Atekwana et al., 2004a; Atekwana and Atekwana, 2010).

Figure 1 .

 1 Figure 1.10: Meso-scale laboratory biodegradation experiment showing the fold change of electrical conductivity (b) with respect to the LNAPL distribution (a) and the distribution of Alkane degraders (c)(Atekwana et al., 2004b; Atekwana and Atekwana, 2010).
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 111 Figure 1.11: Vertical profiles of the bulk electrical conductivity and different geochemical parameters of clean background sediments (a) and hydrocarbon contaminated sediments (b) showing a close correspondence between the chemical and electrical conductivity profiles (modified after Atekwana et al., 2005).

Figure 1 . 12 :

 112 Figure 1.12: Vertical profiles of the bulk electrical conductivity and different geochemical parameters of clean background sediments (a) and hydrocarbon contaminated sediments (b) showing a close correspondence between the chemical and electrical conductivity profiles (modified after Atekwana et al., 2005).
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 1 Figure 1.13: GPR profiles done in 2007 (a) and in 1996 (b) on the same site showing attenuated reflections in a hydrocarbon contaminated aquifer (modified after Bradford, 2007 and Che-Alota et al., 2009).

Figure 1 . 14 :

 114 Figure 1.14: Main principles of the biogeobattery model showing the electron transfer between the cathode (oxidized zone above the water table) and the anode (reduced zone in the aquifer) of the geobattery (adapted from Naudet and Revil, 2005).
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 115 Figure 1.15: The electrokinetic SP component (a) and the residual SP component (c) obtained from the field SP data acquired at the Entressen landfill. The SP map showed a good correlation (d) with the measured redox potential values, with a regression coefficient of 0.85(Naudet et al., 2004).
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 1 Figure1.17: Inverted source current density in a sandbox contaminated by a permanganate plume at 4 different time steps[START_REF] Mao | Resistivity and self-potential tomography applied to groundwater remediation and contaminant plumes: Sandbox and field experiments[END_REF].
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 1 Figure 1.18: Electrical resistivity tomograms (a) and images of the location of the plume in the sandbox (b)[START_REF] Mao | Resistivity and self-potential tomography applied to groundwater remediation and contaminant plumes: Sandbox and field experiments[END_REF].
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 1 Figure 1.19:The measured self potential data and the self potential data predicted from the inverted source current density[START_REF] Mao | Resistivity and self-potential tomography applied to groundwater remediation and contaminant plumes: Sandbox and field experiments[END_REF].

Figure 1 . 20 :

 120 Figure 1.20: Variation of MS with time in soil microcosms amended with different concentrations of diesel and gasoline. The results of the sterile microcosms are represented by the open symbols (Rijal, 2010).

Figure 1 . 21 :

 121 Figure 1.21: Changes of Fe (II) to total Fe ratio during the reduction of Ferrihydrite (a). Variation of the volume specific MS with time (b). XRD pattern of the iron minerals formed during the reduction of Ferrihydrite showing peaks of magnetite and siderite (c) (Modified after Porsch et al., 2010).
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 21 Figure 2.1: The study site location in the city of Petit-Couronne (Google Earth).

Figure 2 . 2 :

 22 Figure 2.2: Aerial view of the refinery and the storage zone with the elevation (meter NGF) above sea level (http://fr-fr.topographic-map.com).

Figure 2 . 3 :

 23 Figure 2.3: Geological map of the study site area (Infoterre, BRGM). The map shows that the study site lays on a plain of ancient alluvial deposits.

Figure 2 . 4 :

 24 Figure 2.4: Geological profile obtained from a borehole drilled in the South-Western boundary of the site. The profile shows three different layers: an anthropogenic layer, an alluvial deposits layer and a chalk bedrock layer.

Figure 2 . 5 :

 25 Figure 2.5: Groundwater elevation (NGF) isolines in the study site. The arrows show the direction of groundwater flow (from the South-East to the North-West towards the Seine River).

Figure 2 . 6 :

 26 Figure 2.6: Schematic of the refinery geological structures and the partitioning of LNAPL and DNAPL products into dissolved, free and residual phases after the occurrence of oil spills.
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 27 Figure 2.7: Concentration of C5-C10 hydrocarbons in groundwater and the locations of the contamination plumes.
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 28 Figure 2.8: Concentration of C10-C40 hydrocarbons in groundwater and the locations of the contamination plumes.

