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intracratonic basins and orogenic belts

The geological setting has an important influence on the reservoir characteristics, the fluid composition, the temperature and whether the geothermal play is a conductive or convective system [START_REF] Moeck | Catalog of geothermal play types based on geologic controls[END_REF]. the natural circulation present in the existing network of faults [START_REF] Olasolo | Enhanced geothermal systems (EGS): A review[END_REF]. Contrary to conventional hydrothermal reservoirs, EGS requires stimulation as thermal, hydraulic and or chemical stimulation to re-open fractures mechanically, enhance the hydraulic connectivity between fractures and/or dissolving sealed fractures, to allow economic heat recovery [START_REF] Bruhn | Exploration Methods[END_REF][START_REF] Gérard | The deep EGS (Enhanced Geothermal System) project at Soultz-sous-Forêts[END_REF]. The geothermal fluids thus play the role of heat transfer fluids.

A good circulation of these geothermal fluids is essential to allow their ascent, via convective loops within this fault network and authorize an exploitation of the geothermal resource at acceptable depths. In such an environment a variety of factors (fracturing intensity, stress field, rock petrophysical properties) play a capital role to present interesting geothermal characteristics. The density of the fractures, their openings and their interconnections must be sufficient to present a context favorable to an economically viable geothermal exploitation (http://www.afpg.asso.fr).

Thus, the concept of geothermal system was revised by [START_REF] Moeck | Catalog of geothermal play types based on geologic controls[END_REF]: "A geothermal system is any localized geologic setting where portions of the Earth's thermal energy may be extracted from natural or artificially induced circulating fluids transported to a point of use. Enhanced

Geothermal Systems are portions of the Earth crust where the ratio of flow rate and fluid temperature is naturally too low for economic use, and therefore the flow rate must be increased to a sufficient flow rate/temperature ratio by enhancing the natural permeability through technological solutions".

Geothermal exploitation consists into the extraction of a fluid heated at depth, generally a saline brine [START_REF] Aquilina | Water-rock interaction processes in the Triassic sandstone and the granitic basement of the Rhine Graben: Geochemical investigation of a geothermal reservoir[END_REF][START_REF] Sanjuan | Main characteristics of the deep geothermal brine (5 km) at Soultz-sous-Forêts (France) determined using geochemical and tracer test data[END_REF], circulating through the crust fracture network.

Once the fluid is at the surface, heat is recovered through a heat exchangers. The cooled fluid is then reinjected in the reservoir in order to maintain the pressure (Figure 1-2). The resource can directly be used for districts heating or used to generate electricity through turbines. Francisco in California is the largest geothermal field in the world comprising 22 geothermal power plants [START_REF] Quick | History of International Geothermal Power Plants and Geothermal Projects in Germany[END_REF]. Iceland is one of the pioneers in the use of geothermal energy for space heating. Currently, geothermal sources accounts for 66% of Iceland's primary energy use and 25% of the country's total electricity production is generated by geothermal power facilities (https://nea.is/geothermal/). At the end of 2019, the reported total installed capacity for geothermal direct utilization worldwide is 107.727 GWt, with a total annual energy use about 283,580 GWh), which represent an increase of 72.3% over 2015 [START_REF] Lund | Direct utilization of geothermal energy 2020 worldwide review[END_REF] (Table 1-1). [START_REF] Lund | Direct utilization of geothermal energy 2020 worldwide review[END_REF] In the generation of geothermal power, the USA leads the world with a total installed capacity of ~3,700 MWe in 2019 [START_REF] Huttrer | Geothermal Power Generation in the World 2015-2020 Update Report[END_REF] (Figure 1-3). California and Nevada are the primary states generating geothermal power with respectively 2,683 MWe and 795 MWe. Geothermal power comprises about 0.4% of the total national power generation and about 2% of all renewable sources [START_REF] Huttrer | Geothermal Power Generation in the World 2015-2020 Update Report[END_REF]. The Great Basin region, in the western USA is an example of a region that hosts predominantly fault controlled geothermal plays [START_REF] Faulds | Characterizing Structural Controls of Geothermal Reservoirs in the Great Basin, USA, and Western Turkey: Developing Successful Exploration Strategies in Extended Terranes 12[END_REF][START_REF] Moeck | Catalog of geothermal play types based on geologic controls[END_REF]. This Great Basin region was affected by large magnitude crustal transtension and thinning, as well as emplacement of metamorphic core complexes during the Cenozoic.

