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Introduction

Within the context of Carbon dioxide Capture and geological Storage (CCS), the potential leakage of CO 2 back into the atmosphere has been considered unavoidable in the long term but acceptable if it is small enough, i.e. less than 1 % of the stored volume (Hepple and Benson 2003). CO 2 leakage up through abandoned wells has been intensively studied using analytical or semi-analytical models and applied in the province of Alberta, Canada, where the density of wells is particularly high [START_REF] Nordbotten | Model for CO 2 leakage including multiple geological layers and multiple leaky wells[END_REF] and references cited therein). These well-leakage models serve as inputs for certification framework and risk analysis [START_REF] Bennion | Relative permeability characteristics for supercritical CO 2 displacing water in a variety of potential sequestration zones in the western Canada sedimentary basin[END_REF]Gasda et al. 2005;[START_REF] Celia | Risk of leakage versus depth of injection in geological storage[END_REF][START_REF] Oldenburg | Certification framework based on effective trapping for geologic carbon sequestration[END_REF]. Though this semi-analytical approach produces a tremendous computational saving method in comparison with numerical modeling technology [START_REF] Class | A benchmark study on problems related to CO 2 storage in geologic formations[END_REF]), the coupling with geochemical fluid rock interactions is not considered. To overcome such a limitation we propose to use the reactive transport code TOUGHREACT [START_REF] Xu | Modeling multiphase non-isothermal fluid flow and reactive geochemical transport in variably saturated fractured rocks: 1[END_REF] to assess:

(i) the multiphase flow evolving during the injection phase including dissolution of the CO 2 in the aqueous phase, (ii) the leakage of the CO 2 from a reservoir target to an overlying formation through a leakage zone approximated by a 1D porous media, (iii) the mineral dissolution and precipitation due to CO 2 intrusion in the system, the final objective: evaluating the potential changes in groundwater quality due to CO 2 leakage from the saline aquifer formation and focusing on the acidification process only. Data for the study are taken from the Paris Basin geology using the carbonated Dogger formation as the CO 2 reservoir target and the sandstone Albian formation as the overlying fresh water aquifer. The Albian aquifer of the Paris Basin is our study object because the Paris Basin contains deep saline formations identified as targets by the French national program of CO 2 geological storage. The Paris Basin also relies heavily on freshwater aquifers for its drinking-water supply including deep freshwater resources of strategic importance like the Albian aquifer.

The major concerns for CCS in carbonated saline aquifers are the porosity changes of the minerals present. High dissolution rates may be expected because of the CO 2 dissolution resulting in a pH decrease. [START_REF] Lagneau | Reactive transport modelling of CO 2 sequestration in deep saline aquifers[END_REF], using a single phase approach, have calculated high pH drops (down to 3) in the Dogger aquifer conducting to complete dissolution of calcite 1 km around the injection point after a 10 000 -year simulation. [START_REF] André | Numerical modelling of fluid-rock chemical interactions at the supercritical CO 2 -liquid interface during CO 2 injection into a carbonate reservoir, the Dogger aquifer (Paris Basin, France)[END_REF] showed that a multiphase approach would significantly reduce porosity changes of the carbonated system (Dogger formation) assuming no geochemical reactions occurred between the rock minerals and supercritical CO 2 . [START_REF] Cunningham | Expected CO 2water-rock interactions and changes in formation porosity in a deep saline aquifer in Florida, United States[END_REF] have drawn the same conclusions on a high dolomite aquifer situated in South Florida (USA).

Using Gulf Coast sandstones of the Frio formation in Texas, [START_REF] Xu | Reactive geochemical transport simulation to study mineral trapping for CO 2 disposal in deep Arenaceous Formations[END_REF] and [START_REF] Xu | Mineral sequestration in a sandstone-shale system[END_REF] have predicted very low porosity changes due to CO 2 injection.

They attribute this to the high level of quartz (inert to acidification) and a slow kinetic rate of aluminosilicate minerals. In a similar manner [START_REF] Audigane | Two dimensional reactive transport modelling of CO 2 injection in a saline aquifer at the Sleipner site, North Sea[END_REF] have conducted numerical modelling of CO 2 injection into an unconsolidated sandstone aquifer in the North Sea (Sleipner demonstration pilot, Norway) showing small mineral trapping and porosity modification after a 10000 year simulation.

Impacts of potential geochemical reactivity to CO 2 intrusion into potable ground water have been investigated by [START_REF] Wang | Dissolution of a mineral phase in potable aquifers due to CO 2 releases from deep formations; effect of dissolution kinetics[END_REF] to assess the release of lead sulphide. The simplified rock mineralogy, used to simulate the impacted aquifer with a high volume fraction of Galena (in combination with calcite and quartz), causes the maximum contaminant level (MCL) for lead, defined by the U.S.A., to be exceeded. [START_REF] Kharaka | Potential environmental issues of CO 2 storage in deep saline aquifers: Geochemical results from the Friot-I brine pilot test, Texas, USA[END_REF] provided a complete analysis of the geochemical impact observed at the Frio-I brine pilot test in Texas, USA. They observed a strong pH decrease -down to 3 -accompanied with rapid dissolution of minerals, especially calcite and iron hydroxides, along with indications of corrosion of the pipe and well casing. [START_REF] Carroll | Transport and detection of carbon dioxide in dilute aquifers[END_REF] also conducted reactive transport modelling, to detect CO 2 leaks in aquifers by changes in pH and carbonate chemistry, using the High Plains aquifer to represent a typical sedimentary aquifer overlying a CO 2 deep storage reservoir. [START_REF] Smyth | Assessing risk to fresh water resources from long term CO 2 injection-laboratory and field studies[END_REF] used both laboratory experiments and field observations from the SACROC oilfield -used for enhanced oil recovery purposes -to assess the risk to fresh water resources from long term CO 2 storage in geological formations. Chemical constituents measured in samples of the overlying aquifer suggested minor mixing with more saline water or co-produced oilfield brines.

