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Thermal evolution of the intracratonic Paris Basin: insights from 3D basin modelling

The thermal evolution of the Paris Basin (PB) has been widely studied using 1D, 2D and, more rarely, 3D thermal models. It is well documented that the PB experienced higher temperatures in the past compared to what is currently observed. However, a quantitative analysis of the main processes and parameters that affect the temperature distribution, at the basin scale and over time, is still not available. In this study, through basin modeling which accounts for the main processes of the thermal evolution of sedimentary basins, we analyze and quantify the role of the different geological mechanisms by discriminating the causes of abnormal temperatures during the Late Mesozoic. This is done with a 3D basin model built from base Moho to present-day topography using the TemisFlow® basin modelling software. The model includes thermal processes within an evolving upper crust defined by three main structural domains. Each crustal sector presents radiogenic heat production, conductivity and thickness values which are used as input parameters to reproduce the paleo-and present-day basal heat flow variations observed in the basin. The model calculates heat flow through time in both, crust and sedimentary column where the crust is coupled with the geological evolution of the basin. This approach allows estimating the eroded thickness during the main Tertiary uplift event and therefore the maximum temperature in the Late Cretaceous. The model is constrained by different types of paleo-thermo-chronometers and by 52 wells that are regionally distributed over the entire basin, resulting in a new regional thermal history of the PB. The amount of missing section in the 26 Cretaceous chalk which mainly affected the eastern part of the basin is increased by up to 500m 27 compared with previous studies and constitutes the key controlling factor of the temperature evolution. 28 This new regional thermal history of the Paris Basin may be important for further analysis of the HC 29 generation from the Lower Jurassic Toarcian source-rock and bring new insights into the geothermal 30 potential of the basin. 31

Introduction

The Paris Basin has been widely studied over the past decades for its petroleum potential [START_REF] Tissot | Thermal History of Sedimentary Basins, Maturation Indices, and Kinetics of Oil and Gas Generation[END_REF][START_REF] Wendebourg | Estimating the Ultimate Recoverable Reserves of the Paris Basin, France[END_REF][START_REF] Delmas | Paris Basin. Petroleum Potential (IFPEN Regional Report) -Rapport Régional D'évaluation Pétrolière[END_REF] and for geothermal energy studies [Lopez et al. 2010;[START_REF] Réveillère | Geothermal contribution to the energy mix of a heating network when using Aquifer Thermal Energy Storage: Modeling and application to the Paris basin[END_REF][START_REF] Boissavy | New Geothermal Targets in the Paris Basin (France)[END_REF]. Understanding its present-day and paleotemperatures is crucial to assess both the location of sweet-spots of maturity and its hydrothermal potential.

Many evidences indicate that the basin experienced much higher temperatures in the past than today [START_REF] Guilhaumou | Détermination de paléotempératures dans les roches-mères du bassin de Paris: étude d'inclusions fluides et implications pour l'histoire thermique du bassin[END_REF][START_REF] Guilhaumou | Paleotemperatures inferred from fluid inclusions in diagenetic cements. Implications for the thermal history of the Paris basin[END_REF][START_REF] Demars | Paléotempératures et paléosalinités dans les grès du Keuper du Bassin de Paris: inclusions fluides dans les minéraux authigènes[END_REF][START_REF] Gaulier | Modeling Present and Past Thermal Regimes in the Paris Basin. Petroleum Implications[END_REF][START_REF] Uriarte | Maturité thermique des sédiments de la bordure sud-est du Bassin de Paris[END_REF]; [START_REF] Gonçalvès | Contribution of a three-dimensional regional scale basin model to the study of the past fluid flow evolution and the present hydrology of the Paris basin, France[END_REF]Gonçalvès et al. , 2010]]. Most of the previous studies tried to integrate various kinds of paleo-thermometers to constrain as much as possible the thermal evolution during the Cretaceous, but the basin thermal history remains uncertain. [START_REF] Demars | Paléotempératures et paléosalinités dans les grès du Keuper du Bassin de Paris: inclusions fluides dans les minéraux authigènes[END_REF] investigated paleo-temperatures from fluid inclusions from 4 boreholes located in the centre of the basin. Their results highlighted a difference of more than 40°C between the present-day and the past. Based on homogenization temperatures, they reached the conclusion that both an important burial and a major erosion event affected the basin during the late Cretaceous time. However, they did not estimate the amount of the eroded thickness. [START_REF] Uriarte | Maturité thermique des sédiments de la bordure sud-est du Bassin de Paris[END_REF] and later [START_REF] Blaise | Reconstruction of low temperature (<100 °C) burial in sedimentary basins. A comparison of geothermometer in the intracontinental Paris Basin[END_REF] integrated a whole set of thermal indicators (fluid inclusions, apatite fission tracks, clay diagenesis, biomarkers) to more accurately estimate past temperatures and analyze the possible effect of the Cretaceous chalk sediments (eroded thickness and thermal conductivity) and of the thermal boundaries (surface temperature and basal heat flow). However, their studies were limited to 1D models which are difficult to apply at basin scale. [START_REF] Gaulier | Modeling Present and Past Thermal Regimes in the Paris Basin. Petroleum Implications[END_REF], with 2D models, and [START_REF] Gonçalvès | Contribution of a three-dimensional regional scale basin model to the study of the past fluid flow evolution and the present hydrology of the Paris basin, France[END_REF]Gonçalvès et al. [ , 2010]], with a 3D model, discussed basin scale mechanisms and proposed a regional estimation of eroded chalk thickness. They concluded that an effort should be dedicated to better constrain these estimates. In fact they used constant basal heat flow (in time) as bottom boundary condition which does consider neither the thermal evolution of the basin (like the effects of sedimentation and erosion on the basal heat flow) nor the regional geological differences within the PB (thermal subsidence, variation of basement properties, crustal and mantle depth variations). Le [START_REF] Le Solleuz | From a mountain belt collapse to a sedimentary basin development. 2-D thermal model based on inversion of stratigraphic data in the Paris Basin[END_REF] and Bonté et al. [2010] worked on the lithospheric part of the basin to better estimate its basal heat flow and make the link with the sedimentary overburden. However, none of their work aimed at estimating thermal history as they are focused either on the geometrical reconstruction of the crust or on the temperature distribution at presentday only [Bonté et al. 2010]. Despite of all these studies, major uncertainties remain about the maximum temperature reached by the sediments and the temperature evolution over time. What is lacking is a comprehensive study that integrates the full set of thermal data in a 3D geological model that accounts for the thermal mechanisms in both sediments and basement and reconstructs the past thermal regime of the Paris Basin which in turn can be used for petroleum and geothermal applications.

