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Control of lithospheric to crustal fault architecture on Cenozoic Rift geothermal systems (Upper Rhine, Bresse and Limagne, France)

Contrôle des failles de la lithosphère à la croûte dans le système géothermique du rift cénozoïque (Rhénan, Bressan et Limagne).
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Abstract

Hydrothermal groundwater systems are key to renewable energy due to their high thermal efficiency. Effective geothermal resources require not only a heat source but also permeable geological formations and appropriate flow patterns. Fault zones, play a critical role in this process, potentially acting as either drains or barriers. This study investigates the origins of heat flow in geothermal reservoirs by comparing the Bresse, Limagne, and Upper Rhine Grabens within the European Cenozoic Rift System (ECRIS), using a multidisciplinary approach to examine thermal properties, subsurface structure, and the role of fault zones in surface heat flow anomalies. Surface heat flow data from 943 points, geological maps, seismicity databases, and stress orientation data characterize crustal structures and fault networks, while seismic tomography, gravimetric maps, Moho and LAB depths, and SKS splitting measurements provide insights into mantle density variations, structural boundaries, and flow directions—together informing the model of heat distribution and high-temperature fluid migration.

This synthesis highlights different scale of heat flow anomalies above the continental average of 67 mW/m2: (i) a long-wavelength anomaly, (ii) three high-wavelength anomalies, and (iii) seven areas with very high-wavelength anomalies exceeding 175 mW/m2. High surface heat flow anomalies are linked to fault zones, such as the Sillon Houiller fault. In contrast, the long wavelength anomaly at the scale of the French Massif Central (FMC) is probably not linked to a lithospheric fault. Characterizing the lithosphere-asthenosphere architecture reveals that the long-wavelength thermal anomaly aligns with a thin lithosphere-crust corridor and a positive seismic velocity anomaly, indicating an increase in the mantle heat flux beneath the thin lithosphere of the FMC and the Rhine Graben. In Upper Rhine and Bresse Grabens areas, high crustal fault density network connecting with major lithospheric discontinuities often corresponds to high surface heat flow. The active and crustal faults (Sillon Houiller, La Marche, and Vittel) facilitate the upward migration of high temperature fluid. Finally, this study highlights the importance of integrating multidisciplinary methods to understand surface heat flow and its implications for geothermal energy.

Résumé

Les systèmes hydrothermaux souterrains jouent un rôle clé dans les énergies renouvelables en raison de leur haute efficacité thermique. Des ressources géothermiques efficaces nécessitent non seulement une source de chaleur, mais aussi des formations géologiques perméables et des schémas d’écoulement adaptés. Les zones de failles jouent un rôle crucial dans ce processus, pouvant agir soit comme drains, soit comme barrières. Cette étude examine l’origine du flux de chaleur dans les réservoirs géothermiques en comparant les grabens de Bresse, de Limagne et du Rhin supérieur, appartenant au Système de Rift Cénozoïque Européen (ECRIS), à l’aide d’une approche multidisciplinaire analysant les propriétés thermiques, la structure profonde et le rôle des zones de failles dans les anomalies de flux de chaleur en surface.

Les données de flux de chaleur issues de 943 points, les cartes géologiques, les bases de données sur la sismicité et les données d’orientation des contraintes permettent de caractériser les structures crustales et les réseaux de failles. Par contre, la tomographie sismique, les cartes gravimétriques, les profondeurs du Moho et de la LAB, ainsi que les mesures SKS apportent des informations sur les variations de densité du manteau, les limites structurales et les directions d’écoulement mantellique, contribuant ensemble à la modélisation de la distribution de la chaleur et de la migration des fluides à haute température.

Cette synthèse met en évidence différentes échelles d’anomalies de flux de chaleur supérieures à la moyenne continentale de 67 mW/m2 : (i) une anomalie de grande longueur d’onde, (ii) trois anomalies de longueur d’onde moyenne, et (iii) sept zones présentant des anomalies de très courte longueur d’onde dépassant 175 mW/m2. Les anomalies élevées de flux de chaleur en surface sont associées aux zones de failles, telles que la faille du Sillon Houiller. En revanche, l’anomalie de grande longueur d’onde à l’échelle du Massif Central français (MCF) ne semble pas liée à une faille lithosphérique. La caractérisation de l’architecture lithosphère-asthénosphère montre que cette anomalie thermique de grande échelle coïncide avec un corridor de lithosphère mince, une anomalie positive de vitesse sismique, et indique une augmentation du flux de chaleur mantellique sous la lithosphère amincie du MCF et du Graben du Rhin. Dans les régions des grabens du Rhin supérieur et de la Bresse, une densité élevée de failles crustales connectées à des discontinuités lithosphériques majeures correspond probablement à un flux de chaleur élevé en surface. Les failles crustales actives (Sillon Houiller, La Marche et Vittel) facilitent vraisemblablement la remontée de fluides à haute température.

Enfin, cette étude souligne l’importance d’intégrer des méthodes multidisciplinaires pour comprendre le flux de chaleur en surface et ses implications pour l’énergie géothermique.
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1 Introduction
Hydrothermal groundwater systems, with their high thermal efficiency, are a significant and reliable source of energy, offering the potential to play a crucial role in the transition to renewable energy (Duwiquet et al., 2020; Chen et al., 2021; Daniilidis et al., 2021; Marinković et al., 2023). Beyond the heat source, the thermal properties of geological formations, including their mineralogical composition (the intrinsic conductivity of minerals), heat capacity (mineral mass and bonding), and diffusivity (through a combination of texture, mineral phases, and porosity), and the drain properties of structural features, influence the development of geothermal resources (Ganguly and Mohan Kumar, 2012; Glaas et al., 2021; Jolie et al., 2021; Duwiquet, 2022; Duwiquet et al., 2022; Gudmundsson, 2022; Guillou-Frottier et al., 2024). Geothermal exploration relies on comprehending how geological features interact to control fluid flows and influence the geothermal resource location (Jolie et al., 2021; Duwiquet et al., 2022). Since flow patterns of hydrothermal fluids depend on hydraulic reservoir properties, a comprehensive understanding of reservoir structural (i.e., fault zones) and petrophysical properties is crucial (Gudmundsdottir and Horne, 2020; Daniilidis et al., 2021; Jolie et al., 2021; Duwiquet et al., 2022). Fault zones are discontinuities with a wide range of scale (i.e., crust and lithosphere (Watterson et al., 1996; Agosta et al., 2012; Vauchez et al., 2012; Choi et al., 2016). Variations in thermal conductivity can arise from the mineralogical composition of rocks(Clauser and Huenges, 1995; Kukkonen and Peltoniemi, 1998). In fault zones, diagenetic processes often lead to cementation by quartz and calcite (see Laubach et al. (2010) and references therein), two minerals with relatively high thermal conductivity, which can enhance heat transfer compared to the surrounding rock formations. Fault zones with their structural and diagenetic properties may locally modify the thermal regime, influencing heat distribution (Taillefer et al., 2017; Daniilidis et al., 2020; Aubert et al., 2021; Pederson et al., 2021; Zaal et al., 2021; Gudmundsson, 2022; Marinković et al., 2023; Guillou-Frottier et al., 2024).
In order to better understand the functioning of geothermal reservoirs, this study provides a synthesis on heat flow and its origins across a wide area including Centre and Northeast parts of France, Belgium, Luxembourg and Eastern Germany. This area includes various zones identified by the French Geological Survey (BRGM; Bureau de Recherches Géologiques et Minières) as potential deep geothermal resources, including the Paris Basin, the Limagne Graben, the Bresse Graben, and the Upper Rhine Graben (Fig. 1). The primary objective of this study is to identify the different parameters influencing the surface heat flow. To achieve this objective, a comprehensive, integrative multi-disciplinary, and multi-scale approach was adopted, encompassing the characterisation of structural properties (e.g., seismicity and fault connectivity), lithosphere and crustal internal structure (e.g., gravimetric maps and SKS), and heat flows (surface heat flow data and seismic tomography). These methodologies enabled us to identify high- surface heat flow areas and gain insights in the contributing factors to these zones.
	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 A: Geological map of studied area (modified from the Europe − GISEurope − 1:1,500,000 scale − Bedrock Age; BRGM). The ante Triassic lithospheric discontinuities (dashed grey lines) are modified from Baptiste (2016). URG: Upper Rhine Graben, BG: Bresse Graben, LG: Limagne Graben, LRG : Lower Rhine (Roer Valley) Graben, PB: Paris Basin, PBMA : Paris Basin Magnetic Anomaly, AF: Ales Fault, AiF: Aigueperse Fault, ArF: Argentat Fault, AvF: Avallon Fault, BFF: Black Forest Fault, BF: Bray fault, CF: Cevennes Fault, CHF: Chantonnay Fault, CHoF: Cholet fault, DF: Durance Fault, DTF : Digne Thrust Front, JTF: Jura Thrust Front, LF: Loire Fault, LiF : Limagne Fault, LLF: Lalaye-Lubine fault, LRFS: Lower Rhine Fault System, LMF: La Marche Fault, LSF: La Serre Fault, MF: Marsanne Fault, MFZ: Midi Fault Zone, MzF : Metz fault, NASZ: North Armorican Shear Zone, NPF: North Pyrenees Fault, NSE : Nort-Sur-Edre fault, PBMA: Paris Basin Magnetic Anomaly, PF: Pilat Fault, PFT : Pennic Thrust Front, RBTZ: Rhine Bresse Transfer Zone, RF: Rhine Fault, SANSZ: South Armorican Northern Shear Zone, SASSZ: South Armorican Southern Shear Zone, SBTF : Subalpine Thrust Front, SeF: Seine Fault, SF: Sarre Fault, TF : Tonnerre fault, ValF: Valence Fault, VF: Vittel fault, SHF: Sillon Houiller, WRF: West Rhenan Fault.



