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This study aims to bring elements of understanding of water-gypsum interactions in situ to better assess the development of dissolution cavities in areas where gypsum is present at depth. Different types of natural gypsum facies are tested, impure alabaster, sacharoidal and clay/carbonate matrices gypsum. An experimental protocol is first developed to study the effect of erosion and particle transport on gypsum dissolution. An original leaching experiment under constant flow is first elaborated to study the effect of erosion and particle transport on the dissolution of gypsum. The flow of released particles is globally low and mostly composed of solid impurities (insolubles). The distribution of insolubles at the water-gypsum interface is found to have a significant impact on the dissolution. Geochemical models are then used to investigate the influence of the most common minerals present in natural gypsum on the dissolution process and the chemical composition of groundwater at their contact. These findings, applied to in situ conditions, allow us to evaluate the relevance of the common use of a simple criterion such as dissolved sulfate content or electrical conductivity to identify a system saturated in gypsum. Lastly, an effective recession rate, derived from the dissolution rate and evaluated directly according to the groundwater saturation index of gypsum, is used to determine the intensity of natural gypsum dissolution in the study area.

Introduction

The development of natural dissolution processes of gypsum in the subsoil is still active in the Île-de-France region (France). This can have an impact on the population and infrastructures. Disturbances induced by construction activities, especially the underground ones, can accelerate dissolution and trigger disorders from disrupted or depressed areas generated by earlier dissolution events [START_REF] Chardon | Gypsum Karst of France[END_REF][START_REF] Klimchouk | Environmental problems in gypsum karst terrains[END_REF][START_REF] Thierry | 3d geological modelling at urban scale and mapping of ground movement susceptibility from gypsum dissolution: The Paris example (France)[END_REF]. In this context, one of the iconic events is the discovery of a gypsum cavity in 1975 under Paris-Nord railway station, where the subsoil is rich with gypsum, that revealed a failure migrating up through the cover rocks [START_REF] Toulemont | Les Gypses Lutétiens du Bassin de Paris Sédimentation, Karstification et Conséquences Géotechniques, Géotechnique-mécanique des sols-sciences de la terre GT-24 edn. Rapports des laboratoires[END_REF]. It was induced by a continuous pumping of the aquifer of Eocene age for over a century. Another example can be found in urban areas around the northeast suburbs of Paris (Sevran and Villepinte) where recent and numerous collapses of the ground were caused by the development of underground cavities.

This study is part of a research and development project on gypsum dissolution mechanisms and associated ground movements in areas where gypsum is present at depth. We focus on the dissolution of natural gypsum located in the Eocene geological formation (56My -34My) in the Seine-St-Denis department, about fifteen kilometers northeast of Paris. This area is characterized by a high population density, resulting in significant urbanization that generates an increase in traffic and therefore an increased demand on infrastructure. Therefore, our work should be used to predict and to prevent the gypsum dissolution, to quantify the key parameters of water-gypsum interactions and to manage underground construction projects accordingly in the concerned areas. One of the major projects in progress is the Grand Paris Express, the largest transport project in Europe designed to connect the suburbs of the Île-de-France region in France.

Generally, the natural dissolution of gypsum in the subsoil is a slow process but it is difficult to quantify its kinetics as a result of variable facies, accessory minerals, and hydro-geochemical conditions. Most of the knowledge on the dissolution kinetics of gypsum comes from laboratory studies performed at the mineral gypsum-solution interface such as rotating disk setups or flow cell devices, which quantify the dissociation rate of the gypsum mineral under well-controlled flow conditions [START_REF] Barton | Dissolution rates of polycrystalline samples of gypsum and orthorhombic forms of calcium sulphate by a rotating disc method[END_REF][START_REF] Lebedev | Dissolution kinetics of natural-gypsum in water at 5-25[END_REF][START_REF] Klimchouk | Dissolution and conversions of gypsum and anhydrite[END_REF][START_REF] Wang | Crystallization of Calcium Sulfate Dihydrate in the Presence of Colloidal Silica[END_REF][START_REF] Lebedev | Kinetics of gypsum dissolution in water[END_REF][START_REF] Dai | Solubility measurements and predictions of gypsum, anhydrite,and calcite over wide ranges of temperature, pressure,and ionic strength with mixed electrolytes[END_REF]. More recent experiments employ atomic force measurements [START_REF] Burgos-Cara | Hydration effects on gypsum dissolution revealed by in situ nanoscale atomic force microscopy observations[END_REF][START_REF] Zareeipolgardan | Gypsum Dissolution Rate from Atomic Step Kinetics[END_REF] or holographic interferometry [START_REF] Colombani | Holographic interferometry study of the dissolution and diffusion of gypsum in water[END_REF][START_REF] Feng | In situ nanoscale observations of gypsum dissolution by digital holographic microscopy[END_REF] to characterize kinetic processes at a nanometric scale. These previous studies often use gypsum samples under ideal conditions (powder, polished or cleaved gypsum crystals with a high purity criterion) and the solvent used is often pure water to have only the effect of the solubility of the mineral. Under such conditions, the dissolution rate is maximized and its application to the natural environment requires an upscaling scheme that includes the surface texture and conditions generated by the dissolution [START_REF] Sadeghiamirshahidi | Analysis of drying and saturating natural gypsum samples for mechanical testing[END_REF][START_REF] Fattah | A study on leaching of collapsible gypseous soils[END_REF].

