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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 bpeatseable
geological formations and appropriate flow patterns. Fault zones, play a critical role in this
process, potentially acting as either drains or barfléus.study investigates the origins of heat

flow in geothermal reservoirs by comparing thege, 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 flowata 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 ind mantle density variations, structural boundaries, and flow direétions

together informing the model of heat distribution and Heghperature fluid migration.

This synthesidighlightsdifferent scale oheat flow anomalies above the continental average
of 67 mW/mz: (i) a longvavelength anomaly, (ii) three highavelengthanomalies, and (iii)
seven areas with very highavelengthanomalies exceeding 175 mW/m?. Higlwrface heat

flow anomalies are linketb fault zones, such as the Sillon Houiller falritcontrast, the long
wavelength anomaly at the scale of the French Massif Central (FMC) is probably not linked to
a lithospheric faultCharacterizing the lithospheesthenosphere architecture reveads the
long-wavelength thermal anomaly aligns with a thin lithosploeust corridor and a positive
seismic velocity anomaly, indicatingn increase in the mantle heat flux beneath the thin
lithosphere of the FMC and the Rhine GraldarUpper Rhine and Bisse Grabens areas, high
crustal fault density network connecting with major lithospheric discontinuities often
corresponds to high surface heat fldwe active and crustal faults (Sillon Houiller, La Marche,
and Vittel) facilitate the upward migration dfigh temperature fluid. Finallythis study
highlights the importance of integrating multidisciplinary methods to understand surface heat

flow and its implications for geothermal energy.



Résumé

Les systemes hydrothermaux souterrains jouent urci®léans les énergies renouvelables en
raison de leur haute efficacité thermique. Des ressources géeothermiques efficaces nécessitent
non seulement une source de chaleur, mais aussi des formations géologiques perméables et des
sch®mas do ®c o ek sones detfailles goaepttur®réle crucial dans ce processus,
pouvant agir soit comme drains, soit comme barrieres. 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 Systeme de Rift Cénozoique Européen (ECRIS), a l'aide
d'une approche multidisciplinaire analysant les propriétés thermiques, la structure profonde et
le réle 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 l a sismicit® et |l es donn®es doéorientati
structures crustales et les réseaux de failles. Par contmndmitaphie 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 doé®c oulbaamemeémblmalamoedlidatiomde & distribuwdiont r i

de la chaleur et de la migration des fluides a haute température.

Cette synth se met en ®vidence diff®rentes ®

a la moyenne continentale de 67 mW/m2u(l e anomal i e de grande | on
anomalies de | ongueur dbéonde moyenne, et (i
courte |l ongueur dbéonde d®passant 175 mW/ m] .

surface sont associéesxaones de failles, telles que la faille du Sillon Houiller. En revanche,

| 6anomal i e de grande | ongueur doéonde ~ | 06®ch
pas Il i ®e "’ une faille ' ithosph®rique. L a
ashénosphere montre que cette anomalie thermique de grande échelle coincide avec un corridor
de lithosphere mince, une anomalie positive de vitesse sismique, et indique une augmentation

du flux de chaleur mantellique sous la lithosphére amincie du MCHG&tadthen du Rhin. Dans

les régions des grabens du Rhin supérieur et de la Bresse, une densité élevée de failles crustales
connectées a des discontinuités lithosphériques majeures correspond probablement a un flux de
chaleur élevé en surface. Les failles tales actives (Sillon Houiller, La Marche et Vittel)

facilitent vraisemblablement la remontée de fluides a haute température.



Enfin, cette étude souligne l'importance d'intégrer des méethodes multidisciplinaires pour

comprendre le flux de chaleur en surfatses implications pour I'énergie géothermique.



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
rerewable energy Duwi quet et al ., 2020; Chen et al
et al., 2023)Beyond the heat source, the thermal properties of geological formations, including
their mineralogical compositiofthe intrinsicconductivity 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 resourcé&anguly and Mohan Kumar, 2012; Glaas et al., 2021; Jolie et al., 2021;
Duwiquet, 2022; Duwiquet et al2022; Gudmundsson, 2022; Guillduottier et al., 2024)
Geothermal exploration relies on comprehending how geological features interact to control
fluid flows and influence thgeothermalesource locatiofJolie et al., 2021; Duwiquet et al.,
2022) Since flow patternsf hydrothermal fluidslepend orhydraulicreservoir properties, a
comprehensive understanding of reservoir structural (i.e., fault zones) and petrophysical
properties is crucidlGudmundsdottir and Horne, 2020; Daniilidis et al., 2021; Jolie et al., 2021;
Duwiquet et al., 2022} ault zones are sltontinuities with a wide range of scale (i.e., crust and
lithosphergWatterson 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
rockgClauser and Huenges, 1995; Kukkonen and Peltoniemi, 180@ult zones, diagenetic
processes often lead to cementation by quartz and cédeiee Laubaclet al. (2010) and
references thereinjwo minerals with relatively high thermal conductivity, whiegmenhance

heat transfer compared to the surrounding rock formati@nst zones with their structural and
diagenetic properties may locally modify the thermal regime, influencing heat distribution
(Taillefer et al., 2017; Daniilidis et al., 2020; Auberaé, 2021; Pederson et al., 2021; Zaal et

al ., 2021; Gudmundsson, 20-FrdtiereMa,rr02e)k ovi I et

In order to better understand the functioning of geothermal reservoirs, thispstwiges a
synthesison heat flow and its origins across a wide area including Centre and Northeast parts
of France, Belgium, Luxembourg and Eastern Germany. This arealescharious zones
identified by the French Geological Survey (BRGM; Bureau de Recherches Géologiques et
Miniéres) as potential deep geothermal resources, including the Paris Basin, the Limagne
Graben, the Bresse Graben, and the Upper Rhine Graben (Higerimary objective of this

study is to i@ntify the different parameters influencing the surface heat flamachievehis

objective, a comprehensive, integrative mdIisciplinary, and multscale approach was



adopted, encompassing the charactaosadf structural properties (e.g., seismicity and fault
connectivity),lithosphere and crustaiternal 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.

2. Geological settings

This study includes three regions with high geothermal potential: the Limagne, Bresse, and
UpperRhine Grabens (LG, BG and URG irgFil). 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 deyphents in the subsequent section.