2 Geological settings
This study includes three regions with high geothermal potential: the Limagne, Bresse, and Upper Rhine Grabens (LG, BG and URG in Fig. 1). These grabens are related to the European Cenozoic Rift System (ECRIS), generating keen interest from industries in geothermal exploitation. This study will primarily concentrate on these grabens, exploring their characteristics and geodynamic developments in the subsequent section.
2.1 ECRIS grabens
The ECRIS, comprising several interlinked tectonic rifts, extends over a distance of 1100 km from the North Sea to the Mediterranean (Prodehl et al., 1992; Ziegler, 1992, 1994; Schumacher, 2002; Michon et al., 2003; Dèzes et al., 2004; Prodehl and Haak, 2006; Madritsch et al., 2009; Duringer et al., 2019; Frey et al., 2022; Jolivet et al., 2025).
The Upper Rhine Graben, extending 300 km in length and 30–40 km in width, is bordered by the Swiss Jura Mountains to the south and the Rhenish Massif, the Hesse Depression, and the Vogelsberg to the north (Fig. 1; Schumacher, 2002; Duringer et al., 2019; Frey et al., 2022)
The Limagne Graben, located in the northern part of the Massif Central, is limited by the Limagne fault and the Chaîne des Puys to the west, the Monts du Forez to the east, the Mont Dore and Cézallier massifs to the south, and opens to the north on the Paris Basin (Fig. 1; Wattinne, 2004; Calcagno et al., 2014).
The Bresse Graben, a N-S striking graben, with a length of 200 km and a width of maximum 60 km, is delimited by the Massif Central to the West, the Rhine-Bresse-Limagne Transfer Zone to the North (i.e., RBLTZ in Fig. 1), and the ‘Grande faille bordière’ normal fault system in the East (Fig. 1; Bois, 1991; Rocher et al., 2003; Jauffret et al., 2008;).
The structure of these three grabens is closely related to geodynamic events that occurred since the beginning of Cenozoic times. Under a variable regional stress-field, several phases of ECRIS development occurred from Paleocene to Pleistocene (Supplementary file 1).
2.2 Fault types
To understand the factors controlling the implementation of the geothermal system in the ECRIS grabens, a broader scale of distribution of structural accidents linked to the geothermal reservoir needs to be taken into account. The study area covers numerous fault zones from the lithosphere to the upper crust. In this study, three types of faults have been distinguished based on their sizes, depths, and geodynamic contexts: lithospheric, and two types of crustal faults (rift and transfer) as defined below (Fig. 1).
2.2.1 Lithospheric faults
The term ‘Lithospheric fault’ (bold grey segments in Fig. 1) refers to a ‘wrench fault type’ (i.e., sub-vertical faults with horizontal motion direction; Moody and Hill, 1956), that affects the entire lithosphere and is rooted in the upper mantle (Vauchez and Tommasi, 2003; Vauchez et al., 2012). These fault zones can reach hundreds of kilometres in length and tens of kilometres in width (Herquel et al., 1999; Vauchez and Tommasi, 2003; Titus et al., 2007; Platt and Behr, 2011; Vauchez et al., 2012). Below the brittle-ductile transition, the differential displacement along these faults localizes in a zone of continuous deformation dominated by simple shear (Vauchez et al., 2012).
In the studied area, the lithospheric faults result from the reactivation of major (i) Cadomian and (ii) Variscan collisional structures. (i) The Cadomian orogeny, occurred from Late Proterozoic to Early Cambrian (Dupret et al., 1990; Linnemann et al., 2008, 2014; Beucler et al., 2021) and is visible mainly in Variscides Massifs (i.e., Armorican, Bohemian, and Iberian; Linnemann et al., 2014). This orogen was related to an important subduction zone located on the northern and active paleomargin of the Gondwana supercontinent (Chantraine et al., 2001; Ballèvre et al., 2009; Beucler et al., 2021; Mazur et al., 2026). Nowadays, only a single Cadomian suture zone remains, as the South Armorican Northern Shear Zone lithospheric fault (SASNZ in Fig. 1; Beucler et al., 2021). (ii) The Variscan orogeny, is related to an NW-SE directed Variscan convergence between the Silurian and the Early Devonian (Schäfer et al., 2000; Matte, 2001; Kroner et al., 2008). This convergence led to the drift of Gondwana and Laurussia continents (McCann et al., 2006), to the Rheic subduction, and finally, to the Variscan orogeny ca. 430Ma (Kroner and Romer, 2013). The Variscan area recorded sinistral and dextral strike-slip tectonic (Kroner and Romer, 2013). At the end of the Variscan orogenic period, the upper crust exhibited notable heterogeneity (i.e., lithospheric faults, suture zones, NE sinistral wrench zones), marked by collisional fabrics observed from the base of the crust to the lithospheric mantle (Schumacher, 2002; Judenherc et al., 2003; Edel et al., 2018; Dezayes and Lerouge, 2019; Beucler et al., 2021). The Variscan orogen in France displays marked lithospheric heterogeneity, resulting from the accretion of compositionally diverse continents and terranes during continental collision, followed by crustal and lithospheric thinning that facilitated the exhumation of subcontinental mantle (Arthaud and Matte, 1975; Guillou-Frottier et al., 2024; Mazur et al., 2026).
Some of these lithospheric faults are prominent and illustrated in Figure 1 as in the Armorican Massif (e.g., the South Armorican Southern Shear Zone lithospheric fault and the Nort-sur-Edre fault located on the Eo-Variscan suture zone; Beucler et al., 2021), in the Massif Central (e.g., the Sillon Houllier fault; and the La Marche fault; Joly et al., 2007, 2008), and in the Paris Basin (e.g., the Bray and Vittel fault located on the Rheic suture zone; Beucler et al., 2021). This Variscan structural trend will later impinge the Permo-Carboniferous trough structures.
Numerous lithospheric faults, such as the Avalon and Seine faults, have a profound impact on the crust and lithosphere’s structure, influencing both gravitational signatures and magnetic signals (Baptiste, 2016). These major discontinuities are directly linked to terranes involved in the Late Paleozoic Variscan orogeny (Kroner and Romer, 2013; Chardon et al., 2020; Beucler et al., 2021; Mouthereau et al., 2021; Mazur et al., 2026). Indeed, they delineate (e.g., Bray Fault, Nort-Sur-Edre fault, Tonnerre Fault, Sillon Houiller fault) and cross-cut (e.g., Avallon Fault, Loire Fault) these terranes (Fig. 1; Baptiste, 2016; Chardon et al., 2020; Beucler et al., 2021; Mouthereau et al., 2021). The Variscan orogenic period led to the development of such important heterogeneities (i.e., lithospheric faults, suture zones, and NE sinistral wrench zones) as South Armorican Southern Shear Zone lithospheric, Nort-sur-Edre, Sillon Houllier, La Marche, Bray and Vittel faults; (Schumacher, 2002; Judenherc et al., 2003; Joly et al., 2007, 2008; Edel et al., 2018; Dezayes and Lerouge, 2019; Beucler et al., 2021).
2.2.2 ECRIS crustal faults
Two types of crustal faults are considered in this study: (i) rift faults and (ii) transfer faults
(i) Rift faults (green segments in Fig. 1) Rift faults accommodate continental extension at the crustal scale (Bonini et al., 2005; Muirhead et al., 2019; Ojo et al., 2022). Faults in rift systems can be divided into border faults and intra-rift faults (Corti, 2009; Ojo et al., 2022). Here, the term “rift faults” refers to border faults of rift basins. This fault type, delimiting one or both side of a rift segment (Lavayssière et al., 2019; Muirhead et al., 2019; Ojo et al., 2022), presents a width ranging from few centimetres to tens of meters (Neuharth et al., 2022). Border faults frequently accommodate the majority of offset (McLeod et al., 2000; Bell et al., 2014; Hodge et al., 2018; Henstra et al., 2019; Lavayssière et al., 2019; Muirhead et al., 2019).
(ii) Transfer faults (dashed red segments in Fig. 1) are subvertical faults linking normal fault segments associated to rift systems. They typically have a strike-slip motion and mainly strike parallel to the extension direction (Gibbs, 1990; Faulds et al., 1998; Peacock et al., 2000; Acocella et al., 2005). These faults adjust displacement and deformation to accommodate movement between two crustal domains with differential extension or form a lateral boundary to an extended terrane (Faulds et al., 1998; Acocella et al., 2005; Liu et al., 2022). Transfer faults can be synthetic or antithetic if they are connecting normal fault systems with respectively similar or opposite dip direction (Faulds et al., 1998). Location of transfer faults can be controlled by pre-existing basement shear zones (Chorowicz, 1992; Smith and Mosley, 1993; Ring, 1994; Muirhead and Kattenhorn, 2018). These faults are widespread and have been described at various extensional settings (e.g., the Atlantic margin of W Africa, Namibia, and Brazil; see Acocella et al. (2005) and references therein).
In the context of this study, the ECRIS rift and transfer faults developed through the tensional and transtensionnal reactivation of inherited Paleozoic and Mesozoic crustal discontinuities (Bergerat, 1977; Lacombe et al., 1993; Merle and Michon, 2001; Sissingh, 2001; Schumacher, 2002; Dèzes et al., 2004; Giamboni et al., 2004; Ziegler and Dèzes, 2005; Edel et al., 2007; Madritsch et al., 2009). The Mesozoic rifting slightly affected the studied area (Ziegler et al., 2004, 2006). In the Bresse and in the Upper Rhine Grabens, this extensional event led to a minor reactivation of Paleozoic faults (Lemoine, 1985; Durlet et al., 1997; Jacquin and de Graciansky, 1998; Quesne et al., 2000).
2.2.3 The Rhine-Bresse-Limagne transfer zone
The NE-SW Rhine-Bresse-Limagne transfer zone connects the "en échelon"-arranged Rhine, Bresse and Limagne rift segments (URG, BG and LG in Fig. 1; Ustaszewski et al. (2005), Zwaan and Schreurs (2017)). Many authors have proposed that the Priabonian to Oligocene crustal extension responsible for the opening of the Rhine and Bresse-Limagne Grabens was transferred along the RBLTZ by transtensive sinistral reactivation of an ENE-WSW Variscan basement fault system (Illies, 1972; Contini and Theobald, 1974; Bergerat, 1977; Bergerat and Chorowicz, 1981; Lacombe et al., 1993; Madritsch, 2008; Madritsch et al., 2009). The RBLTZ corresponds to the eastern extension of the Variscan South Armorican shear suture zone running through southern Britanny to the northern Massif Central defined by Matte (2001) and Chardon et al. (2020). RBLTZ is supposed to have accommodated the differential extension rate between the ECRIS rift segments during Early Cenozoic times. The left-lateral displacement along the RBLTZ is also consistent with a Priabonian pulse of sedimentation predating mid-Oligocene extensional tectonics (Sissingh, 1998; Séranne et al., 2021).
3 Methods
In order to define the structural, internal structure and thermal (i.e., heat flows) properties of the study area at various scales, a multidisciplinary approach using numerous methods and databases was conducted (Fig. 2).
Three imbricated space scales are considered:
Thousand km scale: This scale (latitudes 40°N–52°N and longitudes 5°W–14°E) highlights large-scale and low-frequency factors (i.e., mantle and lithospheric processes). It was used with methods and data from seismic tomography (part 5), Lithosphere-Asthenosphere Boundary (LAB) depth (part 5), Mohorovičić discontinuity (Moho) depth (part 5), gravimetric maps (part 5), and SKS splitting measurements (part 6). This scale is ideal for studying low-frequency heat anomalies.
Rhine-Bresse-Limagne area: This scale (latitudes 44°N to the South and 52°N to the North, and longitudes 1°E to the West and 10°E to the East) is used to define the surface heat flow data (part 4), stress orientation map (part 7), and seismicity (part 7). It is ideal for studying surface heat flow.
Small scale: This scale focuses on superficial crustal processes (surface fault network) and very high-wavelenght heat flow anomalies. Two zoomed-in frameworks of the main study area were considered, named Upper Rhine Graben (latitudes 47.8°N–48.9°N and longitudes 5.3°W–7.7°E) and Bresse (latitudes 46.7°N–47.8°N and longitudes 3.6°W–6°E), spanning 180 km from East to West and 120 km from North to South (part 7).
	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Different methods and database used with their corresponding earth layers. Illustration of a large-scale lithospheric shear zone is modified from Vauchez and Tommasi (2003).