This caused heat flow elevation facilitating prolific geothermal activity in the western part of the region [START_REF] Faulds | Characterizing Structural Controls of Geothermal Reservoirs in the Great Basin, USA, and Western Turkey: Developing Successful Exploration Strategies in Extended Terranes 12[END_REF][START_REF] Moeck | Catalog of geothermal play types based on geologic controls[END_REF]. Seismic data indicate a crustal thickness lower than 24 km along the NW-SE trending Walker Lane. In this area, relative crustal thinning means that the Moho has moved closer to the surface and the heat flow has increased. Fluids circulate deep within the crust and seem to be of meteoric origin [START_REF] Lutz | Fluid-inclusion gas chemistry of the Dixie Valley (NV) geothermal system[END_REF] and of Pleistocene age [START_REF] Moeck | Catalog of geothermal play types based on geologic controls[END_REF]. Thus, abundant geothermal fields are clustered following NNE to NEtrending belts across the northern Great Basin [START_REF] Faulds | Characterizing Structural Controls of Geothermal Reservoirs in the Great Basin, USA, and Western Turkey: Developing Successful Exploration Strategies in Extended Terranes 12[END_REF][START_REF] Faulds | Why is Nevada in hot water? Structural controls and tectonic model of geothermal systems in the northwesterns Great Basin[END_REF] zones like oppositely dipping normal faults (8%), major normal faults (6%), displacement transfer zones (5%) and pull-aparts in strike-slip faults (4%) [START_REF] Faulds | Structural and tectonic controls of geothermal activity in the Basin and Range Province, western USA[END_REF]. [START_REF] Faulds | Favorable tectonic and structural settings of geothermal systems in the Great Basin region, western USA: Proxies for discovering blind geothermal systems[END_REF].

Geothermal energy leads for many countries to a reduction in their dependence on imported fuels, but for all it leads to the elimination of pollutants such as carbon particles and greenhouse gases. US $22.262 billion were invested in geothermal projects by 53 countries in the period 2015-2019 for both direct-use and electric power. Energy savings represents 81.0 million tons of equivalent oil annually, which prevent 78.1 million tons of carbon and 252.6 million tons of CO2 from being releasing in the atmosphere [START_REF] Lund | Direct utilization of geothermal energy 2020 worldwide review[END_REF]. However, as other industrial processes, geothermal power production leads to direct environmental impacts (geological hazards, waste heat, atmospheric emissions, solid waste, water consumption, noise and impact on biodiversity) or indirect environmental impacts (impacts coming due to materials and energy required over the power generation process life cycle). Thus, an evaluation allowing an environmentally sustainable management can be conducted using Life Cycle Assessment (LCA) [START_REF] Tomasini-Montenegro | Life cycle assessment of geothermal power generation technologies: An updated review[END_REF].

I. [START_REF] Hoogland | Study on impacts of EU actions supporting the development of renewable energy technologies[END_REF]. One of the funded projects is the MEET Project, which aims at demonstrate the viability of EGS with electric and thermal power generation in all main kinds of geological settings (crystalline, sedimentary, metamorphic, volcanic). where fluid circulate.