In our study, a 3D numerical model of the Paris Basin is constructed that accounts for the history of sediment deposition and erosion, of basal heat flow, of surface temperature and of thermal properties of the sedimentary fill. Basement lithology is characterized by lateral compositional heterogeneities [START_REF] Autran | Nouvelles contraintes geophysiques et geodynamiques pour l'interpretation de l'anomalie magnetique du bassin de Paris; hypothese d'un rift paleozoique referme au Carbonifere[END_REF][START_REF] Martelet | Fast mapping of magnetic basement depth, structure and nature using aeromagnetic and gravity data. Combined methods and their application in the Paris Basin[END_REF]] which can impact the thermal state of a basin [START_REF] Welte | Petroleum and Basin Evolution[END_REF][START_REF] Allen | BASIN ANALYSIS: PRINCIPLES AND APPLICATION TO PETROLEUM PLAY ASSESSMENT[END_REF][START_REF] Dembicki | Basin Modeling[END_REF][START_REF] Souche | Interrelation between surface and basement heat flow in sedimentary basins[END_REF]] and therefore we also included in the model an underlying lithosphere which consists of upper crust, lower crust and upper mantle and whose base is given by the Lithosphere-Asthenosphere Boundary (LAB). Basal heat flow through time depends on the geometry of the lithosphere including any radiogenic heat production from the upper crust and on the transient effects of deposition, compaction or erosion of overlying sediments. Lithosphere geometry is assumed to be constant in time and therefore heat flow varies during geological times mainly as a function of (1) thermal conductivity of sediments which itself depends on facies heterogeneities, porosity and temperature, and of (2) sedimentation and erosion rates. By coupling a lithospheric model with sedimentation, the total amount of eroded thickness during the Cretaceous and the thermal evolution of the basin through time is better estimated while also calibrated to different published thermal data [START_REF] Gable | Acquisition et rassemblement de données géothermiques disponibles en France. Contrat 170-76 egf -projet g/a 5[END_REF][START_REF] Gable | Température, gradient et flux de chaleur terrestre,mesures, interprétation[END_REF][START_REF] Gable | Thermicité du bassin de Paris[END_REF][START_REF] Gable | Mesures, analyse et interprétation de profils thermiques. Application à la détermination des températures in-situ[END_REF][START_REF] Gable | Mesures, analyse et interprétation de profils thermiques. Application à la détermination des températures in-situ[END_REF][START_REF] Guilhaumou | Paleotemperatures inferred from fluid inclusions in diagenetic cements. Implications for the thermal history of the Paris basin[END_REF][START_REF] Uriarte | Maturité thermique des sédiments de la bordure sud-est du Bassin de Paris[END_REF][START_REF] Mangenot | Coupling Δ 47 and fluid inclusion thermometry on carbonate cements to precisely reconstruct the temperature, salinity and δ 18 O of paleo-groundwater in sedimentary basins[END_REF][START_REF] Mangenot | Basin-scale thermal and fluid flow histories revealed by carbonate clumped isotopes (Δ 47 ) -Middle Jurassic carbonates of the Paris Basin depocentre[END_REF]. The present-day thermal state is calibrated using temperature data [START_REF] Gable | Acquisition et rassemblement de données géothermiques disponibles en France. Contrat 170-76 egf -projet g/a 5[END_REF], 1979, 1988[START_REF] Deming | Application of bottom-hole temperature corrections in geothermal studies[END_REF][START_REF] Gable | Mesures, analyse et interprétation de profils thermiques. Application à la détermination des températures in-situ[END_REF]] from 52 wells regionally distributed in the basin. The paleo-thermal regime is calibrated integrating different kinds of paleo-thermometers, such as vitrinite reflectance [START_REF] Uriarte | Maturité thermique des sédiments de la bordure sud-est du Bassin de Paris[END_REF]], fluid inclusions [START_REF] Guilhaumou | Paleotemperatures inferred from fluid inclusions in diagenetic cements. Implications for the thermal history of the Paris basin[END_REF]] and temperature from clumped isotopes [START_REF] Mangenot | Coupling Δ 47 and fluid inclusion thermometry on carbonate cements to precisely reconstruct the temperature, salinity and δ 18 O of paleo-groundwater in sedimentary basins[END_REF][START_REF] Mangenot | Basin-scale thermal and fluid flow histories revealed by carbonate clumped isotopes (Δ 47 ) -Middle Jurassic carbonates of the Paris Basin depocentre[END_REF]. This reduces uncertainties related to any single data type such as vitrinite reflectance which measures the maturity at the highest temperature to which the rock was exposed [START_REF] Jones | Microscopic observations of kerogene related to geochemical parameters with emphasis on thermal maturation[END_REF][START_REF] Oberlin | Electron microscopic study of kerogen microtexture. Selected criteria for determining the evolution path and evolution stage of kerogen[END_REF]. Surface temperature variations through time [START_REF] Van Hinsbergen | A Paleolatitude Calculator for Paleoclimate Studies[END_REF]] are applied as top boundary condition of our model. Since groundwater flow at regional scale may induce a heating or a cooling of the system [START_REF] Allen | BASIN ANALYSIS: PRINCIPLES AND APPLICATION TO PETROLEUM PLAY ASSESSMENT[END_REF][START_REF] Dentzer | Quantification of the impact of paleoclimates on the deep heat flux of the Paris Basin[END_REF] we also analyzed the impact of the fluid circulation which could play an important role in the temperature distribution [START_REF] Dembicki | Basin Modeling[END_REF].

Along with the geological information of the sedimentary history of the Paris Basin and a full description of the lithosphere from the LAB to the top basement, we used different types of paleo-thermometers and obtained a well constrained 3D model of the thermal evolution of the Paris Basin which allows us to discuss and quantify the impact of the different mechanisms controlling the thermal evolution of the basin.

Geological setting

Geodynamic evolution

The Paris Basin is a Meso-Cenozoic intracontinental sedimentary basin that is characterized at the surface by a pattern of concentric sediment outcrops [START_REF] Megnien | Tectogenese du Bassin de Paris; etapes de l'evolution du bassin[END_REF][START_REF] Brunet | Subsidence of the Paris Basin[END_REF][START_REF] Curnelle | Évolution mésozoique des grands bassins sédimentaires Français. bassins de Paris, d'Aquitaine et du Sud-Est[END_REF][START_REF] Delmas | Paris Basin. Petroleum Potential (IFPEN Regional Report) -Rapport Régional D'évaluation Pétrolière[END_REF][START_REF] Beccaletto | Overview of the subsurface structural pattern of the Paris Basin (France): Insights from the reprocessing and interpretation of regional seismic lines[END_REF][START_REF] Teles | Coupling Basin and Reservoir Simulators for an Improved CO2 Injection Flow Model[END_REF]] (Fig. 1). The Meso-Cenozoic section reaches a maximum thickness of 3 km in the central part of the basin. The basin is bounded by four crystalline massifs (Fig. 1), corresponding to the outcropping basement: the Ardennes (NE), the Vosges (E), the Massif Central (S) and the Armorican Massif (W) [START_REF] Prijac | Subsidence of the Paris Basin and its bearing on the late Variscan lithosphere evolution: a comparison between Plate and Chablis models[END_REF][START_REF] Delmas | Paris Basin. Petroleum Potential (IFPEN Regional Report) -Rapport Régional D'évaluation Pétrolière[END_REF][START_REF] Beccaletto | Overview of the subsurface structural pattern of the Paris Basin (France): Insights from the reprocessing and interpretation of regional seismic lines[END_REF][START_REF] Teles | Coupling Basin and Reservoir Simulators for an Improved CO2 Injection Flow Model[END_REF]. During the Paleozoic, the area was affected mainly by the Caledonian and Hercynian orogenies. During a post-orogenic rifting event, caused by the Hercynian massive collapse, strong fault activity led to a rapid subsidence in some specific regions (e.g. Saar-Lorraine basin and Contres-Brecy basin). These small and deep Permo-Caboniferous basins were filled-in with continental coal-bearing sediments [START_REF] Perrodon | Paris Basin: Chapter 32: Part II. Selected Analog Interior Cratonic Basins[END_REF][START_REF] Delmas | Paris Basin. Petroleum Potential (IFPEN Regional Report) -Rapport Régional D'évaluation Pétrolière[END_REF]. This phase strongly impacted the basement structure [START_REF] Autran | Socle du Bassin[END_REF] resulting in a complex structure of the upper crust heritage of different Variscan domains [START_REF] Guillocheau | Meso-Cenozoic geodynamic evolution of the Paris Basin. 3D stratigraphic constraints[END_REF]]: the central-Armorican zone and Cadomian block in the western part, the Liguro-Arverne and Morvan-Vosges domains in the south-eastern area (or internal domain), the Saxo-Thuringian zone in the west and in the central part of the basin and the Rheno-Hercynian zone in the northern part [START_REF] Beccaletto | Overview of the subsurface structural pattern of the Paris Basin (France): Insights from the reprocessing and interpretation of regional seismic lines[END_REF]] (Fig. 1). The lateral contact between the different basement domains results in a variable basal heat flow which is higher in the south-western part of the basin compared to the north-eastern area. The Hercynian collapse also led to the creation of major faults: the northwest-east Bray-Vittel fault, the northwest-south Seine-Sennely fault, the north-south Saint Martin de Bossenay and the northeast-southwest Metz fault [START_REF] Perrodon | Paris Basin: Chapter 32: Part II. Selected Analog Interior Cratonic Basins[END_REF][START_REF] Delmas | Paris Basin. Petroleum Potential (IFPEN Regional Report) -Rapport Régional D'évaluation Pétrolière[END_REF]. These faults are the lateral boundaries of the crustal domains (Fig. 1) that affect the sedimentary filling of the basin up to the present day.

After the Permian phase, the basin experienced several episodes of thermal subsidence accelerationdeceleration during the early Triassic [START_REF] Prijac | Subsidence of the Paris Basin and its bearing on the late Variscan lithosphere evolution: a comparison between Plate and Chablis models[END_REF]] due to major geodynamic events linked to the western European plate movements, such as the opening and closing of the Tethys sea and the opening of the Atlantic Ocean [START_REF] Brunet | Subsidence of the Paris Basin[END_REF][START_REF] Guillocheau | Mise en évidence de grands cycles transgression-régression d'origine tectonique dans les sédiments mésozoïques du Bassin de Paris[END_REF][START_REF] Loup | Subsidence analysis in the Paris Basin: a key to Northwest European intracontinental basins?[END_REF][START_REF] Prijac | Subsidence of the Paris Basin and its bearing on the late Variscan lithosphere evolution: a comparison between Plate and Chablis models[END_REF]]. These events were recorded in the Mesozoic sediments with several transgression-regression cycles, detailed in [START_REF] Guillocheau | Meso-Cenozoic geodynamic evolution of the Paris Basin. 3D stratigraphic constraints[END_REF], resulting in a slightly asymmetric geometry of the basin due to different erosion events which affected mainly the eastern edge during the Meso-Cenozoic period [START_REF] Perrodon | Paris Basin: Chapter 32: Part II. Selected Analog Interior Cratonic Basins[END_REF] (Fig. 1).

The sedimentary cover described in our model includes the entire section from the Permo-Carboniferous to the Neogene, since the sedimentary infill plays a crucial role on the heat flow distribution in the basin. The model does not account for the Paleozoic rifting phase as the interest of this study is more related to the thermal evolution of the basin during Mesozoic and Cenozoic times.