3.1 Characterisation of heat flows
Surface heat flow data. To determine the geological features influencing the distribution of heat flow patterns, a heat flow map was generated using 943 points of the Global Heat Flow data base (Fuchs et al., 2023). This database of the International Heat Flow Commission (IHFC; www.ihfc-iugg.org) − International Association of Seismology and Physics of the Earth’s Interior (IASPEI) is a compilation of data generated between 1939 and 2022. In this study, only the data included in the main area of interest were considered (Lat 44°N–52°N and Ln 1°E–10°E). To define and analyse the spatial characteristics of the Heat flow data, a contour map was realised using the kriging method with the SURFER 15.4.354 software (Fig. 3, production of American Golden Software Company (AGSC)). The spatial correlation of the kriging interpolation was characterized using a quadratic variogram model with a scale parameter of 0.8 and a correlation length (A) of 2.5. The model exhibits an error variance (nugget effect) of 0.35, indicating a moderate level of spatial variability at small scales, while the micro-variance remains negligible (0). The anisotropy ratio is 1.0, with an anisotropy angle of 0°, suggesting an isotropic spatial structure. The variogram is presented in Supplementary file 1. An uncertainty map was generated alongside the interpolation using Kriging, providing a quantitative assessment of the interpolation reliability. This map helps refine the definition of anomalies by highlighting areas with higher uncertainty. this contour map is also available in Supplementary file 2.
Seismic tomography. Seismic tomography is a valuable tool for imaging Earth’s internal structure and heat flow, as it reveals variations in crust and mantle properties such as temperature and chemical composition (Cammarano et al., 2005; Schmandt and Humphreys, 2010; Hosseini et al., 2018; Civiero et al., 2019; Tenzer and Chen, 2019). In this study, seismic tomography maps and cross-sections were generated using the SubMachine web-based tools (Hosseini et al., 2018), employing a depth-restricted model (Hosseini, 2016) and an equidistant cylindrical projection. Three tomography depth-slices (lat. 40°N to 52°N and ln. 5°W to 11.5°E) at depths of 20 km, 70 km and 140 km have been constructed (Fig. 4A). These depths were selected to image temperature in the crust, lithosphere, and asthenosphere, considering Moho and LAB depths defined by Mouthereau et al. (2021). Four tomography cross-sections were produced to analyse the three-dimensional spatial arrangement of temperature under Limagne, Upper Rhine, and Bresse Grabens (Fig. 4B, C). The Hosseini et al. (2018) model included in our analysis, is based on Vp and derived from teleseismic body waves with subvertical ray paths beneath the seismic stations. As a result, variations in crustal thickness can affect this model in the upper 150 km, making the interpretation of thermal anomalies above 100 km depth more challenging. To improve our understanding of deep Earth structures and better constrain thermal anomalies, four additional Vs models: SEMUCB-WM1 (French and Romanowicz, 2014), SEMUlm (Lekić and Romanowicz, 2011), GyPSuM-S (Simmons et al., 2010), and Savani (Auer et al., 2014) have been incorporated. These models offer a complementary perspective by reconstructing the velocity structure of the upper 100 km of the Earth, which in turn helps to infer the thermal structure of the crust and upper mantle.
	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Interpolated maps of surface heat flow data. A: modified from Lucazeau and Vasseur (1989), and B: interpolated from The Global Heat Flow Database: Update 2023. For more details on heat flow data extrapolation, see Annexe 1. The white dashed lines correspond to the heat zone contours, thick and thin dashed line correspond respectively to large-scale and small-scale heat flow anomaly. LFHZ : Low Frequency Heat zone, SHHZ: Sillon Houiller Heat Zone, BHZ: Burgundy Heat Zone, URHZ: Upper Rhine Heat Zone.



3.2 Characterisation of upper mantle and crustal structure
Gravimetric maps. Gravimetric maps were used to characterise gravity anomalies associated with Earth’s internal density structures. Two maps (N80W60 and N80E0) sourced from Sandwell et al. (2014) using satellite-derived free-air gravity anomalies with an accuracy of approximately 2 mGal. These anomalies were derived from satellite altimetry data, primarily from missions such as CryoSat-2, Jason-1, and Envisat, to map variations in Earth’s gravity field (Sandwell et al., 2014).
Mohorovicic discontinuity (Moho) and Lithosphere-Asthenosphere Boundary (LAB) Depths. The depth (in km) of the Moho has been defined after Cloetingh et al. (2007) and the depth of the LAB (i.e., seismic lithospheric thickness) was deduced from the global model LITHO1.0 (Pasyanos et al., 2014).
TheSKS splitting measurements. SKS were used to constrain deformation in the crust and mantle. The orientation of fast split S-waves serves as an indicator of the mantle flow direction and can also offer proof of the major lithospheric fault zones (Sieminski et al., 2008; Vauchez et al., 2012; Tommasi and Vauchez, 2015; Bonnin et al., 2017; Jolivet et al., 2020). In this study, the size and orientation of the SKS phases were considered to determine the direction and extent of mantle anisotropy. Here, the SKS splitting parameters are a compilation of SKS measurements made in previous studies from Bormann et al. (1993), Vinnik et al. (1994), Judenherc et al. (2003), Barruol et al. (2004), Walker et al. (2005), Bokelmann et al. (2013), Walther et al. (2014), and Bonnin et al. (2017).
3.3 Characterisation of structural fabrics
Geological maps. The location and type of various faults in this study, as well as the sutures lines of terranes, were defined through the examination of geological and structural maps (1:1000 000) from Chantraine et al. (2003) and bibliographic references (i.e., Chardon et al., 2020; Mazzotti et al., 2020; Beucler et al., 2021; Mouthereau et al., 2021; Ritz et al., 2021).
Seismicity. Three different databases were considered to characterise the seismicity over a period from 463 to 2021: (1) The French seismic Catalogue (FCAT-17) catalogue for the historical seismicity from 463 to 1962 (Manchuel et al., 2018), integrating the SisFrance database (BRGM, EDF, IRSN) defined with the MSK-64 intensity scale (Medvedev et al., 1965). (2) The Instrumental Seismicity Catalogue covering the period 1962–2021 from the Si-Hex catalogue (1962–2009) provided with the moment magnitude Mw (Cara et al., 2015) completed by the BCSF-Rénass catalogue from 2010 (https://www.franceseisme.fr/sismicite.html). (3) The Focal Mechanism Database FMHex20 of RESIF including earthquakes with magnitude Mw≥4.0, sourced from Mazzotti et al. (2021). In this study, only the focal mechanisms, with a depth ≥20 km (Si-Hex localisation), a quality index of A or B, and a Mw≥3 is considered. The neotectonics database compiles information available for faults located within a 50 km radius around nuclear facilities. Traces of potentially active faults were obtained through the BDFA Database (IRSN; Jomard et al., 2017). For each fault, the last period of activity is indicated: Syn- to Post- Late Miocene, Syn- to Post- Pliocene, Quaternary, or undetermined. Earthquake’s density is illustrated.
Stress orientation map and fault network connectivity. For a better understanding of subsurface fault networks, two factors have been considered: the maximum horizontal stress (SHmax) and the fault network connectivity. The maximum horizontal stress (SHmax), from the WSM database (see Heidbach et al., 2018), is derived from borehole breakouts, focal mechanisms, hydraulic fractures, and drilling-induced fractures. The 2-D relationship between surface heat flow and fault network connectivity has been studied in two areas of interest using the 1:50,000 structural map (BRGM). Each fault network is modelled as a combination of nodes and branches. The connecting nodes represent points where intersecting faults connect or abut. These nodes were used to create kernel density maps with a 10 km cell size resolution using ArcGIS.
4 Surface heat flow
Two distinct thermal anomalies are raised from the analysis of Figure 3B: (1) a long-wavelength anomaly (LFHZ) and (2) high- wavelength anomalies (Sillon Houiller Heat Zone (SHHZ), Burgundy Heat Zone (BHZ), and Upper Rhine Heat Zone (URHZ) in Fig. 3B). (1) The long-wavelength anomaly (LFHZ) is oriented approximately N065°, with a maximum width of ∼330 km and a length exceeding the map size (i.e., ∼780 km in the same orientation). (2) The high-wavelength anomalies [Sillon Houiller Heat Zone, Burgundy Heat Zone and Upper Rhine Heat Zone] are longer than wide, ranging from ∼240 to ∼450 km, with a maximum width of ∼100 km. These anomalies aligned along a N000°–N020° orientation. In addition to its main N000°–N020° direction, the Burgundy Heat Zone (BHZ) exhibits a N060°–N070° striking heat anomaly axis that aligns with the RBLTZ transfer fault (Figs. 1 and 3B). Several warmer areas within these Heat Zones are noteworthy: (1) a very high-heat flow zone (more than 170 mW/m2) in the URHZ (named (a) in Fig. 3B), (2) a heat zone exceeding 155 mW/m2 superposed on the Sillon Houiller fault zone (named (b) Fig. 3B), (3) a slightly higher heat flow zone north of the SHHZ (named (c) in Fig. 3B), and (4) two higher heat flow zones in the western part of the BHZ (named (d) in Fig. 3B). Two areas with low surface heat flow stand out: the Alps and, more generally, north of the LFHZ anomaly.
However, aside from the Massif Central, the Cenozoic volcanic zones do not currently exhibit high surface heat flows (Fig. 3B). The surface heat flow map provides a current representation, showing that although these volcanic zones were active during the Cenozoic, there is minimal or no residual heat from their past activity at the surface. Notably, some volcanic patches are positioned along or at the intersections of major fault zones, including lithospheric and transfer faults (Fig. 3). The heat flow is localized in the Massif Central near major rift faults, particularly the Sillon Houiller fault, where associated volcanic activity makes it difficult to separate the respective contributions of magmatic heat transfer and hydrothermal fluid circulation.
Anomalously high surface heat flow values can result from different factors, including intrinsic thermal and hydraulic properties of rocks (thermal conductivity, heat production, porosity, permeability, ...). By considering the thermal conductivity values provided by Clauser et al. (1995) and the basement lithologies mapped by (Baptiste, 2016; see Supplementary file 3 and 4), the thermal conductivity is associated with heterogeneous-scale lithological units. This complex architecture of conductivity anomalies does not coincide with the medium- to large-scale thermal conductivities (Fig. 3). Given this misalignment, these high heat flow zones are unlikely to result from lithological conductivity variations alone.
5 Characterisation of lithosphere-asthenosphere architecture
5.1 Large scale lithospheric heterogeneities
Three tomography depth slice maps and cross-sections were examined in order to delineate upper mantle structures (Fig. 4). The seismic tomography depth slice maps reveal seismic velocity anomalies: positive anomaly centered on N France and S England, and negative anomaly running from the Germany to E Spain across SE France Fig. 4A). These anomalies exhibit similar shapes, suggesting consistent properties through the crust and lithosphere (Figs. 4A and 5). These anomalies are also visible at lower depth (20 km and 70 km; Supplementary file 5) with S-Wave model (SEMUCB-WM1, GyPSuM-S, and Savani).
The positive Seismic velocity anomaly, denoted as (a) in Figures 4 and 5, is characterised by seismic velocity anomaly (dv/v) exceeding 0.85% and extending to depths of approximately ∼410 km (visible on cross-sections 1 and 3 of Fig. 4B, 4C). This anomaly overlaps with a terrane assemblage outlined by Baptiste (2016): The Armorican domain (North and Central), the Ligerian domain, the Cadomian domain, the Paris Basin Magnetic anomaly (PBMA in Figs. 1 and 6A), the Seine block, the Evry-Tonnerre block, the Morvan-Vosges block, the Sarre block, and the Ardennes-Pays de Bray block (Fig. 6A). The boundaries of the positive seismic velocity anomaly (a) (Fig. 4) approximately align with the southern limits of these terranes. Most of these terranes (excepted the Morvan-Vosges, Sarre, and Ardennes-Pays de Bray blocks) have been described as “Armorica” in several studies detailing the positions of Variscan terranes in Europe (e.g., Matte, 2001; Ziegler et al., 2004; Franke et al., 2017; Chardon et al., 2020; Mouthereau et al., 2021;). The seismic tomography depth-slice at 140 km (Fig. 6A) clearly illustrates the overlap between the boundary of seismic velocity anomalies (above and below 0.85%) and the localization of the Nort-Sur-Edre fault and South Armorican Northern Shear Zone (SANSZ-NSE) lithospheric faults and the RBLTZ transfer fault (Fig. 1). The LAB depth map from Pasyanos et al. (2014, Litho 1.0 model) reveals notably deep lithosphere-asthenosphere boundaries beneath the Armorican and Cadomian domains, exceeding 100 km and reaching over 200 km in the northwest (Fig. 6B). This range of depths under these terranes corresponds to depths provided by Mouthereau et al. (2021).
The second anomaly (b) in Figures 4 and 5, exhibits seismic velocity anomaly (dv/v) lower than −0.85% and can reach depths exceeding 410 km (visible on the three cross-sections of Fig. 4C). This anomaly is globally oriented N045°. This localisation is associated with low depth LAB with depths predominantly remaining below 100 km and possibly diving below 50 km. This LAB depth above 50 km is visible notably, in the Bresse Graben and the southern section of the Limagne Graben (Fig. 6B). Anomaly (b) does not extend beyond a depth of 500 km and does not seem to be directly linked to a deeper seismic anomaly. Sections 1 and 2 indicate that the b anomaly is dipping toward the NNW.
A positive seismic velocity anomaly (dv/v) mostly >0.5% (c), with high seismic velocities (cross sections 1 and 2 in Fig. 4C) can be observed in the SE part of the area at depth >140 km.
Gravity anomalies are superposed on the trace of inherited Variscan domain bordered by significant faults (Fig. 7A). The regional gravity low aligns with the Variscan internal zone and the reworked northern Gondwana hyperextended margin. Toward the south, it is bounded by an even more pronounced negative anomaly associated with the Alpine front. Such gravity lows typically reflect substantial crustal thickness, reduced crustal density, or a combination of both (Mazur et al., 2026). These anomalies are marked by a succession of axes exhibiting positive gravity anomalies (> −5 mGal) and negative anomalies (< −13 mGal). Several of these anomalies are aligned with lithospheric fault zones (Fig. 7A). For instance, anomalies striking N130° correspond to the Bray and Seine faults, those striking N045° correspond to the Sarre, Tonnerre, and Metz discontinuities, and finally, anomalies striking N100° to N120° correspond to significant Armorican discontinuities as South Armorican Northern Shear Zone, Nort-Sur-Edre, Cholet, and Chantonnay Faults (Fig. 7A). These gravity anomalies, linked to lithospheric fault zones, are correlated with magnetic signatures (Fig. II.7 in Baptiste, 2016; Mazur et al., 2026). However, the most prominent magnetic anomaly in the region remains concentrated in the area encompassing the Seine and PBMA faults, known as PBMA. This anomaly is attributed to the presence of intermediate to acidic plutonic rocks, such as diorites/granodiorites, and granites (Baptiste, 2016). A long-wavelength-gravity anomaly is located above a domain limited by the PBMA and BF (Fig. 7A), corresponding to the Seine, the Evry-Tonnerre block and the Ardenne-Pays de Bray blocks (in Baptiste, 2016; Fig. 7A).
	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 P-wave seismic tomography images centred on Upper Rhine, Bresse and Limagne Grabens (lat. 40°N to 52°N and ln. 5°W to 11.5°E, based on P-Wave model (Hosseini, 2016; Hosseini et al., 2018), A: Tomography depth-slices at depths of 20 km, 70 km and 140 km, B: Simplified map of tomography warm and cold spots. The high surface heat flow patches of Figure 3B are also reported. The lines identified with the numbers (i.e., 1, 2 and 3) represent the profiles of the sections showed in C. C: 2-D tomography cross-sections at latitude of 48, longitude of 5, and 2 diagonals passing through ECRIS rifts (cross-sections 1 and 3). The depths of the dashed lines are 410, 660, 1000 km from the surface. NAPBD: North Armorica Paris Basin Domain, RBLTZ: Rhine-Bresse-Limagne Transfer zone, NED: North ECRIS domain, SED: South ECRIS Domain.