2.1 ECRIS grabens

The ECRIS, comprising several interlinked tectonic rifts, extends over a distance of 1100km
from the North Sea to the Mediterrane@drodehl et al.,, 1992; Ziegler, 1992, 1994,
Schumacher, 2002; Michon et al., 2003; Dézes 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 Grabepextending 300 km in length and-80 km in width, is bordered by
the Swiss Jura Mountains to the south and the Rhenish Massif, theDgssssion, and the
Vogelsberg to the north (Fig. $chumacher, 2002; Duringer et al., 2019; Frey et al., 2022)

The Limagne Grabenlocated in the northern part of the Massif Central, is limited by the
Limagne fault and the Chaine des Puys to the whestlionts 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 Grabema NS striking graben, with a length of 200km andidth of maximum
60km, is delimited by the Massif Central to the West, the RBiesseLimagne Transfer Zone

to the North (i.e., RBLTZ in Fig.1), and the ‘Grande faille bordiere' normal fault system in the
East (Fig. 1Bois, 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 distds several phases of

ECRIS development occurred from PaleocenBleistocene (Supplementary material 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 eeds 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 ®gdyprustal faults

(rift and transfer) as defined below (Fig. 1).

2.2.1 Lithospheric faults.

The term 6Lithospheric faultd (bold grey seg
subvertical faults with horizontal motion directioktoody & Hill, 1956)that affects the entire
lithosphere and is rooted in the upper ma(auchez 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; Titad.,e2007; Platt and Behr,

2011; Vauchez et al., 201Below thebrittle-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 reactivationjof (aCadomian

and (iiy-Variscan collisional structures. (i) The Cadomian orogeny, occurred from Late
Proterozoic to Early Cambrigiupret et al., 1990; Linnemann et al., 2008, 2014; Beucler et
al., 2021)and is visible mainly in Variscides Massifs(i Armorican, Bohemian, and Iberian;
Linnemann et al., 2014Yhis orogen was related to an important subduction zone located on
the northern and active paleomargin of the Gondwana supercor{ttfenrtitraine et al., 2001;
Ballévre et al., 2009; Beucler et al., 2021; Mazur et 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 N8
directedVariscan convergence between the Silurian and the Early Dev(®atudfer et al.,

2000; Matte, 2001; Kroner et al., 2008his convergence led to the drift of Gondwana and
Laurussia continen{®IcCann et al., 2006)o the Rheic subduction, and finglto the Variscan
orogeny c.a. 430Ma(Kroner and Romer, 2013aJhe Variscan area recorded sinistral and
dextral strikeslip tectonic(Kroner and Romer, 2013akt the end of the Variscabrogenic

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 mantigschumacher, 2002; Judenherc et al., 2003; Edel et al., 2018; Dezayes



and Lerouge, 2019; Beucler ak, 2021) The Variscan orogen in France displays marked
lithospheric heterogeneity, resulting from the accretion of compositionally diverse continents
and terranes during continehtallision, followed by crustal and lithospheric thinning that
facilitated the exhumation of subcontinental ma(alehaud and Matte, 1975; Guillerottier

et al., 2024; Mazur et al., 2026)

Some of these lithospheric faults are prominent and illustiatEigure 1 as in the Armorican
Massif (e.g., the South Armorican Southern Shear Zone lithospheric fault and tieziN©xdtre
fault located on the EWariscan suture zon&eucler et al., 2021)n the Massif Central (e.g.,
the Sillon Houllier faultand the La Marche fauliply et al., 2007, 2008&nd in the Paris Basin
(e.g., the Bray and Vittel fault located on the Rheic suture ZBeecler et al., 2021)This

Variscan structural trend will later impinge the Per@arboniferous trough structs.

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 diredihked to terranes involved in

the Late Paleozoic Variscan orogdiyoner and Romer, 2013b; Chardon et al., 2020; Beucler

et al., 2021; Mouthereau et a021; Mazur et al., 2026)ndeed, they delineate (e.g., Bray
Fault, NortSurEdre fault, Tonnerre &ult, Sillon Houiller fault) and crossut (e.g., Avallon

Fault, Loire Fault) these terranes (FigBhptiste, 2016; Chardon et al., 2020; Beucler et al.,
2021; Mouthereau et al., 202The 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 Zditlgospheric, Nort-sur-Edre, Sillon Houllier, La
Marche, Bray and Vittel fault{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 stuglyifiifaults and (ii) transfer faults

(i) Rift faults (green segments in Fig.Rift faults accommodate continental extension at the
crustal scaléBonini etal., 2005; Muirhead et al., 2019; Ojo et al., 20Eults in rift systems
can be divided into border faults and intifa faults (Corti, 2009; Ojo et al., 2022Here, the
term Ar i f stoboaler fatlts af riftrbasine This fault type, delimiting one or both
side of a rift segmerftavayssiere et al., 2019; Muirhead et al., 2019; Ojo et al., 2p8&ents

a width ranging from few centimetres to tens of metiiesuharth et al., 2022Border faults



frequently accommodate the majority of offélicLeod et al., 2000; Bell et al., 2014; Hodge
et al., 2018; Henstra et al., 201%Mayssiere et al., 2019; Muirhead et al., 2019)

(i) Transfer faults (dashed red segments in Fig.1) are subvertical faults linking normal fault
segments associated to rift systems. They typically have a-shipkenotion and mainly strike
parallel to the extension directiq®ibbs, 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 wiififierential extension or form a lateral boundary

to an extended terrar{€aulds et al., 1998; Acocella et al., 2005; Liu et al., 202e9nsfer

faults can be synthetic or antithetic if they are connecting normal fault systems with respectively
similar or opposite dip directiorfFaulds et al., 1998)Location of transfer faults can be
controlled by preexisting basement shear zorf€horowicz, 1992; Smith and Mosley, 1993;
Ring, 1994; Muirhead and Kattenhorn, 2018hese 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 tfan$aults 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; Dézes et al., 2004; Giamboni et al., 2004; Ziegler and Dézes, 200%t BtieR007;
Madritsch et al., 2009)The Mesozoic rifting slightly affected the studied af@agler et al.,

2004, 2006)In the Bresse and in the Upper Rhine Grabens, this extensional event led®o a min
reactivation of Paleozoic faulfeemoine, 1985; Durlet et al., 1997; Jacquin and de Graciansky,
1998; Quesne et al., 2000)