II. THE MEET PROJECT

The main objectives of the MEET project are:

• To gather knowledge of EGS heat and power production in various geological settings

• To increase heat production from existing plants and to convert oil wells into geothermal wells

• To enhance heat-to-power conversion at low temperature (60-90°C) by using smart mobile Organic Rankine Cycle (ORC) units

• To replicate the technology by promoting the penetration EGS power and/or heat Applying EGS techniques to Variscan domains are particularly challenging for a variety of reasons like (1) the complex geological history of the Variscan orogeny itself, (2) tectonic overprint by subsequent orogenic cycles and (3) the high anisotropy of the metamorphic rocks.

The Variscan domain very often outcrops in Europe and is not yet recognized for its large geothermal potential. In order to structure the project approach, the Variscan domain has been divided in four main parts depending on the nature of the encountered rocks (Figure 1-5):

• Variscan metamorphic (metasedimentary and metavolcanic) successions overprinted by younger (mostly Cenozoic) extensional tectonics (rift system)

• Variscan metamorphic (metasedimentary and metavolcanic) successions not overprinted by younger extensional tectonics

• Variscan granitic basement overprinted by post-variscan extensional faults

• Variscan granitic basement not overprinted by post-variscan extensional faults 

III. SCOPE OF THE PHD

Normal faults, related to the URG formation, are the main structures actually targeted for geothermal exploitations in the URG, being the major drains in the granitic reservoir (Genter, 1989;[START_REF] Glaas | Clay Mineralogy: A Signature of Granitic Geothermal Reservoirs of the Central Upper Rhine Graben[END_REF][START_REF] Vidal | Altérations hydrothermales associées aux zones de fractures à l'interface de la couverture sédimentaire et du socle cristallin dans le Fossé rhénan supérieur : application aux forages géothermiques de Rittershoffen[END_REF]. Up to know, the conceptual model of a fault zone infer the development of an impermeable fault core, which does not favor reservoir connectivity and acting as a barrier to fluid circulation [START_REF] Caine | Fault zone architecture and permeability structure[END_REF].

It is known that the URG is affected by reactivated strike-slip faults through geophysical methods [START_REF] Edel | The Variscan tectonic inheritance of the Upper Rhine Graben: evidence of reactivations in the Lias, Late Eocene-Oligocene up to the recent[END_REF] and fieldwork [START_REF] Dezayes | Structural control on fluid circulation in a graben system: Constraints from the Saint Pierre Bois quarry (Vosges, France)[END_REF]. Strike-slip faults are still underestimated and poorly studied in geothermal. In transtensional zones, fault connectivity is naturally enhanced by cross-cutting relationships between the normal faults and the accommodating strike-slip structures between them (Bailleux et al., 2011;Curewitz and Karson, 1997). The evolution in time and space of strike-slip structures within crystalline basement rocks affected by varying amounts of deformation and associated fluid-rock interactions appears of primary importance regarding reservoir understanding.

This research work aims to address the following questions:

• What are the effects of alteration processes in terms of geothermal reservoir properties approaching fracture zones?

• What is the relation between fracture density, alteration and fluid circulation?

• What is the interplay between deformation intensity and fault rock petrophysical properties?

• How the structural heritage impacts the reservoir properties and connectivity?