	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 S-wave seismic tomography depth-slices at depths of 140 km based on four different S-Wave models: A: SEMUCB-WM1 (French and Romanowicz, 2014), B: GyPSuM-S (Simmons et al., 2010), C: SEMUlm (Lekić and Romanowicz, 2011), and D: Savani (Auer et al., 2014).



	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 Lithosphere- asthenosphere properties of the studied area. A: Tomography depth-slice at depth of 140 km (based on P-Wave model, Hosseini et al., 2018), NAPBD. North Armorica Paris Basin Domain, RBLTZ. Rhine-Bresse-Limagne Transfer zone, NED. North ECRIS domain, SED. South ECRIS Domain. B: Depth of the LAB Lithosphere-Asthenosphere Boundary (i.e., seismic lithosphere thickness) modified from the global model LITHO1.0 (Pasyanos et al., 2014). The high surface heat flow areas are defined from Figure 3B, NAPBD: North Armorica Paris Basin Domain, RBLTZ: Rhine-Bresse-Limagne Transfer zone, NED: North ECRIS domain, SED: South ECRIS Domain



	[image: Thumbnail: Fig. 7 Refer to the following caption and surrounding text.]	Fig. 7 A: Gravimetry anomalies after the N80W60 and N80E0 gravimetry maps of Sandwell et al. (2014). B: Depth (km) of the Mohorovicic discontinuity modified after Cloetingh et al. (2007). The high surface heat flow areas are defined from Figure 3B. LDCR: Low-Depth Crustal Region, URG: Upper Rhine Graben, BG: Bresse Graben, LG: Limagne Grabens, LRG: Lower Rhine (Roer Valley) Graben, NAPBD. North Armorica Paris Basin Domain, RBLTZ. Rhine-Bresse-Limagne Transfer zone, NED. North ECRIS domain, SED. South ECRIS Domain. B: Depth of the LAB AvF: Avallon Fault, BF: Bray fault, CHF: Chantonnay Fault, CHoF: Cholet fault, MzF: Metz fault, NASZ: North Armorican Shear Zone, NSE: Nort-Sur-Edre fault, SANSZ: South Armorican Northern Shear Zone, SeF: Seine Fault, SF: Sarre Fault, TF: Tonnerre fault, VF: Vittel fault, NAPBD. North Armorica Paris Basin Domain, RBLTZ. Rhine-Bresse-Limagne Transfer zone, NED. North ECRIS domain, SED. South ECRIS Domain.



5.2 Large scale crustal heterogeneities
To improve understanding of crustal structures—including density heterogeneities and deformation patterns—this study analyzes Moho depth, gravimetric, and magnetic anomaly maps from Baptiste (2016) across the study area (Fig. 7).
The gravimetric map using satellite-derived free-air gravity anomalies with an accuracy of approximately 2 mGal. reveals multiple gravity anomalies linked to crust and upper mantle density structures, which are classified into three distinct groups based on their characteristics (Fig. 7A). (a) Anomalies related to ECRIS rifts. These anomalies, located in the Limagne, Bresse, and Upper Rhine basins, exhibit negative gravity values, generally ranging from 0 to −29 mGal (Fig. 7A). The most negative values (i.e., −29 mGal) are found in the northern part of the Upper Rhine Graben-related anomaly (Fig. 7A). The negative gravity anomalies may be linked to the low-density infills within the rifts. (b) Anomalies related to Variscan massifs. These positive to very positive (up to 70 mGal) anomalies are located in the area of Massif Central, Armorican Massif, Vosges, Black Forest Massif, and Rhenish Massif. However, the Armorican Massif and the edges of the Massif Central show lower anomaly values (ranging between −5 and 37 mGal; Fig. 7A).
The depth map of the Mohorovicic Discontinuity (Moho) illustrates variations in crustal thickness (Fig. 7B). This map highlights a region characterised by relatively thin crust, identified in this study as the Low-Depth Crustal Region (LDCR). The LDCR is predominantly oriented at N050°, spanning approximately ∼150 km to ∼280 km in width and exceeding 760 km in length. Within the LDCR, the Moho depth ranges from 32 to 24 km. The LDCR is found at the border of the Alpine massif. The depths fall below 24 km under the Limagne Graben and the Upper Rhine Graben (labelled as (a) and (b), respectively, in Fig. 7B). The Bresse graben presents a Moho depth mostly below 28 km (Fig. 7B). The Armorican Massif is characterised by a thicker crust and a minimum Moho depth of 32 km.
The integration of tomographic data, lithospheric and crustal thicknesses and gravimetry allows the characterization of two areas limited by the Rhine-Bresse-Limagne Transfer Zone (Fig. 1):

	A northern Brittany-Paris Basin domain marked by a thick lithosphere and crust, negative gravimetric anomalies (NAPB in Fig. 4, 6A, B and 7A, B). This domain corresponds to the southern Variscan Armorica terrane (Matte, 2001; Dèzes et al., 2004; Franke et al., 2017; Chardon et al., 2020; Mouthereau et al., 2021).


	A southern area characterized by a thin lithosphere and crust, positive and negative stepped-arranged gravimetric anomalies (NED and SED in Figs. 4, 6A, B and 7A, B). This domain is specified as a peri-Gondwanan terrane by Mouthereau et al. (2021). For a complementary discussion of the relative impacts of the Variscan and Alpine cycle on these structures, see (Mazur et al., 2026).



6 Control of lithospheric architecture and mantle flow on large scale heat flow anomaly
6.1 Distribution of SKS data in the French continental domain
SKS shear-wave splitting measurements in the Massif Central reveal marked upper mantle seismic anisotropy, indicating large-scale asthenospheric flow. The dominant NW–SE fast directions (Fig. 8), distinct from Hercynian structures align with Tertiary extension (Barruol et al., 2004). This pattern results from the rollback of the Tethys slab and the rotation of the Corsica–Sardinia block during the opening of the western Mediterranean (Barruol et al., 2004; Bonnin et al., 2017). The continuity of anisotropy into the Alps suggests a regional asthenospheric flow diverted by deep lithospheric structures like the Alpine roots. In the final stages of the Tethys, a low-viscosity mantle flow, aligned with the absolute motion of Africa and Eurasia before 35 Ma, propagated northward, generating a long-lived topographic anomaly (Fig. 24 in Jolivet et al., 2025). This flow, along with slab retreat in the Liguro-Provençal Basin, contributed to the formation of the ECRIS, evolving from transtensional rifting (∼until 32 Ma) to pure extension in the Early Miocene.
However, seismic splitting measurements across some South France domains reveal a complex lithospheric architecture shaped by ancient tectonic processes (Fig. 8, A-B-E). Shear wave splitting in the Armorican and Central massifs as well in the Pyrenees reveals both lithospheric and asthenospheric contributions to anisotropy:
(1) Armorican and Central Massifs (a and e in Fig. 8, A-E in Fig. 9): SKS predominantly strike at N140°–150° in the Armorican Massif, located in Western France, as described by Judenherc et al. (2003) and strike at N110–120° to N20° in the Central Massif (Babuška et al., 2002). In the southern part of the Armorican Massif, splitting measurements identify anisotropy aligned with major crustal shear zones (e.g., South Armorican Southern Shear Zone and Chantonnay Fault), supporting a model of juxtaposed lithospheric blocks assembled before the Hercynian orogeny (Judenherc et al., 2003). In the Central massif, the fast polarization directions and delay times from SKS splitting define three coherent lithospheric domains and a deep mantle suture that parallels major Variscan lithospheric faults and associated crustal faults (Sillon Houiller, the southern prolongation of the South Armorican shear zones), indicating that fossil anisotropic fabrics inherited from the Variscan orogeny are preserved in the mantle lithosphere and in the crust (Babuška et al., 2002; Barruol et al., 2004). These observations illustrate the concept of lithospheric transcurrent faults in which major crustal faults broaden downward forming large-scale shear zones in the lithospheric mantle and acting as potentiel mantle-surface pathway (Leloup et al., 1995; Teyssier and Tikoff, 1998; Vauchez and Tommasi, 2003).
(2) Pyrenees (b in Fig. 8): SKS strike in two directions: N060° and N100° in the Pyrenees of Southwest France, as documented by Bonnin et al. (2017). Abrupt changes in splitting parameters correspond to transitions between tectonic domains, with evidence for both frozen-in Hercynian N60° fabrics (e.g., Cevennes Faults) and more recent N100° mantle flow related to western Mediterranean dynamics.
(3) Southeast France (c in Fig. 8): SKS predominantly strike between N100° and N145° in Southeast France, based on data from Barruol et al. (2004) and Bokelmann et al. (2013). The SKS directions are linked to asthenospheric flow associated with the Mediterranean slab retreat (Barruol et al., 2004; Jolivet et al., 2021, 2025).
(4) Eastern Alps (d in Fig. 8): SKS under the Eastern Alps exhibit an orientation ranging from N000° to N030°, as described by Bokelmann et al. (2013).
Splitting measurements in southern France consistently demonstrate that seismic anisotropy is controlled by both inherited variscan lithospheric and crustal fabrics and ongoing asthenospheric flow. The lithospheric architecture is marked by deep sutures and reactivated faults, providing a detailed image of the region’s tectonic evolution (Granet et al., 2000; Barruol et al., 2004).
	[image: Thumbnail: Fig. 8 Refer to the following caption and surrounding text.]	Fig. 8 Compilation of SKS splitting data. Red: measurements from Barruol et al. (2004), dark blue: measurements from Bokelmann et al. (2013), purple: measurements from Bonnin et al. (2017), pink: measurements from Bormann et al. (1993), brown: measurements from Judenherc et al. (2003), green: measurements from Vinnik et al. (1994), light blue: measurements from (Walker et al. (2005), orange: measurements from Walther et al. (2014). SKS splitting data have good lateral but poor vertical resolution and constrain the upper mantle anisotropy (Wüstefeld et al., 2009; Vauchez et al., 2012; Tommasi and Vauchez, 2015). The high surface heat flow areas are defined from Figure 3B.