Decreasing pH can also enhance the release of hazardous trace elements due to desorption from adsorption sites, mobilizing toxic trace metals or organic compounds (see [START_REF] Kharaka | Gas-water-rock interaction in sedimentary basins; CO 2 sequestration in the Frio Formation, Texas, USA[END_REF] observation at the Frio-I pilot site in Texas). Injection of CO 2 at the ZERT Field site (Bozeman, Montana, USA) shows that the dissolution of carbonate minerals and desorption-ion exchange resulting from the lowered pH values is responsible for the increases in the concentration of solutes such as BTEX, metals solutes [START_REF] Kharaka | Changes in the chemistry of shallow groundwater related to the 2008 injection of CO2 at the ZERT field site, Bozeman, Montana[END_REF]. However, the concentrations are significantly below the maximum contaminant levels.

Mobilisation of chemical components due to desorption is not the aim of our study. For this type of process we refer to [START_REF] Birkholzer | Research project on CO 2 geological storage and groundwater resources: water quality effects caused by CO 2 intrusion into shallow groundwater[END_REF], [START_REF] Zheng | On mobilization of lead and arsenic in groundwater in response to CO 2 leakage from deep geological storage[END_REF] and [START_REF] Apps | Evaluation of potential changes in groundwater quality in response to CO 2 leakage from deep geologic storage[END_REF] for a thermodynamic evaluation of hazardous trace elements. They used 38,000 groundwater quality analysis taken from the USGS National Groundwater Information System (NWIS) database.

In this study, we have simulated potential leakage through an abandoned well using the Dogger aquifer (Paris Basin, France) as the storage target [START_REF] Brosse | The PICOREF project : Selection of geological sites for pilot CO 2 injection and storage in the Paris Basin, 1st French-German Symposium on Geological Storage of CO 2[END_REF][START_REF] Grataloup | A site selection methodology for CO 2 underground storage in deep saline aquifers: case of the Paris Basin[END_REF]. The leaking well is in contact with an overlying freshwater aquifer (Albian formation). Despite the physical separation of the storage reservoir and the Albian aquifer, there is still concern that storage reservoirs may leak through abandoned wells and along faults. We describe here a particular case where the leakage of CO 2 might occur by means of man-made pathways such as abandoned wells. Indeed, the CO 2 plume will expand during injection and could come into contact with wells. When the CO 2 stored in the Dogger aquifer at a depth of ~1600 m leaks upward, its thermodynamic state will change from a supercritical to a gaseous at the lower pressures encountered in the Albian aquifer (~600 m). Leakage would not only reduce the efficiency of carbon storage, but might also have a negative impact on groundwater quality. A sensitivity analysis, based on the analytical approach described above [START_REF] Nordbotten | Model for CO 2 leakage including multiple geological layers and multiple leaky wells[END_REF], has also been supplied to assess the variability of our simulations concerning the CO 2 leakage rate versus the location of the leaky well along with petro-physical property uncertainties of the studied area. 

The case-study description

Hydrogeological and geochemical context

The intracratonic Paris Basin (France) was the site of almost continuous subsidence and sedimentation during the Mesozoic Era. It is made up of a layer up to 3,000 m thick of indurated Triassic to Tertiary sediments resting on a basement [START_REF] Guillocheau | Meso-Cenozoic geodynamic evolution of Paris Basin: 3D stratigraphic constraints[END_REF]. This complex, multi-layered aquifer system provides two aquifers (Triassic and Dogger) suitable for large-scale CO 2 storage in a deep saline aquifer. In this study, we consider CO 2 injection into the Dogger aquifer and study the impact of leakage on the fresh groundwater in the Albian formation.

The study area is located in the SE of the basin (Fig. 1).

Fig.1

The aquifer investigated for CO 2 storage is in the Middle Jurassic (Dogger) aquifer in the centre of the Paris Basin at a depth of 1500-2000 m. This aquifer, exploited for geothermal and petroleum resources, is composed mainly of carbonates. Sedimentary studies [START_REF] Rojas | Caractérisation et modélisation du réservoir géothermique du Dogger Bassin Parisien, France. Rapport Final[END_REF]) have shown that the most permeable facies, the Oolitic limestone, retains or even increases its initial porosity by fracturing and dissolution. The groundwater in the Dogger, recharged by meteoric water, flows from the east and southeast towards the centre of the basin. [START_REF] Wei | Regional modelling of groundwater flow and salt and environmental tracer transport in deep aquifers in the Paris Basin[END_REF] estimated (by modeling) the Darcy average horizontal velocity in the Dogger south of Paris to be around 0.33 m.y -1 .

The confined Albian aquifer covers an area of about 75,000 km 2 in the Paris Basin [START_REF] Raoult | Geochemistry of the Albian aquifer in the Paris Basin area contributes to understanding complex hydrogeological behaviour[END_REF]. It is a sandy multi-layered aquifer. Vertical flow upward from the underlying Neocomian aquifer (up to 24 %) has been measured in the Paris area. In the area studied here, however, vertical flow is insignificant and not considered in the model. The Cenomanian Chalk aquifer overlying the Albian aquifer does not contribute to its recharge. It is composed mainly of quartz, glauconite, kaolinite, muscovite, carbonates (siderite, calcite, dolomite), phosphates, barite, and pyrite [START_REF] Mégnien | Synthèse géologique du Bassin de Paris. Stratigraphie et paléogéographie[END_REF]. The groundwater in the Albian formation has several different chemical compositions depending on the origin of the recharge, with some common characteristics. Albian groundwater is anoxic with high concentrations of Fe, a pH of around 7 and low mineral content (0.3 to 0.6 g/L). The Neocomian aquifer underlying the Albian aquifer, is characterized by high concentrations of Na and Mg, as well as F and Sr. The influence of Neocomian groundwater on the Albian groundwater has been observed northwest of Paris but not in the study area, which confirms the absence of vertical flow [START_REF] Raoult | Geochemistry of the Albian aquifer in the Paris Basin area contributes to understanding complex hydrogeological behaviour[END_REF].

Leakage scenario

Numerical modeling provides an alternative way to assess CCS risks that includes a better description of geological features and combines hydrological, thermal and geochemical processes. However, its performance is limited by mesh resolution and calculation times. Benchmark studies make it possible to evaluate code performance and precision. To date, two major studies conducted within the context of CCS have provided a pertinent status of code performance [START_REF] Pruess | Code intercomparison builds confidence in numerical simulation models for geologic disposal Of CO 2[END_REF][START_REF] Class | A benchmark study on problems related to CO 2 storage in geologic formations[END_REF]. [START_REF] Class | A benchmark study on problems related to CO 2 storage in geologic formations[END_REF] have directly addressed the context of leakage through abandoned wells, highlighting the performance and limitations of numerical modeling.