There is thus a crucial need to investigate beyond the 1D vision provided by the deep boreholes, by evaluating relevant granite naturally exhumed reservoirs considered as analogues. This approach is quite common in geothermal [START_REF] Aretz | Possible effects of tectonic shear strain on phyllosilicates: A case study from the Kandersteg area, Helvetic domain, Central Alps, Switzerland[END_REF]Bertrand, 2017;Chabani, 2019;Le Garzic, 2010;[START_REF] Place | Caractérisation des chemins de circulations de fluides dans le réseau poreux d'un batholite granitique : application au site géothermique de Soultz-sous-Forêts[END_REF] and oil and gas (Grammer et al., 2004, Sidle and[START_REF] Sidle | An update on the use of reservoir analogs for the estimation of oil and gas reserves[END_REF] literature and has proven to bring a valuable contribution in reservoir understanding. In oil and gas, the analogy is applied in petroleum reserves estimation and classification and used in resources assessment [START_REF] Sidle | An update on the use of reservoir analogs for the estimation of oil and gas reserves[END_REF]. A reservoir analogue need to have similar rock and fluid properties, reservoir conditions, geological formation, structure and drive mechanisms [START_REF] Sidle | An update on the use of reservoir analogs for the estimation of oil and gas reserves[END_REF]. In geothermal, analogues consist into outcrops allowing the fracture network characterization at large scale because some of the attributes cannot be measured using wellbores, but also the mineralizations, fluid-rock interactions and petrophysical properties (Bertrand, 2017;Chabani, 2019;[START_REF] Ukar | Outcrops as guides to subsurface natural fractures: Example from the Nikanassin Formation tight-gas sandstone, Grande Cache, Alberta foothills, Canada[END_REF], Dezayes et al., 2021). Analogues are also valuable because (1) they provide 2D and 3D high quality datasets unaffected by borehole sampling bias, (2) it is much less expensive, (3) it requires simple means for data acquisition and

(4) the study can be done at different scales, from satellite imagery to thin sections. Junction (MTJ) [START_REF] Faulds | Why is Nevada in hot water? Structural controls and tectonic model of geothermal systems in the northwesterns Great Basin[END_REF]. As the San Andreas fault system has grown through time, it has periodically stepped inland [START_REF] Faulds | Why is Nevada in hot water? Structural controls and tectonic model of geothermal systems in the northwesterns Great Basin[END_REF]. Today, a broad zone of distributed dextral shear zones is identifiable from the San Andreas fault system to the Basin and Range province [START_REF] Faulds | Why is Nevada in hot water? Structural controls and tectonic model of geothermal systems in the northwesterns Great Basin[END_REF]) (Figure 2-2C and Figure 23). This zone is the Walker Lane Belt/Eastern California Shear Zone (WLB/ECSZ) [START_REF] Dokka | Role of the Eastern California Shear Zone in accommodating Pacific-North American Plate motion[END_REF]. The important geothermal activity probably results from a NWtrending dextral shear transfer in the WLB to WNW extension in the northern Great Basin [START_REF] Faulds | Characterizing Structural Controls of Geothermal Reservoirs in the Great Basin, USA, and Western Turkey: Developing Successful Exploration Strategies in Extended Terranes 12[END_REF]. The WLB is well known as a system of right-lateral strike-slip faults which accommodated about 20% of the dextral motion between the Pacific and the North American plates [START_REF] Faulds | Structural and tectonic controls of geothermal activity in the Basin and Range Province, western USA[END_REF][START_REF] Faulds | Why is Nevada in hot water? Structural controls and tectonic model of geothermal systems in the northwesterns Great Basin[END_REF][START_REF] Stewart | Tectonics of the Walker Lane belt, western Great Basin: Mesozoic and Cenozoic deformation in a zone of shear[END_REF]). This principal system of northweststriking, right-lateral faults accommodates 4 to 12 mm/yr of dextral motion between the Sierra

Nevada block and the central parts of the Great Basin [START_REF] Faulds | Why is Nevada in hot water? Structural controls and tectonic model of geothermal systems in the northwesterns Great Basin[END_REF][START_REF] Stewart | Tectonics of the Walker Lane belt, western Great Basin: Mesozoic and Cenozoic deformation in a zone of shear[END_REF]. According to the dextral motion of the WLB, the Sierra Nevada has been decoupling from the Great Basin [START_REF] Faulds | Why is Nevada in hot water? Structural controls and tectonic model of geothermal systems in the northwesterns Great Basin[END_REF]. The WLB merged at its southern part with the ECSZ that connects with the SAF system. The ECSZ consists into a broad network of Cenozoic right-lateral strike-slip faults linked to the rotation of the Mojave Desert Block [START_REF] Dokka | Role of the Eastern California Shear Zone in accommodating Pacific-North American Plate motion[END_REF]. As for the WLB, the ECSZ accommodate ~20-25% of total relative motion between the Pacific plate and North American plate. It goes northward through the Mojave Desert for ~500 km and along the western edge of the Basin and Range Province, east of the Sierra Nevada [START_REF] Frankel | Active tectonics of the eastern California shear zone[END_REF] (Figure 234).

