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In this paper we demonstrate how recent geomodelling techniques can be combined and used to build a 3D geological model on a real case study: the former coal mine of Merlebach (France), that is targeted to be exploited for low-temperature geothermal energy production. From geological maps, cross-sections, borehole and mine exploitation data, we build a 3D model in which are identified the rocks and infrastructures having significantly different permeabilities. First, a structural model of the main geological interfaces in our area of interest (2 horizons and 13 faults) is built with classical geomodelling techniques. Then, we propose to model by surfaces the 71 irregularly stacked, very close and very thin, sub-vertical coal beds. To ease their construction, we use an implicit method which represents 3D surfaces as isovalues of a scalar field defined in a 3D tetrahedral grid of the area. The corresponding triangulated surfaces are remeshed with a recently proposed method based on Voronoi diagrams so that the exploited parts of the coal beds, now filled by sand, can be computed. The 3D surface-based geological model, in which infrastructures can be inserted as piecewise lines, can be volumetrically meshed. It is available for download as supplemental material, as well as a volumetric grid.

Introduction

Lorraine has been one of the most important regions of coal extraction in France until the closure of the last coal mine, La Houve, in 2004. Unlike the neighbouring Lorraine Iron Basin where the impact of mine flooding on water quality is studied for water supply concerns (e.g. [START_REF] Collon | Evolution of water quality in the abandoned iron mines of Lorraine: towards a semi-distributed modelling approach[END_REF][START_REF] Collon | Modelling the evolution of water quality in abandoned mines of the Lorraine Iron Basin[END_REF][START_REF] Hamm | Two modelling approaches to waterquality simulation in a flooded iron-ore mine (Saizerais, Lorraine, France): A semidistributed chemical reactor model and a physically based distributed reactive transport pipe network model[END_REF], the great depth (up to 1.5km) and the favourable local geothermal gradient (around 3.5 • C/100m) in the Lorraine Coal Basin make it a potential resource of low-temperature geothermal energy. Preliminary investigations were carried out by [START_REF] Hamm | Modelling of fluid flow and heat transfer to assess the geothermal potential of a flooded coal mine in Lorraine, France[END_REF], who identified the area of the Merlebach mine, centred around the Vouters 2 mineshaft (Figure 1), as the most suitable place for a future full-scale demonstration facility. As suggested by [START_REF] Renz | Numerical Modeling of Geothermal Use of Mine Water: Challenges and Examples[END_REF], [START_REF] Hamm | Modelling of fluid flow and heat transfer to assess the geothermal potential of a flooded coal mine in Lorraine, France[END_REF] realised a simplified model of the Merlebach mine to investigate the geothermal potential of the site. Their encouraging results have demonstrated that the heat production capacity would not only depend on the well locations and production rates, but also highly on the rock permeabilities and on the geometry of the underground structures. Thus, modelling the hydraulic and thermal behaviour of the targeted geothermal site is crucial for a reliable evaluation of different exploitation scenarios.

For this purpose, we built a volumetric 3D model of the Merlebach mine. 3D geomodelling of formerly mined areas is a challenging task as data are often scattered, in various formats and the objects to represent are numerous and variable in shape and size (e.g. [START_REF] Li | Coal seam surface modeling and updating with multisource data integration using Bayesian Geostatistics[END_REF][START_REF] Kaufmann | 3D geological modelling from boreholes, crosssections and geological maps, application over former natural gas storages in coal mines[END_REF]. Our model should distinguish the different types of rock encountered in the former mine so that the permeability field, that drives groundwater flow, can be correctly modelled. So it must take account for the main mine infrastructures (galleries, mineshafts and ramps), for the surrounding formations and the gautier.laurent@monash.edu (Gautier Laurent), guillaume.caumon@univ-lorraine.fr (Guillaume Caumon), guillaume.reichart@univ-lorraine.fr (Guillaume Reichart), l.vaute@brgm.fr (Laurent Vaute) faults. The modelling of the coal beds is particularly challenging as they are sub-vertical, very thin (around 5m thick), and irregularly stacked on a thickness of 1.8km. Classical geomodelling methods [START_REF] Caumon | Surface-Based 3D Modeling of Geological Structures[END_REF] would imply to explicitly build each of these surfaces individually while ensuring that they do not intersect. To overcome this particularly difficult task, we used recent geomodelling techniques: an implicit modelling approach [START_REF] Frank | 3D-reconstruction of complex geological interfaces from irregularly distributed and noisy point data[END_REF][START_REF] Caumon | Three-Dimensional Implicit Stratigraphic Model Building From Remote Sensing Data on Tetrahedral Meshes: Theory and Application to a Regional Model of La Popa Basin, NE Mexico[END_REF] and a geological surface remeshing [START_REF] Pellerin | Automatic surface remeshing of 3D structural models at specified resolution: A method based on Voronoi diagrams[END_REF].