Lithostratigraphic evolution

During its early stages the Paris Basin constituted the western border of the German Basin, characterized by deposition of sediments prograding from east to west [START_REF] Megnien | Tectogenese du Bassin de Paris; etapes de l'evolution du bassin[END_REF][START_REF] Ziegler | North Western Europe: Subsidence patterns of Post-Variscan basins[END_REF][START_REF] Perrodon | Paris Basin: Chapter 32: Part II. Selected Analog Interior Cratonic Basins[END_REF]. The three fundamental Triassic units consist of different types of deposits. The Buntsandstein sandstones and conglomerates are typical of alluvial plain deposits. The Muschelkalk formation marked the transition to an open sea environment with the deposition of marls, carbonates and evaporitic sediments. The Keuper formation mainly consists of sandstone with black shale intercalations deposited during a regressive trend which marked the transition from littoral facies to coastal/alluvial plain sediments [START_REF] Guillocheau | Meso-Cenozoic geodynamic evolution of the Paris Basin. 3D stratigraphic constraints[END_REF].

During the Lower Jurassic, the Paris Basin experienced an increase in its subsidence rate, evolving into a more extensive basin. From this time the sedimentation was characterized by deposition of marls and organic matter rich-shales representing the three main source rocks of the basin: the Hettangian/Sinemurian, the Pliensbachian and the Toarcian (Schistes Carton Formation) [START_REF] Guillocheau | Meso-Cenozoic geodynamic evolution of the Paris Basin. 3D stratigraphic constraints[END_REF]]. The beginning of the Dogger marked the transition to a carbonate platform environment [START_REF] Purser | Sédimentation et diagenèse précoce des séries carbonatées du Jurassique moyen de Bourgogne[END_REF][START_REF] Curnelle | Évolution mésozoique des grands bassins sédimentaires Français. bassins de Paris, d'Aquitaine et du Sud-Est[END_REF] with episodes of drowning indicated by clay-rich deposits. The basin was characterized by regressive sequences until the Middle Oxfordian and the depositional environment gradually returned to carbonate sedimentation. During the Tithonian, the Paris Basin underwent a first important regression period of accommodation space removal followed by detrital deposition during early Cretaceous. From the Aptian time, an eustatic sea-level rise led to the accumulation of a thick chalk layer in the entire basin. The boundary between the Mesozoic and Cenozoic is marked by the Laramide erosional event. The exact eroded thickness of the chalk deposit is not clear but previous modelling results [START_REF] Uriarte | Maturité thermique des sédiments de la bordure sud-est du Bassin de Paris[END_REF]Gonçalvès et al. 2010], constrained by geochemical datasets [START_REF] Demars | Paléotempératures et paléosalinités dans les grès du Keuper du Bassin de Paris: inclusions fluides dans les minéraux authigènes[END_REF][START_REF] Uriarte | Maturité thermique des sédiments de la bordure sud-est du Bassin de Paris[END_REF]],

suggested that more than 300 meters were eroded in the central part of the basin and more than 500 meters were eroded in the edges of the basin. Since this time, the basin has been under exposure and erosion with the subsequent exhumation of the underlying sediments [START_REF] Ziegler | Evolution of The Artic-North Atlantic and the Western Tethys -American Association of Petroleum Geologists Memoir[END_REF][START_REF] Blaise | Reconstruction of low temperature (<100 °C) burial in sedimentary basins. A comparison of geothermometer in the intracontinental Paris Basin[END_REF]. Considering that erosion events are particularly important in the thermal evolution of this basin, this point will be specifically addressed and discussed in the results and discussion sections.

Data set

Temperature data

Temperature data from 52 wells are available in BRGM (Bureau de Recherches Géologiques et Minières) and IFPEN (IFP Énergies nouvelles) reports [START_REF] Gable | Acquisition et rassemblement de données géothermiques disponibles en France. Contrat 170-76 egf -projet g/a 5[END_REF][START_REF] Gable | Thermicité du bassin de Paris[END_REF][START_REF] Gable | Mesures, analyse et interprétation de profils thermiques. Application à la détermination des températures in-situ[END_REF][START_REF] Gable | Mesures, analyse et interprétation de profils thermiques. Application à la détermination des températures in-situ[END_REF]. The data include different kinds of present-day temperature measurements (Fig. 2):

-14 of the wells from the BRGM reports [START_REF] Gable | Mesures, analyse et interprétation de profils thermiques. Application à la détermination des températures in-situ[END_REF]1988[START_REF] Deming | Application of bottom-hole temperature corrections in geothermal studies[END_REF] provide temperature logs registered every 0.16 m from the top to the bottom of the wells. These measurements were carried out after reaching the thermal equilibrium state, and thus they give an accurate measure of the present-day thermal state in the basin.

-Corrected Bottom Hole Temperatures (BHT) are available for 28 of the wells, for which the uncertainty was estimated to be ±4°C [START_REF] Gable | Thermicité du bassin de Paris[END_REF]].

-Uncorrected BHT are also available for 10 wells [START_REF] Monnet | Inventaire des températures et des salinités des aquifères du dogger calcaire et du trias gréseux dans le secteur d'étude de picoref (bassin de Paris, champagne méridionale)[END_REF]. According to [START_REF] Deming | Application of bottom-hole temperature corrections in geothermal studies[END_REF],

BHT value correction can lead to an increase of more than 10% of the observed values in a well.

Since no information was available on how these measurements were performed, it was decided first to correct these temperatures by adding 10% and to assume a ±10% range of uncertainty. These BHT measurements are of lower reliability but are the only ones to bring a better regional coverage for the thermal model calibration along the border of the basin, which is an important contribution for the regional estimation of basement properties and consequently of the eroded thickness.

Present-day crustal heat flow varies laterally in the basin as the result of basement heterogeneities [START_REF] Gaulier | Modeling Present and Past Thermal Regimes in the Paris Basin. Petroleum Implications[END_REF][START_REF] Lucazeau | Heat flow density data from France and surrounding margins[END_REF]] which lead to an important geothermal gradient variability in the entire basin. Figure 3 shows the comparison between measured geothermal gradients from wells located in the southwestern part of the basin (e.g. Sennely and Puiselet) and those located in the center and northeastern area (e.g. Montmirail and Morhange). Thermal gradient is much higher (40 °C/km) in the southwestern part of the basin than in the northern part (30°C/km). For this reason, it was important to include wells that are located farther from the depocenter since they allowed the calibration of the thermal history of the entire basin area (Fig. 2).

Paleo-thermal regime

The paleo-thermal regime was calibrated using vitrinite reflectance data [START_REF] Uriarte | Maturité thermique des sédiments de la bordure sud-est du Bassin de Paris[END_REF]], trapped temperatures from fluid inclusions [START_REF] Guilhaumou | Paleotemperatures inferred from fluid inclusions in diagenetic cements. Implications for the thermal history of the Paris basin[END_REF]] and clumped isotopes (Δ 47 ) [START_REF] Mangenot | Coupling Δ 47 and fluid inclusion thermometry on carbonate cements to precisely reconstruct the temperature, salinity and δ 18 O of paleo-groundwater in sedimentary basins[END_REF][START_REF] Mangenot | Basin-scale thermal and fluid flow histories revealed by carbonate clumped isotopes (Δ 47 ) -Middle Jurassic carbonates of the Paris Basin depocentre[END_REF] (Fig. 4).

Vitrinite reflectance measurements are one of the most common parameters used to calibrate the thermal history of a basin. The vitrinite reflectance data are taken from [START_REF] Uriarte | Maturité thermique des sédiments de la bordure sud-est du Bassin de Paris[END_REF], who divided them into two main categories: measured on coals and measured on dispersed organic matter. Dispersed vitrinite are less reliable since they can be related to reworked material. We calibrated the paleo-thermal regime with the more reliable measurements made on coals. However, as vitrinite reflectance evolves following a kinetic law which is function of time and temperature [START_REF] Sweeney | Evaluation of a simple model of vitrinite reflectance based on chemical kinetics[END_REF], it is not possible to directly estimate the age of the maximum temperature reached by the sediments.

In contrast, the temperatures interpreted from fluid inclusions [START_REF] Guilhaumou | Paleotemperatures inferred from fluid inclusions in diagenetic cements. Implications for the thermal history of the Paris basin[END_REF] give the temperature of the fluids when they were trapped during the crystallization of the cements. Thus, the sediment deposition age may be correlated with the trapping temperature estimated from fluid inclusions but remains relatively uncertain. The temperatures estimated by [START_REF] Guilhaumou | Paleotemperatures inferred from fluid inclusions in diagenetic cements. Implications for the thermal history of the Paris basin[END_REF] and [START_REF] Demars | Paléotempératures et paléosalinités dans les grès du Keuper du Bassin de Paris: inclusions fluides dans les minéraux authigènes[END_REF] were determined from samples hosted in diagenetic cements of main source and reservoir rocks of the Paris Basin.