According to [START_REF] Dokka | Role of the Eastern California Shear Zone in accommodating Pacific-North American Plate motion[END_REF] the ECSZ became active no earlier than 20 Ma and no later than 6 Ma. Thus, an initiation time is considered to be most likely between ~10 and 6 Ma.

It overprints the Basin and Range rifting structure which dates around 17 Ma ago and occupy the space between the Cascade Ranges and Rocky Mountains in the North and the Sierra Nevada and the Colorado Plateau in the south [START_REF] Eaton | The Basin and Range Province: Origin and Tectonic Significance[END_REF]Parsons, 2006) (Figure 2-3). This province is a classic example of the Miocene to Holocene development of mountains and basins by relative uplift and depression on bounding normal faults [START_REF] Hill | Tectonics of Death Valley Region, California[END_REF]. 

I.2. Death Valley structural setting

The Death Valley (DV) region, extending northwestward on ~200 km from the Garlock Fault Zone (GFZ), stands out from the adjacent regions in its structural setting and in the timing of Basin and Range extension [START_REF] Fridrich | Cenozoic Tectonic Reorganizations of the Death Valley Region, Southeast California and Southwest Nevada[END_REF]. It is a structural depression bounded by the Panamint Range on the west and by the Black Mountains on the east [START_REF] Hill | Tectonics of Death Valley Region, California[END_REF](Figure 2-5a). The Death Valley region is one of the youngest regions of large-scale crustal extension within the Basin and Range province (Calzia and Rämö, 2000). [START_REF] Hill | Tectonics of Death Valley Region, California[END_REF] have suggested that the DV region is essentially a strike-slip fault system, with major and minor strain axes approximately horizontal. However, Burchfiel and Stewart (1966) suggested that the central part of DV is related to tension along a strike-slip fault segment which is slightly oblique to the main trend of the fault zone. This tension was caused by the right-lateral movement along the Northern Death Valley-Furnace Creek Fault Zone (NDVFZ-FCFZ) and the Southern Death Valley Fault Zone (SDVFZ) (Burchfiel and Stewart, 1966;[START_REF] Hill | Tectonics of Death Valley Region, California[END_REF].

Thus, both sides of DV have been pull-apart and a graben produced between (Burchfiel and Stewart, 1966) (Figure 2-5b). Along with the NDVFZ, the SDVFZ appears to be related to extension within the southern Basin and Range province (Stewart, 1983) and so makes up the southern component of the Death Valley fault system (Machette et al., 2001). [START_REF] Blakely | Cenozoic basins of the Death Valley extended terrane as reflected in regional-scale gravity anomalies[END_REF] suggest that the basin along DV is composed of northwest trending small pull-apart structures forming subbasins (Figure 2-5c). The authors put in evidence these subbasins by identifying a right-lateral offset between the Badwater Basin and the Mormon Point Basin [START_REF] Blakely | Cenozoic basins of the Death Valley extended terrane as reflected in regional-scale gravity anomalies[END_REF] (Figure 2-5c). Normal and associated strike-slip faulting accompanied by the extensional DV basin formation began < 15 Ma and continuous today (Calzia and Rämö, 2000). Pavlis and Trullenque (2021) comfort with regional evidence that dextral transtension began by ca. 12 Ma. (Butler et al., 1988). (b) A model of the Death Valley "pull-apart" basin from (Burchfiel and Stewart, 1966). (c) Sub-basins of modern Death Valley from [START_REF] Miller | Geology of Death Valley National Park[END_REF] after [START_REF] Blakely | Cenozoic basins of the Death Valley extended terrane as reflected in regional-scale gravity anomalies[END_REF].