	[image: Thumbnail: Fig. 9 Refer to the following caption and surrounding text.]	Fig. 9 Components of sub-crustal topographical support and surface heat flow on a Brittany-Southern Subalpine Chaîne section (location in Figs. 1, 3, 4AB, 6, 7 and 11A). A) topographic data from source etopo 1: http://www.ndgc.noaa.gov/mgg/fl (from Faccenna and Becker (2020), and Stephenson et al. (2024) and B) dynamic topography (From Faccenna and Becker, 2020), C) Gravity anomaly data from Sandwell et al. (2014), D) surface heat flow data (modified from Lucazeau and Vasseur (1989) and interpolated from The Global Heat Flow Database: Update 2023). Note the superposition of the Rhine-Bresse-Limagne transfer zone (RBLTZ) and the small-scale heat flow anomaly suggesting that RBLTZ is a lithospheric fault zone connecting surface and mantle, E) lithopheric thickness modified from (Pasyanos et al., 2014). The RBLTZ-Massif Central domain is limited to west by the thick-lithosphere of Armorican and it corresponds to a corridor of thin lithosphere associated with upper mantle upwelling and probably edge driven convection, F) P-wave seismic tomography section. The depths of the dashed lines are 410 and 660 km from the surface.



6.2 The NE-SW thin lithosphere corridor and its northern frontier: the Rhine Bresse Limagne Transfer Zone
Topography is considered to be controlled by the isostasic effects of crustal thickness and density variations (Airy, 1855; Henry Pratt, 1855). However, it is also clear that the density structure of the lithospheric and sub-lithospheric mantle contributes to the altitude of the Earth’s surface (Jordan, 1978; McKenzie, 1978; Bird, 1979; Hager and Richards, 1989). To estimate the contribution of active mantle flow, a NW-SE transect from Brittany to the southeastern Alps (locations shown in Figs. 1, 3, 5A, B, 6A, B, 8, and 9A) is constructed by integrating actual and residual topographies, gravity anomalies, surface heat flow data, lithospheric thickness, and tomographic anomalies (A to F in Fig. 9). This integrated analysis provides a powerful way to discriminate between the contributions of mantle, crustal and surfaces processes and to characterize the proxies for sub-crustal topographical support. Residual topography is defined to be the component of topography that is left after subtraction of the isostatic component of the lithosphere from the actual topography (Faccenna and Becker, 2020; Hoggard et al., 2021; Stephenson et al., 2024). Dynamic topography is specified as the deflection of the earth s’ surface due to active mantle flow (Ricard et al., 1993); it corresponds to any topography supported by sub-crustal processes (Forte et al., 1993; Faccenna and Becker, 2020).
The Armorican massif and the southern Paris Basin are characterized by low actual topography, neutral residual and dynamic topographies (< 300 m; Faccenna and Becker, 2020; Stephenson et al., 2024) as well as low gravity anomaly values (< 30 mGal; Sandwell et al., 2014; A to D in Fig. 9). This domain is related to the thick-lithosphere Armorica terrane (LAB ≤ 200 km, e in Fig. 8, Pasyanos et al. (2014)). It is also associated with a high-velocity zone of seismic waves (F in Fig. 9, Hosseini, 2016; Hosseini et al., 2018).
In contrast, the Massif Central and the ECRIS Limagne Graben show positive residual topography (up to 1200 m, b in Fig. 10; Faccenna and Becker, 2020; Stephenson et al., 2024), positive dynamic topography of the order of 600 m (b in Fig. 8, Faccenna and Becker, 2020). These proxies highlight a sub-crustal topographical support and suggest an origin of the Massif Central uplift in the mantle in association with the positive gravity anomalies marking the Cenozoic volcanism (up to 60 mGal, c in Fig. 8). The Massif Central area is characterized by a thin lithospheric thickness around 50 km (e in Fig. 8, Pasyanos et al., 2014) and low-velocity zone of seismic waves imaged between 0 to 150 km (F in Fig. 9, Hosseini, 2016; Hosseini et al., 2018). Small “baby” upper mantle plumes have been described below the Massif Central (Granet et al., 1995; 2000; Sobolev et al., 1996; Goes et al., 1999) responsible for topographic doming at the surface and sustained volcanism (Ritter et al., 2001). Integration of dynamic topography, gravity anomalies and the presence of mafic magmatic rocks indicate that the Massif Central and ECRIS basins lithosphere is anomalously thin and the sub-plate mantle may be anomalously warm in this region (Lucazeau et al., 1984; Ziegler, 1992; Artemieva, 2019; Stephenson et al., 2024).
Assuming that the anisotropy comes from a low-viscosity asthenosphere, we use the shear-wave splitting data compilation (c and e in Fig. 8) together with geological and geophysical information (Figs. 9A and 10) to assess the direction of the mantle flow. These data image a low-velocity thin-lithosphere N065° corridor in the uppermost mantle and asthenosphere (E in Fig. 9). This elongated channel of thin and weak lithosphere directly influences the surface topography and the emplacement of the Massif Central volcanism. It is characterized at asthenospheric depths by NW-oriented SKS reflecting N140–110° asthenospheric flow and it clearly channelizes beneath area of thinned crust (Fig. 8A). The N65°corridor of thinned crust and lithosphere is limited to the north by the Rhine Bresse Limagne transfer zone (RBLTZ in Fig. 10A). It probably corresponds to the northern prolongation of the asthenospheric finger related to the Moroccan hot line (Mouthereau et al., 2021; Jolivet et al., 2022).
	[image: Thumbnail: Fig. 10 Refer to the following caption and surrounding text.]	Fig. 10 Characterization of the upper mantle flows. A: Synthetic map considering the Moho depth, the LAB depth, the tomography anomalies, the high surface temperature, the SKS splitting data and the location of lithospheric and transfer faults. B: Schematic illustration of Oligocene to present mantle flow (modified from Jolivet et al., 2022). C: Mantle flow upwellings related to the Calabrian slab (modified from Faccenna et al., 2010).