Clumped isotopes (Δ 47 ) data [START_REF] Mangenot | Coupling Δ 47 and fluid inclusion thermometry on carbonate cements to precisely reconstruct the temperature, salinity and δ 18 O of paleo-groundwater in sedimentary basins[END_REF]] combined with U/Pb chronometric measurements [START_REF] Mangenot | Basin-scale thermal and fluid flow histories revealed by carbonate clumped isotopes (Δ 47 ) -Middle Jurassic carbonates of the Paris Basin depocentre[END_REF]] is a very recent technique which relates measures of paleo-temperatures to their age. This new technique has been analyzed, calibrated and tested for different inorganic and biogenic carbonates in the 0°-350°C temperature field range [START_REF] Ghosh | 13C-18O bonds in carbonate minerals. A new kind of paleothermometer[END_REF][START_REF] Dennis | Clumped isotope thermometry of carbonatites as an indicator of diagenetic alteration[END_REF][START_REF] Kele | Temperature dependence of oxygen-and clumped isotope fractionation in carbonates. A study of travertines and tufas in the 6-95°C temperature range[END_REF][START_REF] Bonifacie | Calibration of the dolomite clumped isotope thermometer from 25 to 350 °C, and implications for a universal calibration for all (Ca, Mg, Fe)CO 3 carbonates[END_REF][START_REF] Mangenot | Coupling Δ 47 and fluid inclusion thermometry on carbonate cements to precisely reconstruct the temperature, salinity and δ 18 O of paleo-groundwater in sedimentary basins[END_REF]]. The link between the temperature estimated from clumped isotopes and the age determined by the U/Pb chronometers can produce a time-temperature evolution path for each analyzed sample [START_REF] Mangenot | Basin-scale thermal and fluid flow histories revealed by carbonate clumped isotopes (Δ 47 ) -Middle Jurassic carbonates of the Paris Basin depocentre[END_REF]. [START_REF] Mangenot | Basin-scale thermal and fluid flow histories revealed by carbonate clumped isotopes (Δ 47 ) -Middle Jurassic carbonates of the Paris Basin depocentre[END_REF] estimated paleotemperature and their correlated ages for carbonate samples of the main reservoir rocks.

Basin modelling

Sedimentary model

An initial model was built with 12 interpreted horizons constructed from outcrops, wells and structural maps based on the work of [START_REF] Teles | Coupling Basin and Reservoir Simulators for an Improved CO2 Injection Flow Model[END_REF]. Based on this initial model, we built an extended 3D model in the TemisFlow® basin modelling software, ranging from the LAB to the surface. The model grid is composed of around 3.5 M cells with a horizontal resolution of 2x2 km 2 . A total of 40 geological events is represented (Tab.1): 29 depositional events, 7 erosion events, 3 erosion and deposition events (erosion on the eastern edge during sediment deposition in the central part of the basin) and 1 hiatus. The extension of the investigated area is approximatively 200,000 km 2 . The thermal simulation was performed using a fully coupled lithosphere/sediment for the entire duration of the basin evolution of 330.0 My. The compaction processes are accounted for using the approach of [START_REF] Schneider | MECHANICAL AND CHEMICAL COMPACTION MODEL FOR SEDIMENTARY BASIN SIMULATORS[END_REF]. Thermal parameters of sedimentary rocks are given in Table 2. Decompaction reconstructs the evolution of the basin geometry in the geological past. A forward simulation of the basin evolution is then performed solving for a coupled pressure-temperature system with Darcy's equation for fluid flow in sediments, and the heat flow equation for temperature in basement and sediments.

In the model, each layer is described by a depth map and a lithology map. Seven main erosional events are taken into account (Tab. 1) [START_REF] Delmas | Paris Basin. Petroleum Potential (IFPEN Regional Report) -Rapport Régional D'évaluation Pétrolière[END_REF][START_REF] Guillocheau | Meso-Cenozoic geodynamic evolution of the Paris Basin. 3D stratigraphic constraints[END_REF]]. Since Gonçalvès [2002Gonçalvès [ , 2003] ] showed that topography evolution strongly impacts groundwater flow, sixteen paleo-bathymetry maps are used to better constrain the basin topography and flow history, which also impacts the evolution of the sediment bulk thermal conductivity as porosity and effective stress are coupled. Four paleo-bathymetries were digitized from Gonçalvès [2002] for the Tithonian, Aptian, Cenomanian and top-Maastrichtian ages.

The remaining 12 paleo-bathymetry maps were constructed based on facies distribution and depositional environments (Tab. 1). Since the beginning of the Tertiary, the paleo-bathymetry is assumed to be constant.

The final 3D model of the Paris Basin, from the Permo-Carboniferous basins until the Cenozoic cover, is shown in Figure 5.

Lithospheric model

A full description of the lithosphere is included in our model which accounts for the thermal conductivity and radiogenic heat production of the crust. This allows to compute the heat flow entering at the base of the sedimentary column instead of imposing it, as in [START_REF] Gaulier | Modeling Present and Past Thermal Regimes in the Paris Basin. Petroleum Implications[END_REF], [START_REF] Uriarte | Maturité thermique des sédiments de la bordure sud-est du Bassin de Paris[END_REF] or Gonçalvès et al. [2010].

The basement structure beneath the Paris Basin is poorly known but several information are available in the literature [START_REF] Weber | Les granitoïdes du Sud du Bassin de Paris; données hypogéologiques obtenues par la géophysique[END_REF][START_REF] Debeglia | Rapport the synthèsis géophysique a la connaissance du socle du bassin de Paris[END_REF][START_REF] Megnien | Tectogenese du Bassin de Paris; etapes de l'evolution du bassin[END_REF][START_REF] Autran | Nouvelles contraintes geophysiques et geodynamiques pour l'interpretation de l'anomalie magnetique du bassin de Paris; hypothese d'un rift paleozoique referme au Carbonifere[END_REF][START_REF] Lucazeau | Heat flow density data from France and surrounding margins[END_REF][START_REF] Demongodin | Thermal conductivity and well logs: a case study in the Paris basin[END_REF][START_REF] Gaulier | Modeling Present and Past Thermal Regimes in the Paris Basin. Petroleum Implications[END_REF][START_REF] Delmas | Paris Basin. Petroleum Potential (IFPEN Regional Report) -Rapport Régional D'évaluation Pétrolière[END_REF][START_REF] Beccaletto | Overview of the subsurface structural pattern of the Paris Basin (France): Insights from the reprocessing and interpretation of regional seismic lines[END_REF][START_REF] Martelet | Fast mapping of magnetic basement depth, structure and nature using aeromagnetic and gravity data. Combined methods and their application in the Paris Basin[END_REF]. Those works suggested that the lithosphere is characterized by heterogeneities in terms of thickness and mineralogical composition as the result of lateral changes between different basement domains that are controlled by the main faults (Fig. 1) [START_REF] Autran | Nouvelles contraintes geophysiques et geodynamiques pour l'interpretation de l'anomalie magnetique du bassin de Paris; hypothese d'un rift paleozoique referme au Carbonifere[END_REF][START_REF] Delmas | Paris Basin. Petroleum Potential (IFPEN Regional Report) -Rapport Régional D'évaluation Pétrolière[END_REF][START_REF] Beccaletto | Overview of the subsurface structural pattern of the Paris Basin (France): Insights from the reprocessing and interpretation of regional seismic lines[END_REF][START_REF] Martelet | Fast mapping of magnetic basement depth, structure and nature using aeromagnetic and gravity data. Combined methods and their application in the Paris Basin[END_REF]]. These faults (Bray-Vittel and Seine-Sennely faults) also explain the observed thermal gradient variations over the entire basin which was used to identify and map three main upper-crust domains as shown in Figure 3.

The main basement deformations occurred during the Paleozoic but during the Triassic, the tectonic movements were mostly due to thermal subsidence after a rifting phase that affected mainly the western part of the basin [START_REF] Brunet | Subsidence of the Paris Basin[END_REF][START_REF] Guillocheau | Mise en évidence de grands cycles transgression-régression d'origine tectonique dans les sédiments mésozoïques du Bassin de Paris[END_REF][START_REF] Prijac | Subsidence of the Paris Basin and its bearing on the late Variscan lithosphere evolution: a comparison between Plate and Chablis models[END_REF]]. Since most deformations occurred during the Permo-Carboniferous age with localized effects, the crustal model was constructed using the assumption that the lithosphere thickness is unchanged during the Meso-Cenozoic [START_REF] Gaulier | Modeling Present and Past Thermal Regimes in the Paris Basin. Petroleum Implications[END_REF][START_REF] Prijac | Subsidence of the Paris Basin and its bearing on the late Variscan lithosphere evolution: a comparison between Plate and Chablis models[END_REF]]. The heat flow at the base of the sedimentary column is therefore the result of basement thickness, composition and radiogenic heat production [START_REF] Debeglia | Rapport the synthèsis géophysique a la connaissance du socle du bassin de Paris[END_REF][START_REF] Autran | Nouvelles contraintes geophysiques et geodynamiques pour l'interpretation de l'anomalie magnetique du bassin de Paris; hypothese d'un rift paleozoique referme au Carbonifere[END_REF][START_REF] Gaulier | Modeling Present and Past Thermal Regimes in the Paris Basin. Petroleum Implications[END_REF][START_REF] Martelet | Fast mapping of magnetic basement depth, structure and nature using aeromagnetic and gravity data. Combined methods and their application in the Paris Basin[END_REF] as well as transient effects of sedimentation and erosion.