GERMANY

The available data were first processed and imported into the software (Section 3.1).

The adopted strategy to model the different objects is presented in Section 3.2. First, we built a model of the interfaces between the different rock lithologies in our zone of interest (faults, horizons, topography) (Section 3.3). Second, the surfaces corresponding to the 71 coal beds referenced in the mine and the digitised infrastructures were added to this structural model (Section 3.4). Third, the resulting surface-based model was finally rasterised to obtain a 3D regular Cartesian grid in which exploited coal, unexploited coal, infrastructures, and surrounding formations are identified. This grid has less than 135 million cells, the maximum number allowed by the groundwater modelling software (MARTHE1 ) chosen to simulate flows in the continuity of the work of [START_REF] Hamm | Modelling of fluid flow and heat transfer to assess the geothermal potential of a flooded coal mine in Lorraine, France[END_REF]. We discuss the workflow in Section 4.

Settings

Geological Settings

The The LCB is an intra-mountain coal depression formed during the Hercynian Orogeny between Carboniferous and Permian [START_REF] Donsimoni | Le Bassin houiller Lorrain. Synthèse géologique[END_REF] and interpreted as a strike-slip basin [START_REF] Korsch | The Permo-Carboniferous Saar-Nahe Basin, south-west Germany and north-east France: basin formation and deformation in a strike-slip regime[END_REF][START_REF] Izart | Paleoenvironments, paleoclimates and sequences of Westphalian deposits of Lorraine coal basin (Upper Carboniferous, NE France)[END_REF]. This context has favoured organic matter-rich clastic deposits. The anaerobic decomposition of organic matter in water has produced the coal bearing deposits of the Westphalian and Stephanian age (Carboniferous -equivalent of the Pennsylvanian age in ICS-stage) (e.g. [START_REF] Izart | Paleoenvironments, paleoclimates and sequences of Westphalian deposits of Lorraine coal basin (Upper Carboniferous, NE France)[END_REF]. They consist of intercalated beds in a complex sequence of claystones, sandstones, and conglomerates that show lateral variations both in term of nature and thickness. Coal beds generally have a thickness between a few centimetres and 5m, reaching exceptionally 15m. The late Hercynian compression (Saalian phase) has affected all deposits inducing the formation of a North-East/South-West, asymmetrical, and overturned anticline and of numerous faults [START_REF] Donsimoni | Le Bassin houiller Lorrain. Synthèse géologique[END_REF][START_REF] Fleck | Palaeoenvironmental assessment of Westphalian fluvio-lacustrine deposits of Lorraine (France) using a combination of organic geochemistry and sedimentology[END_REF][START_REF] Barchi | Projet Minewater -Géologie du bassin houiller lorrain et potentialité géothermique BRGM/RP-56096-FR[END_REF][START_REF] Cartannaz | MINEWATER" PROJECT[END_REF]. The most important faults bind mining zones, as the NE/SW Hombourg fault and the W-NW/E-SE Saint-Nicolas fault (Figure 1). In this basin, folds can be interpreted as fault-propagation folds characterised by the progressive tightening of the fold hinge and a steepening of the front limb (Averbuch, pers. com.). Upper Permio-Triassic conglomerates unconformably cover these units (Figure 2) [START_REF] Donsimoni | Le Bassin houiller Lorrain. Synthèse géologique[END_REF][START_REF] Barchi | Projet Minewater -Géologie du bassin houiller lorrain et potentialité géothermique BRGM/RP-56096-FR[END_REF][START_REF] Cartannaz | MINEWATER" PROJECT[END_REF]. 

Mining exploitation

The studied area corresponds to a small part of the eastern limb of the regional Merlebach anticline. Coal beds are globally striking 38 • N and are sub-vertical, their dips varying between 60 • SE and 90 • . Coal was exploited at depths ranging from 150m to 1250m with a cut-and-fill technique where extraction starts at the lowest level and goes up while hydraulically filling the exploited volumes with sand (Figure 3). The consequence is that these exploited volumes have a high hydraulic conductivity that should strongly influence the underground water flows and must be distinguished in our model from the unexploited parts of the coal beds that have a lower permeability.