A right-lateral offset of ~35 km has been defined along the SDVFZ, based on matching offset alluvial fan ravel with its source area (Butler et al., 1988). It refined earlier estimates of 8 to 80 km of movement for the SDVFZ and is consistent with the geometry of a pull-apart basin model for central Death Valley defined by Burchfiel and Stewart (1966). The pull-apart model fits with the regional geology showing series of different rock compositions on both sides of the valley (Figure 23456). In this region the pre-Cenozoic stratigraphy consists of Early Proterozoic cratonic rocks and Middle Proterozoic sedimentary paragneiss, schist, and quartzite intruded by 1.7 Ga orthogneiss and 1.4 Ga anorogenic granites (Wooden and Miller, 1990). The Middle Proterozoic Pahrump Group (Figure 2-7a) unconformably overlies the cratonic rocks and is overlain by 3000-5000 m of Late Proterozoic and Paleozoic miogeoclinal deposits. [START_REF] Wright | Precambrian Sedimentary Environments of the Death Valley Region, Eastern California[END_REF] These deposits consist of ~2100 m of conglomerate, sandstone, shale, and carbonate rocks divided into three formations: the Crystal Spring Formation, Beck Spring Dolomite, and Kingstone Peak Formation. After several revision of its composition, the Crystal Spring Formation (CSF) in ascending stratigraphic order includes: the arkosic sandstone, feldspathic sandstone, mudstone, dolomite and algal dolomite-silstone according to Mahon et al. (2014a) (Figure 2-7a). The CSF is intruded by diabase sills that yielded an age of 1.08 Ga [START_REF] Heaman | 1.08 Ga diabase sills in the Pahrump Group, California: Implications for development of the Cordilleran miogeocline[END_REF]. Metamorphic reactions between the diabase and dolomite of the Crystal Spring Formation produced large deposits of talc, which have been mined throughout the Death Valley region [START_REF] Miller | Geological landscapes of the Death Valley region☆[END_REF]. Most of the Proterozoic and Paleozoic rocks are intruded by calc-alkaline granitoids, related to the emplacement of the Sierra Nevada Batholith. These are formed above the eastward dipping subduction zone along the western margin of the North American continent from Late Triassic to Late Cretaceous time (DeCelles, 2004) (Figure 2-7b).