The base of the model is defined by the LAB, adapted from [START_REF] Tesauro | A new thermal and rheological model of the European lithosphere[END_REF] which represents the bottom thermal boundary condition (at 1333°C). The transition between the upper mantle and the lower crust corresponds to the MOHO discontinuity taken from [START_REF] Bourgeois | Separation of rifting and lithospheric folding signatures in the NW-Alpine foreland[END_REF]. The difference between the LAB and the MOHO represents the mantle lithosphere thickness. Its average value is around 100 km, in accordance with other data published by [START_REF] Panza | The gross features of the lithosphere-asthenosphere system in Europe from seismic surface waves and body waves[END_REF]. The thickness distribution between the upper and the lower crust is not described in literature. Starting from the assumption that the commonly admitted thickness for continental upper crust is 20 km and 12 km for the lower crust [Rudnick and Fountain 1995a], a thickness ratio of 0.6 has been used.

Surface boundary conditions

The upper thermal boundary condition is applied to the surface topography as an imposed temperature over time. In a marine environment, it is important to correct surface temperatures in accordance with the paleobathymetry. Indeed, temperatures at the sea-bottom are usually much cooler than the temperatures in onshore environments at the same latitude [START_REF] Dembicki | Basin Modeling[END_REF]]. Surface temperatures are defined from 330 Ma to Present-day, according to the Paleo-latitude Calculator for Paleoclimate Studies [van Hinsbergen et al. 2015 and references therein). The temperature estimated for each geological time step (0.1 My) is imposed as a constant value in the entire basin (Fig. 6). This reconstruction showed that the basin was under tropical conditions during its early ages. Then, from the last 20 My, the surface temperature progressively decreased to the current temperate climate.

Results

Present-day Temperatures

The calibration of the thermal properties of the lithosphere allowed us to match observed temperatures.

Since there are differences between the main lithospheric regions of the basin [START_REF] Weber | Les granitoïdes du Sud du Bassin de Paris; données hypogéologiques obtenues par la géophysique[END_REF][START_REF] Megnien | Tectogenese du Bassin de Paris; etapes de l'evolution du bassin[END_REF][START_REF] Lucazeau | Heat flow density data from France and surrounding margins[END_REF]], the upper crust was defined with three regions with different thermal properties (Tab. 3). Each region is characterized by a radiogenic heat production calibrated on temperatures at wells. In the central and southern part of the basin, the upper crust is characterized by a mean thickness of 19 km and a RHP of 3.7 W/m 3 . The western part presents an average thickness of 26 km and an RHP of 4.0 W/m 3 [START_REF] Duwiquet | On the geothermal potential of crustal fault zones: a case study from the Pontgibaud area (French Massif Central, France)[END_REF]. The eastern part is characterized by an average thickness of 22 km and a RHP of 3.4 W/m 3 . The lower crust was assumed to be laterally homogeneous with a constant RHP of 0.4 W/m 3 [START_REF] Rudnick | a. Nature and Composition of the Continental Crust; A Lower Crustal Perspective[END_REF][START_REF] Le Solleuz | From a mountain belt collapse to a sedimentary basin development. 2-D thermal model based on inversion of stratigraphic data in the Paris Basin[END_REF]].

In order to define the thermal state of the entire area, we used 52 regionally distributed wells of which six are presented in Figure 7 coming from the BRGM report [START_REF] Gable | Acquisition et rassemblement de données géothermiques disponibles en France. Contrat 170-76 egf -projet g/a 5[END_REF]]. Similar good fits between simulated and measured temperatures were obtained for the other wells used in the calibration process.

Within the Liassic and the chalk intervals, the thermal gradient is slightly higher than in other formations. This effect, already described in [START_REF] Gaulier | Modeling Present and Past Thermal Regimes in the Paris Basin. Petroleum Implications[END_REF], is due to the lower conductivity of the chalk and the Liassic organic matter rich-shale.

Deposition and erosion of the chalk

The following scenario for the evolution of the chalk deposit during the Upper Cretaceous calibrates the full set of thermal data. A first sedimentation period lasts 11.5 My during which between 700 and 1000 meters of chalk were deposited with an average sedimentation rate of up to 78 m/My, followed by a 20 My hiatus (Fig. 8a). A large part of this chalk was removed during the Upper Cretaceous erosional event (Fig. 8b). Erosion ranges from up to 700 m in the SE wedge of the basin, to around 600 m in the center of the basin. In our model, erosion stopped at 66 Ma in the center of the basin, corresponding to the beginning of deposition of the Paleogene sediments, but erosion continues to occur on the margins of the basin until 47.8 Ma (Fig. 8c,8d). The final estimated missing section is shown in Figure 9. 

Paleo-Temperatures

Vitrinite reflectance

Fluid inclusions

The modeled burial history has been compared to the burial analysis performed by [START_REF] Uriarte | Maturité thermique des sédiments de la bordure sud-est du Bassin de Paris[END_REF] and to the temperatures derived from fluid inclusions [START_REF] Guilhaumou | Paleotemperatures inferred from fluid inclusions in diagenetic cements. Implications for the thermal history of the Paris basin[END_REF]]. As shown in Figure 12, for both the Dogger and the Keuper formations, the modeled temperatures through time for Ambreville well are similar to values obtained by [START_REF] Uriarte | Maturité thermique des sédiments de la bordure sud-est du Bassin de Paris[END_REF] with small differences (±4°C). They may be related to a different timing between the model proposed by [START_REF] Uriarte | Maturité thermique des sédiments de la bordure sud-est du Bassin de Paris[END_REF] and our model. This is confirmed by the large difference of temperatures at a given age but a small difference of age for a given temperature. The comparison between our model and the models proposed by [START_REF] Uriarte | Maturité thermique des sédiments de la bordure sud-est du Bassin de Paris[END_REF] and [START_REF] Guilhaumou | Paleotemperatures inferred from fluid inclusions in diagenetic cements. Implications for the thermal history of the Paris basin[END_REF] highlights also the fact that the sediments reached higher temperatures during the Upper Cretaceous in the Keuper formation (125/130°C) and within the Dogger (90/95°C). Since [START_REF] Guilhaumou | Paleotemperatures inferred from fluid inclusions in diagenetic cements. Implications for the thermal history of the Paris basin[END_REF] did not perform the pressure correction necessary to constrain the timing of mineral precipitation [START_REF] Roedder | Fluid Inclusion[END_REF][START_REF] Guilhaumou | Paleotemperatures inferred from fluid inclusions in diagenetic cements. Implications for the thermal history of the Paris basin[END_REF]], there might be an important uncertainty on the cementation age but not on the trapping temperature derived from fluid inclusions. Therefore, more attention is paid to temperatures than to timing.

Similar paleo-temperatures were determined by Gonçalvès et al. [2010] from fluid inclusions in the Keuper formation, with an average value of 102/140°C (ΔT of 17/44°C) and in the Dogger layer with 68/88°C (ΔT values of 0/18°C).

Clumped Isotopes

The Paris Basin thermal model has also been compared to the temperatures estimated by clumped isotopes thermo-chronometers ( 47 /U-Pb) [START_REF] Mangenot | Coupling Δ 47 and fluid inclusion thermometry on carbonate cements to precisely reconstruct the temperature, salinity and δ 18 O of paleo-groundwater in sedimentary basins[END_REF][START_REF] Mangenot | Basin-scale thermal and fluid flow histories revealed by carbonate clumped isotopes (Δ 47 ) -Middle Jurassic carbonates of the Paris Basin depocentre[END_REF]. The paleo-temperatures and timing were determined on samples from the Dogger formation in three wells located mostly in the central part of the basin: Baulne-en-Brie, Rigny-la-Nonneuse and Fossoy. Figure 13 compares the simulated temperatures and the estimated paleo-temperatures/time derived from clumped isotopes (Δ 47 ) and U/Pb data. The Dogger formation, sampled in the Baulne-en-Brie well, reached a temperature of 49 ± 5°C during the Upper Jurassic. It is followed by a temperature increase during the Lower Cretaceous, reaching approximately 66 ± 5 °C. The temperature estimated in the Rigny-la-Nonneuse well is lower during the Upper Jurassic, reaching around 31 ± 6°C. It is followed by a peak of around 78 ± 7 °C during the Upper Cretaceous and a progressive cooling (70 ± 7 °C) until the Eocene. The temperature estimated from clumped isotopes for Fossoy is the highest, reaching approximately 88 ± 7 °C during the Cretaceous (107 ± 13My). The modeled time/temperatures histories are in accordance with those estimated from clumped isotopes and U/Pb data in all the wells except for Fossoy well where the maximum temperature is reached at 90 My.

Heat flow map at the base of the sediments

Figure 14 shows present-day modeled heat flow ranging from 65 to 85 mW/m 2 . The western region (AD domain in Figure 14) has a mean heat flow of 80 mW/m 2 . It slightly decreases towards to the northeastern area (ID domain in Figure 14) with an average value of 70 mW/m 2 . The RHT/STZ domain (Figure 14) which corresponds to the central area of the basin, has the lowest heat flow with a mean of 67 m W/m 2 . The location of the three heat flow domains from the warmest area to the coldest is related to a large part to the structure of the upper crust. The warmer area is located just above the upper crust defined by a high RHP.