Gypsum rocks in the natural environment are mainly composed of the mineral gypsum CaSO4:2H2O, but they can be highly variable, as they can be mixed with other sedimentary minerals like carbonates, quartz, or clays [START_REF] Marteau | Mémento roches et minéraux industriels Gypse et anhydrite[END_REF] that we will refer to as solid impurities or insolubles. In case of active dissolution, this variability can lead to the modification of the rock surface geometry through the development of a roughness induced by the dissolution and governed by the underground water composition and its flow. This roughness induces a flow disturbance that changes the dissolution rate. Some progress has been made in a previous study [START_REF] Colombani | Dissolution measurement free from mass transport[END_REF], but it mainly consists of using a roughness factor that is not quantifiable from the considered gypsum properties.

In a previous publication, Zaier et al. (2021) [START_REF] Zaier | The dissolution kinetics of natural gypsum : a case study of Paris Eocene facies in the northeastern suburbs of Paris[END_REF] quantified the dissolution kinetics at the scale of gypsum samples with different porosities and contents of solid impurities. A rotating disk experiment was conducted under unconventional rigorous conditions to account for the effect of roughness developed during gypsum dissolution. The dissolution rate expression used is derived from non-linear mixed reaction-transport kinetic theory to consider the evolution of extensive fissures in karst aquifers under normal hydrogeological conditions. These determined rate laws could be used in numerical modelling approaches to study gypsum dissolution underground and the induced geomechanical consequences at the surface, such as depressions, subsidence, or sudden collapses [START_REF] Laouafa | Modeling of salt and gypsum dissolution: applications, evaluation of geomechanical hazards[END_REF][START_REF] Moore | Application of geochemical and groundwater data to predict sinkhole formation in a gypsum formation in manitoba, canada[END_REF][START_REF] Laouafa | Underground rock dissolution and geomechanical issues[END_REF].

The values of effective dissolution rates were found between 2 and 12 mg/m 2 /s [START_REF] Zaier | The dissolution kinetics of natural gypsum : a case study of Paris Eocene facies in the northeastern suburbs of Paris[END_REF] depending on the initial solution composition, the temperature as well as the texture, mineralogy, and even the crystalline properties, of the natural gypsum. These values are lower than the dissociation rate of the gypsum mineral found in the literature [START_REF] Liu | The kinetics of dissolution of calcium sulfate dihydrate[END_REF][START_REF] Bolan | Dissolution of various sources of gypsum in aqueous solutions and in soil[END_REF][START_REF] Raines | Mixed transport reaction control of gypsum dissolution kinetics in aqueous solutions and initiation of gypsum karst[END_REF][START_REF] Jeschke | Surface controlled dissolution rates of gypsum in aqueous solutions exhibit nonlinear dissolution kinetics[END_REF] due to coupled surface reaction and diffusion-controlled kinetics. However, these rates were found to be in the same order of magnitude when compared to the data obtained under the same hydrodynamic conditions of [START_REF] Colombani | Measurement of the pure dissolution rate constant of a mineral in water[END_REF]. The effect of porosity on the dissolution rate was found to be insignificant in the presence of solid impurities [START_REF] Zaier | Rôle du transport particulaire lié à la déstructuration de gypses poreux dans le développement de cavités de dissolution[END_REF]. The results of those unconventional rotating disk experiments mainly included the effect of roughness and insolubles and provided for a global quantification of dissolution rates under natural undisturbed hydrogeological conditions. The determined dissolution rates were different compared to the values provided by a dissolution kinetic model based on an ideal flat water-rock interface [START_REF] Vieillefon | Contribution of the improvement of the analysis of gypsiferous soils[END_REF][START_REF] Jeschke | Dissolution rates of minerals and their relation to surface morphology[END_REF]. These low values of experimental or simulated dissolution rates led to question the assumption that the natural dissolution was the only process responsible for the formation of dissolution cavities. This paper investigates whether particle detachment during dissolution can enhance the progressive evolution of the underground void and contribute to the destabilization of a dissolution cavity. First, a novel lab protocol is designed to better determine the contribution of the particles released in the quantification of the dissolution time evolution (recession rate) by integrating the porosity and the insolubles fraction of several natural gypsum samples. The results of the laboratory experiments are then extended to the in situ conditions by geochemical modeling of water-rock interactions in the range of groundwater flow velocities. The effects of the most common minerals present in gypsum deposits and the groundwater chemistry are assessed. These modeling results will be an important element for a thorough analysis of the water saturation state of a gypsum aquifer in the concerned area. A range of recession rate values "in situ" is defined as function of the gypsum facies on the one hand, and the groundwater saturation index determined from groundwater chemical analysis on the other hand.

Materials and Methods

Materials

The Société du Grand Paris (SGP), in charge of piloting the Grand Paris Express project, provided the drilling campaign data considered in this study, in particular the data from the section of the future subway line between the communes of Sevran and Livry-Gargan in the Seine-Saint-Denis department where gypsum is present at depth.

Field cores were taken during the exploration campaign and stored in the core shack of the Société du Grand Paris. These cores showed a broad petrographic diversity of natural gypsum rocks in terms of crystalline forms and grain sizes. We focus on gypsum deposits mainly concentrated in two Eocene formations [START_REF] Egal | Methodology for the detection of unstructured zones and cavities in parisian gypsum underground along the line 16 of the grand paris express (france)[END_REF]: (a) the "gypsum masses and interstatified marls" of Ludian (Priabonian) age (37 My-34 My) where gypsum forms , (b) the "marls and loose stones" of Lutetian age (46 My-40 My). Four main homogeneous facies were identified [START_REF] Zaier | The dissolution kinetics of natural gypsum : a case study of Paris Eocene facies in the northeastern suburbs of Paris[END_REF]:

-sacharoidal gypsum with a crystallized sugar appearance, located in the 1 st and 2 nd masses of the Ludian (Priabonian) formation. -matrix gypsum with a carbonate-clay texture, located in the 3 rd and 4 th gypsum masses of the Ludian (Priabonian) formation, -alabaster gypsum with a compact milky-white appearance, extracted from the Lutetian formation, -impure alabaster gypsum with greyish appearance, extracted from the Lutetian formation.