All these rocks are overlain by later Tertiary sedimentary and volcanic rocks and Quaternary alluvial deposits. Note that numerous granitic plutons, dikes, and sills are synchronous with extension (Calzia and Rämö, 2000). (Niles, 2016) and form the main feature trending parallel to the SDVFZ [START_REF] Jennings | Geologic map of California: Trona sheet[END_REF]. The SDVFZ formed the NH, at its southernmost part, by vertical displacement (Brady III, 1986;[START_REF] Brady | Thematic mapper and field investigations at the intersection of the Death Valley and Garlock fault zones, California[END_REF]Troxel and Butler, 1979). It contains six sub-parallel, overlapping nearly vertical right-lateral fault branches juxtaposing crystalline basement rocks, called the "Crystalline Bedrock Slice" (CBS) or "Axial crystalline ridge", with Tertiary and Quaternary sedimentary strata outcropping in the NH (Brady III, 1986;Troxel and Butler, 1979). The CBS comprises Precambrian CSF locally intruded by the 1.08 Ga diabase sills and Mesozoic granitic rocks. The SDVFZ intersects the east-trending left lateral Garlock Fault Zone (GFZ), which is linked to the San Andreas Fault (Calzia and Rämö, 2000) (Figure 2-5a) and became active around 10 Ma [START_REF] Andrew | Evolution of the central Garlock fault zone, California: A major sinistral fault embedded in a dextral plate margin[END_REF][START_REF] Chinn | Low-Temperature Thermochronometry of the Avawatz Mountains; Implications for the Eastern Terminus and Inception of the Garlock Fault Zone 48[END_REF][START_REF] Mcgill | Slip rate of the western Garlock fault, at Clark Wash, near Lone Tree Canyon, Mojave Desert, California[END_REF]. With regard on the kinematics according to Brady III (1986) and [START_REF] Verosub | Kinematics at the intersection of the Garlock and Death Valley fault zones, California: Integration of TM data and field studies[END_REF], the GFZ terminates as an east-vergent reverse fault in the eastern AM. Thus, it does not continue east of the SDVFZ, however, the SDVFZ changes its strike to wrap around the AM foothills [START_REF] Chinn | Low-Temperature Thermochronometry of the Avawatz Mountains; Implications for the Eastern Terminus and Inception of the Garlock Fault Zone 48[END_REF]. Thrust faults were observed at the AM foothills by [START_REF] Chinn | Low-Temperature Thermochronometry of the Avawatz Mountains; Implications for the Eastern Terminus and Inception of the Garlock Fault Zone 48[END_REF] and interpreted as the results of the activity of the GFZ uplifting the AM foothills. Likewise, Brady III (1986) also identified an uplift which increases towards the southeast and seems deformed the crystalline basement rocks and Tertiary sediments, exhuming them from beneath a cover of Quaternary sediments. Recently, Pavlis and Trullenque (2021) have proposed a net amount of 40 to 41 km strike-slip along the SDVFZ based on correlation of a set of geological markers between the Owlshead Mountains (OM) and the southern termination of the Noble Hills. Thus, the granite composing the CBS must be a transported part of the Cretaceous granitic pluton (~95 Ma), forming the OM (Pavlis and Trullenque, 2021;Rämö et al., 2002). Brittle shearing and large-scale boudinage characterize a brittle deformation, showing generally subhorizontal axes, which is prevalent within the Cretaceous granitic intrusion and Precambrian roof pendants (Niles, 2016). Contractional deformation involving all members of the NHF is characterized along the NH and increases in intensity southeast toward the intersection with the GFZ (Niles, 2016).

Few geological mapping has been conducted in the NH (Brady III, 1986;[START_REF] Brady | Neogene stratigraphy of the Avawatz Mountains between the Garlock and Death Valley fault zones, southern Death Valley, California: Implications as to late Cenozoic tectonism[END_REF]Brady and Troxel, 1986b;Troxel and Butler, 1979). More recently, a revised geological map of the NH was realized by Niles (2016), who mainly focused his study on the structural geology and the Tertiary stratigraphy (Appendix 2). From all these investigations performed by the previously cited authors, the CBS was poorly studied. It was only defined as quartz monzonite (Troxel and Butler, 1979) or leucocratic adamellite [START_REF] Stamm | Geology at the intersection of the Death Valley and Garlock fault zones, southern Death Valley, California[END_REF]. Later, Brady III (1986) completed the description as a medium to coarse equigranular grained to slightly porphyritic leucocratic rock.

Brady III (1986) also mentioned the presence of mineralization throughout the crystalline basement rocks as veins up to 150 cm thick and 100 m long, composed of barite crystals from 1 to 10 mm long embedded in a dark brown amorphous matrix consisting into a mixture of manganese and iron oxides. This represents a sign of fluids circulation. These types of mineralizations are most numerous in the southeastern part of the range. Niles (2016) also mentioned the sporadic presence of mineralization through the crystalline basement rocks indicative of hydrothermal alteration. After the exhumation and the displacement of the CBS, ~3.34 Ma Pliocene sediments of the Noble Hills Formation (NHF) were deposited, as well as Quaternary alluvium (Niles, 2016). The NHF is composed of a lower sandstone-siltstone member, a gypsiferous member, a halitic mudstone member, a conglomerate member, a upper sandstone, siltstone and gypsiferous member, a megabreccia member and a granite bearing conglomerate (Niles, 2016). These alteration visible in the crystalline basement rocks being not present in the Pliocene strata, Niles (2016) suggested that the deformation of the crystalline basement rocks predates the Pliocene deformation.