However, the heat flow results also show the impact of the sedimentary cover on the thermal state of the basin, justifying a coupled thermal modeling approach. The coldest parts of the basin correspond to the central area where the basin has the thickest sedimentary cover, and to the Permo-Carboniferous rift basins (e.g. Saar-Lorraine basin and Contres-Brecy basin) where the sedimentary cover exceeds 3 km.

Discussion

6.1.Heat flow map

The present-day temperatures of the 52 wells distributed over the entire area allowed us to identify the boundary of the three different thermal domains of the upper crust. The contact between the three domains follows the main faults structuring the basement (Bray-Vittel fault, Seine-Sennely fault and Saint Martin de Bossenay fault) (Fig. 1) that are inherited from the complex deformations at the junction between major regions of the Variscan collision belt [START_REF] Martelet | Fast mapping of magnetic basement depth, structure and nature using aeromagnetic and gravity data. Combined methods and their application in the Paris Basin[END_REF]]. First [START_REF] Autran | Nouvelles contraintes geophysiques et geodynamiques pour l'interpretation de l'anomalie magnetique du bassin de Paris; hypothese d'un rift paleozoique referme au Carbonifere[END_REF] and then [START_REF] Martelet | Fast mapping of magnetic basement depth, structure and nature using aeromagnetic and gravity data. Combined methods and their application in the Paris Basin[END_REF] tried to reconstruct the geometry of the basement beneath the Paris Basin based on magnetic and gravity data. Both groups of authors agreed that magnetic and gravity anomalies are linked to mineralogical heterogeneities such as lateral variation of igneous rocks (intrusive and extrusive) characterized by different density values. Thermal parameters from these different upper-crust domains, such as RHP and conductivities were used as key controlling parameters to fit observed temperatures.

In a previous work, [START_REF] Lucazeau | Heat flow density data from France and surrounding margins[END_REF] published a heat flow map of France, built on local heat flow values from several thermal logs in shallow boreholes (with depths ranging from 100 m to 1000 m).

Their average heat flow was estimated between 60 and 70 mW/m 2 , with occasional higher values of 100-110 mW/m 2 (e. g. for the Rhine Graben or the Massif Central) and occasional lower values of 40 mW/m 2 (western part), but also local anomalies that reached 150 mW/m 2 in the same area. This approach is highly dependent on the quality of the temperature correction which may result in large uncertainties of the true temperatures. Also, it does not take into account the temperature variations that are strongly correlated to the sediment thermal conductivities of a 3km-thick sedimentary column. According to Gonçalvès et al.

[2010], the heat flow values which range from 60 to 100 mW/m 2 , are regionally variable due to basement heterogeneities which however is not taken into account as basal heat flow maps are used. In our work, we obtain the same order of magnitude but the heat flow map of the Paris Basin at present-day is the result of the combined effects of basement and sedimentary cover. As shown in Figure 15, the resulting basal heat flow appears to vary significantly both in time and in space. The description of the lithosphere configuration was crucial to reproduce the effect of temperature variations in the basin already described by previous authors [START_REF] Lucazeau | Heat flow density data from France and surrounding margins[END_REF][START_REF] Demongodin | Thermal conductivity and well logs: a case study in the Paris basin[END_REF]Gonçalvès et al. 2010;[START_REF] Martelet | Fast mapping of magnetic basement depth, structure and nature using aeromagnetic and gravity data. Combined methods and their application in the Paris Basin[END_REF]].

Erosions

One of the challenges in basin modelling is to estimate erosion events and heat flow together as they compensate each other. Using a lithospheric model coupled with sedimentation allows to better constrain the eroded thickness which is done in two steps: first by fixing/calibrating the crustal properties (mainly RHP) using temperature data (which mostly depend on RHP and on depth) and then using paleotemperatures and paleo-thermometers to estimate the eroded thickness.

In the Paris Basin, erosion events played a decisive role on the burial history and consequently on the maturity reached by any organic-rich sedimentary layer. The Upper Cretaceous erosional event (amplitude, timing and rate of erosion) strongly affects the evolution of the thermal history of the Paris Basin. Special attention was therefore given to the description of the Maastrichtian erosion as it is the most recent erosion event which has the most significant impact on the maximum burial of the basin. [START_REF] Demars | Paléotempératures et paléosalinités dans les grès du Keuper du Bassin de Paris: inclusions fluides dans les minéraux authigènes[END_REF] suggested that an important event affected the basin during the Cretaceous time. Indeed, paleotemperatures from fluid inclusions show that the basin experienced higher thermal condition during the Cretaceous than today. According to the authors, this effect could not be explained by migration of hot brine fluids since they would only affect the basin at a local scale. Their assumption was that the basin experienced a deep burial event followed by an erosion. However, they did not define average values for the eroded thickness neither did they account for any surface temperature variation.

After [START_REF] Demars | Paléotempératures et paléosalinités dans les grès du Keuper du Bassin de Paris: inclusions fluides dans les minéraux authigènes[END_REF], others studies such as [START_REF] Gaulier | Modeling Present and Past Thermal Regimes in the Paris Basin. Petroleum Implications[END_REF], [START_REF] Uriarte | Maturité thermique des sédiments de la bordure sud-est du Bassin de Paris[END_REF] and Gonçalvès et al. [2010] tried to quantify and to describe the deposition of the chalk sediments during the Upper Cretaceous, using a modelling approach. [START_REF] Gaulier | Modeling Present and Past Thermal Regimes in the Paris Basin. Petroleum Implications[END_REF] constrained the chalk erosion properties in the eastern part of the basin by thermal modeling of an E-W cross section through the Paris Basin using a few paleo-thermal constraints and a constant basal heat flow. Their model was calibrated with a maximum eroded thickness of 350 meters during the Upper Cretaceous. With such a 2D setting, it is possible to achieve higher temperatures that compensate the erosion effect with an over-estimated heat flow at the base of the model, but it is difficult to accurately infer the amplitude of the erosion. In his 1D thermal models of the southern central part of the Paris Basin, [START_REF] Uriarte | Maturité thermique des sédiments de la bordure sud-est du Bassin de Paris[END_REF] used the same bottom heat flow proposed by [START_REF] Gaulier | Modeling Present and Past Thermal Regimes in the Paris Basin. Petroleum Implications[END_REF] and increased the chalk eroded thickness during the Upper Cretaceous to a maximum value of 600 m. Similarly, Gonçalvès et al. [2010], also with an imposed heat flow at the base of their 3D model that varies in space but not in time, increased the eroded thickness from the initial estimated value of 300 m [START_REF] Gaulier | Modeling Present and Past Thermal Regimes in the Paris Basin. Petroleum Implications[END_REF] Due to the low maturity of the source rock (0.3 -0.7%Ro), the calibration of the vitrinite reflectance data is relatively insensitive to assumptions on the chalk eroded thickness, therefore fluid inclusion and clumped isotope data are crucial. Using such published data [START_REF] Guilhaumou | Paleotemperatures inferred from fluid inclusions in diagenetic cements. Implications for the thermal history of the Paris basin[END_REF][START_REF] Uriarte | Maturité thermique des sédiments de la bordure sud-est du Bassin de Paris[END_REF][START_REF] Mangenot | Coupling Δ 47 and fluid inclusion thermometry on carbonate cements to precisely reconstruct the temperature, salinity and δ 18 O of paleo-groundwater in sedimentary basins[END_REF][START_REF] Mangenot | Basin-scale thermal and fluid flow histories revealed by carbonate clumped isotopes (Δ 47 ) -Middle Jurassic carbonates of the Paris Basin depocentre[END_REF], we propose a new scenario for the erosion event during the Upper Cretaceous. The bottom boundary condition of the sedimentary basin is computed with the lithospheric model and spatially variable RHP (as discussed in the previous section) which prevents arbitrary (user-defined) compensation between basal heat flow and eroded thickness. This new alternative scenario provides a temperature history in good agreement with the temperatures inferred from the clumped isotopes study of [START_REF] Mangenot | Coupling Δ 47 and fluid inclusion thermometry on carbonate cements to precisely reconstruct the temperature, salinity and δ 18 O of paleo-groundwater in sedimentary basins[END_REF]. A particular data point is the high temperature value encountered in the Fossoy well (88 ± 7 °C). It was interpreted by [START_REF] Mangenot | Basin-scale thermal and fluid flow histories revealed by carbonate clumped isotopes (Δ 47 ) -Middle Jurassic carbonates of the Paris Basin depocentre[END_REF] as a thermal anomaly probably due to local hydrothermal activity. In this study, all clumped isotopes values measured in 3 different wells have been compared against the temperature computed at the Ambreville well (Fig. 3) that was used by [START_REF] Uriarte | Maturité thermique des sédiments de la bordure sud-est du Bassin de Paris[END_REF] for his 1D thermal model. However, these wells are not located in the same area, as they are 40km to more than 90 km away.