We use numerical modeling to simulate the effect of CO 2 leakage on the quality of the groundwater in the Albian aquifer located above a hypothetical carbon dioxide storage reservoir (Dogger aquifer). The aquitard separating these two aquifers is assumed to be totally impermeable and the permeability and porosity of both aquifers are homogeneous and isotropic CO 2 leaks through an abandoned well located 100 m from the injection well (Fig. 2), as proposed in the benchmark study done by the University of Stuttgart [START_REF] Class | A benchmark study on problems related to CO 2 storage in geologic formations[END_REF].

Fig.2

The potential hazards of CO 2 leakage from the storage system must be precisely defined. Indeed, leakage can occur through various pathways such as abandoned wells and natural geological features (faults or fractures). It is important to determine which leakage scenario should be taken into account in order to consider a realistic and likely hypothesis.

We have considered a man-made leakage pathway such as an abandoned well.

When the expanding CO 2 plume reaches the well, CO 2 can leak upward along various possible paths [START_REF] Gasda | Spatial characterization of the location of potentially leaky wells penetrating a deep saline aquifer in a mature sedimentary basin[END_REF]): between the cement and the rock formation, through the cement, between the cement and the casing in a cased well, through the cylindrical space within the casing if the casing is corroded, and through cement plugs if they are damaged or degraded.

Modeling all leakage pathways would be far too complex to simulate correctly, especially considering the large scale of our model. Therefore, we simulate leakage with a 1D porous column at the rock-cement interface. This interface is a possible pathway due to well face deterioration when the well is being drilled and multiple stresses (pressure and temperature variations) when the well is in operation [START_REF] Oldenburg | Joule-Thomson cooling due to CO 2 injection into natural gas reservoirs[END_REF][START_REF] Roegiers | Well modelling: an overview[END_REF]).

Modeling approach

The numerical simulations were done using the TOUGHREACT code to handle 3D reactive flow and transport calculations [START_REF] Xu | Modeling multiphase non-isothermal fluid flow and reactive geochemical transport in variably saturated fractured rocks: 1[END_REF].

TOUGHREACT is a software package for modeling multiphase, multicomponent heat and mass flow and reactive transport in saturated and unsaturated porous media. An integrated finite difference spatial discretization scheme is used to solve mass and energy balance equations in both flow and reactive transport models. The resulting non-linear equations are solved by the Newton Raphson method. This simulator deals with thermal, hydrologeologic and chemical processes and is applicable to one, two and three dimensional geologic systems.

TOUGHREACT is an extension of TOUGH2 V2 [START_REF] Pruess | TOUGH2a general-purpose numerical simulator for multiphase fluid and heat flow: Lawrence Berkeley Laboratory Report[END_REF], which incorporates the fluid property module ECO2N [START_REF] Pruess | Code intercomparison builds confidence in numerical simulation models for geologic disposal Of CO 2[END_REF]) for H 2 O-CO 2 -NaCl mixtures.

In response to numerical modeling performance and CCS objectives (steering a middle course between mesh resolution and calculation time), various modules written in FORTRAN have been developed to facilitate the execution and the preand post-processing of TOUGH2 and TOUGHREACT models [START_REF] Chiaberge | Manuel d'utilisation des outils de pre et post processing pour la modélisation de stockage géologique de CO 2 avec les logiciels TOUGH[END_REF][START_REF] Audigane | A workflow for handling heterogeneous 3D models with the TOUGH2 family of codes: Applications to numerical modeling of CO 2 geological storage, Transport in Porous Media[END_REF]. These modules are programmed to use ASCII input and output files coming directly from TOUGH2 or TOUGHREACT. They offer various possibilities for managing local grid refinement, mesh coarsening, grid block inactivation, as well as rock property allocation and boundary condition application.

Geometrical model and mesh

The Albian multilayer aquifer is represented as a homogeneous layer formation since the aquitards are not continuous [START_REF] Vernoux | Synthèse hydrogéologique du Crétacé inférieur du Bassin de Paris[END_REF])a horizontal formation, 625 m deep, 80 m thick, with an area of 3 x 3 km. Injection of CO 2 is simulated into the Dogger aquifer represented as a horizontal formation 1525 m deep, 30 m thick, with an area of 5 x 5 km. The formation rock-cement interface in the abandoned well is simulated as a 1D porous medium connecting the two aquifers, located 100 m away from the injection well, 820 m long, with a crosssectional area of 5 x 5 m.

To build the model, we created a 3D grid containing the storage aquifer, the aquitard domain, and the overlying aquifer. We then refined locally around the abandoned well for the entire domain and around the injection well inside the storage aquifer only. Finally, we removed all grid blocks within the aquitard domain. The final grid containing 5326 cells and associated local grid refinement is shown in Fig. 3. Fig. 3 CO 2 thermodynamics of the system Pressure and temperature are initialized for the whole system with a specific geothermal gradient for each formation. Constant hydrostatic pressure is imposed on each side of the grid. Pressure and temperature gradients were applied to initiate calculations though simulations run in an isothermal mode. Temperature at the top of the Dogger formation corresponds to the isotherm measured in the study area [START_REF] Brosse | The PICOREF project : Selection of geological sites for pilot CO 2 injection and storage in the Paris Basin, 1st French-German Symposium on Geological Storage of CO 2[END_REF]. For the Albian formation, the temperature was measured. The log temperature was based on geothermal gradients of 3 °C and 4 °C /100 m for the Albian (Lemoine et al.1939) and Dogger (Michard et al.1988) aquifers, respectively (Fig. 2). A hydrostatic pressure was initialized using a pressure value at the top of the Albian formation at 57 bar.

Using well log measurements, we plotted pressure and temperature conditions representative of the Dogger and Albian aquifers in the CO 2 -P-T phase diagram space (Fig. 4). To estimate thermodynamic changes in the CO 2 during its upward migration, a linear path was calculated using typical geothermal and hydrostatic gradients of 3 °C/100m and 0.1 bar/m, respectively, assuming a surface temperature of 12 °C. These calculations show that the supercritical CO 2 injected into the Dogger has changed into a gas by the time it reaches the depth of the Albian aquifer (Fig. 4).

Fig.4

These two states are represented by characteristic physical qualities such as viscosity and density. The density and viscosity of the injected CO 2 are about 550 kg/m 3 and 0.04 mPa.s under the Dogger pressure and temperature conditions.