Figure 2 . 9 :

 29 Figure 2.9: The INW smart sensor which was used to measure geochemical parameters such as the concentration of total dissolved solids and groundwater electrical conductivity.

Figure 2 . 10 :

 210 Figure 2.10: The concentrations of total dissolved solids (TDS) measured in the site's boreholes overlaying an aerial photo of the site. The map shows higher TDS concentrations close to the contaminated zone boreholes (e.g., B13, B7, B8, B33, etc.).

Figure 2 . 11 :

 211 Figure 2.11: The distribution of groundwater electrical conductivity measured in the site's boreholes overlaying an aerial photo of the site. The map shows higher electrical conductivity values close to the contaminated zone boreholes (e.g., B10, B13, B7, B8 and B33).

Figure 2 . 12 :

 212 Figure 2.12: The concentrations of dissolved oxygen measured in the site's boreholes overlaying an aerial photo of the site. The map shows low dissolved oxygen concentrations close to the contaminated zone boreholes (e.g., B13, B7, B8, B33, etc.).

Figure 2 . 13 :

 213 Figure 2.13: The distribution of redox potential measured in the site's boreholes overlaying an aerial photo of the site. The map shows negative redox potential values close to the contaminated zone boreholes (e.g., B10, B13, B7, B8 and B33) and positive redox potential values close to the clean zone boreholes (e.g., B1, B2, B3 and B4).
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 2 Figure 2.14: SEM images of contaminated soil samples showing etching and pitting patterns caused by bacterial mediated minerals weathering.

Figure 2 .

 2 Figure 2.15: SEM images of a contaminated (a) and a clean soil sample (b). The images show minerals weathering features which are present only in the contaminated sample.

Figure 2 .

 2 Figure 2.16: The Spectrocolorimetry results showing peaks related to iron deposits (545-575 nm) and altered organic matter (600-700 nm).
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 31 Figure 3.1: Illustration of the electrical double layer which forms at the mineral-electrolyte interface (Schmutz et al., 2010).

Figure 3 . 2 :

 32 Figure 3.2:The electrode polarization mechanism. The current conduction path is blocked by a conductive mineral grain[START_REF] Reynolds | An Introduction to Applied and Environmental Geophysics[END_REF].

Figure 3 . 3 :

 33 Figure 3.3: Membrane polarization due to a constriction in the pore channel[START_REF] Reynolds | An Introduction to Applied and Environmental Geophysics[END_REF].

Figure 3 . 4 :

 34 Figure 3.4: Membrane polarization caused by the presence of negatively charged clay minerals[START_REF] Reynolds | An Introduction to Applied and Environmental Geophysics[END_REF].

Figure 3 . 5 :

 35 Figure 3.5: The voltage decay mechanism after turning off the current injection source. The measured apparent chargeability is the area below the secondary voltage decay curve.

Figure 3 . 6 :

 36 Figure 3.6: Principles of the electrical resistivity tomography measurement (adapted from Loke, 1991).

Figure 3 . 7 :

 37 Figure 3.7: The different configuration arrays (wenner, wenner-schlumberger, pole-dipole and dipoledipole). C1 and C2 are the current electrodes, P1 and P2 are the potential electrodes and K is the configuration factor which depends on the electrodes spacing (modified after Loke et al., 2013).
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 310 Figure 3.10: The field setup and the equipment used in the electrical resistivity tomography survey.

Figure 3 . 11 :

 311 Figure 3.11: Data filtering by using the "exterminate bad data points" option in Res2Dinv. The circles represent examples of bad data points.

Figure 3 . 12 :

 312 Figure 3.12: Results of the mathematical inversion used to calculate the distribution of the real electrical resistivity from the distribution of the apparent electrical resistivity by Res2Dinv. The figure shows: a model of the measured resistivity values (a); a model of the calculated resistivity values (b) and a model of the inverted resistivity values after 3 iterations (c).

Figure 3 .

 3 Figure 3.13: GPR common-offset mode working principles (a) and the radargram which shows the two way travel time of the radar wave with respect to the horizontal position on a profile line (b) (modified after scantech.ie).