The infrastructures developed for this exploitation consist of a network of interconnected sub-horizontal galleries linked by vertical pipes [START_REF] Hamm | Modelling of fluid flow and heat transfer to assess the geothermal potential of a flooded coal mine in Lorraine, France[END_REF].

Fifty-eight mineshafts were bored, of which three are still accessible: Vouters 2, Marienau, and Simon 5 (Figure 1). These infrastructures were left as they were and are now underground voids that drain fluid flows and must be integrated in our model of the area. 

Geological and infrastructure data

Charbonnage de France has managed the mines until 2004 and part of its employees are now working for the BRGM in UTAM-Est (Post-Mining Territorial Unit) at Freyming-Merlebach. They provided us with a large amount of data collected through the mine lifetime (Table 1), most of it being provided as DraWinG (DWG) documents generated by AutoCAD2 . Their preparation and processing represent a significant part of this work.

Digital Elevation Model. Provided by IGN, the French National Institute of Geographical Information, the Digital Elevation Model (DEM) has a 50m horizontal resolution and around a one meter vertical precision. In the zone of interest, elevation ranges between 148 and 343m FOD (French Original Datum).

Regional geological map. The regional geological map gives very little information on the studied zone below the Permio-Triassic unit. It provides essentially data on the fault network.

Three structural maps. Three interpretative maps, that represent the structures at the surface, at 400m and 1500m depth, have been used for 3D fault network construction.

One map of the isobaths of the Permio-Triassic sandstone base horizon. Provided by Charbonnage de France, this map was the result of a geological study lead by [START_REF] Donsimoni | Le Bassin houiller Lorrain. Synthèse géologique[END_REF].

It Sixty three exploited vertical coal bed maps. They result from the projection of the exploited zones of the non-planar coal beds on vertical planar surfaces (Figure 5). They map zones that have been exploited and filled by sand. They need to be clearly identified in our model for they may act as drains. Because of gaps in these maps, the contours of the exploited zones were hand picked.

3D view of the infrastructures around the Vouters mineshaft. This image gives information on the infrastructures connecting the different mining levels (Figure 6). 

Geological model building

The global workflow consists of three main steps (Figure 7). 

Data Preparation

After converting the DWG files in DXF format, all data were imported into the Gocad geomodelling software. To ensure their spatial consistency, they first had to be georeferenced. The chosen coordinate system is the Lambert 1 (NTF) in the French coordinate system datum. To consistently georeference X-Y mining level maps whose depth is known, the mineshafts coordinates were used as points of reference. Mining level map #686 localises the thirty three cross-sections. It permits to accurately georeference each cross-section by combining them with the information about the infrastructures and coal beds on the other level maps (Figure 4). From the 3D view, oblique ramps and infrastructures are digitised by hand into piecewise linear curves. Combined with the galleries extracted from the mining level maps, they constitute a complete network of infrastructures (Figure 8). The exploited vertical coal bed maps are georeferenced on the vertical planes passing through the corresponding traces on mining level map #686. It was necessary to hand pick contours of exploited parts because of gaps in the input data.

Resulting from a long exploitation history, 107 different coal bed names are used on cross-sections and mining level maps. These names are either simple numbers (e.g. "27", "10A") or first names (e.g. "Irma", "Henriette"). However, a careful quality check of data consistency in 3D shows that some of these names obviously refer to the same coal bed (or to two beds closer than 2m that could be confused). As a result, we identified only 71 different coal beds that will have to be represented in the final model. Correspondence with input data is given in Appendix A.

Modelling choices

The very thin and could be modelled as surfaces. Sandstones and Permio-Triassic layers are thick layers present throughout the area of interest, hence should be represented as volumes.

To model volumetric layers, it is particularly convenient to represent them by their boundary surfaces, i.e. the horizons and faults delimiting them, which are generally triangulated. This kind of representation is called a surface-based structural model. [START_REF] Caumon | Surface-Based 3D Modeling of Geological Structures[END_REF] give a review of ways to manage its building. Around the Merlebach mine, several faults cut the layers, the Permio-Triassic formation is delimited by the topography and by the unconformity underlying the Permio-Triassic units. After building the structural model of the area from these surfaces (Section 3.3), we built the coal beds surfaces, then the identified exploited parts (Section 3.4).