6.3 Large scale heat flow anomaly: Cenozoic West Mediterranean back-arc extension and ECRIS rifting
The European continental domain is characterised by a large zone of low heat flow associated with shields (Lucazeau, 2019). The analysis of surface heat flow in this study has revealed three types of positive anomalies (Fig. 3) exceeding the average continental heat flow of 67 mW/m2 (Lucazeau, 2019): (i) a long-wavelength anomaly (LHFZ), (ii) three high-wavelength anomalies (SHHZ, BHZ, and URHZ in Fig. 3B), and (iii) seven zones of very high-wavelength anomalies (flux >175 mW/m2). Notably, the long-wavelength surface heat flow anomaly (>120 mW/m2) trends roughly N55°E, as illustrated in Figure 3, coinciding with the northern boundary of the thin lithosphere-crust corridor (Figs. 9A and 10) and with a positive seismic velocity anomaly (labeled “b” in Figs. 4A, B, C and 6).
This overlap between long-wavelength thermal anomalies and positive seismic velocity anomalies suggests a potential increased mantle heat flux beneath this region. Further insights are provided by seismic velocity maps and cross-sections, which reveal the structure of the upper mantle.
In addition to these seismic anomalies, the fast NW-SE SKS azimuths in the studied zone align with the stretching direction of the western Mediterranean back-arc basins, reflecting a 30–15 Ma period of back-arc extension (Jolivet et al., 2009; Faccenna et al., 2014; Fig. 10A, B). The associated NW-SE mantle flow, driven by the Cenozoic retreat of the Calabria slab over 800 km in the western Mediterranean, has been well documented by Carminati et al. (1998), Jolivet et al. (2009), Faccenna et al. (2014), and Romagny et al. (2020).
The thin crust-lithosphere corridor and thermal weakening observed in the northern and southern ECRIS domains (NED and SED in Figs. 6A, B, 7B, and 9A) are thought to have been initiated during the Cenozoic back-arc extension of the western Mediterranean, linked to the significant retreat of the NW-slab. Together, these features suggest that the Massif Central was a key site of slab retreat and mantle flow, playing a central role in the reorganization of lithospheric deformation during the Tertiary. However, an alternative interpretation to explain the observed lithospheric thinning emphasizes the specific role of the Variscan French Massif Central. Crustal and lithospheric mantle thickness data, combined with gravity anomalies, highlight this region as experiencing during Variscan orogeny significant lithospheric thinning, north-directed subduction, and gravitational collapse. Despite later modifications, the thin lithosphere beneath the Variscan internal zone is interpreted as a remnant of the original Variscan architecture (Mazur et al., 2026). The thin crust-lithosphere corridor and the thermal weakening observed in the northern and southern ECRIS domains (NED and SED in Figs. 6AB, 7B, and 9A) are thought to have been initiated during the Cenozoic back-arc extension of the western Mediterranean, associated with the significant retreat of the NW-slab. The accumulation of cold material at the 660 km Transition Zone related to the downward pull of the Alpine lithospheric slab would have also triggered small-scale mantle upwelling (Fig. 9C; Sobolev et al., 1996; Goes et al., 1999; Merle and Michon, 2001; Piromallo et al., 2001, 2008; Piromallo and Faccenna, 2004; Tommasi and Vauchez, 2015; El‐Sharkawy et al., 2020; Jolivet et al., 2021; Rappisi et al., 2022). This top-down processes could also explain the Massif central Cenozoic volcanism (Meyer and Foulger, 2007; Piromallo et al., 2008; Faccenna et al., 2010). In this context, localized mantle upwellings such as those identified through seismic tomography may be induced by mechanisms such as edge-driven convection or slab-triggered plumes (Piromallo et al., 2008). The Variscan and Cadomian terranes (e.g., the Armorican, Ligerian domain and Cadomian domains) act as a resistant entity, impeding the flow of mantle upwelling and diverting it towards the periphery of the North Armorica Paris Basin block (NAPBD in Figs. 6A, 9D).
Finally, numerical models of mantle convection suggest that asthenosphere-lithosphere coupling may result in NE-SW recent compression (15 to 0 Ma) in most areas of France (Faccenna and Becker, 2010; Faccenna et al., 2014). This ongoing compression likely plays a role in the dynamic uplift of the Massif Central and in shaping the region’s large-scale surface heat flow patterns (Figs. 3 and 9A, C).
However, a contribution from crustal heat flow to the surface heat flow cannot be ruled out. Indeed, Lucazeau et al. (1984) and Duwiquet et al. (2019), in a study focused on crustal faults in the Massif Central, demonstrated that crustal heat flow could account for up to 26% of the total surface heat flux. Nevertheless, these values remain significantly lower than those associated with mantle-derived heat flow. In the context of our study, we consider the crustal contribution to be relatively minor, due to the highly heterogeneous lithology of the region (see Supplementary file 3; (Baptiste, 2016)) − dominated by sedimentary formations
Therefore, we interpret the observed surface heat flow as being primarily controlled by two main processes: (1) asthenospheric flow, and (2) small-scale mantle upwelling, likely related to the accumulation of cold material from the Calabrian Alpine Slab near the 660 km transition zone.
6.4 Heat flow anomaly and lithospheric faults
The lithospheric faults detected in the study area would thus facilitate upward movement of heat and development of the surface heat flow anomalies (Fig. 9).
Therefore, these major discontinuities are expected to create a significant anisotropy in thermicity within the lithospheric mantle. This result in faster heat flow parallel to the discontinuities and slower heat flow perpendicular to the discontinuities, allowing the heat flow to rise in the upper crust (Pili et al., 1997; Italiano et al., 2000; Vauchez and Tommasi, 2003). These concepts are supported by the location of the highest anomaly in surface heat flow (up to 150 mW/m2, D in Fig. 9), in the vicinity of the Rhine Bresse Limagne transfer fault zone (RBLTZ in Figs. 9A and 10).
6.5 Heat flow anomaly and crustal faults
Lithospheric faults are linked to the surface through a network of crustal faults, which can facilitate the circulation of geothermal fluids and lead to mineral precipitation (Bourcier et al., 2005; Vauchez et al., 2012; Regenspurg et al., 2015). Fault intersections, characterized by a dense fracture network and high connectivity, favour environments conducive to high-temperature geothermal systems (Faulds et al., 2006; 2012; Faulds and Hinz, 2015; Duwiquet, 2022). Thus, the connectivity of fault zones plays a crucial role in geothermal systems.
The analysis of fault densities in Figure 11 identifies two sectors of interest presenting dense fault networks (these zones are situated in Fig. 10A).
Zones (1) (Upper Rhine Graben), and (2) (Bresse), are characterised by high to very surface heat flow (>120 mW/m2) and fault density, and both sectors exhibit a significant density of faults. To further define the impact of fault network density on surface heat flux in detail, these two zones have been subjected to a more detail analysis, considering the 1/50,000 scale structural map (BRGM; see Figs. 11A, B).
Zone (1) includes a portion of the Upper Rhine Graben and associated deformations, as well as several notable faults such as the Lalaye-Lubine fault (LLF), the Nomény fault (NF), the Sainte-Marie-aux-Mines Retournemer fault (SMF), the Tignécourt Fault (TiF), the Vittel fault (VF), and the Vosges fault (VoF). It also encompasses the northeastern part of the Rhine Bresse Transfer Zone (Fig. 11A). This zone presents 3270 connecting nodes. High-connecting nodes density zones are aligned along a N060° axis, superimposed to the transverse fault network of the RBTZ (cluster 2 in Fig. 11A). An increase of connecting node density can be noticed at the intersection of the N060° axis and the shoulders of the Upper Rhine Graben (n = 2219; cluster 1 Fig. 11A). Moreover, node densities also increase at intersections between Upper Rhine Graben related deformation and other major faults (Fig. 11A) such as Lalaye-Lubine fault (n = 227), Sainte-Marie-aux-Mines fault (n = 140), and Vosges Fault (n = 860). Overall, there is an increase in connecting node density along the Vosges Fault. In this zone, there are two N000°-N020°-striking high surface heat flow anomalies ((a) and (b) Fig. 11A) with the most important heat flow area located in the northern part of the studied zone (b). The cluster 1 visible on the edges of the Upper Rhine Graben overlaps with the eastern anomaly (Fig. 11A). The two main very high surface heat flow patches are located in the northern part of (a) and (b) (Fig. 11A). The northern part of (a) presents, however, a relatively low density of connecting nodes (n = 21).
Zone (2) includes the northern parts of Bresse. This area comprises several notable faults: the Avallon fault (AvF), the Toulon-sur-Arroux le Creusot fault (ToF), the Monceau-les-Mines fault (MMF), the La Serre fault (LSF), and the Jura thrust fault (JTF) (Fig. 11B). The zone also cross-cut the southwestern part of the Rhine Bresse Limagne transfer zone (RBLTZ; Fig. 11B). Zone (2), with 3270 referred nodes is the denser one, three clusters of connecting nodes are visible in this area (clusters 1 to 3 in Fig. 11B). Most connecting nodes (n = 1526) align along an N020° axis, on the Bresse Graben shoulders (cluster 1 in Fig. 11B). This N020° direction corresponds to the orientation of Bresse Graben rifting faults. In the N020°-striking cluster 1, node density increases at intersections between NNE-SSW and ENE-WSW faults (e.g., faults in the Mâlain, Saussy, and Vernot sectors; Fig. 11B). Three high-density connecting node zones are also visible northeast of Zone (2) and correspond to cluster 2, located at the southern and northern RBTZ boundaries (Fig. 11B). Cluster 3 is a high-density connecting node zone in the southeast can be associated with deformation related to the Limagne Graben (Fig. 11B). In this area, the heat flow anomaly aligns along two axes: N060°–N070° and N000°–N020°. The northern part of cluster 2 overlaps the N060°–N070°-striking high heat flow axis and is partially encompassed within the very high surface heat flow (b) (Fig. 11B). The N000°–N020° anomaly, aligns perfectly with the connecting node clusters corresponding to the edge of the Bresse Graben (Cluster 1 Fig. 11B). Only the northern part of cluster 3 is included within a high surface heat flow zone (Fig. 11B). The area of very high surface heat flow (a) is not correlated with a high density of fault intersections; rather, it is located along the Avallon Fault (Fig. 11B), a connection between the high fault densities and the very high surface heat flow can be established. The fluid circulations related to the high connectivity zones may have led to the cementation of fault zones with thermally conductive minerals(Clauser and Huenges, 1995) such as calcite (λ: 4.2–5.0), silica (λ: 6.5–11.3), magnetite (λ: 9.7), or fluorite (λ: 10.1). Such mineralization could partially explain the high surface heat flow values observed.
The role of crustal faults in explaining surface heat flow anomalies is described by Duwiquet et al. (2019), who emphasize the importance of porosity during the mineralization of fault zones.
	[image: Thumbnail: Fig. 11 Refer to the following caption and surrounding text.]	Fig. 11 Two specific areas of interest showing the interaction between the fault network connectivity and the heat flow. A: the south Upper-Rhine Graben sector, B: northern parts of Bresse Graben The black dashed lines delineate areas of interest described in section 6.5. AuF: Autun Fault, AvF: Avallon Fault, EF: Epinal Fault, JTF: Jura Thrust Fault, LLF: Lalaye-Lubine fault, LSF: La Serre Fault, MMF: Montceau-les-mines Fault, NF: Nomény Fault, RBTZ: Rhine Bresse transfer zone, SF: Sarre Fault, SMF: Ste. Marie-aux-Mines-Retournemer Fault, TF: Tonnerre Fault, TiF: Tignécourt Fault, ToF: Toulon-sur-Arroux-le Creusot Fault, VF: Vittel Fault, VoF: Vosges Fault, VolF: Vologne Fault.



7 Perspectives on crustal faults and geothermal systems
Geothermal systems are strongly controlled by crustal faults that display specific geometric and mechanical properties, including damaged zones thicker than 100 m, displacements of at least 100–150 m, and kilometer-scale lengths (Guillou-Frottier et al., 2024). When lithospheric faults extend into the upper crust, they facilitate fluid flow and heat transfer, thus sustaining geothermal activity at shallow depths.
Tectonic stresses are fundamental for maintaining permeability within fault zones, as they drive fluid circulation and keep fractures open (McLellan et al., 2004; Rowland and Sibson, 2004; Cox et al., 2012; Armandine Les Landes et al., 2019; Taillefer et al., 2021; Duwiquet et al., 2022; Guillou-Frottier et al., 2024). Significant changes in tectonic settings influence geothermal system parameters such as temperature and flow rates (Cox et al., 2012; Taillefer et al., 2021; Guillou-Frottier et al., 2024). Favourably oriented tectonic stresses within deformation zones may sustain permeability and keep fractures open (Curewitz and Karson, 1997; Guillou-Frottier et al., 2024). Strike-slip regimes are particularly favorable for fluid movement, as shown in zones such as La Marche, Bresse Graben, and the Upper Rhine Graben (Guillou-Frottier et al., 2024). Active faults identified by seismicity (over 40,000 earthquakes) coincide with areas of thermal and mineral springs, confirming their role as conduits for heat and fluid flow (Manchuel et al., 2018; Cara et al., 2015).
Stress regimes and maximum horizontal stress (SHmax) orientations were determined from borehole breakouts, focal mechanisms, hydraulic fractures, and drilling-induced fractures (Fig. 12; Heidbach et al., 2018). In the Sillon Houiller zone, stresses are generally NW-SE to NNE-SSW, with all three regimes represented. In the Bresse Graben, SHmax is oriented N-S and linked to strike-slip faulting, while in the Upper Rhine Graben, SHmax orientations range from N-S to NW-SE, also encompassing all stress regimes. Strike-slip orientations are especially favorable for geothermal upwellings. For example, the La Marche fault exhibits orientations at 30° and 70° to SHmax, consistent with the presence of thermal and mineral springs (Duwiquet et al., 2021; 2022; Guillou-Frottier et al., 2024). Similarly, favorable stress alignments explain thermal and mineral springs along the Avallon, Tonnerre, and Vittel faults (Fig. 14).
Where lithospheric faults do not directly reach the surface, interconnected crustal fault networks govern heat transfer efficiency, longevity, and flow rates. Their permeability depends on architecture, rock and fracture properties, depth, stress conditions, tectonic regime, and geometry (Ingebritsen and Gleeson, 2017; Taillefer et al., 2018; Wanner et al., 2019; Guillou-Frottier et al., 2020; 2024; Alt-Epping et al., 2021).
Geothermal systems are predominantly linked with active faults, as seismic activity enhances permeability and indicates potential pathways for fluid circulation (Faulds et al., 2010; Siler et al., 2018; Louis et al., 2019; Duwiquet, 2022; Guillou-Frottier et al., 2024). In the studied area, more than 40,000 earthquakes have been recorded, including 4,178 historical events (FCAT-17 catalogue; SisFrance database) and 37,351 instrumental events (SI-Hex database, 1962–2021), with only 20 exceeding Mw ≥ 4 (Manchuel et al., 2018; Cara et al., 2015). About 12,666 earthquakes occurred at depths of 10–30 km (Fig. 13), mainly in the external Alps.
Important discontinuities associated with springs and high heat flow, such as the La Marche, Sillon Houiller, Loire, Vittel, and Toulon-sur-Arroux–le Creusot fault zones, are considered active (Fig. 14). However, macroseismicity alone does not ensure permeability preservation; a favorable stress regime is essential for sustaining fluid flows (Barton et al., 1995; Guillou-Frottier et al., 2024).
	[image: Thumbnail: Fig. 12 Refer to the following caption and surrounding text.]	Fig. 12 Correlation between the stress orientation / regime and the surface heat flow. Stress orientation map of the studied area is based on WSM database; (Heidbach et al., 2018), the colours and the length of the symbol indicate respectively the stress regime and the quality of stress measurements.