They are 190 kg/m 3 and 0.02 mPa.s under the pressure and temperature conditions of the Albian aquifer domain [START_REF] Span | A New Equation of State for Carbon Dioxide Covering the Fluid Region from the Triple-Point Temperature to 1100 K at Pressures up to 800 MPa[END_REF][START_REF] Spycher | CO 2 -H2O Mixtures in the Geological Sequestration of CO 2 . I. Assessment and Calculation of Mutual Solubilities from 12 to 100 °C and up to 600bar[END_REF][START_REF] Spycher | CO 2 -H 2 O Mixtures in the Geological Sequestration of 2 . II.Partitioning in Chloride Brines at 12-100 °C and up to 600 bar[END_REF].

Geochemistry of the system

Our model's initial geochemical system is based on the equilibrium between the chemical composition of the aqueous phase and the mineralogical assemblage of the solid phase representative of the porous rock for each aquifer domain. We needed to develop a geochemical system characteristic of each aquifer, in agreement with measured data, describing the mineralogical and aqueous phase compositions of each medium. At this stage, all mineral dissolution and precipitation models are considered at equilibrium. All chemical elements that are likely to have a quantitative influence on dissolution or precipitation reactions must be taken into account. To constrain the geochemical model, an iterative procedure between modeling assessment and calibration with measured data found in the literature is needed. Various assumptions are made, depending on the initial geochemical characteristics of the three domains used to describe the geochemical system. The mineralogy of the Albian and Dogger formations was determined using Phreeqc (Parkhurst and Appelo. 1999). Calculations were done using the results of analyses of water from several wells (groundwater quality measurements) located in the study area in order to simulate a water composition similar to the mean of the observed chemical compositions depending on environmental conditions (Table 1). Fig. 5 shows the relative proportions and concentrations of various elements in the Albian and Dogger aquifers. The calculated water speciation characterizes the state of equilibrium with respect to minerals (Fig. 5). (See also Table 2 andTable 3 in appendix for quantitative details on water and mineral chemical compositions for each system). The leakage pathway defined as a 1D porous column has a chemical composition similar to that of the Albian aquifer for the aqueous phase, without any solid phase minerals.

Table 1; Fig. 5 In the next step, calcite and siderite dissolution and precipitation are considered at local equilibrium while the dissolution and precipitation of other minerals are not, according to the database provided by [START_REF] Palandri | A compilation of rate parameters of water-mineral interaction kinetics for application to geochemical modeling[END_REF] (See Table 4 and Table 5 in appendix for the detailed description of the kinetic rate law used in this study).

Multiphase flow

The CO 2 injection scenario entails multiphase flow in porous media because of the incompatibility of injected and native fluids. This multiphase flow is described by a generalized Darcy's law with relative permeability and capillary pressure correlations. Numerical models for predicting the fate of the injected CO 2 also require information concerning the relative permeability of CO 2 and brine capillary pressure.

-Relative permeability characteristics in a CO 2 -NaCl-H 2 O system Knowledge is lacking concerning multiphase flow data relevant to the operation of CO 2 sequestration in geological formations. Although CO 2 storage is an emerging field, there is little data available regarding the relative permeability and capillary pressure of CO 2 -NaCl-H 2 O systems under in situ conditions. [START_REF] Bennion | Relative permeability characteristics for supercritical CO 2 displacing water in a variety of potential sequestration zones in the western Canada sedimentary basin[END_REF] have provided the most complete review of laboratory experiments of measurements on a carbonate and sandstone system in the Western Canada Sedimentary Basin.

Neither relative permeability nor capillary pressure data are available for the Albian aquifer. Considering the sandstone lithology of this aquifer, we decided to use a Van Genuchten model from Sleipner field parameters (sandy Utsira formation) to simulate multiphase flow (Fig. 6). To provide a range of variability for the model chosen, we also plotted the data of [START_REF] Bennion | Relative permeability characteristics for supercritical CO 2 displacing water in a variety of potential sequestration zones in the western Canada sedimentary basin[END_REF] from the Ellerslie sandstone corresponding to the Albian Stage. The general trend of the two curves is fairly similar but the residual gas saturation value of 0.7 for the Ellerslie sandstone is much higher than the other (0.2, see Table 6).

Outcrops of the Dogger formation were collected for a Lavoux limestone sample.

Laboratory experiments were done to characterize multiphase flow (courtesy of JF Lombard from IFP, see Appendix of [START_REF] André | Numerical modelling of fluid-rock chemical interactions at the supercritical CO 2 -liquid interface during CO 2 injection into a carbonate reservoir, the Dogger aquifer (Paris Basin, France)[END_REF]). Data from several carbonate systems [START_REF] Bennion | Relative permeability characteristics for supercritical CO 2 displacing water in a variety of potential sequestration zones in the western Canada sedimentary basin[END_REF] were plotted (Fig. 6) for comparison. The concavity of the Lavoux limestone is the opposite of the others.

This might be due to the fact that samples were collected at a depth much greater than that of the reservoir, which can modify the texture of the porous structure and the associated transport properties. We, therefore, decided to retain a Van Genuchten model with similar residual saturation for Lavoux limestone (Table 6) but changed the curvature of the model to better fit other deep carbonate systems (like the Wabamun carbonate from [START_REF] Bennion | Relative permeability characteristics for supercritical CO 2 displacing water in a variety of potential sequestration zones in the western Canada sedimentary basin[END_REF]. Fig. 6 -Capillary pressure in a CO 2 -NaCl-H 2 O system A multiphase system includes a fundamental correlation between the wetting and the non-wetting phase saturation and capillary pressure, which enables the estimation of the migration of injected CO 2 . Fig. 6 (c andd) shows the relationship between gas-aqueous capillary pressure head and the aqueous saturation.

As previously described with relative permeability and to provide a range of variability for the chosen model, we also plotted data of [START_REF] Bennion | Supercritical CO2 and H2S-Brine drainage and imbibition relative permeability relationships for intergranular sandstone and carbonate formations[END_REF] from the Viking sandstone corresponding to the Albian-Santonian Stage in the Wabamun Lake area of the Alberta basin, Canada. The general trend of the two curves is comparable but the pore entry pressure (bubble point), corresponding to the minimum pressure required before CO 2 starts invading the pore, for the Viking sandstone is much higher than Sleipner (Fig 6). For instance, these curves highlight rock type differences from a petrophysical point of view (effective permeability greater for Utsira formation).