Structural model

To better constrain the construction of the structural model and ensure its consistency with data around the exact zone of interest, that is the Merlebach mine, we build it for a larger area comprising 13 faults. This model of the main subsurface discontinuities is built with classical geomodelling approaches, also called explicit approaches, that consist in building surfaces that fit available data. Surfaces are built one by one in an order that has to be carefully thought, and their consistency must be carefully checked, both points requiring time and expertise in complex cases [START_REF] Caumon | Surface-Based 3D Modeling of Geological Structures[END_REF].

Two main approaches can be used to build explicitly surfaces, the direct triangulation of data points and the indirect surface construction. The first is particularly adapted to regularly distributed points like a DEM, and is used here to build the topographic surface (Figure 7). The indirect approach is more robust to deal with irregular, scarce, noisy data, such as those available for the thirteen faults or the Permio-Triassic base horizon.

It consists in deforming a surface so as to minimise the distance between the surface and the data points. Several interpolation methods can be used (e.g., [START_REF] Haecker | Convergent gridding: a new approach to surface reconstruction[END_REF][START_REF] Kaven | Constraining surface interpolations using elastic plate bending solutions with applications to geologic folding[END_REF]. In this work, we use the Discrete Smooth Interpolation (DSI) implemented in Gocad [START_REF] Mallet | Geomodeling. Applied Geostatistics[END_REF]. This method minimises a weighted sum of the surface roughness and data misfit in the least squares sense [START_REF] Mallet | Discrete Smooth Interpolation[END_REF][START_REF] Mallet | Geomodeling. Applied Geostatistics[END_REF]. Some of the data are exactly respected by inserting the data points into the mesh (e.g. well markers), while less reliable data are only honoured to a degree chosen by the user (e.g. isobath curves, interpretative cross-sections) (Figure 7).

The faults were built one after another from their traces on the geological map, on the three structural maps and on the cross-sections. Following the methodology presented in the teacher's aide of [START_REF] Caumon | Surface-Based 3D Modeling of Geological Structures[END_REF], the fault network consistency was ensured by a complete check of all fault branch lines, older faults being cut by younger ones. Then, well markers provided on mineshaft indexes, isobath curves (southwestern part) and crosssections were used as data point constraint to built the Permio-Triassic bottom surface.

This surface was cut by the faults before interpolation in order to disconnect fault blocks.

The obtained surface structural model is shown in Figure 9.

Coal bed surfaces

The construction of the 71 coal bed surfaces was particularly challenging because they are sub-vertical, are generally distant from 5 to 10m, have an extension of 10.2km by 1.3km, and are irregularly stacked on a width of 1.8km. We used recently developed techniques to achieve this goal.

Implicit coal bed construction

Implicit approaches consider geological interfaces as isovalues of a 3D scalar field f (x, y, z).

This scalar field is interpolated from the data with either continuous interpolation schemes, such as radial basis function or dual kriging [START_REF] Carr | Reconstruction and representation of 3D objects with radial basis functions[END_REF][START_REF] Chilès | Modelling the Geometry of Geological Units and its Uncertainty in 3D From Structural Data: The Potential-Field Method[END_REF], or discrete interpolation schemes [START_REF] Moyen | 3D-Parameterization of the 3D geological space -The GeoChron model[END_REF][START_REF] Frank | 3D-reconstruction of complex geological interfaces from irregularly distributed and noisy point data[END_REF][START_REF] Caumon | Three-Dimensional Implicit Stratigraphic Model Building From Remote Sensing Data on Tetrahedral Meshes: Theory and Application to a Regional Model of La Popa Basin, NE Mexico[END_REF]. With the discrete approach, the scalar field is defined by a piece-wise linear interpolation of the values stored at the vertices of a volumetric mesh. In the implementation used here [START_REF] Caumon | Building 3D geological surfaces from field data using implicit surfaces[END_REF][START_REF] Caumon | Three-Dimensional Implicit Stratigraphic Model Building From Remote Sensing Data on Tetrahedral Meshes: Theory and Application to a Regional Model of La Popa Basin, NE Mexico[END_REF], the values at the vertices are obtained by an optimisation method that consists in minimising a weighted sum of various constraints including the data misfit.

This method has the advantage to ease interactive editing. Moreover, dual kriging and radial basis function methods seem limited by the amount of information points. In both approaches, once the scalar field is calculated, any surface can be explicitly constructed by extracting the corresponding isovalue surface (Figure 7). The two crucial advantages of implicit modelling as compared to explicit approaches are that implicit methods provide some built-in model consistency rules preventing the occurrence of overlapping or leaking layers and that they do not rely on data-to-surface projections, making them particularly suitable to generate stack of surfaces, like the coal beds discussed in this paper.