Figure 3 .

 3 Figure 3.14:The Mala Geoscience GPR system used to acquire the GPR data. The system contains a shielded antenna, a control unit (X3M), a distance measuring wheel and a field laptop.

  (i) dewow filtering to remove the initial direct current signal component and its subsequent low frequency trend present in the data; (ii) background removal; (iii) time-zero correction to overcome the time zero point jump caused by equipment instability and to find the true ground surface reflection; (iv) band-pass filtering to remove the low and high frequency components and (v) to improve the visual quality of the data, it was necessary to multiply the traces by a gain function that overcomes the effects of geometrical spreading losses (Figure 3.15).

Figure 3 .

 3 Figure 3.15: A GPR profile before (a) and after processing (b). The processing steps applied were: dewow filtering, time zero correction, background removal, band pass filtering and multiplication by a gain function.

Figure 3 .

 3 Figure3.17: The MS2 Bartington equipment used to conduct the magnetic susceptibility measurements on a soil core.
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Figure 4

 4 Figure 4.2, shows the results of the C10-C40 and C5-C10 hydrocarbons measurements conducted on groundwater samples. The boreholes located in the North-Western part of the site

  Figure 4.6a, shows an ERT profile conducted in a clean area located outside the contaminated site. This is considered as the electrical resistivity background profile because the area has similar hydrogeological context to that of the contaminated site. The profile shows a high resistivity zone that extends from a depth of 7 m down to a depth of 23 m. This zone has resistivity values ranging from 200 to 300 Ω.m representing the clean aquifer. The high resistivity zone is overlain by a zone of lower resistivity (5 to 50 Ω.m) Chapter 4 Geophysical and Geochemical Characterization of a Site Impacted by Hydrocarbon Contamination Undergoing Biodegradation (Paper 1) corresponding to clayey sand sediments dominating the unsaturated zone. The IP background profile shows low normalized chargeability values ranging from 0.01 to 0.1 mS/m in the aquifer (Figure 4.6b).

  Two resistivity zones are clearly delineated in the aquifer of profile P8 which has both clean and contaminated parts (Figure 4.10b). The first zone, associated with the clean part of the profile, has resistivity values within the range of 150 to 300 Ω.m. This zone, located between x=0 m and x=80 m surface points, extends from a depth of 8 m down to a depth of 23 m and recorded a groundwater electrical conductivity of approximately 1000 μS/cm. The resistivity response changes to lower values (15-50 Ω.m) in the contaminated part of the aquifer located between x=80 m and x=140 m surface points. The groundwater electrical conductivity in this part recorded a Chapter 4 Geophysical and Geochemical Characterization of a Site Impacted by Hydrocarbon Contamination Undergoing Biodegradation (Paper 1)
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 4 Geophysical and Geochemical Characterization of a Site Impacted by Hydrocarbon Contamination Undergoing Biodegradation (Paper 1)
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 41 Figures

Figure 4 . 2 :

 42 Figure 4.2: The distribution of C10-C40 and C5-C10 hydrocarbons in groundwater and the free phase plume with respect to the conducted geophysical profiles. The longer geophysical profiles are those having a length of 140 m, whereas the shorter profiles are those having a length of 104 m.
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 43 Figure 4.3: The concentrations of total dissolved solids (TDS) measured in the site's boreholes. The map shows higher TDS concentrations close to the contaminated zone boreholes (e.g., b13, b7, b8, b33, etc.).

Figure 4 . 4 :

 44 Figure 4.4: The distribution of groundwater electrical conductivity values measured in the site's boreholes. The map shows higher electrical conductivity values close to the contaminated zone boreholes (e.g., B13, B7, B8, B33, etc.).

Figure 4 . 5 :

 45 Figure 4.5: The concentrations of dissolved oxygen measured in the site's boreholes. The map shows low dissolved oxygen concentrations close to the contaminated zone boreholes (e.g., b13, b7, b8, b33, etc.).