Outcrops of the Dogger formation were collected for a Lavoux limestone sample.

Laboratory experiments were done to characterize multiphase flow (courtesy of JF Lombard from IFP, see Appendix of [START_REF] André | Numerical modelling of fluid-rock chemical interactions at the supercritical CO 2 -liquid interface during CO 2 injection into a carbonate reservoir, the Dogger aquifer (Paris Basin, France)[END_REF]).

As stated previously, the differences between the curves might be due to the fact that samples were collected at a depth much greater than that of the reservoir, which can modify the texture of the porous structure and the associated transport properties. We therefore decided to retain a Van Genuchten model with parameters of Lavoux limestone (Table 6) for the carbonate system in this model, and a Van Genuchten model with parameters of Sleipner sandstone for the Albian formation.

Presentation of the analytical models CO 2 plume extension model

The analytical model for the CO 2 plume extension used in this study was developed by Nordbotten and Celia [START_REF] Nordbotten | Analytical solutions for leakage rates through abandoned wells[END_REF][START_REF] Nordbotten | Injection and storage of CO2 in deep saline aquifers: Analytical solution for CO2 plume evolution during injection[END_REF][START_REF] Nordbotten | Similarity solutions for fluid injection into confined aquifers[END_REF]. It is based on the standard multiphase extension of Darcy's law and allows the computation of the supercritical CO 2 front thickness as a function of time and radial distance from the injection point (Fig. 7). Behind the front there is a mixture of invading CO 2 and brine at residual saturation. The solution was based on minimum energy principles for the case where buoyancy acts to segregate the fluids but does not otherwise play a significant role. It accounts for CO 2 and brine solubilities and is limited to systems of relatively high injection rates compared to aquifer permeability. Fig. 7 The injection is assumed to take place through a fully penetrating well, with rates and aquifer slopes such that the aquifer can be approximated as horizontal for the injection period. As the horizontal length scale of the problem is far greater than the vertical scale, it is assumed that the flow is essentially horizontal. The brine-CO 2 interface, h, is considered to be sharp; i.e. capillary pressure effects are ignored. The saturation points of CO 2 in brine and brine in CO 2 are held constant throughout the system.

The CO 2 thickness (m) is given by (Equation 1) (Equation 1 
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Global pressure model

The global pressure evolution during time and distance was assessed using [START_REF] Mathias | Approximate solutions for pressure buildup during CO2 injection in brine aquifers[END_REF] analytical solution. The governing equations for fluid pressure, p, and interface elevation, h, can be written as: (Equation 7) 8)

(Equation
Where the fluxes q c and q w are governed by the Forchheimer equations [START_REF] Forchheimer | Wasserbewegung durch Boden[END_REF]):

(Equation 9) (Equation 10) With q c : CO 2 flux (m 3 /s) q w : Brine flux (m 3 /s) b: Forchheimer parameter (m -1 ) Considering the following initial and boundary conditions: The global pressure is, using the method of matched asymptotic expansion, given by equation 11:
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(Equation 11)

With: The CO 2 saturation at the porous column level was calculated considering the thickness of the CO 2 invading front (h) and a mixing layer thickness (Equation 13). A value of 16 m was obtained by calibration (i.e. comparison with the numerical results).

κ ≈ 0.5772 Euler-Mascheroni constant [-]

(Equation13)

We assume a decoupling between the CO 2 leakage model in the porous column and the pressure and CO 2 plume extension models, i.e. the CO 2 leakage is negligible compared to the CO 2 injection and that it will have an insignificant influence on the pressure distribution and the CO 2 saturation in the Dogger aquifer.

Table 7 (Appendix) presents the parameters used in the analytical models.

Simulation results CO 2 upward migration

Injection is done at a rate of 12.7 kg/s (0.4 Mt/y) into the entire thickness of the Dogger formation, which is divided into three cells (3 kg/s per cell). We kept the system open by imposing constant pressure at the lateral boundaries of both aquifers. No regional flow is assumed during the first stage of the study. Since the maximum lateral extent is only 2.5 km from the injection point, the impact of a close boundary condition may play a role in the flow system (see discussion in CO2 sat h 1 Slr ( ) H mix [START_REF] Nordbotten | Injection and storage of CO2 in deep saline aquifers: Analytical solution for CO2 plume evolution during injection[END_REF]. We therefore limited the scenario to a 5-year injection period.

According to this scenario, supercritical CO 2 reaches the Albian formation after 90 days at a flow rate of 0.2 kg/s, which increases to 1.1 kg/s after 5 years, at the end of the simulation (Fig. 8). The CO 2 gas intrusion is accompanied by liquid water, the flow rate of which decreases from 0.019 kg/s after 90 days to 0.003 kg/s after 5 years. After 5 years, the gas plume in the Dogger formation extends about 1500 m around the injection point (Fig. 8), of which a few tens of meters are completely flushed by dried, supercritical CO 2 .

Fig. 8 The gravity effect and the impact of vertical permeability are identified in both aquifers by the distribution of the CO 2 dissolved in the brine. In the Dogger formation, the CO 2 injection rate is high enough so that the gas phase (lighter than the brine) reaches the top of the formation, forming a reverse-bell-shaped pocket of gas in which CO 2 dissolves. As the gas phase slowly migrates through the leaky zone and enters the Albian aquifer, the 1D vertical column contains only the gas. In a similar manner, the CO 2 -enriched liquid phase reaches the top of the Albian aquifer following the upward migration of the gas.

Mineral reactivity

The decrease in pH replicates the dissolved CO 2 pattern and, after 5 years, the pH lowering zone extends about 300 m around the leaky well in the Albian formation (Fig. 9). The geochemical modifications on the system's aqueous and solid phases at the outlet of the leaky well in the Albian aquifer provide information on the correlation between the gas saturation and pH buffering (from 7.3 to 4.9) along with the dissolution of CO 2 in the aqueous phase (from 3.0 10 -3 to 1.3 mol/kgw).

Fig.9

The solution becomes under-saturated with most of the minerals in the Albian aquifer (Fig. 10) due to the pH drop when CO 2 dissolves. Such acidic conditions affect the dissolution of solid phases, causing modifications in the porosity, permeability and chemical composition of the formation.