	[image: Thumbnail: Fig. 13 Refer to the following caption and surrounding text.]	Fig. 13 A: Map of historical (triangles) and instrumental seismicity (rounds), with their respective intensity and magnitudes. Grey round points correspond to historical seismicity sourced from the FCAT-17 (Manchuel et al., 2018) catalogue integrating the SisFrance earthquakes database [SisFrance, BRGM, EDF, IRSN (2023)], while other round points represent data from Instrumental Seismicity Catalogue covers from the Si-Hex project (Cara et al., 2015). B: Depth and focal mechanisms of the seism. Depth of seismicity is from SisFrance earthquakes database (https://www.sisfrance.net/), and the selected focal mechanism sourced from Mazzotti et al. (2021). Traces of potentially active faults were obtained through the BDFA Database (IRSN).



	[image: Thumbnail: Fig. 14 Refer to the following caption and surrounding text.]	Fig. 14 Synthetic map showing lithospheric faults, localstrike-slip stress orientations, fault activity, surface heat flow distributions, and the occurrence of thermal and mineral springs.



8 Conclusion
This multidisciplinary approach highlights the importance of integrating multiple tools and methods to better understand the heat flow observed at the surface, which is crucial for identifying areas favorable for geothermal energy. Through a multi-scale analysis (tomography, SKS, seismic lithospheric thickness map, moho depth, gravimetric map, fault network density and surface heat flow data), this study has enabled a more precise visualisation of structural heterogeneities at different depths, from the lithosphere to the surface, and their potential link with the heat flows.
This highlights the following conclusions: The origin of heat flow in the Earth’s crust can be attributed to two main processes: (1) asthenospheric flow and (2) small-scale mantle upwelling, which is linked to the accumulation of cold material from the Calabrian Alpine Slab at the 660 km transition zone. These mantle dynamics, which influence heat transfer over tens to hundreds of millions of years, continue to impact present-day temperatures and surface heat flow. However, a contribution from crustal heat flow should not be ruled out, even if it appears to be relatively minor. The interaction between mantle flows and lithospheric faults drives the upward movement of heat. The major discontinuities corresponding to lithospheric faults and the networks of mineralized crustal faults are the vectors of heat flow towards the surface. These vectors lead to localized heat flow anomalies at the surface. The crustal fault network helps to understand the distribution of localized heat flow at the surface when connected to lithospheric and mineralized faults, as it can conduct the heat transfer. However, it also plays a role when the faults are open. Indeed, well oriented active crustal faults allow the transfer of potentially hot fluids to the surface. Strike-slip stress regimes, in particular, are most conducive to fluid upwellings. The orientation of maximum horizontal strike-slip stress around areas with high heat flow can promote significant upward movement of geothermal fluids, as observed in fault zones such as the Vittel and Tonnerre faults. The increased density of thermal and mineral springs at the junctions of lithospheric fault zones and crustal network is in line with a higher potential for geothermal systems.
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	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 A: Geological map of studied area (modified from the Europe − GISEurope − 1:1,500,000 scale − Bedrock Age; BRGM). The ante Triassic lithospheric discontinuities (dashed grey lines) are modified from Baptiste (2016). URG: Upper Rhine Graben, BG: Bresse Graben, LG: Limagne Graben, LRG : Lower Rhine (Roer Valley) Graben, PB: Paris Basin, PBMA : Paris Basin Magnetic Anomaly, AF: Ales Fault, AiF: Aigueperse Fault, ArF: Argentat Fault, AvF: Avallon Fault, BFF: Black Forest Fault, BF: Bray fault, CF: Cevennes Fault, CHF: Chantonnay Fault, CHoF: Cholet fault, DF: Durance Fault, DTF : Digne Thrust Front, JTF: Jura Thrust Front, LF: Loire Fault, LiF : Limagne Fault, LLF: Lalaye-Lubine fault, LRFS: Lower Rhine Fault System, LMF: La Marche Fault, LSF: La Serre Fault, MF: Marsanne Fault, MFZ: Midi Fault Zone, MzF : Metz fault, NASZ: North Armorican Shear Zone, NPF: North Pyrenees Fault, NSE : Nort-Sur-Edre fault, PBMA: Paris Basin Magnetic Anomaly, PF: Pilat Fault, PFT : Pennic Thrust Front, RBTZ: Rhine Bresse Transfer Zone, RF: Rhine Fault, SANSZ: South Armorican Northern Shear Zone, SASSZ: South Armorican Southern Shear Zone, SBTF : Subalpine Thrust Front, SeF: Seine Fault, SF: Sarre Fault, TF : Tonnerre fault, ValF: Valence Fault, VF: Vittel fault, SHF: Sillon Houiller, WRF: West Rhenan Fault.
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	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Different methods and database used with their corresponding earth layers. Illustration of a large-scale lithospheric shear zone is modified from Vauchez and Tommasi (2003).
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	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Interpolated maps of surface heat flow data. A: modified from Lucazeau and Vasseur (1989), and B: interpolated from The Global Heat Flow Database: Update 2023. For more details on heat flow data extrapolation, see Annexe 1. The white dashed lines correspond to the heat zone contours, thick and thin dashed line correspond respectively to large-scale and small-scale heat flow anomaly. LFHZ : Low Frequency Heat zone, SHHZ: Sillon Houiller Heat Zone, BHZ: Burgundy Heat Zone, URHZ: Upper Rhine Heat Zone.
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	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 P-wave seismic tomography images centred on Upper Rhine, Bresse and Limagne Grabens (lat. 40°N to 52°N and ln. 5°W to 11.5°E, based on P-Wave model (Hosseini, 2016; Hosseini et al., 2018), A: Tomography depth-slices at depths of 20 km, 70 km and 140 km, B: Simplified map of tomography warm and cold spots. The high surface heat flow patches of Figure 3B are also reported. The lines identified with the numbers (i.e., 1, 2 and 3) represent the profiles of the sections showed in C. C: 2-D tomography cross-sections at latitude of 48, longitude of 5, and 2 diagonals passing through ECRIS rifts (cross-sections 1 and 3). The depths of the dashed lines are 410, 660, 1000 km from the surface. NAPBD: North Armorica Paris Basin Domain, RBLTZ: Rhine-Bresse-Limagne Transfer zone, NED: North ECRIS domain, SED: South ECRIS Domain.
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	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 S-wave seismic tomography depth-slices at depths of 140 km based on four different S-Wave models: A: SEMUCB-WM1 (French and Romanowicz, 2014), B: GyPSuM-S (Simmons et al., 2010), C: SEMUlm (Lekić and Romanowicz, 2011), and D: Savani (Auer et al., 2014).
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	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 Lithosphere- asthenosphere properties of the studied area. A: Tomography depth-slice at depth of 140 km (based on P-Wave model, Hosseini et al., 2018), NAPBD. North Armorica Paris Basin Domain, RBLTZ. Rhine-Bresse-Limagne Transfer zone, NED. North ECRIS domain, SED. South ECRIS Domain. B: Depth of the LAB Lithosphere-Asthenosphere Boundary (i.e., seismic lithosphere thickness) modified from the global model LITHO1.0 (Pasyanos et al., 2014). The high surface heat flow areas are defined from Figure 3B, NAPBD: North Armorica Paris Basin Domain, RBLTZ: Rhine-Bresse-Limagne Transfer zone, NED: North ECRIS domain, SED: South ECRIS Domain
In the text



	[image: Thumbnail: Fig. 7 Refer to the following caption and surrounding text.]	Fig. 7 A: Gravimetry anomalies after the N80W60 and N80E0 gravimetry maps of Sandwell et al. (2014). B: Depth (km) of the Mohorovicic discontinuity modified after Cloetingh et al. (2007). The high surface heat flow areas are defined from Figure 3B. LDCR: Low-Depth Crustal Region, URG: Upper Rhine Graben, BG: Bresse Graben, LG: Limagne Grabens, LRG: Lower Rhine (Roer Valley) Graben, NAPBD. North Armorica Paris Basin Domain, RBLTZ. Rhine-Bresse-Limagne Transfer zone, NED. North ECRIS domain, SED. South ECRIS Domain. B: Depth of the LAB AvF: Avallon Fault, BF: Bray fault, CHF: Chantonnay Fault, CHoF: Cholet fault, MzF: Metz fault, NASZ: North Armorican Shear Zone, NSE: Nort-Sur-Edre fault, SANSZ: South Armorican Northern Shear Zone, SeF: Seine Fault, SF: Sarre Fault, TF: Tonnerre fault, VF: Vittel fault, NAPBD. North Armorica Paris Basin Domain, RBLTZ. Rhine-Bresse-Limagne Transfer zone, NED. North ECRIS domain, SED. South ECRIS Domain.
In the text