2.2.3 The RhineBresseLimagne transfer zone

The NESW RhineBresseLimagne transfer zone connetite "en échelorarranged Rhine,

Bresse and Limagne rift segments (URG, BG and LG in Figdtaszewski et al2005),

Zwaan and Schreurs (2017Many authors have proposed that the Priabonian to Oligocene
crustal extension responsible for the operohghe Rhine and Bresdeamagne Grabens was
transferred along the RBLTZ by transtensive sinistral reactivation of an\#SW Variscan
basement fault syste(tillies, 1972; Contini and Theobald, 1974; Bergt, 1977; Bergerat and
Chorowicz, 1981; Lacombe et al., 1993; Madritsch, 2008; Madritsch et al.,. ZJO@ORBLTZ
corresponds to the eastern extension of the Variscan South Armorican shear suture zone running
through southern Britanny to the northern Massif Central definddidbye (2001)andChardon



et al. (2020)RBLTZ issupposed to have accommodatezldifferential extension rate between
the ECRIS rift segments during Early Cenozoic times. Thddgdtal displacement along the
RBLTZ is also consistent with a Priabonian pulse of sediatem predating miDligocene

extensional tectonid$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 eaonsidered

Thousand km scale This scale (latitudes 40282°N and longitudes 5°V¥4°E) highlights

largescale and lowirequency factors (i.e., mantle and lithospheric processes). It was used with
methods and data from seismic tomography (part 5), sjghereAsthenosphere Boundary
(LAB) depth (part 5), Mohorovilil discontinu
5), and SKS splitting measurements (part 6). This scale is ideal for studyfigetpvency heat

anomalies.

Rhine-BresseLimagne 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-wavelenghheat flow anomalies. Two zoom&dframeworks of the main study area were
considerednamed Upper Rhine Grab@atitudes 47.8°N48.9°N and longitudes 5.3°WK.7°E)

and Bresse (latitudes 46.74¥.8°N and longitudes 3.6°\6°E), spanning 180 km from East

to West and 120 km from North to Solgart 7).

Characterisation of Heat flows

Surface heat flow dataTo 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 baséFuchs et al., 2023 his database of the Internategieat 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 okneist were considered (Lat 4492°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 Soivare 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-waciance
remains negligible (0). The anisotropy ratio is 1.0, with an anisotropy angle of 0°, suggesting
an isotropic spatial structure. The variogram is presented inlSupptary Material 1. An
uncertainty map was generated alongside the interpolation using Kriging, providing a
guantitative assessment of the interpolation reliability. This map helps refine the definition of
anomalies by highlighting areas with higher uteiaty. this contour map is also available in

supplementary file 2.

Seismic tomographySeismic tomography is a valuable tool for imaging Earth's internal
structure and heat flow, as ieveals variations in crust and mantle properties such as
temperatureand chemical compositiofCammarano et al., 2005; Schmandt and Humphreys,
2010; Hossaii et al., 2018; Civiero et al., 2019; Tenzer and Chen, 2018)is study, seismic
tomography maps and cressctions were generated using the SubMachinebasbkd tools
(Hosseini et al., 2018¢mploying a depthestricted modglHosseini, 2016and an equidistant
cylindrical projection. Three tomography degstices (lat. 40°N to 52°N and In. 5°W to 11.5°E)

at depths of 20km, 70km and 140km have been constructed (Fig. 4A). These depths were
selected to imageemperaturen the crust, lithosphere, and asthenosphere, considering Moho
and LAB depths defined bylouthereau et al. (2021Four tomography crossections were
produced to analyse the thrdienensional spatial arrangementtefperatur@inder Limagne,

Upper Rhine, and Bresse Grabens (Fig. 4B, C). The Hosseini et al. (2018) model included in
our analyss, 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 4l06vkm depth more
challenging. To improve our understanding of deep Earth structures and better constrain
thermal anomalies, four additional Vs models: SEMU@WBI1 (French and Romanowicz,
2014) SEMUIm( Le ki I and Ro nmMyRSuMS (SimmonsZi0al,12010kand
Savani(Auer et al., 2014have been incorporatedhese 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 camst upper mantle



Characterisation of upper mantle and crustalstructure

Gravimetric maps Gravimetric maps were useéd characterisgravity anomalies associated
with Earth's internal density structures. Two maps (N80W60 and N8OEO) sourced from
Sandwell et al. (2014)sing satellitederived freeair gravity anomalies with an accuracy of
approximately 2 mGalThese anomalies were derived from satellite altimetry data, primarily
from missions such as CryoSatJasoril, and Envisat, to map variations in Earth's gravity
field (Sandwell etl., 2014)

Mohorovicic discontinuity(Moho) and LithosphereAsthenosiere Boundary(LAB) Depths

The depth (in km) of the Moho has been defined &teetingh et al. (2007and the depth of

the LAB (i.e., seismic lithospheric thickness) was deduced from the global model LITHO1.0
(Pasyanos et al., 2014)

The SKS splitting measurementsSKS were used to constrain deformation in the crust and
mantle. The orientation of fast splitveaves serves as an indicator of the mantle flow direction
and can also offer proof of the major lithospheric fault zg8esminski et al., 2008; Vauchez

et al.,, 2012; Tommasi and Vauchez, 2015; Bonnin et al., 2017; Jolivet et al., RO#U¥

study, the size and orientation of the SKS phases were considered to determine the direction
and extent of mantle anisotropy. Here, the SKStsplifparameters are a compilation of SKS
measurements made in previous studies fBwrmann et al(1993), Vinnik et al. (1994),
Judenherc et al. (2003), Barruol et @004), Walker et al2005), Bokelmann et al. (2013),
Walther et al. (2014), and Bonnin et al. (2017)

Characterisation of structural fabrics

Geological mapsThe location and type of various faults in this study, as well as the sutures
lines of terranes, were defined through the examinabibgeological and structural maps
(1:12000 000) fronChantraine et al2003)and bibliographic referencése., 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 (FCATcatalogue for the
historical seismicity from 463 to 196@anchuel & al., 2018) integrating the SisFrnze
database (BRGM, EDF, IRSN) defined with the M8K intensity scaléMedvedev et al.,

1965) (2) The Instrumental Seismicity Catalogue covering the period-2082 from the Si