Fig.10

Calcite and glauconite start to dissolve at the CO 2 intrusion point, releasing calcium (from carbonate dissolution), iron, magnesium and potassium (due to silicate dissolution) into the solution (with a high and rapid impact on calcium and iron concentrations). Calcite dissolution (a consequence of the pH drop due to CO 2 dissolution) occurs mainly above the intrusion point and implies a subsequent lack of buffering capacity.

There is a significant increase in the calcium concentration (from 1.3 to 31.6 mmol/kgw) and in the iron concentration (from 13 to 2,500 µmol/kgw) in the CO 2 intrusion zone. Iron is not, in fact, a health concern at concentrations normally measured in drinking water but taste and appearance are affected at levels below the drinking water standard (WHO). In France, the drinking water standard for iron is 3.6 µmol/L. In the Albian aquifer, the groundwater exceeds this value and is currently treated. Siderite precipitates over time around the intrusion point, with little impact on the iron concentration. Moreover, aqueous sulfate concentration increases from 580 µmol/kgw to 1.4 mmol/kgw which can be associated with the pyrite dissolution (Fig. 10).

Glauconite dissolution also causes an increase of the silicon and aluminum in solution, triggering the precipitation of kaolinite and quartz around the intrusion point. The release of potassium and magnesium does not involve any mineral phase precipitation. The silicon concentration increases from 210 µmol/kgw to 11.2 mmol/kgw, whilst the potassium concentration increases from 15 µmol/kgw to 3 mmol/kgw. Aluminium concentration in solution varies from 3.58 10 -9 to 1.3 10 -10 mmol/kgw. This decrease can be associated with kaolinite precipitation which controls the aqueous Al concentration.

In TOUGHREACT the porosity change is directly calculated from changes in the solid volume due to mineral dissolution. In our simulation, porosity in the Albian sandstone slightly increases from 20% to 20.5% in the vicinity of the entry point.

Matrix permeability changes are calculated from changes in porosity using the permeability ratios calculated from the Carman-Kozeny relation [START_REF] Bear | Dynamics of Fluids in Porous Media[END_REF]. In our model, permeability slightly increases from 1 D to 1.1 D, resulting in a minor increase in the CO 2 flow rate and the amount of CO 2 in the system.

Application: comparison with the numerical modellingsteady case

In order to ascertain the relevance of the analytical models, we compare their results with the numerical results for spatial CO 2 saturation and pressure changes 5 years after injection (Fig. 11A), the temporal CO 2 saturation and pressure changes in the Dogger aquifer below the porous column and the temporal CO 2 leakage rate (Fig. 11B).

Figure 11A confirms the impact of the close boundary condition on the spatial pressure distribution. The numerical results show a rebalance toward the initial pressure (14.64 MPa) at the boundary limit, whereas the analytical pressure reaches 14.95 MPa at 2500 m from the injection well and rebalances towards the initial pressure at a distance of around 100 km. Nevertheless, this pressure gap has no influence on the CO 2 leakage rate as the difference between the two pressures is only 8.2 kPa at the porous column location (100 m) 5 years after injection (Fig. 11B).

Fig.11

The distributions of spatial CO 2 saturation (Fig. 11A) in the numerical and analytical models are relatively close considering the assumptions of the analytical approach (sharp interface and constant CO 2 saturation behind the CO 2 front). 5 years after injection, the maximum extension of CO 2 at the top of the Dogger aquifer is about 1500 m according to TOUGHREACT and 2250 m according to the analytical model. This disparity can be explained by the vertical discretization of the numerical mesh which considers three 10m thick layers. With a more refined vertical discretization, numerical results would have shown a greater extension of the CO 2 plume.

For the first 400 days, CO 2 saturations in the Dogger aquifer below the porous column, calculated either numerically or analytically are very similar. However, a discrepancy increases with time, as the numerical CO 2 saturation equilibrates to a value of 0.6 whereas the analytical saturation tends to the maximum CO 2 saturation (0.8). This is due to the fact that unlike TOUGHREACT, the analytical approach does not account for a feedback between the CO 2 leakage and the CO 2 saturation. Nevertheless, this discrepancy has an acceptable impact on the CO 2 leakage flow calculated analytically. The analytical CO 2 leakage flow is at most 16.5% lower than the flow calculated numerically, and the difference is only 3.8 % 5 years after injection (1.028 kg/s analytically, 1.069 kg/s numerically).

In conclusion, the discrepancies observed between the two approaches, despite the analytical model assumptions (CO 2 /brine sharp interface, constant saturation behind the CO 2 front, decoupling between the leakage and the transport models, etc.), are considered to be admissible as the main aim of the analytical approach is qualitative rather than quantitative. The idea is to stay reasonably close to the numerical results of the case study and to use the analytical approach for the sensitivity analysis presented in the following section.

"Sensitivity analysis"

A number of assumptions are now evaluated, in order to draw any meaningful conclusions from the study case previously presented as an example. The use of the analytical solution permits this -sensitivity analysis‖ to elude numerical time calculations. These assumptions include the distance between the injection well and the leaking well, porosity and permeability of the host rock and leaking path, an Genuchten parameters (residual liquid phase saturation and lambda) of the Dogger formation. The assumed relationship between capillary pressure and gas saturation is not taken into account in the analytical model and cannot be investigated here. How would these parameters affect the results observed i.e. the CO 2 bubble extension in the Dogger fm or the CO 2 leakage rate through Albian formation?

The sensitivity analysis performed is this study does not explore all the possible combinations between variables as a one-at-a-time method (OAT) was used, where the steady case scenario was considered as a baseline. The results are presented in (Fig. 12) and the variability of parameters is detailed in Table 7. This OAT method was considered acceptable since the analytical models show a linear behaviour and the factors were taken to be independent from one another. As the Dogger porosity increases from 0.05 to 0.3, the extension of the C0 2 in the formation and its leakage rate decrease due to greater available void volume.

The more the distance between the injection well and the leaking well is important (from 0.5 to 5000 m), the smaller the CO 2 saturation at the interface Dogger/leaking well. The CO 2 leakage rate decreases according to the distance injection well-leaking well. For distances greater than 500 m, the CO 2 leakage rate becomes insignificant and the impact on Albian groundwater would be negligible.

This part explores the influence of the input parameters and the effect of input variation on the CO 2 bubble extension and CO 2 leakage rate.