For each of these facies, samples were taken with visually different contents of insolubles, but they all present homogeneous appearance at the decimetric scale which potentially ensures the absence of centimeter-scale heterogeneities of the samples used in the laboratory.

The petrographic and petrophysical properties of those facies are summarized in Table 1. Porosity was measured by triple-weight method and mercury porosimetry. Grain size was determined by scanning electron microscope (SEM) observations of thin sections and by Dino-Lite high-resolution digital microscope observations of the sample surface (Figure 1). Insolubles fraction was determined by weighting the residues left after dissolving a sample of crushed gypsum rock. These insolubles were present in significant quantities (> 10%) for impure alabaster gypsum and matrix gypsum. Their mineralogy was determined by X-ray diffraction (XRD). The insolubles within the samples were composed of quartz, calcite, magnesian calcite and ferro-dolomite. Sacharoidal gypsum contained traces of ankerite (Ca(Fe,Mg,Mn)(CO 3 ) 2 ), matrix textured gypsum traces of anhydrite, and alabaster and sacharoidal gypsum traces of clays. In a previous publication, Zaier et al. (2021) [START_REF] Zaier | The dissolution kinetics of natural gypsum : a case study of Paris Eocene facies in the northeastern suburbs of Paris[END_REF] studied the effect of the different petrophysical parameters on the dissolution rate for each gypsum facies. The texture of the facies and the spatial distribution of insolubles have an important effect on the dissolution kinetics, whereas porosity has only significant effect for gypsum with low insoluble particles.

The dissolution process can lead to a detachment of gypsum grains or insolubles materials by a destructuration and/or erosion mechanism depending on the rock texture. The transport of these solid particles by the fluid in contact can contribute to the growth of a dissolution cavity [START_REF] Charmoille | Gypsum Natural Dissolution processes-Assessment and Management of Subsidence and Collapse Hazards[END_REF]. Estimating the resistance to erosion for each gypsum facies requires a reliable experimental set-up to collect the grains released by gypsum dissolution, to quantity the mass and nature of the grains, and to characterize the particulate flow.

Methods

Experimental Protocol

The evaluation of erosion and particle transport related to gypsum dissolution was carried out by performing leaching tests to determine the mass and nature of the released grains. The experiment consisted in entirely immersing a block of gypsum in a horizontal canal with a low water flow velocity (0.05 cm/s and 5 cm/s) to promote a vertical fall of the grains released by dissolution instead of their dragging.

The flow canal (Figure 2a) was subjected to a number of test runs to establish the proper configuration for uniform flow conditions and optimal collection of the released particles. This canal has a form of a gutter with a width of 7.8 cm and a depth of 4 cm, i.e. a section of 31.2 cm 2 and a length of 51 cm. A pipe connected to the running water ensured a constant flow through a throttling valve and a distribution grid located at 4 cm from the upstream limit of the canal. A transparent window located in the central part allowed to observe the lateral side of the gypsum block subjected to dissolution. A spillway (preceded by a distribution grid located 4 cm upstream) kept a constant water level at the downstream end of the canal.

The gypsum sample was shaped like a parallelepiped with a length of 6 cm, a width of about 2 cm and a height of about 3 cm, to ensure a uniform flow at the surfaces subjected to dissolution. The width was reduced to 1 cm over a height of 5 mm in its lower part. A coating with epoxy resin delimited the surfaces exposed to dissolution leading to a lateral strip with a height of 2 cm (Figure 2b). The resin overlay covered the top surface, as well as the surfaces defining the foot and the back side. The front face was not covered to maximize the flow on the exposed sides. This surface was affected by dissolution, but less intensively than the side surfaces due to the ending of the streamlines on its surface. The particle flow produced by this face could make a partial contribution to the two lateral ones.

A system was placed under the submerged block in the canal to capture the sediments released vertically. However, the finest particles were difficult to be trapped. In the early experiments, the collection system attached to the base of the channel under the block took the form of a cylindrical container with an inlet diameter of 5.5 cm and a height of 5.5 cm (Figure 2a). Its axis was located 27 cm from the upstream side of the canal. The block was placed asymmetrically, +1 cm towards the front and +0.5 cm towards the back to avoid collecting the particles released from the front side or from areas near the back side where dissolution can be disturbed by the resin coating. Consequently, the collected particle masses had to be multiplied by a correction factor to normalize them to the total lateral area. An optical tracking of the collected grains during each leaching experiment was performed by taking a photograph of the bottom of the collection container every 12 hours.

The collection container was filled with a fluid that prevented the dissolution of the released gypsum grains. A solution saturated with gypsum was preferred to organochlorine solvent. The latter was not efficient because of the interfacial tension and the wettability of the particles that stopped their circulation through the water-solvent interface. Furthermore, a gypsum-saturated solution did not present any environmental and safety constraints unlike solvents. However, its saturation capability decreased during the experiment by diffusive or even convective exchange with the flow in the canal. To limit such a saturation decreased at the collected particles level, the height of the trap was adjusted so that the variation in the degree of saturation by simple diffusion is less than 5% during a 10-day period. This led to a tripling of the height of the container compared to the view presented in Figure 2a, i.e., 16.5 cm. Eventually, a fine pipette of the saturated solution was added each 3 days to restore gypsum saturation for long experiments.