We use the implicit method implemented in the Gocad research plugin StructuralLab [START_REF] Caumon | Building 3D geological surfaces from field data using implicit surfaces[END_REF][START_REF] Caumon | Three-Dimensional Implicit Stratigraphic Model Building From Remote Sensing Data on Tetrahedral Meshes: Theory and Application to a Regional Model of La Popa Basin, NE Mexico[END_REF] which requires a tetrahedral mesh of the volume of interest conformable to the triangulated fault surfaces. Conformable means that tetrahedron facets that are located on one fault are the same triangles than the ones meshing the fault surfaces. In the zone of interest, restricted to Merlebach, only seven faults have to be considered. We generated a tetrahedral isotropic mesh with the Delaunay-based tessellation package provided in the Gocad-Skua software. The mesh is made of 673,916 tetrahedra corresponding to a 72m average tetrahedra edge length. This length was chosen to be consistent with the fault surface mesh size (around 85m). Eight fault blocks are defined in our zone of interest (Figure 10-a). The Permio-Triassic base horizon, eroding the coal bearing formation and thus constituting a top boundary, is not accounted for in the mesh because it is sufficient to cut the coal beds by that surface afterwards. This facilitates the mesh generation step and further updates of the Permio-Triassic base horizon since otherwise the whole model would have to be rebuilt.

To compute the scalar field, two constraints are used: i) a value of the scalar field that is attached to each set of lines corresponding to the same coal bed ii) constraints on the gradient of the scalar field so that it is orthogonal to the coal bed lines and has a constant norm, to be consistent with the more or less parallel coal beds. This last constraint is particularly useful to interpolate the scalar field where there are few data (in the northern and southern parts). Values assigned to the coal beds have to be consistent with this constant norm, i.e. they must evolve proportionally to the inter-bed distances. For that purpose, appropriate values have been computed for each coal bed, started with the value of 2 for the first one. The value of the scalar field associated to each of the other coal beds was computed by adding its average distance to the reference coal bed. In that way, the last modelled coal bed was assigned a value of 1335 (Figure 10-b and Appendix A). The 3D scalar field is then interpolated in each fault block with DSI [START_REF] Mallet | Geomodeling. Applied Geostatistics[END_REF] giving more weight to the line point constraint (1) than to the gradient constraint (0.5), thus giving priority to data while preserving global consistency far from them. In this process, the modelling process does not make any hypothesis on cylindricity of the regional fold and thicknesses vary when data indicate so. The resulting scalar field is shown on Figure 10-c. good, even if the input mesh quality is very poor.

This method is implemented in a plugin of the research modelling software Graphite3 , which is interfaced in the geomodeller Gocad through the plugin Tweedle [START_REF] Pellerin | Advanced geometry processing in Gocad using Graphite[END_REF]. The automatic remeshing of the 71 vein surfaces was performed on a consumer PC in less than 5 minutes. The total number of triangles was divided by ten. An additional manual quality control was necessary to ensure the complete validity of the remeshed surfaces, and remove approximately ten remaining intersections between surfaces, as discussed by [START_REF] Pellerin | Automatic surface remeshing of 3D structural models at specified resolution: A method based on Voronoi diagrams[END_REF]. The average output quality is 0.84686 (Figure 11 and Table 2).

Finally, to identify the exploited parts of the coal beds, the boundaries of the exploited areas were horizontally projected from the exploitation vertical coal bed maps onto the corresponding coal bed surfaces. Each coal bed surface was then cut with these curves and new surfaces corresponding to the exploited coal bed parts were extracted (Figure 12).

Cutting the coal beds with the Permio-Triassic horizons and combining them with the faults surfaces, we obtained a complete 3D surface geological model of the Merlebach mine (Figure 13). This 3D model is available for download as additional material to this paper in Gocad text file format, which can also be loaded by the open-source Graphite software4 .

Volumetric model generation

One of the prospects of this model is to perform flow simulations to characterise the fluid behaviour in the context of a potential geothermal exploitation of the abandoned mine. In the continuity of the pre-study performed by [START_REF] Hamm | Modelling of fluid flow and heat transfer to assess the geothermal potential of a flooded coal mine in Lorraine, France[END_REF], two different strategies are currently being tested using the groundwater modelling software (MARTHE5 ): the classical continuum approach, in which all the voids are considered as porous material; and the coupled approach, in which the remaining open mining structures are modelled as discrete conduits and can exchange flow with the surrounding porous material. To this purpose, a 3D regular volumetric grid has to be generated from the 3D surface-based model, with a property defining the ground type on each cell. One of the main interest of representing a model by surfaces is that it can be used to generate various volumetric meshes with various mesh sizes.