Figure 4 . 7 :

 47 Figure 4.7: The ERT (a), IP (b) and GPR (c) data acquired along profile P6 which is located in the clean groundwater zone. This profile shows high resistivity values, low chargeability values and good GPR reflections.
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 48 Figure 4.8: The ERT (a), IP (b) and GPR (c) data acquired along profile P1 which is located in the contaminated zone. This profile shows low resistivity and high chargeability values in the contaminated aquifer and attenuated GPR reflections starting at a depth of around 4 m.

Figure 4 . 9 :

 49 Figure 4.9: The ERT (a), IP (b) and GPR (b) data acquired along profile P4 which is located in the contaminated zone. This profile shows a low resistivity zone coincident with high chargeability values and GPR attenuated reflections.

Figure 4 . 10 :

 410 Figure 4.10: The SP (a), ERT (b) and GPR (c) data acquired along profile P8. This profile shows a transition between the contaminated (low resistivity/negative SP/ GPR attenuated reflections) and the clean (high resistivity/positive SP/strong GPR reflections) zones starting at X= 88 m in the SP profile, at X= 80 m in the ERT profile and at X= 75 m in the GPR profile.

Figure 4 .

 4 Figure 4.11: The ERT profiles P5 (a) and P9 (b) that extend from the clean to the contaminated zone. The profiles show a change in the electrical resistivity values from high to low at x=76 m in p5 and at x=52 m in P9.

Figure 4 . 12 :

 412 Figure 4.12: The SP map showing negative SP values in the contaminated zone and positive SP values in the clean zone (a). A good correlation (R 2 = 0.81) was observed between the SP values and the redox potential values of groundwater samples (b).

Figure 4 . 13 :

 413 Figure 4.13: Scanning electron microscope images of a contaminated (a) and a clean (b) soil sample which were taken from the aquifer. The image of the contaminated sample shows etched pits and dissolution features which are absent in the image of the clean sample.

Figure 4 . 14 :

 414 Figure 4.14: EDX results of a contaminated (a) and a clean (b) soil sample which were taken from the zone located directly above the groundwater table. The results show higher iron (Fe) peaks in the contaminated sample.

Figure 4 . 15 :Chapter 5

 4155 Figure 4.15: The SP map with respect to the hydrocarbons distribution and the conducted ERT profiles. The dotted curve depicts the estimated clean zone boundaries according to the shift of SP values from positive to negative. The "X" marks on the ERT profiles represent the locations at which the resistivity values changed from high in the clean zone to low in the contaminated zone.

  Dh x y corresponds to the head imposed at the lateral boundaries (in m). A zero flux is fixed at the top and bottom boundaries of the domain of interest. Next, the self-potential distribution of the Chapter 5 Redox Potential Distribution of an Organic-Rich Contaminated Site Obtained by the Inversion ofSelf-Potential Data (Paper 2) 

  to include in the optimization of the uncertainties of the SP data with 2 d  as variance.
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 152 Figure 5.1: Sketch of the biogeobattery process that occurs at the water table located at the interface between the saturated and non-saturated zones. The diagram shows that mineral precipitates and bacterial biofilms transfer electrons between the cathode and the anode during the oxidation of organic carbon (modified from Revil et al., 2010). e-indicates the flux of electrons through biotic and/or abiotic electronic conductors located in the capillary fringe, and Jr indicates the source current density associated with the redox component of the self-potential field

Figure 5 . 3 :

 53 Figure 5.3: The distribution of groundwater electrical conductivity measured in the site boreholes (obtained by kriging with a linear variogram) overlaying an aerial photo of the site (Google Earth-© 2017 Google).The map shows higher electrical conductivity values close to the contaminated zone boreholes (e.g., B10, B13, B7, B8 and B33).

Figure 5 . 4 :

 54 Figure 5.4: The distribution of redox potential measured in the site boreholes (obtained by kriging with a linear variogram) overlaying an aerial photo of the site (Google Earth-© 2017 Google). The map shows negative redox potential values close to the contaminated zone boreholes (e.g., B10, B13, B7, B8 and B33) and positive redox potential values close to the clean zone boreholes (e.g., B1, B2, B3 and B4).
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 55 Figure 5.5: 2D-electrical resistivity tomography profile (Wenner configuration and 2 m electrodes spacing) acquired in the contaminated zone across borehole B10. Note that the shown location of the borehole is not its exact location on the profile (to avoid hiding profile features). The profile shows a high resistivity region in the non-saturated zone (150-300 Ω.m) and a low resistivity region in the saturated zone (5-30 Ω.m) which is located at a depth of approximately 9m.