As shown in Figure 16, the thermal evolution of two wells located in different parts of the basin are quite different (see locations in Fig. 1 and Fig. 9). The central part of the basin (e.g. Montlevée) underwent a maximum burial of more than 3 km as the result of the chalk deposition during the Upper Cretaceous and it was almost not affected by the erosion event during the Paleocene. At a well located in the eastern part of the basin (e.g. Silvarouvres), sediments experienced a lower burial, around 1.2 km, which lead to different maximum temperatures and maturity conditions. With our geological scenario, all temperature histories are in agreement with the paleo-temperatures estimated in each well from vitrinite data, fluid inclusions and clumped isotopes ( 47 ) with a slight shift in age in the Fossoy well (estimated age from U/Pb 107 ± 13 My, modeled age 90 My) (Fig. 11). This discrepancy may be the consequence of a local effect such as a faster or earlier deposition of the chalk sediments. Since all available thermal data can be explained with this regional scenario which is geologically consistent with the current knowledge of the basin evolution, it is therefore also reasonable to suggest that the Paris Basin experienced the highest temperature during the Upper Cretaceous caused by an overburden event. This hypothesis of a large scale spatially distributed deposition/erosion event was already proposed by Gonçalvès et al. [2010].

We conclude that, at the end of the Cretaceous, the basin experienced its maximum burial due to the deposition of an important chalk section. This age corresponds also to the age of maximum temperature recorded by the sediments which subsequently slowly decreased until the present-day (as showed for the Dogger reservoir in Figure 17). The increase of temperature at the end of the Cretaceous can be explained by two combined/coupled effects: an increase in burial and higher thermal gradients of the sediments below the chalk caused by their lower thermal conductivity [START_REF] Guilhaumou | Détermination de paléotempératures dans les roches-mères du bassin de Paris: étude d'inclusions fluides et implications pour l'histoire thermique du bassin[END_REF][START_REF] Guilhaumou | Paleotemperatures inferred from fluid inclusions in diagenetic cements. Implications for the thermal history of the Paris basin[END_REF]Gonçalvès et al. 2010]. We neglected any variability of chalk thermal conductivity which may have an impact on the final erosion estimate. The differences of the thermal evolution of each well highlight the importance of a 3D assessment of the geodynamic, stratigraphic and tectonic evolution of the Paris Basin.

Surface temperature variations

In previous studies [START_REF] Habicht | Paleoclimate, paleomagnetism and continental drift[END_REF][START_REF] Gaulier | Modeling Present and Past Thermal Regimes in the Paris Basin. Petroleum Implications[END_REF], the mean surface temperature of the Paris Basin was considered constant at 15°C from the Triassic until the Upper Cretaceous. According to these authors, the basin only recorded momentarily higher mean temperatures (reaching 20°C) but it decreased during the Upper Cretaceous and decreased again during the Tertiary down to 5°C at the present day. In our study, the Paris Basin experienced a mean paleo-surface temperature of 20°C until the Cretaceous, with a higher temperature of 25°C recorded during the Lower Triassic and the Upper Cretaceous (Fig. 6). This higher temperature at 85 Ma also contributed to the higher paleo-geothermal gradient. However, this contribution rapidly decreases with depth as surface temperature mostly controls shallow parts of sedimentary basins.

In order to determine the surface temperature at the sea/sediment interface, the paleo-bathymetry of the study area through time should be taken into account. In this study however, this correction was not performed. It could slightly reduce past temperatures but should not have any impact on the maximum temperature as we assume that it was recorded during the Upper Cretaceous which corresponds to a depositional hiatus with a transitional setting from marine to continental environment.

Blanketing effect and the role of the chalk

As showed by [START_REF] Theissen | Feedbacks of sedimentation on crustal heat flow. New insights from the Vøring Basin, Norwegian Sea[END_REF], when the sedimentation rate exceeds 500 m/My it affects the heat flow through the sedimentary column with a transient effect. This effect occurs when cold sediments are being added to the column faster than they can be equilibrated thermally. Consequently, shallow temperatures do not follow a normal thermal gradient but are lower than steady state. When the sedimentation rate decreases, the thermal gradient progressively increases until the system reaches thermal equilibrium.

According to our model, the Paris Basin recorded the deposition of 700 to 1000 m of sediments within 11.5 My during the Cretaceous interval which corresponds to an average deposition rate of 78 m/My (moderate sedimentation rate according to [START_REF] Theissen | Feedbacks of sedimentation on crustal heat flow. New insights from the Vøring Basin, Norwegian Sea[END_REF]). Rather than from fast sedimentation, the high temperatures estimated for the Paris Basin during the Upper Cretaceous can be explained by the physical properties of the sediments that were deposited at this time. The high porosity of the chalk [START_REF] Guilhaumou | Détermination de paléotempératures dans les roches-mères du bassin de Paris: étude d'inclusions fluides et implications pour l'histoire thermique du bassin[END_REF][START_REF] Guilhaumou | Paleotemperatures inferred from fluid inclusions in diagenetic cements. Implications for the thermal history of the Paris basin[END_REF][START_REF] Demars | Paléotempératures et paléosalinités dans les grès du Keuper du Bassin de Paris: inclusions fluides dans les minéraux authigènes[END_REF] leads to very low thermal conductivity of 1.2 W m -1 C -1 compared to the average value of sediments of about 3.5 W m -1 C -1 [START_REF] Thomas | Thermal conductivity of carbonate rocks[END_REF]]. The chalk therefore acts as a thermal barrier which prevents heat to reach the shallower part of the basin and results in heat accumulating in the underlying formations.

In our model, after the deposition of around 1000 m of chalk over the entire basin, a hiatus of 20 My was assumed. In this case, the thermal barrier induced by the chalk is one of the most important mechanisms to explain the high temperatures reached during the Upper Cretaceous. The Tertiary erosion along with a decrease of the surface temperatures can then explain how the temperature slowly declined from the Cretaceous until present day.

Fluid hydrodynamics and advection

The Paris Basin is considered an important geothermal resource [START_REF] Contoux | How basin model results enable the study of multi-layer aquifer response to pumping[END_REF][START_REF] Boissavy | New Geothermal Targets in the Paris Basin (France)[END_REF]. In order to investigate the potential impact of water circulation on the Paris Basin thermal evolution by heat transfer through gravity-driven groundwater flow, we compared two simulation results. In the first simulation, both advection and conduction were simulated while, in the second one, advection was deactivated considering only conduction. According to our results, the differences on the thermal regime between the two simulations are negligible both for the temperatures, with differences lower than the uncertainty on the measured temperatures (< 2°C), and for the maturity. Therefore, water advection does not appear as one of the major mechanisms controlling the temperature distribution in the basin. However, changes in boundary conditions may affect fluid flow and create transient effects [START_REF] Jost | Long-term hydrodynamic response induced by past climatic and geomorphologic forcing. The case of the Paris basin[END_REF]]. [START_REF] Lavastre | Establishing constraints on groundwater ages with 36Cl, 14C, 3H, and noble gases. A case study in the eastern Paris basin, France[END_REF] proposed a hydrodynamic model at small scale, mainly located in the central part of the Paris Basin. They determined that the deeper Jurassic aquifers (mainly Oxfordian and Dogger) are characterized by no convective mixing with a late water recharge at 10 ky. The estimated residence time of several 100 ky implies slow water flow transfer with an order of magnitude lower than proposed by Gonçalvés et al. [2004] who set the boundary conditions far away from those of the present-day of the basin, with the main discharge areas in the English Channel. Here, we did not try to reproduce the hydrodynamic pattern of the Paris Basin but we do observe that, at the time and space scales of our basin model, water flow does not have a major impact on the temperature distribution over time. This result validates the assumption that subsurface fluid flow is slow enough for the water to be in equilibrium with rock temperature most of the time during the geological evolution of the Paris Basin. This does not mean that water circulation cannot have local effects in areas where the topographic gradient is locally higher [START_REF] Marty | Helium isotope fluxes and groundwater ages in the Dogger Aquifer, Paris Basin[END_REF].

Conclusions

This study produced a well constrained thermal history of the Paris Basin using several types of thermal data [START_REF] Gable | Acquisition et rassemblement de données géothermiques disponibles en France. Contrat 170-76 egf -projet g/a 5[END_REF][START_REF] Gable | Température, gradient et flux de chaleur terrestre,mesures, interprétation[END_REF][START_REF] Gable | Mesures, analyse et interprétation de profils thermiques. Application à la détermination des températures in-situ[END_REF][START_REF] Gable | Thermicité du bassin de Paris[END_REF][START_REF] Gable | Mesures, analyse et interprétation de profils thermiques. Application à la détermination des températures in-situ[END_REF][START_REF] Guilhaumou | Paleotemperatures inferred from fluid inclusions in diagenetic cements. Implications for the thermal history of the Paris basin[END_REF][START_REF] Uriarte | Maturité thermique des sédiments de la bordure sud-est du Bassin de Paris[END_REF][START_REF] Mangenot | Coupling Δ 47 and fluid inclusion thermometry on carbonate cements to precisely reconstruct the temperature, salinity and δ 18 O of paleo-groundwater in sedimentary basins[END_REF][START_REF] Mangenot | Basin-scale thermal and fluid flow histories revealed by carbonate clumped isotopes (Δ 47 ) -Middle Jurassic carbonates of the Paris Basin depocentre[END_REF]. A 3D numerical model provides new insights of the impact of different mechanisms on the thermal evolution of the Paris Basin. The use of a coupled sedimentary-lithospheric model calibrated by a full set of good quality thermal data allowed us to quantify and discriminate the contributions of surface temperature, blanketing effect of the chalk deposits, Tertiary erosion and water flow. The new paleo-thermal constraints, derived from the clumped isotopes (Δ 47 ) technique [START_REF] Mangenot | Basin-scale thermal and fluid flow histories revealed by carbonate clumped isotopes (Δ 47 ) -Middle Jurassic carbonates of the Paris Basin depocentre[END_REF], show that the basin exhibited higher temperature during the Upper Cretaceous. These data, which have been interpreted as a possible thermal anomaly due to hydrothermal effects [START_REF] Mangenot | Basin-scale thermal and fluid flow histories revealed by carbonate clumped isotopes (Δ 47 ) -Middle Jurassic carbonates of the Paris Basin depocentre[END_REF], are essential to accurately calibrate the thermal history of the Paris Basin as they give better constrains on the timing than vitrinite reflectance data.