The grains present into the collector were recovered by filtration using a cellulose nitrate membrane filter of 0.2 µm at the end of the dissolution experiment. The particles were dried, weighted, and then observed with a microscope (up to 32×) and/or with a Dino-Lite digital microscope (up to 250×) to determine their granulometry. Their mineralogy was determined by XRD, but the very low masses recovered resulted in a rather high uncertainty.

These tests were carried out with the gypsum facies mentioned in subsection 2.1. Pure alabaster gypsum did not release any particles. The used flow velocities were 0.1 and 1 cm/s to avoid excessive drag of the finest grains. The leaching time for the sacharoidal and impure alabaster gypsum blocks was set to 7 days. However, this duration was increased to 21 days for the matrix textured gypsum block due to the clear reduction of the dissolution kinetics by coating effect. Complementary experiments carried out at higher flow velocities (beyond 1 cm/s) could not be finalized because of the difficulty to trap the grains released by dissolution and to maintain a saturation state in the collector.

Geochemical modeling

The evaluation of the effect of the mineralogy of insolubles on gypsum dissolution at the laboratory scale is then extended to the in-situ conditions by geochemical modeling of water-rock interactions. The geochemical model used is CHESS of the reactive transport code HYTEC [START_REF] Van Der Lee | Module-oriented modeling of reactive transport with HYTEC[END_REF], designed to simulate the equilibrium state of complex aquatic systems, including minerals and gases. The database used is WATEQF [START_REF] Plummer | Wateqf-a computer program for calculating chemical equilibrium of natural waters[END_REF] based on truncated Davies model for activity correction. The truncated Davies is a variant of the Debye-Hückel equation that is accurate to ionic strengths up to 0.3 -0.5 M and is commonly applied in the geochemical modeling of natural water [START_REF] Bethke | Geochemical and Biogeochemical Reaction Modeling: Second Edition[END_REF].

The saturation index (SI) of the solution with respect to a given mineral was calculated as:

SI = log( Q K s ) ( 1 
)
where Q is the ion activity product and K s is the solubility constant. A SI of 0 means that the mineral is in thermodynamic equilibrium with the aqueous solution. A negative SI means that the mineral (if present) can dissolve, whereas a positive SI means that the mineral can be formed (precipitate) from the aqueous solution.

The dissolution/precipitation kinetics of a mineral M was modeled according to the following law:

d[M ] dt = kS v ( Q K s -1) n (2)
where [M ] is the mineral concentration (e.g. mg/L), k is the intrinsic kinetic rate constant (e.g. mg/m 2 /s), S v is the reactive surface area of the mineral (e.g. m 2 /L), and n is an empirical exponent. The term ( Q Ks -1), or equivalently (10 SI -1), expresses the effect of the saturation state on the kinetics (if Q<k s : dissolution, if Q>k s : precipitation).

The dissolution rate constants of gypsum were experimentally determined in a previous study by the unconventional rotating disc technique at a temperature of 15°C [START_REF] Zaier | The dissolution kinetics of natural gypsum : a case study of Paris Eocene facies in the northeastern suburbs of Paris[END_REF]. The initial solution used is the tap water of the distribution system of Fontainebleau. This water has a chemical composition close to that of natural waters of aquifers surrounding common gypsum facies found in Ilede-France and its main components are linked to calcite equilibrium ([HCO - 3 ] =310 mg/L; [Ca 2+ ] =115,3 mg/L; [SO 2- 4 ] =34,5 mg/L). The dissolution rate constants found in the previous study [START_REF] Zaier | The dissolution kinetics of natural gypsum : a case study of Paris Eocene facies in the northeastern suburbs of Paris[END_REF] are the following: To simplify the geochemical modeling, the mineral phases of insolubles had the same specific surface area as gypsum (4.31 × 10 -5 m 2 /g) and were composed of calcite CaCO 3 and the disordered dolomite CaMg(CO 3 ) 2 . The latter stood for a proxy of the magnesian calcite (Ca 1-x Mg 1+x (CO 3 ) 2 ) that was present in all the studied gypsum facies. The solubility of these insolubles enriched the solution in magnesium but also in calcium which is a common ion with gypsum. Therefore, calcium input by the insolubles disturbed gypsum solubility.

k = 8.

Results and discussion

Influence of erosion and particle transport

The pictures taken from the collection container during each leaching experiment were difficult to manage due to the low production of particles, their dispersion at the bottom of the container and the perturbations of their distribution by the added gypsum-saturated solution. However, two phases of grain release could be identified. The first phase was characterized by no, or very low, release of insolubles. This first period of dissolution was related to initially flat surfaces exposed to the flow and presenting a recession sufficient to highlight insoluble particles until particle detachment. In a second phase, grains detached from the rock in packets and felt into the container bottom, after one day for the sacharoidal and impure alabaster gypsum, and two days for the matrix textured gypsum. Pure alabaster gypsum was not included in the analyses because it does not produce particles.

For the considered gypsum blocks, the mass of the collected particles turned out to be low to very low compared to the total mass loss. This corresponded to very low values of particulate flows, relatively to the immersion time in the flow canal, even while considering that the release of particles was only effective after a necessary period to allow release by erosion or destructuration. The amount of gypsum grains in the collected masses was not very important, i.e., from 0 to 20% for sacharoidal and impure alabaster, respectively. These quantities remained marginal compared to the amount of dissolved gypsum. A proportion close to 30% was measured for the matrix textured gypsum, but it corresponded to a very low particle production due to the retention of the matrix even after the dissolution of main gypsum grains. The observed gypsum particles seemed to be released from small gypsum grains embedded in the matrix (Figure 3).