Hex catalogue (1962009) provided with the moment magnitude M@ara et al., 2015)
completed by the BCSRenass catalogue from 2010



(https://www.franceseisme.fr/sismicite.htmlX3) The Focal Mechanism Database FMHex20

of RESIF including earthquake Mazrottiethl. (2021 ni t ud
Inthisstudyonl y the focal me ¢ h a n iHexrwosalisation), B quality de pt
index of A or B, and a MwO3 is considered.
available for faults located within a 50 km radius around nuclear facilities. Trgoetzntially

active faults were obtained through the BDFA Database (IR8iard et al., 2017For each

fault, the last period of activity is indicated: Syo Post Late Miocene, Syto Post Pliocene,

Quaternary, or undettgisilustnatedd . Earthqguakeds de

Stress orientation map and fault network connectivitifor a better understanding of
subsurface fault networks, two factors have been considered: the maximum horizontal stress
(SHmax) and the fault network connectivity. The maximumzuwial stress (SHmax), from

the WSM database (sd¢eidbach et al., 2018)s derived from borehole breakouts, focal
mechanisms, hydraulic fractures, and drillinguced fractures. TheR2 relationship between
surface heat flow and fault network conneityi has been studied in two areas of interest using

the 1:50,000 structural map (BRGMEach 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 3Bo(igra&avelength
anomaly(LFHZ) and (2)high- wavelengthanomalies (Sillon Houiller Heat Zone (SHHZ),
Burgundy Heat Zone (BHZ), and Upper Rhine Heat ZasRHZ) in Fig. 3B). (1) Thdong-
wavelengthanomaly (LFHZ) is oriented approximately NO65%vith a maximum width of
~330km and a length exceeding the map size (i.e., ~780km in the same orientation). (2) The
high-wavelengtranomalies [Sillon Houiller Heat Zone, Burgundy Heat Zone and Upper Rhine
Heat Zone] are longer than wide, ranging from ~g816-450km, with a maximum width of
~100km. These anomalies aligned along a N@J020° orientation. In addition to its main
NOO00*NO020° direction, the Burgundy Heat Zone (BHZ) exhibits a N&070° striking heat
anomaly axis that aligns with the RBLTalrsfer fault (Fig. 1 and 3B). Several warmer areas
within these Heat Zones are noteworthy: (1) a very-higgt flow zone (more than 170mWjm

in the URHZ (named (&) in Fig. 3B), (2) a heat zone exceeding 155m8\fierposed on the
Sillon Houiller fault zme (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 #se 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 lithospheriaasie it

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 tranahd hydrothermal fluid circulation.

Anomalously high surface heat flow values can result from different factors, inciattingic

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 3 and 4), the
thermal conductivity is associated with heterogenemade lithological units. Thisoenplex
architecture of conductivity anomalies does not coincide with the medmrtargescale

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 esesgions were examined in order to delineate
upper mantlestructures (Fig. 4). The seismic tomographytkdeglice maps reveal seismic
velocity anomaliespositive anomaly centeredn N France and S England, and negative
anomaly running from the Germany to E Spain across SE FFagcdA). These anomalies
exhibit similar shapes, suggesting consistent properties through the crust and lithosphere (Fig.
4A and Fig. 5). These anomaliese also visible at lower depth (20km and 70km;
supplementary file 5) with-8vave model (SEMUCBNM1, GyPSuUMS, and Savani).

Thepositive Seismic velocity anomaly, denoted as (a) in Fig. 4 and Fig. 5, is characterised by
seismic velocig anomaly (dv/v)exceeding 0.85% and extending to depths of approximately
~410km (visible on crossections 1 and 3 of Fig. 4B, C). This anomaly overlaps with a terrane
assemblage outlined bBaptiste (2016) The Armorican domain (North and Central), the

Ligerian domain, ta Cadomian domain, the Paris Basin Magnetic anomaly (PBMA in Fig.1



and 6A), the Seine block, the Eviynnerre block, the Morvaxosges block, the Sarre block,

and the ArdenneBays de Bray block (Fig. 6A). The boundaries of the positive seismic velocity
anomaly (a) (Fig.4) approximately align with tbeutherrdimits of these terranes. Most of these
terranes (excepted the Morv&iosges, Sarre, and ArdenrAeays de Bray blockd)avebeen
descri bed as AArmoricao in several studies d
(e.g., Matte, 2001; Ziegler et al., 2004; Franke et al., 2017; Chardon et al., 2020; Mouthereau
et al., 2021;) The seismic tomography depghce at B#Okm (Fig. 6A) clearly illustrates the
overlap between the boundary of seismic velocity anomalies (above and below 0.85%) and the
localization of the NorSurEdre fault and South Armorican Northern Shear Zone (SANSZ
NSE) lithospheric faults and the RBLTZansfer fault (Fig.1)The LAB depth map from
Pasyanos et al. (2014, Litho 1.0 model) reveals notably deep lithosggtkemosphere
boundaries beneath the Armorican and Cadomian domains, exceeding 100 km and reaching
over 200 km in the northwest (Fig. BB his range of depths under these terranes corresponds

to depths provided bylouthereau et al., (2021)

The second anomaly) in Fig. 4 and Fig. 5, exhibitseismic velocig anomaly (dv/v)ower
than-0.85% and can reach depths exceeding 41@ksible on the three crossections of Fig.

4C). This anomaly is globally oriented NO45°. This localisation is associated with low depth
LAB with depths predominantly remaining below 100km and possibly diving below 50km.
This LAB depth above 50km is vide 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 andmalgctions 1 and 2 indicate

that the b aomaly is dipping toward the NNW.

A positive seismic velocig anomaly (dv/v)mostly >0.5%(c), with high seismic velocities

(crosssection 1 and 2 in Fig. 4C) can be observed in the SE part of the area at depth >140km.