Figure 5 . 6 :

 56 Figure 5.6: Distribution of electrical resistivity in the non-saturated (a) and saturated (b) zones overlaying an aerial photo of the site (Google Earth-© 2017 Google). The maps were obtained by the interpolation of data obtained from 27 electrical resistivity tomography profiles. The dashed lines represent the ERT profiles. ERT1 represents the location of the ERT profile shown in Figure 5.
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 57 Figure 5.7: The measured self-potential map on the study site acquired in May 2016. The arrows show the direction of groundwater flow and the black dots correspond to the self-potential measurement stations made in the field. The white circle with the term 'REF' corresponds to the SP base (reference) station which was common for all the measurement stations. The self-potential map shows positive values close to the clean zone boreholes (B1, B2, B3 and B4) and negative values close to the contaminated zone boreholes (e.g., B7, B8, B9, B10, etc.).
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 5 Figure 5.8: (a) The groundwater elevation in the study site. The arrows show the direction of groundwater flow. (b) Correlation between the hydraulic heads observed in boreholes (data points extracted from the interpolation of the data observed in the field) and the numerically predicted hydraulic heads which were used to calculate the electrokinetic self-potential component.

Figure 5 .

 5 Figure 5.9: (a) The laboratory experiment used to calculate the electrokinetic coupling coefficient C' (Revil and Jardani, 2013). Two electrodes connected to a voltmeter were placed at the bottom and top of a soil sample. The arrows indicate the direction of water flow and the measurement was repeated at different water head levels with an interval of 5cm. (b) Plot of the water head difference against the measured electrical potential measured across the soil sample.
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 510 Figure 5.10: Map of the electrokinetic component of the self-potential data. The arrows represent the groundwater flow direction and the white circle with the term 'REF' corresponds to the SP base (reference) station.

Figure 5 . 11 :

 511 Figure 5.11: Map of the residual self-potential data (redox component) calculated by removing the electrokinetic component from the field self-potential data. The arrows represent the groundwater flow direction and the white circle with the term 'REF' corresponds to the SP base (reference) station.
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 5125 Figure 5.12: The position of the discretized domain used to invert the self-potential data. This domain corresponds to the transition zone, which separates the saturated zone from the non-saturated zone at a depth of 7.5m. The transition zone was considered to have a thickness of 1m.
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 5514 Figure 5.14: The inverted vertical current density component (Jz).
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 5 Figure 5.15: (a) Correlation between the measured and inverted self-potential data obtained by using only the vertical current density component (Jz). (b) Correlation between the measured and inverted selfpotential data obtained from the combination of the three current density components (Jz Jx and Jy). The figure shows that the horizontal components are negligible compared to the vertical component.
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 5 Figure 5.16: (a) The map of the predicted redox potential values obtained from the inversion of the residual self-potential data. (b) The linear correlation between the predicted redox potential values and the redox potential measured on boreholes showing a good correlation coefficient (R 2 = 0.79).
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 1 Figure 6.1: Plot of the magnetic susceptibility (a) and electrical resistivity (b) of clean and contaminated soil samples from category A, which were sampled from the transition zone.

Figure 6 . 2 :

 62 Figure 6.2: Magnetic susceptibility results of contaminated (a) and clean (b) soil cores taken from the transition zone. The figure shows higher MS values in the presence of hydrocarbon contamination (represented by blackish colored sediments).

Figure 6 . 3 :

 63 Figure 6.3:The correlation between the hydrocarbons content and the magnetic susceptibility of category A soils samples. A good correlation with a determination coefficient (R 2 ) of 0.80 was observed.
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 64 Figure 6.4: Scanning electron microscope images if a contaminated (a) and a clean (b) soil sample taken from the transition zone (category A). The images show etched pits and mineral weathering features in the contaminated sample.

Figure 6 . 6 :

 66 Figure 6.6: Core 2 before (a) and after (b) the addition of fresh hydrocarbons. The results show similar MS values before and after the addition of hydrocarbons to the clean soil core which was taken from the transition zone.