For sacharoidal gypsum, there was no evidence of gypsum grains being released by dissolution at the grain boundaries. The dissolution induced a continuous recession of the surface exposed to the flowing water with a small relief of insolubles in the form of yellowish flakes that could be more important if present in continuous form or in localized coherent masses (Figure 4a Fig. 3 Binocular observations of trapped grains from matrix textured gypsum blocks. and 4b). Under these conditions, insoluble particles disturbed the flow and locally amplified the dissolution without increasing the release of grains. However, this effect was not important compared to the simple consideration of the flow related to gypsum solubilization, because of the low initial content of insolubles (<10%). For the impure alabaster gypsum with a higher insolubles fraction (15%), insolubles created macroscopic reliefs during the dissolution that also resisted against the erosion induced by the flow velocities. They presented a relatively small thickness. Gaps corresponding to portions of released insoluble were also observed. Only the marks of the solid impurities were left in small reliefs on the face of the dissolving gypsum surface (Figure 4c).

Only the matrix-textured gypsum, which had a higher initial content in insolubles, produced a significant proportion of gypsum in the order of 20 to 30%. This gypsum was associated to a release of small grains embedded in the matrix due to the matrix dissolution. However, this matrix strongly slowed down the dissolution by coating effect and the depth of the dissolution front remained small. Destructuration by dissolution or erosion of this matrix was not observed, except for the clay (Figure 4d).

In the matrix dominated by carbonate, a sudden mechanical destructuration of a large volume (where only the matrix remained) could be conceived. Such a scenario could not be quantified by a continuous particle flow additional to dissolution. This residual matrix with a highly aerated texture might exhibit a mechanical instability, due to the significant loss of solid mass by dissolution in the order of 70%. The collapse of the residual matrix could lead to the instant creation of a clear void. Table 2 summarizes the surface observations of the different gypsum facies, the particle flow and the ratio of the global mass of the collected grains to that of the global mass loss after dissolution.

Despite the numerous experimental tests, the results did not show clear evidence of an entrainment or a release of gypsum grains either by erosion or by destructuration of the material capable of enhancing the dissolution processes, especially for sacharoidal gypsum. The values of the dissolution rates and the particle flow varied with the flow velocity for each gypsum facies. The values of the dissolution coefficient (mg/m 2 /s) determined for a 1 cm/s velocity are consisted with those determined by the unconventional rotating disc technique at zero velocity [START_REF] Zaier | The dissolution kinetics of natural gypsum : a case study of Paris Eocene facies in the northeastern suburbs of Paris[END_REF] with a difference ranging from 5 to 50%. These deviations are much smaller compared to those determined for the 0.1 cm/s velocity due to the high erosion caused the rotational speeds used (50 to 200 rpm). The dissolution process can be characterized by a dissolution rate that quantifies the time evolution of dissolution. This rate is commonly called recession rate and it depends on the porosity ϕ and the density ρ of the gypsum facies as follows:

τ r0 = k ρ(1 -ϕ /100) (4) 
The contribution of particles released by dissolution can be incorporated in the recession rate by introducing the insolubles fraction F i in addition to the porosity. This allows to better evaluate a recession rate that represents a proper in situ value considering the long-term sensitivity of insolubles to erosion and, hence, the mineralogical and hydrogeological context in the natural environment. The new recession rate equation then becomes:

τ r = τ r0 (1 -Fi /100) (5) 
For alabaster gypsum of low insolubles fraction (F i ≈ 3%), the recession created by dissolution did not lead to a release or entrainment of insoluble particles. Therefore, the value of the recession rate in situ should not account for insoluble particles (τ r0 ). For sacharoidal gypsum of few insoluble particles (F i ≤ 10%), particles are released and carried away continuously by the flow. The recession rate in situ is, therefore, more representative when weighted by the insoluble particles (τ r ). For gypsum facies with high insoluble particles (F i > 10%) that are more or less sensitive to erosion, the limited duration of the experiments did not allow a complete release of the insolubles. The use of the value of the recession rate weighted by the insoluble particles may be representative of a long-term evolution with a significant development of the total dissolved volume. It does not take into account the influence of their resistance to erosion. It is then proposed to use as in situ value the average between the weighted and unweighted recession rates by insoluble particles. ((τ r + τ r0 )/2). The gypsum with carbonate matrix texture was not sensitive to erosion and no evidence of a continuous solid dissolution flow was detected. However, the mobility of the insoluble matrix can occur in a delayed and instantaneous manner in the form of mechanical instability. It is then not possible to define a constant dissolution flow of the solid phase related to the production of particles without characterizing the properties of the residual matrix. The knowledge of these parameters would make it possible to estimate a critical volume and thus an approximate duration of the particle release process and the creation of the void. Without these properties, the proposed recession rate does not consider the insoluble particles (τ r0 ).

The values of the in situ recession rates range from 1 to 6 nm/s which maximizes the natural in situ dissolution rate of zones where flow velocities are lower the water flow velocity of 1 cm/s in the experiments. That only excludes the close vicinity of an anthropic hydrological disturbance with high water velocities. The few available values of water flow velocities in gypsum aquifers result from tracing experiments carried out in gypsum karst in mountainous areas: about 0.03 to 0.3 cm/s in the French Alps [START_REF] Couturier | Conditions of underground water circulation in the gypsum karsts of the french inner Alps[END_REF], 0.4 to 12 cm/s in the Ukrainian Carpathians [START_REF] Klimchouk | Hydrogeology of gypsum formations[END_REF][START_REF] Klimchouk | Hydrochemistry and solution rates in gypsum karst: Case study from the western ukraine[END_REF], up to about 14 cm/s in the Italian Alps [START_REF] Vigna | Hydrogeological flow in gypsum karst areas: Some examples from northern Italy and main circulation models[END_REF]. High velocities related either to karst-type circulation or to the proximate field of an anthropogenic disturbance induce larger shear forces that would increase the influence of erosion. The use of the defined values would then have to be evaluated according to the sensitivity of the facies present to erosion.