Gravity anomalies are superposed on the tracetwdrited 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 isauthounded 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
(Mazuret al., 2026) These anomalies are rkad by a succession of axes exhibiting positive
gravity anomalies (*5mGal) and negative anomalies-(8mGal). Several of these anomalies

are alignedwith lithospheric fault zones (Fig. 7A). For instance, anomalies striking N130°

correspond to the Bray and Seine faults, those striking NO45° correspond to the Sarre, Tonnerre,



and Metz discontinuities, and finally, anomalies striking N100° to N120° qumnes to
significant Armorican discontinuities as South Armorican Northern Shear ZoneShefdre,

Cholet, and Chantonnay Faults (Fig. 7A). These gravity anomalies, linked to lithospheric fault
zones, are correlated with magnetic signatures (Fig.|IBaptiste, 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, sagliorites/granodioritegndgranites
(Baptiste, 2016 A long-wavelengthgravity anomalys located abova domain limited byhe

PBMA and BF (Fig. 7A) corresponding tahe Seine, the EvfJonnerre block and the
ArdennePays de Bray blocks (Baptiste, 2016Fig. 7A).

5.2. Large scale crustal heterogeneities

To improve understanding of crustal structdrascluding density heterogeneities and
deformation patter@sthis study analyzes Moho deptiravimetric, and magnetic anomaly

maps from Baptiste (2016) across the study area (Fig. 7).

The gravimetric mapusing satellitederived freeair gravity anomalies with an accuracy of
approximately 2 mGalcevealsmultiple gravity anomalies linked to crust and upper mantle
density structures, which are classified into three distinct groups based on their chacacterist
(Fig. 7A). (a)Anomalies related to ECRIS rift¥hese anomalies, located in the Limagne,
Bresse, and Upper Rhine basins, exhibit negative gravity values, generally ranging from 0 to
29mGal (Fig. 7A). The most negative values (k29mGal) are founéh the northern part of

the Upper Rhine Grabemlated anomaly (Fig. 7A). The negative gravity anomalies may be
linked to the lowdensity infills within the rifts. (b)Anomalies related to Variscan massifs
These positive to very positive (up to 70mGaipmalies 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
between5 and 37mGal; 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 Lef@epth Crustal Region (LDCR). The LDCR is poednantly
oriented at NO50°, spanning approximately ~150km to ~280km in width and exceeding 760km
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 24km unddrithagne Graben and



the Upper Rhine Graben (labelled as (a) and (b), respectively, in Fig. 7B). The Bresse graben
presents a Moho depth mostly below 28km (Fig. 7B). The Armorican Massif is characterised
by a thicker crust and a minimum Moho depth of 32km.

The integration of tomographic data, lithospheric and crustal thicknesses and gravimetry allows
the characterization of two areas limited by the RiBnesselLimagne Transfer Zone (Fig.1):

(1) A northern BrittanyParis Basin domain marked by a thitkosphere and crust, negative
gravimetric anomalies (NAPB in Fig. 4, 6AB and 7ABhis domain corresponds to the
southern Variscan Armorica terrafiatte, 2001; Dézes et al., 2004; Franke et al., 2017,
Chardon et al., 2020; Mouthereau et al., 2021)

(2) A southern area characterized by a thin lithosphere and crust, positive and negative stepped
arranged gravimetric anomalies (NED and SED in Fig. 4, 6AB and 7AB). This domain is
specified as a pefsondwanan terrane by Mouthereau et al. (20Edy. a canplementary
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 inthe French continental domain

SKS sheamwave splitting measurements in the Massif Central reveal marked upper mantle
seismic anisotropy, indicating largeale asthenospheric flow. The dominant N8 fast
directions (Fig. 8), distinct from Hercynian struies align with Tertiary extension (Barruol et

al. 2002, 2004). This pattern results from the rollback of the Tethys slab and the rotation of the
Corsicd Sardinia block during the opening of the western Mediterranean (Barruol et al. 2002,
2004; Bonnin et la 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 lewiscosity mantle flow, aligned with the absolute motiorAéica

and Eurasia before 35 Ma, propagated northward, generating-eMedgopographic anomaly

(Fig. 24, Jolivet et al., 2025). This flow, along with slab retreat in the Lifuowencal Basin,
contributed to the formation of the ECRIS, evolving friamstensional rifting (~until 32 Ma)

to pure extension in the Early Miocene.

However seismic splitting measurements acressie South France domanmesyeal a complex
lithospheric architecture shaped by ancient tectonic procéssg8, ab-e). Shear wave
splitting in the Armorican and Central massifs as well in the Pyrenees reveals both lithospheric

and asthenospheric contributions to anisotropy



(2) Armorican and Central Massifs (a and e in Fig. 8&e in Fig.9: SKS predominantly strike

at N1402150° in the Armorican Massif, located in Western France, as descrikkdiegherc

et al. (2003) and strike at N1I20° to N20°int he Cent r al Massi.in ( Babu
the southern part of the Armorican Massiflitting measurements identify anisotropy aligned

with majorcrustalshear zonege.g., South Armorican Southern Shear Zone and Chantonnay
Fault) supporting a model of juxtaposed lithosptiérlocks assembled before the Hercynian
orogeny(Judenherc et al., 20Q3) the Central massithe fast polarization directions and delay

times from SKS splitting define three coherent lithospheric domains and a deep mantle suture
that parallels major Variscdithosphericfaults and associated crustiults (Sillon Houiller,

the southern prolongomn of the South Armorican shear zopesdicating that fossil
anisotropic fabrics inherited from the Variscan orogeny are preserved in the mantle lithosphere
andinthecrust Babugka et al ., 2 Thes2 pbseBrations iliustrate thé  a |
concept of lithospheric transcurrefaults in which major crustal faults broaden downward
forming largescale shear zones in the lithospheric mantle and acting as potentiel suafatte
pathway(Leloup et al., 1995; Teyssier and Tikoff, 1998; Vauchez and Tommasi,.2003)

(2) Pyrenees(b in Fig. 8): SKS strike in two directions: NO60° and N100° in the Pyrenees of
Southwest France, as documented Bgnnin et al. (2017)Abrupt changes in splitting
parametersorrespond 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 predomantly strike between N100° and N145° in
Southeast France, based on data fBarruol et al. (2004) and Bokelmann et al. (20113)e

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
NOO0O° to NO30°, as described Bpkelmann et al. (2013)

Splitting measurements in southern France consistently demonstrate that seismic anisotropy is
controlled by both inheritedvariscan lithospheric and crustal fabrics and ongoing
asthenospheric flow. The lithospheric architecture is marked by deep sadnesactivated
faults, providing a det eaolldiea(@Granetedalj,200@ Barrisoh e r e
et al., 2004)