If we are interested in the CO 2 bubble extension in the host rock, Fig. 12 shows the importance of porosity value and liquid phase saturation (Sls) on it; it would be necessary to know with precision these in situ parameters corresponding to the host rock formation. Indeed, a 20% variation of porosity impacts the CO 2 bubble extension by a few hundred meters.

Moreover, the CO 2 leakage rate depends strongly on the distance between the injection and leaking wells, the permeability of the leaking column and lambda. It would be also necessary to know the parameters corresponding to overlying formations, wells and faults around the potential CO 2 geological storage.

Discussion

The model presented in this paper will serve as a basis for future work on a more complete study of the impact of CO 2 leakage on fresh groundwater. We discuss here the advantages and disadvantages of the model, focusing on the current limitations and possible future improvements.

The model takes into account three distinct zones of the system:

(i) the CO 2 injection and storage aquifer, (ii) the leakage path (iii) the impacted aquifer.

The simulation of the CO 2 plume for these three zones was performed in order to point out the interaction between the fluid and the host rock and to understand the origin and conditions of CO 2 migration through the leaking zone. Previous numerical studies always focused, legitimately on the impacted aquifer, neglecting the injection aquifer as well as the leaky path connecting both systems.

Our simulations allow a complete control of the injection zone along with the leakage point motivated by the inclusion (in the future) of additional chemical processes that affect the impacted aquifer. These include impurities coming from the capture phase such as NOx and SOx [START_REF] Jacquemet | CO 2 streams containing associated components-A review of the thermodynamic and geochemical properties and assessment of some reactive transport codes Energy Procedia[END_REF]) and chemical reactivity in the leakage zone.

The dissolution of calcite in the Dogger reaches about 37 mol/m 3 of the porous medium, compared to 120 mol/m 3 in the Albian aquifer. Indeed, the upward migration of CO 2 through the leakage zone carries reactive acidic water to the fresh groundwater. Nevertheless, geochemical fluid-rock interactions in the leakage zone approximated as 1D porous media have been disregarded in the simulations, as a first rough estimation. Indeed, at this stage it remains difficult to identify exactly where CO 2 would flow through the porous media. Different pathways have been identified and illustrated in the Figure 1 of [START_REF] Gasda | Spatial characterization of the location of potentially leaky wells penetrating a deep saline aquifer in a mature sedimentary basin[END_REF]. According the possible pathways, cement, well casing or caprock mineralogy is involved in the process of fluid-rock interactions. Incorporation of these geochemical processes would certainly overestimate the acidity of the inflowing CO 2 -rich fluid.

Boundary conditions, being a compromise between model extent-scale, numerical resolution and simulation time, might bias the analysis of the simulation results.

To avoid the fact that the gas plume would eventually reach the boundary of the model, injection was simulated for only 5 years. Another model, having a boundary extending 25 km from the injection point and a 20-year CO 2 flux, has also been developed (but is not presented here). With this model, the dissolved CO 2 spreads up to 2.5 km around the intrusion point and the leakage rate is similar to that of the model presented here. The required simulation time being much longer, it was not possible to run a fully coupled reactive transport model for such a large-scale model. Moreover, the comparison with the numerical and analytical modeling shows an interesting association to solve numerical pressure boundary condition problems as well.

Whereas carbonate dissolution due to the formation of an acidic plume from leakage of CO 2 has been intensively studied and described, a discussion about the glauconite (Phyllosilicate group) dissolution mechanism, which plays a prominent role in Albian chemical impact, is necessary. Indeed, the glauconite dissolution rate was estimated by [START_REF] Palandri | A compilation of rate parameters of water-mineral interaction kinetics for application to geochemical modeling[END_REF] and this assumes that dissolution is fast enough so that the glauconite is rapidly in equilibrium with a fast release of iron and silicon, which triggers the precipitation of kaolinite and quartz around the intrusion point. This also influences the impact on the water quality.

Key controls of mechanism and hence rates of the oxidation of pyrite remain extremely complex and poorly understood (Rimstidt and Vaughan 2002). A very small quantity of gypsum precipitation has been observed in laboratory experiments conducted on sandstones of the saline aquifer of the Rio Bonito Formation, Paranà Basin in Brazil, suggesting pyrite oxidation though it was not verified in the numerical modeling [START_REF] Ketzer | Water-rock-CO 2 interactions in saline aquifers aimed for carbon dioxide storage : Experimental and numerical modeling studies of the RIO Bonito Formation (Pemrian), southern Brazil[END_REF]). In our simulation, we allow gypsum to precipitate though simulations predict a saturation index for the solution slightly under-saturated with gypsum without preventing the sulfur release. We could suppose that the simulation time is too short to observe any formation of sulfate minerals like gypsum and an impact on aqueous sulfate concentration. [START_REF] Zheng | On mobilization of lead and arsenic in groundwater in response to CO 2 leakage from deep geological storage[END_REF], [START_REF] Wang | Dissolution of a mineral phase in potable aquifers due to CO 2 releases from deep formations; effect of dissolution kinetics[END_REF] have evaluated the impact of CO 2 leakage from deep geological storage on potable water quality and, more precisely, on the mobilization of hazardous trace elements such as lead and arsenic. Associated with a decrease in pH due to CO 2 migration, some of the minerals play a major role in the final aqueous concentration of these elements.

Arsenic is a concern in the release of trace elements associated with pyrite dissolution. [START_REF] Apps | Evaluation of potential changes in groundwater quality in response to CO 2 leakage from deep geologic storage[END_REF] show that the presence of CO 2 disturbs solubility equilibria and that the solubility of arsenian pyrite increases significantly with the partial pressure of CO 2 . For this geochemical system the redox state is dominantly controlled by the pyrite buffer at a given pH.

Since we used an earlier version of TOUGHREACT, this surface mechanism was not included in our model. Other references broaden the importance of this process. Smith et al. (1995) A sensitivity analysis, performed on multiphase flow without considering any chemical fluid rock interaction in the system, is also provided to assess the variability of the CO 2 leakage rate according the location of the leaky well, the petro-physical properties of the porous rock and fluid flow.