Influence o f s olid i mpurities p resent i n gypsum deposits

Based on the experimental results, the influence of the minerals potentially present in the gypsum (calcite, dolomite) on its dissolution and on the composition of the groundwater in contact with it is determined by geochemical modelling. The consideration of the kinetic laws of the different mineral species in the simulations allows to estimate the evolution of the dissolution process at long times, more representative of the real conditions in situ.

The solubility of calcite is low, about 0.06 g/L in a system open to the atmosphere (i.e. a partial pressure in carbon dioxide, pCO 2 , of 0.0004 atm), compared to that of gypsum (≈2500 mg/L) and therefore, it does not play a significant role on gypsum dissolution whether it is present as insolubles or in an under-saturated condition in the solution. At thermodynamic equilibrium, the effect of gypsum on the dissolution/precipitation of calcite in pure water is determined by increasing the saturation index of gypsum by equimolar dissolution of CaSO 4 , 2H 2 O. Figure 5 shows that the dissociation of gypsum by dissolution increases the concentration of calcium ion in the solution, leading to the precipitation of calcite by approximately 60% of the initial amount dissolved. This precipitation is, therefore, limited by the quantities of bicarbonates present in the solution, and it only modifies the mass of dissolved gypsum very marginally. On the other hand, the presence of dolomite increases the solubility of gypsum to about 3300 mg/L as shown in Figure 6. The stoichiometry of the dissolved dolomite (one atom of calcium for one of magnesium) results in an increase of magnesium concentrations in the solution and an excessive amount of calcium. This leads to a precipitation of calcite, limited however by the quantity of bicarbonates resulting from dolomite. Figure 6 illustrates the mass loss of dolomite and the mass increase of calcite relative to the initial mass in the solution as the gypsum saturation index increases. With a form of dolomite more stable, this mechanism of dolomite-calcite transformation would be identical but slower and limited in fact by magnesium concentration. In the study area, we identified areas that seemed to be oversaturated with gypsum due to very high sulfate concentrations (> 1600 mg/L), well above the reference value usually taken as a criterion to identify a gypsum saturated system (1400 -1450 mg/L). Geochemical modelling has been carried out at long times (100 years) and in a system closed to the atmosphere, i.e., corresponding to natural conditions (PCO 2 =0.01 atm), to study if the presence of high amounts of sulfate is related to the interaction of magnesian calcite with gypsum. The consideration of gypsum kinetics in addition to those of dolomite and calcite in the simulations shows a dolomite-calcite transformation which continues even after reaching equilibrium with gypsum, because of the slow kinetics of dolomite compared to that of gypsum. This leads to an excess of magnesium due to the dissolution of dolomite, and a calcium deficit due to the precipitation of calcite, which is compensated by an increase in sulfate concentrations to maintain the equilibrium with gypsum. Calcite precipitation occurs more rapidly than dolomite dissolution, mainly due to the presence of calcium ions from gypsum dissolution. Geochemical simulations in a closed system show an asymmetric evolution of calcite and dolomite content during the first 20 years in contact with water (Figure 7).

The dissolution of the dolomite continues, and it induces an increase in calcium concentration that is compensated by a simultaneous precipitation of calcite and a high concentration of sulfate and magnesium as illustrated in Figure 7. The concentrations of sulfate become higher than 1600 mg/L and can even reach 1900 mg/L in 100 years and the Ca 2+ /SO 2- 4 molar ratio becomes different from 1. This compensation results in a symmetrical evolution of the masses of calcite and dolomite, and a precipitation of magnesite MgCO 3 . For geological timescales, the extrapolation of this symmetrical behavior would lead to a total transformation of the initially present dolomite. The influence of magnesite is not considered because of its rare presence in the studied area and its chemical composition with no common ions with gypsum.

Influence of groundwater composition and saturation status

The dissolution process into gypsum deposits is commonly linked to chemical composition of water intakes from aquifers without gypsum or natural rainoff infiltration. Aquifers of the study area are mainly carbonated. So incoming waters are mineralized and could present a significant amount of calcium ions. In a mineralized water, the initial quantity of calcium in the solution induces a decrease of the final quantity of dissolved gypsum at equilibrium compared to the one expected in pure water by common ion effect with gypsum. This leads to a modification of the quantity of sulfate at equilibrium. Consequently, the knowledge of the initial quantity of calcium in the solution reduces the uncertainty on the final quantity of sulfate at equilibrium.