6.2. The NESW thin lithosphere corridor and its northern frontier: the Rhine Bresse
Limagne Transfer Zone

Topography is considered to lbentrolled by the isostasic effects of crustal thickness and
density variationgAiry, 1855; Henry Pratt, 1855However, it is also clear that the density
structure of the lithospheric and slithospheric mantle contributes to the altitude of the Earth's
surface(Jordan, 1978; McKenzie, 1978; Bird, 1979; Hager and Rishd@89) To estimate
thecontribution of active mantle flow, a N\SE transect from Brittany to the southeastern Alps
(locations shown in Figs. 1, 3, 5AB, 6AB, 8, and 9A) is constructed by integrating actual and
residual topographies, gravity anomalies, surface heat flow datasghbric thickness, and
tomographic anomalies (a to f in Fig. 1This integrated analysis provides a powerful way to
discriminate between the contributions of mantle, crustal and surfaces processes and to
characterize the proxies for sulustal topograpical 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 topogragfgiccenna and Becker, 2020; Hoggard et al., 2021;
Stephenson et al., 2024)ynamic topography is specified as the deflection of the earth s’
surface due to active mantle flofRicard et al., 1993)it corresponds to any topography

supported by subrustal processd&orte et al., 1993; Faccenna and Becker, 2020)

The Armorcan massif and the southern Paris Basin are characterized by low actual topography,
neutral residual and dynamic topographies (< 30Bamecenna & Becker, 2020; Stephenson et

al., 2024)as well as low gravity anomaly values (< 30 mGaandwell et al., 2014a to d in

Fig. 9). This domain is related tothethick t hos pher e Armorica terrar
Fig.8,Pasyanos et al. (20D4)t is also associated with a higklocity zone of seismic waves

(fin 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. Earcenna & Becker, 2020; Stephenson et al., 2024)
positive dynamic topography of the order of 600 m (b in Figa&;cenna & Becker, 2020)
These proxies highlight a stdoustal topographical support and suggest an origin of the Massif
Central uplift in the mantle in association with the positive gyasnomalies 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 FigP&syanos et al., 2014hd lowvelocity

zone of seismic waves imaged betweeo 030 km (f in Fig. 9Hosseini, 2016; Hosseini et al.,
2018) Small "baby" upper mantle plumes have been described below the Massif Central
(Granet, 1995;t et al. 2000, Sobolev et al., 1996; Goes et al., rE3@@nsible for topographic



doming at tle surface and sustained volcanifRitter 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 tpaseimatie may

be anomalously warm in this regi¢bucazeau et al., 1984; Ziegler, 1992; Artemieva, 2019;
Stephenson et al., 2024)

Assuming that the anisotropy comes from a-lBcosity asthenosphere, we use the shear
wave splitting data compilation (c andreFig. 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 thinlithosphere NO65° corridor in the uppermost mantle and asthenosphere (e in
Fig. 9). This elagated 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 Naviented SKS reflecting N14010° asthenospheric flow and it
clealy 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 prolongatiathefishenospheric finger
related to the Moroccan hot linBl¢uthereau et al., 2021; Jolivet et al., 2022)

6.3. Large scale heat flow anomaly: Cenozoic West Mediterranean baekc extension
and ECRIS rifting

The European continental domain is characterised by a large zone of low heat flow associated
with shieldg(Lucazeau, 2019)The analysis of surface hdw in this study has revealed three
types of positive anomalies (Fig. 3) exceeding the average continental heat flow of/6% mw
(Lucazeau, 2019)(i) a longwavelength anomaly (LHFZ), (ii) three highavelength
anomalies (SHHZ, BHZ, and URHZ Iig. 3B), and (iii) seven zones of very higlavelength
anomalies (flux >175mW/A). Notably, the longvavelength surface heat flow anomaly (>120
mW/m?) trends roughly N55°E, as illustrated in Figure 3, coinciding with the northern boundary
of the thin litrospherecrust corridor (Figs. 9A and 10) and with a positive seismic velocity
anomaly (labeled "b" in Figs. 4ABC and 6).

This overlap between loagavelength thermal anomalies and positive seismic velocity
anomalies suggests a potentrareased mantle heflux beneath this regiofrurther insights
are provided by seismic velocity maps and cisssions, which reveal the structure of the

uppermantle



In addition to these seismic anomalies, the fast SBRVSKS azimuths in the studied zone align
with the stretching direction of the western Mediterranean-backasins, reflecting a B05

Ma period of baclkarc extensiorfJolivet et al., 2009; Faccenna et al., 20Ai4;, 10A and B).

The associated NVBE mantle flow, driven by the Cenozoic retreat of the Calabria slab over
800 km in the western Mediterranean, has been well document€drhyinati et al(1998),
Jolivet et al. (2009), Faccenna et al. (2014), and Romagny(2020)

The thin crusiithosphere corridor and 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 baekc extension fothe western Mediterranean, linked to the
significant retreat of the NV¥lab. 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 deformatioduring 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 interpretedrasraant of the original
Variscan architectur@Mazur et al., 2026)The thin crustithosphere 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 Cenozoieabaeiktension of the
western Mediterraneanassociated with the significant retreat of the I8lAb. The
accumulation of cold material at the 660km Transition Zone related wothieward pull of

the Alpine lithospheric slatvould have also triggered smaltale mantle upwelling (Fi@C;
Sobolev et al., 1996; Goes et al., 1999; Merle & Michon, 2001; Piromallo et al., 2001, 2008;
Piromallo & Faccenna, 2004; Tommasi & Vauchez, 28t5harkawy et al., 2020; Jolivet et

al., 2021; Rappisi et al., 2022his topdown processes could also explain the Massif central
Cenozoic volcanisniMeyer and Foulger, 2007; Piromallo et al., 2008; Faccenna 20&D)

In this context, localized mantle upwellings such as those identified through seismic
tomography my be induced by mechanisms such as etigeen convection or slatsiggered
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 flomtlef ma
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 astheno$igiesphere

coupling may result in NESW recent compression (15 to 0 Ma) in most areas of France
(Faccenna and Becker, 2010; Faccenna et al., 20h#&) ongoing compression likelygys a

role in the dynamic uplift of t hescdéassgfacef Cen
heat flow patterns (Figs. 3 and 9AC).