Figure 6 . 8 :

 68 Figure6.8: Linear scatter plot between the magnetic susceptibility and the total hydrocarbons content of category B samples. R 2 denotes the coefficient of determination which was determined to be very small (0.10).

Figure 6 .

 6 Figure 6.10: EDX analysis results of a contaminated (a) and a clean (b) soil sample taken from the aquifer. The results show similar elements composition in both samples.
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 71 Figure 7.1: The location of the study zone (Google Earth). The study zone is located in the center of the refinery and covers an area of around 5600 m 2 .
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 72 Figure 7.2: Well initial locations map. The red circles show the wells locations and the blue arrows show the direction of the GPR profiles.
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 73 Figure 7.3: GPR profile acquired along profile P1. The GPR profile shows several hyperbolic reflections corresponding to buried water and oil supply pipes (reflection template adapted from Metwaly et al., 2015).
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 74 Figure 7.4: ERT profile (a) and geological data (b) acquired along profile P1. The blue line in the ERT profile represents the interface between layers 1 and 2 which are shown in the lithology profile.
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 75 Figure 7.5: GPR profile P2 showing ringing reflections from a buried concrete slab and from an electrical cable (the reflections templates are adapted from Metwaly et al., 2015).
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 76 Figure 7.6: The GPR profile P3 showing ringing reflections from a buried concrete slab (the reflections templates are adapted are from Metwaly et al., 2015).
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 77 Figure 7.7: The GPR profile P5 showing reflections from buried concrete slabs and pipes (the reflections templates are adapted from Metwaly et al., 2015).

Figure 7 . 8 :

 78 Figure 7.8: An excavation done along profile P5 showing a buried concrete slab at a depth of around 1m.
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 79 Figure 7.9: Excavations done along profile P1 showing buried water and oil supply pipes. The narrow hyperbolas in the GPR profiles represent the water supply pipes while the wide hyperbolas represent the oil pipes.
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 710 Figure 7.10: New boreholes locations map according to the GPR data. The green and yellow flags correspond to good and bad locations respectively and the blue arrows show the direction of the GPR profiles. The Letter N corresponds to the new location and the black arrows represent the direction in which the initial locations were moved.
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 81 Figure 8.1: An example showing the variation of electrical resistivity over time at a hydrocarbon contaminated site[START_REF] Blondel | Case study of a hydrocarbon contaminated site using the spectral induced polarization method: contribution of laboratory measurements for the interpretation of field results[END_REF].
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 82 Figure 8.2: The global scheme and the aerial view of the sand box experimental setup. The setup constitutes of a sand box containing a saturated and a non-saturated zone and 5 boreholes which will be used for the geophysical and geochemical measurements.
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  the vertical component of the estimated electrical current density,

		is the arbitrary
	z	
	thickness of the transition zone, v E is the redox potential of the unsaturated zone and s E is the
	h	h
	redox potential of the contaminated aquifer. As explained in details in	

Table 1 :

 1 Geochemical parameters of groundwater in contaminated and clean zones boreholes. The data shows higher values of parameters such as the total dissolved solids (TDS) and groundwater electrical conductivity (𝝈) in the contaminated boreholes compared the clean ones. The data also show positive redox potential in the clean boreholes and negative redox potential in the contaminated boreholes.

	Borehole Zone	Eh	O2	TDS	σe	PH
			(mV)	(mg/L)	(mg/L)	(µS/cm)	
	B1	Clean	22	≈ 2	228	456	7.41
	B2	Clean	21	≈ 2	220	450	7.12
	B7	Contaminated -26	0.53	992	1983	6.39
	B8	Contaminated -75	0.79	440	880	6.71
	B9	Contaminated -119	-	380	761	6.44
	B11	Contaminated -87	0.9	328	656	6.66
	B12	Contaminated -220	-	404	809	6.33
	B13	Contaminated -149	-	361	722	6.07
	B15	Contaminated -83	0.4	433	856	6.31
	B20	Contaminated -100	-	556	1112	6.72
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Abstract