The influence of the initial presence of calcium in the solution on gypsum dissolution could be quantified by parametric simulations with calcium-bicarbonate waters of synthetic composition. These waters are composed of various amounts of calcium and bicarbonates ranging from 10 to 300 mg/L (Table 3). For each of these pairs of values, the equilibrium concentrations of calcium and bicarbonates are determined for a temperature of 13 • C and a partial pressure of CO 2 equal to 0.01 atm, close to the average in situ values of the studied area. This first equilibrium is often associated with a precipitation of calcite, which modifies the pH and the concentrations of calcium and bicarbonates. The values of these three quantities define the calciumbicarbonate water in contact with the gypsum. The results presented in Table 3 show that by adding gypsum, the reaction induces a significant increase in the amount of calcium and, therefore, a decrease in the sulfate concentrations at equilibrium down to 1200 mg/L, which is lower than the reference value generally used as a criterion to define a system saturated in gypsum (1400 -1450 mg/L). Thus, the amount of calcium initially present a calcium-bicarbonate water decreases gypsum solubility to maintain the thermodynamic equilibrium and increases the molar imbalance of calcium and sulfate (Figure 8). At gypsum equilibrium, the molar ratio Ca 2+ /SO 2- 4 is found to be significantly higher than 1 and can reach 1.6. The excessive amount of calcium in the solution implies a partial substitution of the dissolved gypsum mass by the precipitation of calcite crystals.

An indicator of gypsum-calcite substitution was found during a previous investigation conducted by Cerema on the composition of gypsum facies in the study area [START_REF] Charmoille | Caractérisation du système de dissolution du gypse Lutétien à Sevran -Premiers résultats, p. 23. Ineris & Cerema[END_REF]. This work identified the presence of calcite in a crystallized form, usually mistaken for sacharoidal gypsum, but likely results from of the dissolution of gypsum and the precipitation of calcite in calcareous water with an initial high calcium concentration. 

Quantification o f i n s itu r ecession rates

The presence of dolomitic insolubles and the initial presence of significant amounts of calcium in the solution on gypsum dissolution lead respectively to an increase or a decrease in sulfate concentration at equilibrium. Therefore, the common using of sulfate concentration to evaluate the saturation index of groundwater with respect to gypsum could be erroneous. A more reliable evaluation must take into account these two biases by including at least Mg 2+ , Ca 2+ and bicarbonate concentrations.

For each gypsum facies, the experimental measurements allowed to obtain the exponent of the kinetic law and to suggest values of the recession rate as a function of porosity, ϕ, and insolubles fraction, F i . It is then possible to define a range of recession rate values in situ as a function of the facies and the saturation index SI corresponding to the water composition. It is important to keep in mind that the calculation of this parameter involves several assumptions and associated uncertainties and that we are more interested in its variation than its absolute value, though the comparison of absolute values at a single site makes it possible to compare the intensities of dissolution processes between different sites.

Considering groundwater with gypsum saturation indices between -1.5 and 0, the results presented in Figure 9 mostly indicate a quasi-linear evolution of the "in situ" recession rate values, at least while SI is higher than 0.75. This apparent linearity is related to the value of the exponent n close to unity. For a given SI gypsum, the set of points varies according to the porosity and insolubles range. The upper limit indicates the rate for maximum porosity and insolubles range and the lower limit indicates the rate for minimum porosity and insolubles range. In an under-saturated system with water flow lower than 1cm/s, the values of the recession rate for the different gypsum facies vary between 1.8 and 4.6 nm/s, i.e., between 5.7 and 14.5 cm/y. These variations decrease when the saturation state of the system with respect to dissolved gypsum increases. Impure alabaster gypsum could exhibit recession rates that are twice as great as those of pure non-porous alabaster gypsum depending on the distribution of insolubles on the surface exposed to dissolution (relief effect). As for matrix textured gypsum, it presents a rate about twice lower than that of sacharoidal gypsum because of the covering effect by the clay-carbonate matrix which limits the dissolution kinetics. However, this effect is underestimated for high flow velocities because the protective carbonate-clay matrix might not resist and its instantaneous detachment would uncover the gypsum grains, increase the depth of penetration, and modify the recession velocity.

To conclude, the analysis tool generally used to identify an active dissolution area which is based on the use of a simple criterion, such as sulfate concentration or electrical conductivity, is not sufficient. This is because it does not allow to establish neither the water saturation state of a gypsum aquifer, nor the quantity of dissolved gypsum to quantify the dissolution rate. It is then necessary to conduct a chemical analysis of the water and define a gypsum SI to be associated with the facies to determine a recession rate according to the texture of the gypsum rock present in the concerned area. This value needs to be determined from a complete chemical analysis and not only from the sulfate concentration because of the interactions between gypsum dissolution, bicarbonates and calcium content and the potential presence of magnesian calcite.

Conclusion

The impact of erosion and particle transport related to gypsum dissolution was determined by controlled leaching tests with a constant low flow velocity (0.1 and 1 cm/s) involving a collection of the released grains. For each gypsum facies tested, the particulate flow was found low to very low compared to dissolved mass flow. It is composed mostly of insolubles with only rare small gypsum gains. The distribution of insolubles at the interface was found to have a large influence on the dissolution. Despite numerous experimental tests, the results did not show a role of entrainment or release of gypsum grains by erosion that could be added to the dissolution process as a result of the destructuration of the material and increase the cavity creation kinetics. This is the case in particular for the sacharoidal gypsum, which is the most common in the Paris region. For gypsum with highly porous matrix, the progression of dissolution within the pores remained shallow, even with increasing the leaching time, and this is due to the deceleration of dissolution by coating effect. The flow velocities used did not lead to sudden matrix destructuration, as might occur in situ with a dissolution affecting a large volume. We did observe erosion of the matrix when it is mainly composed of For each studied gypsum facies, the experiments allowed an evaluation of the recession rate that considered the release of particles present in the sample by dissolution. This rate can be used for the simulation of natural dissolution in the range of in situ velocities and outside the field of immediate disturbances related to underground structures.