However, a contribution from crustal heat fléavthe surface heat flomannot be ruled out.
Indeed,Lucazeau et al (1984) and Duwiquet et al. (20ik95a 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, theslues remain significantly lower than those
associated with mantiéerived 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 lié 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) ssoale 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 anomalies9jFig.

Therefore, these major discontinuities are expected to create a significant anisotropy in
thermicty 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 cruélili 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/n%, d in Fig. 9), in the vicinity of the Rhine Bresse Limagne transfer fault zone
(RBLTZ in Figs 9A and 10).

6.5. Heat flowanomaly 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; Regensgpat 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 conngvity 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 presented in Fig. 10A).

Zones (1)(Wper Rhine Graben), and (2) (Bresse), are characterised by high to very surface heat
flow (>120mW/m?2) and fault density, and both sectors exhibit a significant density of faults.
To further define the impact of fault network density on surface heatrfldetail, these two

zones have been subjected to a more detail analysis, considering the 1/50,000 scale structural
map (BRGM; see FigurelA, B).

Zone (1) includes a portion of the Upper Rhine Graben and associated deformations, as well as
several notablaults such as the Lalayjtaibine fault (LLF), the Nomény fault (NF), the Sainte
Marie-auxMines Retournemer fault (SMF), the Tignécourt Fault (TiF), the Vittel fault (VF),
and the Vosges fault (VoF). It also encompasses the northeastern part of the iRhsee B
Transfer Zone (Figl1A). This zone presents 3270 connecting nodes.-Egimecting nodes
density zones are aligned along a NO60° axis, superimposied tiansverse fault network of

the RBTZ (cluster 2 in Figl1A). An increase of connecting a® density can be noticed at the
intersection of the NO60° 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 mgjfaults (Fig 11A) such as Lalayeubine fault (n=227),
SainteMarie-auxMines 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 tweNU200®

striking high surface heat flow anomalies ((a) and (b) Figure 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 anomalyl@{y 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 Bre3ses area comprises several notable faults: the
Avallon fault (AvF), the ToulorsurArroux le Creusot fault (ToF), the Moncebas-Mines

fault (MMF), the La Serre fault (LSF), and the Jura thrust fault (JTF) {&i#8). The zone also
crosscut the southwstern part of the Rhine Bresse Limagne transfer zone (RBLTZ1BYy

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 Rif§jB). Most connecting nodes (n=1526palialong an



NO020° axis, on the Bresse Graben shoulders (cluster 1 inLER). This N020° direction
corresponds to the orientation of Bresse Graben rifting faults. In the M@#0Ag cluster 1,

node density increases at intersections between-88Mand ENEWSW faults (e.g., faults

in the Malain, Saussy, and Vernot sectors; FidB). Three highdensity connecting node zones

are also visible northeast of Zone (2) and correspond to cluster 2, located at the southern and
northern RBTZ boundaries (Fi$1B). Cluster 3 is a higbensity connecting node zone in the
southeast can be associated with deformation related to the Limagne Grabg&hR}ith this

area the heat flow anomaly aligns along two axes: N&g@070° and NOOONO020°. The
northern @rt of cluste? overlaps the NO66RI0O70%striking high heat flow axis and is partially
encompassed within the very high surface heat flow (b) {#i8). The NOOON020° anomaly,

aligns perfectly with the connecting node clusters corresponding to ¢fgecddhe Bresse
Graben (Cluster 1 Fig 1B). Only the northern part of cluster 3 is included within a high surface
heat flow zone (Figl1B). The area of very high surface heat flow (a) is not correlated with a
high density of fault intersections; hatr, it is located along the Avallon Fault (FIgLB), 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 ofault zones with thermally conductive minef&@tauser and Huenges, 1995)
such as calcitea{ 4.215.0), silica é: 6.5 11.3), magnetitest 9.7), or fluorite & 10.1). Such
mineralization could partially explain the high surface heat flow valbssrved.

The role of crustal faults in explaining surface heat flow anomalies is descrilizavbguet
et al. (2019) who emphasize the importance of porosity during the mineralization of fault

zones.

7. Perspective 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 kilometescale lengths (Guillo#rottier 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 maintainingeability within fault zones, as they drive
fluid circulation and keep fractures open (McLellan et al., 2004; Rowland and Sibson, 2004,
Cox et al.,, 2012; Crider, 2015; Armandine Les Landes et al., 2019; Taillefer et al., 2021;
Duwiquet et al., 2022; GuilleFrottier 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; Guillodrrottier et al., 2024). Favourably oriented tectonic stresgagwi
deformation zones may sustain permeability and keep fractures open (Curewitz and Karson,
1997; Crider, 2015; Guillorottier et al., 2024 )Strike-slip regimes are particularly favorable

for fluid movement, as shown in zones such as La Marche, Beeaben, and the Upper Rhine
Graben (GuillodFrottier 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 (Scotti dt,&2004; 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 dnilinged fracturesHig.

12; Heidbach et al., 2018)nlthe Sillon Houiller zone, stresses are generally-SEvo NNE

SSW, with all three regimes represented. In the Bresse Graben, SHmax is orihtacdN
linked to strikeslip faulting, while in the Upper Rhine Graben, SHmax orientations range from
N-S to NW-SE, also encompassing all stress reginsskeslip 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 minergs$ gpuwiquet

et al., 2021, 2022; Guille&rottier 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 theamef 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 Glees@017; Taillefer et al., 2018; Wanner et al., 2019; Guillou
Frottier et al., 2020, 2024; AEpping et al., 2021).

Geothermal systems are predominantly linked with active faults, as seismic activity enhances
permeability and indicates potential pathwéysfluid circulation (Faulds et al., 2010; Siler et

al., 2018; Louis et al., 2019; Duwiquet, 2022; Guilenttier et al., 2024). In the studied area,

more than 40,000 earthquakes have been recorded, including 4,178 historical eventd [FCAT
catalogueSisFrance database) and 37,351 instrumental evertte(Gdatabase, 1962021),

with only 20 exceeding Mw O 4 (Scotti et al
About 12,666 earthquakes occurred at depths b8@&m (Fig. 13), mainly in thexternal

Alps.



Important discontinuities associated with springs and high heat flow, such as the La Marche,
Sillon Houiller, Loire, Vittel, and ToulorsurArrouxi le Creusot fault zones, are considered
active (Fig. 14). However, macroseismicity alone dugsensure permeability preservation; a
favorable stress regime is essential for sustaining fluid flows (Barton et al., 1995; Guillou
Frottier et al., 2024).