The maximum number of cells that the groundwater modelling software can handle has to be considered when building this grid. Here, the MARTHE software imposes to build a grid with less than 135 million cells. We define a structured regular grid of 1275×410×240 cells. It produces a final grid that contains 125.46 millions cells of approximately 6m side. This cell size allows representing the various small structures that are present in the particular context of mine workings while keeping a reasonable number of cells considering that the zone of interest is 2.46km large for 7.25km long. Indeed, coal beds are generally distant from 5 to 10 meters and their average thickness, as well as the diameter of the underground galleries, is around 5 meters, which is of the same size order than cells.

A discrete property defines the ground type with the following values: 1 for the the Permio-Triassic formations, 2 for the sandstones, 3 for the unexploited coal beds, 4 for the exploited coal beds now filled with sand, 5 for the infrastructures (i.e. voids) and 6 for the faults (Figure 14). Regions have been defined for each discrete property allowing to compute the corresponding volumes (Table 3). The resulting grid is available for download as additional material to this paper in Gocad text file format.

Discussion

The resulting volumetric grid fits the specification of the flow simulator: a Cartesian This number of cells can be handled by other flow simulators like GMS-Modflow6 which authorises up to 300 millions of cells (1 millions per layer and 300 layers7 ). Like MARTHE, it uses Cartesian grids that may involve aliasing problems when the modelled objects are not aligned with the grid, e.g. stair steps geometries or inappropriately corner-connected cells.

One solution would be to take this into account when assigning permeability properties as done in classical upscaling process (e.g. [START_REF] Karim | New Renormalization Schemes for Conductivity Upscaling in Heterogeneous Media[END_REF]. Another solution would be to use a different flow simulation software that is based on the more flexible Naturally, the precision/accuracy of the model is strongly linked to the quality of the data. In the used data set, uncertainties due to positioning and resolution are considered as not really significant. However, 2D maps propose fault traces which are not always consistent when placed in three dimensions (i.e., fault lines corresponding to the same surface may induce unrealistic curvature, or may simply be missing on some 2D sections).

The least-squares interpolation and the rasterisation of objects in the grid tends to mitigate these inconsistencies when the discrepancy is of the same order of magnitude as the grid resolution. Locally, larger differences exist between input fault traces but they are always outside of the target area for geothermal exploitation, hence should not have much impact on the simulation results. Nevertheless, more rigorous uncertainty assessment still remains a possible way to improve this work.

In this paper, we showed how a geomodelling software can be used to integrate various data into a unique and consistent geological three dimensional model. The proposed combination of methods is the key point to achieve such a task since a conventional explicit approach would not have allowed us to create the 71 sub-vertical coal beds so easily while honouring data and geological consistency. In such context where surfaces have a kilometric extent but have a metric inter-distance, frequent cross-overs occur unless the mesh is refined and the complete process requires an important manual quality control. This study demonstrates the potential of the implicit modelling package we have used [START_REF] Caumon | Building 3D geological surfaces from field data using implicit surfaces[END_REF][START_REF] Caumon | Three-Dimensional Implicit Stratigraphic Model Building From Remote Sensing Data on Tetrahedral Meshes: Theory and Application to a Regional Model of La Popa Basin, NE Mexico[END_REF] in a real case study with a relatively dense data set. The efficient surface remeshing method proposed by [START_REF] Pellerin | Automatic surface remeshing of 3D structural models at specified resolution: A method based on Voronoi diagrams[END_REF] was a very complementary tool to improve the quality and adapt the number of triangles of the triangulated surfaces obtained with the implicit approach. During this work, hundreds of surfaces and thousands of curves have been created and manipulated. Efficiency in the repetitive tasks was possible thanks to a recently developed Gocad plugin, Gopy [START_REF] Antoine | Rapid algorithm prototyping in Gocad using Python plugin[END_REF], that permits to script Gocad commands in Python. It was used for simple operations such as global renaming of surfaces or curves, but also for more complex tasks: (i) to create and initialise new properties given an existing one, e.g. for the scalar field value given the coal bed ID;

(ii) to extract the 71 surfaces given the corresponding list of isovalues; (iii) to project and extract the exploited parts from the 63 exploited coal bed surfaces; (iv) to control the quality of initial data by creating groups of curves depending on their names or property values.