This model constitutes a starting point for future improvements focusing on the interplay between flow and geochemical interaction. The assessment of impact of List of tables: 

List of caption figures:

  Simulation parameters are constrained by groundwater and deep saline chemistry, flow and lithology in the Albian and Dogger aquifers. Geochemical impacts on the water quality are assessed using TOUGHREACT for reactive transport modeling of the leakage with an appropriate data set for implementing the hydrogeological and hydro-geochemical properties of the 3D model. The final results of this study focus primarily on the dissolution of minerals present in the aquifer induced by the lowering of the pH as a direct result of the penetration of CO 2 in the system.

  , 5 and 6) If > 0.5, equation 3 must be resolved considering equations 4, 5 and 6

  geological formation are sufficiently rigid such that c r , c c , c w , ρ c , n, and ρ w are essentially constant, non inertial flow (b = 0), the CO 2 front moves much more slowly than the corresponding pressure wave (the difference between the two fluid compressibilities is small compared to the total compressibility of the brine aquifer).

  c r : Compressibility of geological formation [Pa -1 ] c w : Compressibility of brine [Pa -1 ] provides fast computation of the global pressure during the CO 2 injection in the Dogger aquifer; it also has the advantage of not requiring an arbitrary radius of influence. CO 2 upward migration through the leakage zone A very simplified approach was used to assess the CO 2 upward migration through the leakage zone. Darcy's law was adapted according to the following equation 12 (Equation12) With col : mean CO 2 density in the porous column (kg.m -3 ) µ col : mean CO 2 viscosity in the porous column (mPa.s) k m : mean harmonic permeability at the Dogger and porous column interface k m = 2/(1/k+1/k col ), with k col : permeability of the porous column (m 2 ) S pc : porous column area (m²) p: Porous column pressure (MPa) P: Pressure at the base of the Albian aquifer (MPa) L col : Porous column length (m) krc: CO 2 relative permeability (-) r pc : distance between the injection well and the porous column (m) CO2 sat : CO 2 saturation at r pc and time t

Fig. 12 When

 12 Fig.12

Fig. 1 Fig. 2

 12 Fig. 1 Map of the studied area (BRGM) Grataloup et al. (2009) Fig. 2 Diagram representing the simulated leakage scenario based Class et al. (2009) with initial pressure and temperature gradient Fig. 3 3D mesh representation for modeling leakage from the Dogger aquifer to the Albian fm. through an abandoned well simulated as a 1D porous medium (formation rock-cement interface) with local grid refinement in the Dogger aquifer (top view).

Fig. 4 Fig. 6 Fig. 7 Fig. 9 yearsFig. 10

 467910 Fig. 4 CO 2 phase states for Dogger fm. and Albian fm. based on data from Brosse et al. (2007); André et al. (2007); Vernoux et al. (1997) Fig. 5 A) Concentrations of chemical species in the Dogger and Albian formation groundwaters B) Mineralogical assemblages of the Albian and Dogger formations Fig. 6 Relative permeability models for Albian (A) and Dogger (B) formations. Capillary pressure models for Albian (C) and Dogger (D) formations

  developed surface complexation models, such as the triple layer model, which investigate the metal adsorbing ability of an aluminosilicate mineral and, more precisely, glauconite. Finally, adsorption by surface complexation is a key process with respect to the transport and mobility of heavy metals or other hazardous constituents. Correlation between adsorption and the CO 2 leakage plume will alter the water chemistry. It is widely accepted that the adsorption of ions on minerals is influenced by a variety of parameters such as pH, type and speciation of the ion involved and competition between different ions(Dzomback and Morel 1990;[START_REF] Bradl | Adsorption of heavy metal ions on soils and soils constituents[END_REF][START_REF] Birkholzer | Research project on CO 2 geological storage and groundwater resources: water quality effects caused by CO 2 intrusion into shallow groundwater[END_REF]. The surface phenomenon must be included in the following stages of this work if simulation is to be a sensitive monitoring technique. The gas plume in the Dogger formation extends up to 1.5 km from the point of injection after 5 years. The upward migration of CO 2 at a rate of 1.1 kg/s is accompanied by fresh water at a rate of 0.03 kg/s at the end of the simulation.
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medium, corresponding to the cement-rock formation interface. The CO 2 injected at a rate of 12.7 kg/s (0.4 Mt/year) reaches the Albian aquifer after 90 days of injection.

Table 1

 1 Hydro-geochemistry of the three domains: (i) Dogger, (ii) porous column and (iii) Albian.

		Dogger aquifer	Porous column	Albian aquifer
	Porosity	0.12	0.15	0.2
	Permeability (m²)	6.67 10 -13	10 -11	10 -12

Table 2 Chemical compositions of the (i) Dogger, (ii) 1D porous column and (iii) Albian formations

 2 

	Chemical elements (mol/kgw)	Dogger	Porous column	Albian
	[Ca]	2.347 10 -3	1.346 10 -3	1.346 10 -3
	[Na]	7.747 10 -2	8.65 10 -5	8.65 10 -5
	[Fe]	1.793 10 -5	1.288 10 -5	1.288 10 -5
	[CO 2aq ]	7.447 10 -3	3.524 10 -3	3.524 10 -3
	[Cl]	7.045 10 -2	8.58 10 -5	8.58 10 -5
	[Mg]		8.086 10 -4	8.086 10 -4
	[K]		1.278 10 -5	1.278 10 -5
	[SiO 2aq ]		2.224 10 -4	2.224 10 -4
	[Al]		3.580 10 -9	3.580 10 -9
	[SO 4	2-]		5.815 10 -4	5.815 10 -4

Table 3 Mineralogical assemblage of the (i) Dogger, (ii) porous column and (iii) Albian formations Volume fraction of mineral phases Dogger aquifer Albian aquifer

 3 

	Calcite	100%	19.2%
	CaCO 3		
	Quartz		49%
	SiO 2		
	Kaolinite		15.23%
	Al 2 Si 2 O 5 (OH) 4		
	Glauconite		14.43%
	(K1.5Mg.5Fe3Al.5)(Al.5Si7.5)O20(OH) 4		
	Siderite		2.18%
	FeCO 3		

Table 7 CO 2 plume extension and pressure models parameters
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CO 2 intrusion to fresh groundwater quality was predicted for acidification processes and the mineral alterations associated. This 3D model will serve as a basis for including other mechanisms such as co-precipitation and sorption of hazardous constituents which are crucial for improving the analysis of the impact of CO 2 leakage during storage on shallow fresh groundwater quality.
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