These data also allowed us to propose a new scenario for the basin evolution, based on its burial history and thermal rock properties.

The higher temperatures registered by the sediments during the Upper Cretaceous age are interpreted as a consequence of an important depositional event. The deposition of a thick chalk layer with a very low thermal conductivity acted as a thermal barrier, keeping the underlying sediment at higher temperatures.

This event was of a major importance to fit the available paleo-thermometers such as vitrinite reflectance data, since the entire sedimentary column has been buried at high temperatures for an extended time, allowing the sediments to mature early. During the Maastrichtian which we defined as a depositional hiatus of 20 My, the basin changed from a marine setting to a subaerial environment. The subsequent erosion leads to up to 1000 meters of uplift from Upper Cretaceous to Tertiary, and a decrease of about 10°C of the surface temperature, which caused a strong decrease in the subsurface temperatures until today. Note that these values represent about 500 m of additional erosion compared to previous studies. No significant impact on the thermal regime has been observed in the model due to water flow.

The 3D nature of our model, the quality of the calibration and the variety of the constraints improve our understanding of the thermal evolution of the Paris Basin. By constructing a geologically coherent lithospheric model coupled with sedimentation, we can more accurately than before estimate the amplitude of the Maastrichtian erosion at a regional scale while obtaining a good match between modeled and observed Figure 1. Geological map and cross-section of the Paris Basin modified after [START_REF] Delmas | Paris Basin. Petroleum Potential (IFPEN Regional Report) -Rapport Régional D'évaluation Pétrolière[END_REF] and [START_REF] Beccaletto | Overview of the subsurface structural pattern of the Paris Basin (France): Insights from the reprocessing and interpretation of regional seismic lines[END_REF] (PC=Permo-Carboniferous; LT=Lower Triassic; UT=Upper Triassic; LJ=Lower Jurassic; MJ=Middle Jurassic; UJ=Upper Jurassic; LC=Lower Cretaceous; UP=Upper Cretaceous; C=Cenozoic). The modeled temperature (red line) remains within the uncertainty range both in the shallow and the deep parts of the wells. Cross-plot shows measured vs simulated temperature (R² = 0.9431) for the 14 wells with temperature logs [START_REF] Gable | Mesures, analyse et interprétation de profils thermiques. Application à la détermination des températures in-situ[END_REF]1988[START_REF] Deming | Application of bottom-hole temperature corrections in geothermal studies[END_REF] whose well locations are shown in Figure 2. (1 column) Figure 13. Modeled temperature histories compared with temperatures estimated from clumped isotopes (modified after [START_REF] Mangenot | Basin-scale thermal and fluid flow histories revealed by carbonate clumped isotopes (Δ 47 ) -Middle Jurassic carbonates of the Paris Basin depocentre[END_REF]. The black line represents the temperature/time path determined by Δ 47 / U/Pb as proposed by [START_REF] Mangenot | Basin-scale thermal and fluid flow histories revealed by carbonate clumped isotopes (Δ 47 ) -Middle Jurassic carbonates of the Paris Basin depocentre[END_REF] while the dashed black line represents the modelled 1D thermal history for Ambreville well according to [START_REF] Uriarte | Maturité thermique des sédiments de la bordure sud-est du Bassin de Paris[END_REF]. 

Figure 10

 10 Figure10shows the calibration results for six wells located in the southern and central parts of the Paris

  up to 650 m to reproduce the trapping temperatures measured in fluid inclusions.

  . The basement domains (AD -Armorican Domain, ID -Internal Domain, STZ -Saxo-Thuringian Zone, RHZ -Rheno-Hercynian Zone) are structured by the main faults (the N-E Bray-Vittel fault and the NW-S Seine-Sennely fault). Note that these faults are not affecting the present-day sedimentary cover. The dashed black polygon represents the modeled domain. The cross section shows the projected location of Montlevée well (Mnt) and Silvarouvres well (Slv).

Figure 2 .

 2 Figure 2. Map of the Paris Basin and regional distribution of the main wells used for the presentday thermal calibration. The domain of the model is delimited by the black polygon.

Figure 3 .

 3 Figure 3. Depth vs temperature for various wells overlying different basement domains (detailed information on these domains is given in Table III). The yellow star indicates the location of the city of Paris. The temperatures in Sennely and Puiselet (red symbols) are higher than those in Montmiral and Morhange (blue symbols). The blue dashed line indicates the average geothermal gradient of the colder area of 30°C/km. The red dashed line indicates the average geothermal gradient measured in the warmer area, corresponding to 40°C/km.

Figure 4 .

 4 Figure 4. Map of the Paris Basin and locations of wells used for the paleo-thermal regime calibration. The yellow star represents Paris. The domain of the model is delimited by the black polygon.

Figure 6 .

 6 Figure 6. Surface temperatures through time as used in the TemisFlow model. The temperature at each time step is determined from the Paleo-latitude Calculator for Paleoclimate Studies [van Hinsbergen et al. 2015]. The basin is characterized by tropical temperatures until the last 20 My.

Figure 7 .

 7 Figure 7. Temperature calibration results for 6 wells with corrected BHT values. The first column represents the lithology and the second column the age (PC=Permo-Carboniferous; LT=Lower

Figure 8 .

 8 Figure 8. Evolution of the burial during the Upper Cretaceous/Tertiary. The location of the 2D section A-A' is shown in figure 9.

Figure 9 .

 9 Figure 9. Total eroded thickness map during the Upper Cretaceous/Tertiary. The yellow star represents the location of Paris. The erosion started during the Upper Cretaceous (66 Ma) and continued until the Ypresian (47.8 Ma). The event affected more the border of the basin where the total eroded thickness reached > 1000 m. Mnt=Montelée well; Slv=Silvarouvres well.

Figure 10 .

 10 Figure 10. Paleo-thermal calibration results of vitrinite reflectance data taken from Uriarte [1997]. The first column represents lithology and the second column age (PC=Permo-Carboniferous; LT=Lower Triassic; UT=Upper Triassic; LJ=Lower Jurassic; MJ=Middle Jurassic; UJ=Upper Jurassic; LC=Lower Cretaceous; UP=Upper Cretaceous; C=Cenozoic).The modeled maturities (brown curve) show a good fit for all the wells, as they remain within the standard deviation values for each vitrinite reflectance data point.

Figure 12 .

 12 Figure 12. Modeled temperature histories compared with temperatures estimated from fluid inclusions (Guilhaumou 1993) (green rectangle) and temperature evolution over time for Villenueve sur Yonne (black line) and Ambreville well (blue line) (Uriarte 1997). The modeled temperature (red line) is extracted from Ambreville well for the Triassic and the Dogger that reached a maximum temperature of 125/130°C and 90/95°C respectively during the Upper-Cretaceous time.

Figure 14 .

 14 Figure 14. Modelled present-day basal heat flow map (mW/m²) of the Paris Basin. The distribution of heat flow highlights the effect of the crustal heterogeneities separated by the main deep faults defined in the model (dashed lines). The higher heat flow area (AD block) is in the western part, just above the more radiogenic crust. The effect of the sediment cover can also be seen in the central segment and in the Permo-Carboniferous basins where the sedimentary cover is thicker (RHZ/STZ blocks). The black dots show the distribution of the wells used to calibrate the thermal regime of the basin.

Figure 16 .

 16 Figure 16. Burial history of two wells located in different parts of the basin. The well positions are shown along the cross-section in Figure 1 and Figure 9. The Silvarouvres well, located in the eastern part of the basin, experienced a lower burial and a higher erosion of the chalk sediments compared to Montelevée well, located in the central area.(1 columns)

  

  

  

  

  

  

  

Table 1 .

 1 Summary of the data used to build the 3D basin model.
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temperatures. Such a well-constrained thermal history will help any further analysis of the Lower Jurassic Toarcian source-rock generation history and may bring new insights to the petroleum and geothermal potential of the basin. (2 columns) Table 2. Thermal parameters of fully compacted (zero porosity) rock matrix used in thermal model. Table 3. Average thickness and average radiogenic heat production for the lower crust and the three upper-crust domains (see Figure 1 for location).