Conclusion

To conclude, this paper presents an efficient workflow to build a volumetric geomodel in a post-mining context using recent geomodelling tools. The modelling of the coal beds represents the principal challenge of this paper due to their proximity and intimatelyrelated geometry. This paper demonstrates that this hurdle is overturned when using appropriate tools: (1) discrete implicit modelling for the interpolation of geological data [START_REF] Caumon | Building 3D geological surfaces from field data using implicit surfaces[END_REF][START_REF] Caumon | Three-Dimensional Implicit Stratigraphic Model Building From Remote Sensing Data on Tetrahedral Meshes: Theory and Application to a Regional Model of La Popa Basin, NE Mexico[END_REF], coupled with (2) a variational remeshing tool for geological surfaces [START_REF] Pellerin | Automatic surface remeshing of 3D structural models at specified resolution: A method based on Voronoi diagrams[END_REF], and (3) serial processing with scripts [START_REF] Antoine | Rapid algorithm prototyping in Gocad using Python plugin[END_REF]. This paper also illustrates how implicit and explicit approaches are complementary.

We take full advantage of the strength of both methods: using implicit surfaces while building the vein surfaces and going back to the explicit scheme when accurate geometry processing is required. As a result of this study, two 3D models are proposed for download as supplemental material: the 3D surface-based model and a volumetric grid.

Perspectives of these work reside on the flow simulation aspects that will focus on the geothermal potential of the site. These simulations, planned for the next years, would also benefit from the in-situ monitoring of temperature and conductivity that is currently performed in the accessible mineshaft of Vouters 2. 
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 1 Figure 1: Location of the Lorraine Coal Basin and map of the exploited areas. The studied zone of the Merlebach mine is surrounded by several faults, among which the Saint-Nicolas fault in the north and the Hombourg fault in the west. This map was realised with data provided by Charbonnage de France.

  Lorraine Coal Basin (LCB), 140km by 70-80km, is located in the Moselle department, in the east of France, on the edge of the Paris basin (Figure 1). It starts 30 km north of Metz and extends toward the north across the Franco-German border. The exploitation, that concerned the shallowest north-eastern part of the basin, has been subdivided into three sectors : i) the Wendel concession, ii) the Houve concession, and iii) the Sarre and Moselle concession. The Merlebach mine is part of the Sarre and Moselle concession. The studied area has an extension of about 7.5km by 2.2km (Figure 1).

Figure 2 :

 2 Figure 2: West-East general cross-section of the Lorraine Coal Basin. The coal exploitations of Merlebach are east of the Hombourg fault, just above the Reumaux well (modified from Cartannaz (2008)).

  gives interpretative contour lines of the Permio-Triassic base horizon which is the top horizon of the coal-bearing formation. It gathers various data collected during the exploitation, but only covers the southwestern part of our zone of interest. Sixteen mineshaft records. They refer to the well locations, the geological logs, the intersected gallery depths, the initial external water level (with its year of measure), technical well information, and the current state of the structure (closed, opened, etc.). Globally, well logs are very succinct and only three geological layers are identified: lower Triassic sandstones, Permian sandstones and the Carboniferous coal-bearing formation. Twenty two mining level maps and thirty three NW-SE cross-sections. The horizontal mining level maps give the exact location of the galleries, the mineshafts and the faults. They are indexed by their depth value. The vertical cross-sections are perpendicular to the coal beds. They give information on the traces of coal beds, intersected infrastructures and faults in a vertical section and are thus complementary to the mining level maps (Figure 4). They are located on horizontal mining level map #686 (686m depth).

Figure 4 :Figure 5 :

 45 Figure 4: 3D view of the information provided by the reference mining level map #686 (686m depth) and the C16 cross-section (data from Charbonnage de France).

Figure 6 :Figure 7 :

 67 Figure 6: 3D view of the infrastructures around Vouters mineshaft (data from Charbonnage de France, modified from Hamm and Bazargan Sabet (2010)).

Figure 8 :

 8 Figure 8: 3D view of the complete infrastructure network determined from the processing of the 22 mining level maps, 33 cross-sections, 16 mineshaft records, and the 3D view around Vouters 2. Infrastructures are represented by 3586 piecewise linear curves.