To extend the experimental results to in situ conditions, the influence of the mineralogy of the insoluble particles and the groundwater composition and saturation status on the dissolution process was studied by geochemical modeling. This work revealed the limitations of using a simple criterion to characterize the water saturation state in a gypsum aquifer, such as sulfate concentration (1400 -1450 mg/L) or electrical conductivity (2.2 mS/cm). Additional variables such as calcium/sulfate mole ratio and/or magnesium concentration should be considered. These variables allow to evaluate the effect of the initial presence of significant amounts of calcium and bicarbonates related to the partial pressure in carbon dioxide PCO 2 as well as the influence of dolomitic insolubles. Both effects have been studied by modeling and lead to a reduction or an increase of the gypsum solubility, respectively:

-Dissolution of gypsum in calcium bicarbonate water induces a decrease in gypsum solubility. The sulfate concentrations can reach 1200 mg/L to respect the mass action law of gypsum at equilibrium. The solutions corresponding to these conditions are characterized by a Ca 2+ /SO 2- 4 mole ratio significantly higher than 1, i.e., reaching 1.6.

-The dissolution of natural gypsum containing dolomitic insolubles reveals on an in situ scale a dolomite-calcite transformation that keeps on going slowly, even if the thermodynamic equilibrium with gypsum is reached. This leads to an excess of magnesium (100 -150 mg/L) supplied by the dissolution of dolomite, and a deficit of calcium because of calcite precipitation, which is balanced by an increase in sulfate concentrations, above 1600 mg/L and up to 1900 mg/L. The gypsum solubility will, therefore, increase under these conditions.

In-situ measurements, laboratory experiments and modeling work have led to a better understanding of the intensity of natural gypsum dissolution phenomena and the potential factors leading to its further development. A method was developed to propose orders of magnitude of in situ recession rates as a function of the groundwater saturation level with respect to gypsum and the petrophysical characteristics of the gypsum facies: porosity and solid impurities. In the studied context, the natural dissolution processes remain relatively "slow", and the recession rates were found between 0 and 4.6 nm/s in the laboratory, i.e., between 0 and 14.5 cm/y, for SI gypsum between 0 and -1.5. These results can be used to simulate the development of underground voids by dissolution, based on a model combining geochemical reactions, flow and transport.

Fig. 1

 1 Fig. 1 Facies of the studied gypsum sampled observed with the Dino-Lite digital microscope.

Fig. 2

 2 Fig. 2 (a) Fully flooded gypsum block subjected to water flow velocity of 0.1 to 1 cm/s inside a canal with particle collector; (b) cross section and front view of the gypsum block.

Fig. 4

 4 Fig. 4 Binocular observations of the dissolved surface of natural gypsums: (a) yellow streak marks (sacharoidal facies), (b) small mass of insolubles not affected by dissolution (sacharoidal facies), (c) small relief due to the attachment of insolubles on the face of the dissolving gypsum surface, (d) gypsum grains covered by a layer of insolubles and highlighted by a recession of the clay matrix during dissolution.
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 5 Fig. 5 Effect of gypsum on the dissolution/precipitation of calcite.

Fig. 6

 6 Fig. 6 Effect of dolomite on the solution composition and gypsum dissolution.

Fig. 7

 7 Fig. 7 Dolomite-calcite transformation in a closed system over 100 years.

Fig. 8

 8 Fig. 8 Schematic representation of gypsum dissolution mechanism in calcium-bicarbonate water.

Fig.

  Fig. Recession rate evolution as a function of the saturation index (SI) for each gypsum facies of the studied area.

Table 1

 1 Mineralogical and petrophysical properties of the studied gypsum samples.

	Facies	porosity ϕ (%)	grain size (µm)	insolubles fraction Fi(%)	insolubles composition
	Sacharoidal gypsum	8 -12	120 -510	5 -11	quartz, calcite, Mg-calcite, Fe-dolomite, ankerite, clays
	Matrix-textured gypsum	17 -25	140 -1000	14 -19	quartz, calcite, Mg-calcite, Fe-dolomite, anhydrite
	Alabaster gypsum	< 1	210 -2000	2.6	quartz, calcite, Mg-calcite, Fe-dolomite, clays
	Impure alabaster gypsum	1 -3	100 -250	15	quartz, calcite, Mg-calcite, Fe-dolomite

Table 2

 2 Surface observations of gypsum facies, particle flow and the mass ratio after dissolution.

	gypsum facies	particular flow	surface observations	mass ratio (%)
		+		-
	sacharoidal			
		++		4-6
	impure alabaster	+++		12
	carbonate matrix	+		4
	clay-carbonate matrix	+++		6

Table 3

 3 Effect of calcium-bicarbonate water on the quantity of calcium and sulfate ions at equilibrium with gypsum (PCO2=0.01 atm).

	initial cond.		initial solution			final solution	
	Ca 2+ (mg/L)	HCO -3 (mg/L)	pH	Ca 2+ (mg/L)	SO 2-4 (mg/L)	HCO -3 (mg/L)	pH	Ca 2+ (mg/L)	SO 2-4 (mg/L)	HCO -3 (mg/L)
	10	10	5.97	0	0	38	6.5	620	1486.6	65
	100	100	6.93	100	0	127	6.96	679	1387	155
	200	100	6.91	200	0	127	6.96	734	1294	155
	300	100	6.90	300	0	127	6.96	808	1217	154
	100	200	7.23	100	0	227	7.01	655	1436	169
	200	200	7.14	188	0	197	6.99	720	1324	162
	300	200	7.07	270	0	174	6.96	777	1250	160
	100	300	7.31	80	0	265	7.02	646	1454	170
	200	300	7.17	166	0	204	6.99	705	1346	163
	300	300	7.09	252	0	180	6.97	764	1257	158
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