8. Conclusion

This multidisciplinary approach highlights the importance of integrating multiple tools and
methods to better understand the heat flow observed at the surface, whrcttiad for
identifying areas favorable for geothermal enefigyough a multscale analysis (tomography,

SKS, seismic lithospheric thickness map, moho depthjrgedric map, fault network density

and surface heat flow data), this study has enabled a more precise visualisation of structural
heterogeneities at ddfent depths, from the lithosphere to the surface, andpbintial link

with theheat 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 flon2asdn@ltscale mantle upwelling,

which is linked to the accumulation of cold material from the Calabrian Alpine Slab at the 660
km transition zoneThese mantle dynamics, which influence hemisferover tens to hundreds

of millions of years, continue tampact presentlay temperatures ansurfaceheat 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 Surésee.
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 faultgs itcanconductthe heatrarsfer. However, it also plays a role when

the faults are openndeed, well oriented active crustal faults allow the transfer of potentially
hot fluids to the surface. Strilgdip stress regimes, in particular, are most conducive to fluid
upwellings. The aentation of maximum horizontal strilgdip 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 fadltse increased density of thermal and mihera



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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Figure 5: Swave seismic tomography depghces at depths of 140km based on four different
SWave models: A: SEMUCBVM1 (French and Romanowicz, 2014B: GyPSuMS

(Simmons et al., 201pC: SBMUIm ( Le ki I and R o,madrDoSavaniAueret2 01 1)
al., 2014)
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SKS splitting data have good lateral but poor vertical resolution and constrain the upper mantle
anisotropy(Wistefeld et al., 2009; Vauchez et al., 2012; Tommasi and Vaugb&5) The

high surfice heat flow areas are defined from Figure 3B.
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Figure 9: Components of subrustal topographical support and surface heat flow on a Brittany
Southern Subalpine Chaine section (location in Figs. 1, 3, 4ABaBd 11A). a) topographic
data from source etopo Ittp://www.ndgc.noaa.gov/magg/f(from Faccenna and Becker
(2020), and Stephenson et al. (2024 dynamic topograph{frrom Faccenna & Becker (2020)

c) Gravity anomaly data fro@andwell et al. (2014)) surface heat flow data (modified from

Lucazeau & Vasseur 198@d interpolated fronThe Global Heat Flow Database: Update


http://www.ndgc.noaa.gov/mgg/fl

2023). Note the superposition of the RhBesselimagne transfer zone (RBLTZ) and the
smallscale heat flow anomaly suggestithat RBLTZ is a lithospheric fault zone connecting
surface and mantle, e) lithopheric thickness modified {f@asyanos et al., 2014)he RBLTZ
Massif Central domain is limited to west by the thitkosphere of Armorican and it
corresponds to a cador of thin lithosphere associated with upper mantle upwelling and
probably edge driven convection, Fjwave seismic tomography section. The depths of the

dashed lines are 410 and 660 km from the surface.



G ol - s o = e

Armorica terrane
from LAB depth (Fig. 4B)

N A ]
e 3 el ¢ ¥.
~r i = \}1‘& ,é’ SemmlcVeIou%anomaly
/ T ] ~ /’/iﬁ%’@ » e (tomography - Fig. 4A
! % i .le

)]
& &\;‘ N 1 t \:\ - Sgrégﬁ?;rcntoquaternary
AL Y -
A o /}: c L == Studuedh h surface heat
) Qi ¥, ; flow (Fig
‘o 9
. hA Sy Reactlvated lithospheric
ri\/ s / %, / fault ?

Armorica , —"
domain ,L NAPBD

_-="" Transfer fault

= _« Alpine fold and thrust belt

SKS (Fig. 5B)

SKS parallel to absolute
~ platgmotlon

LAB >150km

/O n " SKS parallel to slab retreat

f SKS corresponding to
lithospheric fault

»~ - Alpine 5Ks

/' 200km

‘-\‘\
e Sy S
/ ~ ~ \ 2 \\
> / / e S kN
o ~ / /_‘ L = — : N \‘
e %TJSMG present dam 7 Bach: fenti ‘ \
Absolute E, ompression - uplift related g arc SALEl an \
& (refcrted to cﬂ]ﬂbrmn sn'ab}
P lto mantle convection )

plate motion "

1000 k- T ~ T T

Massif central Calabrian subduction zone
v

Absoluled"rican ‘
plate motion \Back-arc extension/
mantle - Ca.'abrran slab

upwelling )

(15Ma- present day) accumulation of cold

material

4 ECRIS rift o kmmansion___ (Ul

Zone

@ Asthenospheric plume 2 Mantle flow

Figure 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: Schematicatitus of
Oligocene to present mantle flogmodified from Jolivet et al., 2022)C: Mantle flow
upwellings related to the Calabrian slab (modified ffemscenna et al., 2010)
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Figure 11: Two specific areas of interest showing the interaction between the fault network
connectivity and the heat flovA: the south UppeRhine Graben sectoB: northern parts of




Bresse Graben The black dashed lines delineate areas of interest described i6.5e¢tidn
Autun fault,AvF: Avallon Fault,EF: Epinal FaultJTF: Jura Thrust FaulLLF: LalayeLubine
fault, LSF. La Serre FaultMMF: Montceaulesmines FaultNF. Nomény faultRBTZ Rhine
Bresse transfer zon&F Sarre FaultSMFE Ste. Marie-auxMines-Retournemer faultTF:
Tonnerre fault,TiF: Tignécourt Fault ToF: ToulonsurArroux-le Creusot FaultVF: Vittel

fault, VoF. Vosges faultyolF: Vologne Fault.
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Figure 12: Correlation between the stress orientation / regime and treceuréat flow. Stress
orientation map of the studied area is based on WSM datalbésidbach et al., 2018jhe
colours and the length of the symbol indicate respectively the stress regime and the quality of

stress measurements.



Figure 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 FCATL7 (Manchuel et al., 2018tatalogue integrating the Sisice
earthquakes database [SisFrance, BRGM, EDF, IRSN (2023)], while other round points
represent data from Instrumental Seismicity Catalogue covers from-Hex$iroject(Cara et

al., 2015) B: Depth and focal mechanisms of the seism. Depth of s@igns 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).