Figure 9 :

 9 Figure 9: Surface-based structural model of the extended zone of interest.

Figure 10 :

 10 Figure 10: Implicit modelling of the coal beds.

Figure 11 :

 11 Figure 11: Remeshing of the 71 coal bed triangulated surfaces with triangles as equilateral as possible. The input surfaces have more than 2 million triangles of very poor quality, the output surfaces have around 180,000 triangles of much better quality.

Figure 12 :

 12 Figure 12: Exploited parts of the 71 coal beds.

Figure 13 :

 13 Figure 13: 3D surface-based structural model of the Merlebach mine.

  grid with less than 135 millions cells containing the required information to later impose appropriate permeability values for flow simulations. Of course these specifications have drawbacks. Cell dimension could have been reduced to 5m (the average infrastructure diameter) but there would have been about 216.8 millions of cells (1530 × 492 × 288).

Figure 14 :

 14 Figure 14: Slices in the 3D regular Cartesian volumetric grid of the Vouters 2 mining area. The grid contains about 125 million cubic cells of 6m side.

  

Table 1 :

 1 Information provided by the various data sources.

				Mining			Geology		
	Data	Type	Mineshaft	Infra	Exploitation	Topo.	Permio-Trias.	Faults	Coal
			location	structures			base		beds
	DEM					×			
	1 regional map	png				×		×	
	3 structural maps	jpg						×	
	16 mineshaft records	pdf	×	×			×		
	22 mining level maps	dwg	×	×				×	×
	33 cross-sections	dwg	×	×	×			×	×
	63 vertical coal bed maps	dwg	×	×	×			×	
	Isobaths	dwg					×		
	3D view Vouters mineshaft	dwg		×					

Table 2 :

 2 Evaluation of the triangulated coal bed surface remeshing

	Initial	Remeshed

Table 3 :

 3 Volumes computed on a Cartesian volumetric grid of 125 million cells of 6m side.

		Volume (in 10 7 m 3 )
	Permio-Triassic	416.56
	Sandstones	1,625.81
	Coal beds (unexploited)	286.71
	Sand filled exploited coal	36.48
	Voids (infrastructures)	2.06
	Faults	8.02
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Coal bed surface remeshing

The isosurfaces of the computed volumetric property represent the coal beds (Figure 10c). However, it is difficult to visualise or compute geometrical properties for such surfaces, and in our case, to determine the exploited and unexploited zones of the coal beds. So, we need to convert these implicitly represented surfaces into explicit surfaces (e.g. triangulated surfaces) which we can use for further geometrical computations. The desired triangular mesh should correctly approximate the implicit surfaces with a minimal number of elements, in particular there should be no intersection between two coal bed surfaces. This is a particularly challenging task given the very narrow space between the surfaces.

To ensure the robustness of further geometrical computations, this mesh should also have a good quality, i.e. to have triangles close to equilateral. Triangle quality can be measured

where A is the triangle area, h max the length of its longest edge, and p its half-perimeter [START_REF] Frey | Surface mesh quality evaluation[END_REF]. The maximal value of Q is 1 and is obtained for equilateral triangles.

Triangulated surfaces are first generated from the implicit model with a marchingtetrahedra algorithm [START_REF] Gueziec | Exploiting triangulated surface extraction using tetrahedral decomposition[END_REF]. These surfaces do not intersect but the quality of their mesh is very poor (Figure 11), with an average of 0.549 (see Table 2 for additional statistics). Moreover, they have around 2 million triangles, slowing down any computation done on these surfaces. To remesh the surfaces, i.e. adapt the resolution of the triangles and improve their quality, we used a recent surface remeshing method that is adapted to geological models [START_REF] Pellerin | Automatic surface remeshing of 3D structural models at specified resolution: A method based on Voronoi diagrams[END_REF].

The key ideas of this method are to use a centroidal restricted Voronoi diagram optimisation [START_REF] Du | Centroidal Voronoi Tessellations: Applications and algorithms[END_REF] to place the vertices of the output mesh, and to consider the different parts of the model to locally build the triangles of the output mesh. The main advantages of this remeshing method are that (1) it is fully automatic, (2) all surfaces are remeshed simultaneously, (3) the number of triangles in the output mesh is globally (as opposed to locally) controlled, (4) the quality of the triangles in the output mesh is very Appendix A. List of modelled coal beds.

List of modelled coal beds: their initial names on mining maps, their number, their ID after quality control and the corresponding scalar value used for the implicit modelling.