	[image: Thumbnail: Fig. 8 Refer to the following caption and surrounding text.]	Fig. 8 Compilation of SKS splitting data. Red: measurements from Barruol et al. (2004), dark blue: measurements from Bokelmann et al. (2013), purple: measurements from Bonnin et al. (2017), pink: measurements from Bormann et al. (1993), brown: measurements from Judenherc et al. (2003), green: measurements from Vinnik et al. (1994), light blue: measurements from (Walker et al. (2005), orange: measurements from Walther et al. (2014). SKS splitting data have good lateral but poor vertical resolution and constrain the upper mantle anisotropy (Wüstefeld et al., 2009; Vauchez et al., 2012; Tommasi and Vauchez, 2015). The high surface heat flow areas are defined from Figure 3B.
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	[image: Thumbnail: Fig. 9 Refer to the following caption and surrounding text.]	Fig. 9 Components of sub-crustal topographical support and surface heat flow on a Brittany-Southern Subalpine Chaîne section (location in Figs. 1, 3, 4AB, 6, 7 and 11A). A) topographic data from source etopo 1: http://www.ndgc.noaa.gov/mgg/fl (from Faccenna and Becker (2020), and Stephenson et al. (2024) and B) dynamic topography (From Faccenna and Becker, 2020), C) Gravity anomaly data from Sandwell et al. (2014), D) surface heat flow data (modified from Lucazeau and Vasseur (1989) and interpolated from The Global Heat Flow Database: Update 2023). Note the superposition of the Rhine-Bresse-Limagne transfer zone (RBLTZ) and the small-scale heat flow anomaly suggesting that RBLTZ is a lithospheric fault zone connecting surface and mantle, E) lithopheric thickness modified from (Pasyanos et al., 2014). The RBLTZ-Massif Central domain is limited to west by the thick-lithosphere of Armorican and it corresponds to a corridor of thin lithosphere associated with upper mantle upwelling and probably edge driven convection, F) P-wave seismic tomography section. The depths of the dashed lines are 410 and 660 km from the surface.
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	[image: Thumbnail: Fig. 10 Refer to the following caption and surrounding text.]	Fig. 10 Characterization of the upper mantle flows. A: Synthetic map considering the Moho depth, the LAB depth, the tomography anomalies, the high surface temperature, the SKS splitting data and the location of lithospheric and transfer faults. B: Schematic illustration of Oligocene to present mantle flow (modified from Jolivet et al., 2022). C: Mantle flow upwellings related to the Calabrian slab (modified from Faccenna et al., 2010).
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	[image: Thumbnail: Fig. 11 Refer to the following caption and surrounding text.]	Fig. 11 Two specific areas of interest showing the interaction between the fault network connectivity and the heat flow. A: the south Upper-Rhine Graben sector, B: northern parts of Bresse Graben The black dashed lines delineate areas of interest described in section 6.5. AuF: Autun Fault, AvF: Avallon Fault, EF: Epinal Fault, JTF: Jura Thrust Fault, LLF: Lalaye-Lubine fault, LSF: La Serre Fault, MMF: Montceau-les-mines Fault, NF: Nomény Fault, RBTZ: Rhine Bresse transfer zone, SF: Sarre Fault, SMF: Ste. Marie-aux-Mines-Retournemer Fault, TF: Tonnerre Fault, TiF: Tignécourt Fault, ToF: Toulon-sur-Arroux-le Creusot Fault, VF: Vittel Fault, VoF: Vosges Fault, VolF: Vologne Fault.
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	[image: Thumbnail: Fig. 12 Refer to the following caption and surrounding text.]	Fig. 12 Correlation between the stress orientation / regime and the surface heat flow. Stress orientation map of the studied area is based on WSM database; (Heidbach et al., 2018), the colours and the length of the symbol indicate respectively the stress regime and the quality of stress measurements.
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	[image: Thumbnail: Fig. 13 Refer to the following caption and surrounding text.]	Fig. 13 A: Map of historical (triangles) and instrumental seismicity (rounds), with their respective intensity and magnitudes. Grey round points correspond to historical seismicity sourced from the FCAT-17 (Manchuel et al., 2018) catalogue integrating the SisFrance earthquakes database [SisFrance, BRGM, EDF, IRSN (2023)], while other round points represent data from Instrumental Seismicity Catalogue covers from the Si-Hex project (Cara et al., 2015). B: Depth and focal mechanisms of the seism. Depth of seismicity is from SisFrance earthquakes database (https://www.sisfrance.net/), and the selected focal mechanism sourced from Mazzotti et al. (2021). Traces of potentially active faults were obtained through the BDFA Database (IRSN).
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	[image: Thumbnail: Fig. 14 Refer to the following caption and surrounding text.]	Fig. 14 Synthetic map showing lithospheric faults, localstrike-slip stress orientations, fault activity, surface heat flow distributions, and the occurrence of thermal and mineral springs.
In the text
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        A: Geological map of studied area (modified from the Europe − GISEurope − 1:1,500,000 scale − Bedrock Age; BRGM). The ante Triassic lithospheric discontinuities (dashed grey lines) are modified from Baptiste (2016). URG: Upper Rhine Graben, BG: Bresse Graben, LG: Limagne Graben, LRG : Lower Rhine (Roer Valley) Graben, PB: Paris Basin, PBMA : Paris Basin Magnetic Anomaly, AF: Ales Fault, AiF: Aigueperse Fault, ArF: Argentat Fault, AvF: Avallon Fault, BFF: Black Forest Fault, BF: Bray fault, CF: Cevennes Fault, CHF: Chantonnay Fault, CHoF: Cholet fault, DF: Durance Fault, DTF : Digne Thrust Front, JTF: Jura Thrust Front, LF: Loire Fault, LiF : Limagne Fault, LLF: Lalaye-Lubine fault, LRFS: Lower Rhine Fault System, LMF: La Marche Fault, LSF: La Serre Fault, MF: Marsanne Fault, MFZ: Midi Fault Zone, MzF : Metz fault, NASZ: North Armorican Shear Zone, NPF: North Pyrenees Fault, NSE : Nort-Sur-Edre fault, PBMA: Paris Basin Magnetic Anomaly, PF: Pilat Fault, PFT : Pennic Thrust Front, RBTZ: Rhine Bresse Transfer Zone, RF: Rhine Fault, SANSZ: South Armorican Northern Shear Zone, SASSZ: South Armorican Southern Shear Zone, SBTF : Subalpine Thrust Front, SeF: Seine Fault, SF: Sarre Fault, TF : Tonnerre fault, ValF: Valence Fault, VF: Vittel fault, SHF: Sillon Houiller, WRF: West Rhenan Fault.
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        Different methods and database used with their corresponding earth layers. Illustration of a large-scale lithospheric shear zone is modified from Vauchez and Tommasi (2003).

      

    

  
    
      Fig. 3 

      
        [image: Fig. 3 Refer to the following caption and surrounding text.]
      

      
        Interpolated maps of surface heat flow data. A: modified from Lucazeau and Vasseur (1989), and B: interpolated from The Global Heat Flow Database: Update 2023. For more details on heat flow data extrapolation, see Annexe 1. The white dashed lines correspond to the heat zone contours, thick and thin dashed line correspond respectively to large-scale and small-scale heat flow anomaly. LFHZ : Low Frequency Heat zone, SHHZ: Sillon Houiller Heat Zone, BHZ: Burgundy Heat Zone, URHZ: Upper Rhine Heat Zone.
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        P-wave seismic tomography images centred on Upper Rhine, Bresse and Limagne Grabens (lat. 40°N to 52°N and ln. 5°W to 11.5°E, based on P-Wave model (Hosseini, 2016; Hosseini et al., 2018), A: Tomography depth-slices at depths of 20 km, 70 km and 140 km, B: Simplified map of tomography warm and cold spots. The high surface heat flow patches of Figure 3B are also reported. The lines identified with the numbers (i.e., 1, 2 and 3) represent the profiles of the sections showed in C. C: 2-D tomography cross-sections at latitude of 48, longitude of 5, and 2 diagonals passing through ECRIS rifts (cross-sections 1 and 3). The depths of the dashed lines are 410, 660, 1000 km from the surface. NAPBD: North Armorica Paris Basin Domain, RBLTZ: Rhine-Bresse-Limagne Transfer zone, NED: North ECRIS domain, SED: South ECRIS Domain.

      

    

  
    
      Fig. 5 

      
        [image: Fig. 5 Refer to the following caption and surrounding text.]
      

      
        S-wave seismic tomography depth-slices at depths of 140 km based on four different S-Wave models: A: SEMUCB-WM1 (French and Romanowicz, 2014), B: GyPSuM-S (Simmons et al., 2010), C: SEMUlm (Lekić and Romanowicz, 2011), and D: Savani (Auer et al., 2014).
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        Lithosphere- asthenosphere properties of the studied area. A: Tomography depth-slice at depth of 140 km (based on P-Wave model, Hosseini et al., 2018), NAPBD. North Armorica Paris Basin Domain, RBLTZ. Rhine-Bresse-Limagne Transfer zone, NED. North ECRIS domain, SED. South ECRIS Domain. B: Depth of the LAB Lithosphere-Asthenosphere Boundary (i.e., seismic lithosphere thickness) modified from the global model LITHO1.0 (Pasyanos et al., 2014). The high surface heat flow areas are defined from Figure 3B, NAPBD: North Armorica Paris Basin Domain, RBLTZ: Rhine-Bresse-Limagne Transfer zone, NED: North ECRIS domain, SED: South ECRIS Domain
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        A: Gravimetry anomalies after the N80W60 and N80E0 gravimetry maps of Sandwell et al. (2014). B: Depth (km) of the Mohorovicic discontinuity modified after Cloetingh et al. (2007). The high surface heat flow areas are defined from Figure 3B. LDCR: Low-Depth Crustal Region, URG: Upper Rhine Graben, BG: Bresse Graben, LG: Limagne Grabens, LRG: Lower Rhine (Roer Valley) Graben, NAPBD. North Armorica Paris Basin Domain, RBLTZ. Rhine-Bresse-Limagne Transfer zone, NED. North ECRIS domain, SED. South ECRIS Domain. B: Depth of the LAB AvF: Avallon Fault, BF: Bray fault, CHF: Chantonnay Fault, CHoF: Cholet fault, MzF: Metz fault, NASZ: North Armorican Shear Zone, NSE: Nort-Sur-Edre fault, SANSZ: South Armorican Northern Shear Zone, SeF: Seine Fault, SF: Sarre Fault, TF: Tonnerre fault, VF: Vittel fault, NAPBD. North Armorica Paris Basin Domain, RBLTZ. Rhine-Bresse-Limagne Transfer zone, NED. North ECRIS domain, SED. South ECRIS Domain.
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        Compilation of SKS splitting data. Red: measurements from Barruol et al. (2004), dark blue: measurements from Bokelmann et al. (2013), purple: measurements from Bonnin et al. (2017), pink: measurements from Bormann et al. (1993), brown: measurements from Judenherc et al. (2003), green: measurements from Vinnik et al. (1994), light blue: measurements from (Walker et al. (2005), orange: measurements from Walther et al. (2014). SKS splitting data have good lateral but poor vertical resolution and constrain the upper mantle anisotropy (Wüstefeld et al., 2009; Vauchez et al., 2012; Tommasi and Vauchez, 2015). The high surface heat flow areas are defined from Figure 3B.
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        Components of sub-crustal topographical support and surface heat flow on a Brittany-Southern Subalpine Chaîne section (location in Figs. 1, 3, 4AB, 6, 7 and 11A). A) topographic data from source etopo 1: http://www.ndgc.noaa.gov/mgg/fl (from Faccenna and Becker (2020), and Stephenson et al. (2024) and B) dynamic topography (From Faccenna and Becker, 2020), C) Gravity anomaly data from Sandwell et al. (2014), D) surface heat flow data (modified from Lucazeau and Vasseur (1989) and interpolated from The Global Heat Flow Database: Update 2023). Note the superposition of the Rhine-Bresse-Limagne transfer zone (RBLTZ) and the small-scale heat flow anomaly suggesting that RBLTZ is a lithospheric fault zone connecting surface and mantle, E) lithopheric thickness modified from (Pasyanos et al., 2014). The RBLTZ-Massif Central domain is limited to west by the thick-lithosphere of Armorican and it corresponds to a corridor of thin lithosphere associated with upper mantle upwelling and probably edge driven convection, F) P-wave seismic tomography section. The depths of the dashed lines are 410 and 660 km from the surface.
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        Characterization of the upper mantle flows. A: Synthetic map considering the Moho depth, the LAB depth, the tomography anomalies, the high surface temperature, the SKS splitting data and the location of lithospheric and transfer faults. B: Schematic illustration of Oligocene to present mantle flow (modified from Jolivet et al., 2022). C: Mantle flow upwellings related to the Calabrian slab (modified from Faccenna et al., 2010).
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        Two specific areas of interest showing the interaction between the fault network connectivity and the heat flow. A: the south Upper-Rhine Graben sector, B: northern parts of Bresse Graben The black dashed lines delineate areas of interest described in section 6.5. AuF: Autun Fault, AvF: Avallon Fault, EF: Epinal Fault, JTF: Jura Thrust Fault, LLF: Lalaye-Lubine fault, LSF: La Serre Fault, MMF: Montceau-les-mines Fault, NF: Nomény Fault, RBTZ: Rhine Bresse transfer zone, SF: Sarre Fault, SMF: Ste. Marie-aux-Mines-Retournemer Fault, TF: Tonnerre Fault, TiF: Tignécourt Fault, ToF: Toulon-sur-Arroux-le Creusot Fault, VF: Vittel Fault, VoF: Vosges Fault, VolF: Vologne Fault.
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        Correlation between the stress orientation / regime and the surface heat flow. Stress orientation map of the studied area is based on WSM database; (Heidbach et al., 2018), the colours and the length of the symbol indicate respectively the stress regime and the quality of stress measurements.
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        A: Map of historical (triangles) and instrumental seismicity (rounds), with their respective intensity and magnitudes. Grey round points correspond to historical seismicity sourced from the FCAT-17 (Manchuel et al., 2018) catalogue integrating the SisFrance earthquakes database [SisFrance, BRGM, EDF, IRSN (2023)], while other round points represent data from Instrumental Seismicity Catalogue covers from the Si-Hex project (Cara et al., 2015). B: Depth and focal mechanisms of the seism. Depth of seismicity is from SisFrance earthquakes database (https://www.sisfrance.net/), and the selected focal mechanism sourced from Mazzotti et al. (2021). Traces of potentially active faults were obtained through the BDFA Database (IRSN).
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        Synthetic map showing lithospheric faults, localstrike-slip stress orientations, fault activity, surface heat flow distributions, and the occurrence of thermal and mineral springs.
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