The hydrocarbon contamination, which can alter the physiochemical and biological properties of the subsurface, can be monitored by using geochemical analyses and integrated geophysical techniques. Electrical resistivity tomography, induced polarization, ground penetrating radar and self-potential methods were used in this work to characterize the hydrocarbon contamination and investigate the geoelectrical properties of a site impacted by an aged hydrocarbon plume. Throughout the investigation, the geoelectrical measurements supported the conductive plume model and consistently recorded low resistivity anomalies and high chargeability values in the contaminated aquifer. Furthermore, the low resistivity anomalies were found to be coincident with regions of GPR attenuated reflections and significant negative self-potential anomalies associated with oxidation-reduction processes. These findings were supported by the geochemical measurements which revealed depleted concentrations of terminal electron acceptors and elevated amounts of ions and total dissolved solids, which could be attributed to bacterial biodegradation of hydrocarbons. The study showed that biological alterations of hydrocarbons induced subtle changes in the pore water biogeochemistry, which consequently modified the geophysical properties of contaminated sediments. Based on these observations, the extent of groundwater contamination was delineated according to the geophysical contrast between the contaminated and clean zones. The combination of the different geophysical methods constrained by geochemical point measurements provided insight on the different processes which might have modified the soil and groundwater biogeochemical properties. (between 4 and 11 m deep) and mainly fed by a karstified chalk aquifer which exists below at a depth ranging from 11 m to 25 m. In the alluvial aquifer, groundwater flows from the South-East to the North-West towards the Seine River.

A clean and a contaminated zone were identified according to the hydrocarbon analyses of groundwater samples (Figure 5.2). Samples taken from boreholes B34 and B12, located in the North-Western part of the site, recorded concentrations ranging from 1.2 to 4 mg L -1 . Higher concentrations ranging from 1.6 to 6.1 mg L -1 have been recorded in wells #B13 and B11, while values ranging between 1.3 and 2.6 mg L -1 were recorded in B33 and B9 located between the North-West and the center of the site. C5-C10 hydrocarbons measurements showed values ranging from 98 to 100 mg L -1 in B34 and B12; values ranging between 13 and 27 mg L -1 in B13 and B11 and values ranging between 1.4 and 3.7 mg L -1 in B33 and B9. Measurements conducted on groundwater samples taken from the boreholes located in the North-Eastern part of the site (wells #B1, B2, B3 and B4) recorded no hydrocarbons in the groundwater samples.

The measurements of groundwater geochemical parameters showed: increased total dissolved solids (TDS) concentrations (400-1000 mg/L); increased groundwater electrical conductivity values (400-2000 μS/cm) (Figure 5.3); negative redox potential values (-10 to -300 mV) (Figure 5.4) and depleted terminal electron acceptors (TEAs) concentrations (dissolved oxygen, sulfate and nitrate) within the contaminated aquifer boreholes (e.g., B7, B8, B9, B10, B11). In contrast, lower TDS concentrations (50-200 mg/L), lower groundwater electrical conductivity values (<400μS/cm), positive redox potential values (1-40 mV) and higher TEAs concentrations were observed in the clean groundwater zone boreholes (B1, B2, B3 and B4). The data provide evidence that biodegradation of organic matter is occurring at the site. Biodegradation is evidenced by (1) the increase of the TDS and groundwater electrical conductivity in the contaminated zone compared to the clean zone, (2) the change in redox conditions, and (3) the values of the dissolved oxygen concentrations in the contaminated zone. Furthermore, a change from negative redox potential to positive redox potential in the North-Eastern part of the site implies that a redox front exists at the boundary between the clean and contaminated zones.

Geophysical surveys

Electrical resistivity tomography can be used to image the subsurface in terms of electrical resistivity distribution by injecting direct current at the ground surface and measuring its corresponding electrical field (e.g., Samouëlian et al., 2005). 27 Two-dimensional (2-D) ERT profiles were acquired by using a Syscal Pro system (http://www.iris-instruments.com). Wenner and dipole-dipole arrays were used for each profile, with electrodes spacings of 1m, 2m, 3m and 5m according to the length of each profile. The electrical resistivity profiles were processed and filtered by the computer software Res2Dinv (Loke and Barker, 1996), which uses the field data to obtain a 2D model of the electrical resistivity distribution in the subsurface (Griffiths and Baker, 1993). The software subdivides the model into several small blocks and uses a lEast-square