I.3.2. Revisited geological map

A GIS assisted field work mapping was conducted in order to obtain a new geological map of the NH focused on the CBS (Figure 23456789) (Klee et al., 2021a, 2020(Appendix 3), 2021b).

Fieldwork revealed a complex geometry that was not previously identified by Niles (2016). The Proterozoic sequences outcropping northwest of the Pipeline Wash was investigated (Klee et al., 2021b). The plutonic contact between the Proterozoic sequences and the granite is confirmed. However, the Proterozoic sequences present multiple evidences of deformation with a tectonically induced duplication of the sequences between each granite is present and a lateral bending, stretching and boudinage of this stacked series towards the southeast (Klee et al., 2021b). Thus, a clear deformation gradient has been identified through the range and is presented in Chapter 5. Initially mapped sedimentary contact by Niles (2016) in the rear part of the range and in the front between the CBS (Proterozoic sequences and granite) were mapped as tectonic contacts (Klee et al., 2021a(Klee et al., , 2020(Klee et al., , 2021b)). Likewise, Tertiary volcanism has been identified in the rear southeast part of the range. (2020) and Niles (2016). The quaternary is not displayed and available on Niles (2016) 

map (Appendix 2). NHF-Noble Hills Formation

A precise fracture pattern characterization of the area has been performed by Chabani et al. (2021), through a multiscale approach, from the regional scale to the microscopic scale. The authors have shown that the NH structure is mainly controlled by the SDVFZ (NW-SE oriented), but also by E-W structures at lower order of scale as moving southeastward. These structures seem to be related to the activity of the GFZ. transverse to the graben axis [START_REF] Illies | The Rhine graben rift system-plate tectonics and transform faulting[END_REF]. It is composed of a Paleozoic crystalline basement rocks overlain by 1400 m of Mesozoic and Cenozoic sediments [START_REF] Illies | The Rhine graben rift system-plate tectonics and transform faulting[END_REF][START_REF] Vidal | Altérations hydrothermales associées aux zones de fractures à l'interface de la couverture sédimentaire et du socle cristallin dans le Fossé rhénan supérieur : application aux forages géothermiques de Rittershoffen[END_REF] (Figure 2 -12). The URG presents a geometry of asymmetric half-grabens with opposing tilt directions [START_REF] Derer | The northern Upper Rhine Graben: basin geometry and early syn-rift tectono-sedimentary evolution[END_REF]. Likewise, in both half-graben, a generally eastward tilted graben floor, locally offset with variable displacements, enhances an overall graben asymmetry (Grimmer et al., 2017) (Figure 2-12). The URG structuration is directly related to the Hercynian orogeny followed by the Alpine orogeny. The crystalline basement is characterized by three major terranes: the Rheno-Hercynian, the Saxo-Thuringian, and the Moldanubian which were accreted by subduction during the Carboniferous (the Sudete phase) and Permian (the Saalian phase) along NE-SW sutures as the Lalaye-Lubine fault (Schumacher, 2002). The Variscan cycle is also characterized by the intrusion of granitoids from -340 Ma to -270 Ma following the NE to NNE axis [START_REF] Altherr | High-potassium, calc-alkaline Itype plutonism in the European Variscides: northern Vosges (France) and northern Schwarzwald (Germany)[END_REF][START_REF] Altherr | Plutonism in the Variscan Odenwald (Germany): from subduction to collision[END_REF]. The Sudete phase was linked to a N-S compression marking the structuration of the orogeny, generating NE-SW sinistral and NW-SE dextral shear faults and to NE-SW compressional thrusting events (Edel and Schulmann, 2009) structures playing an important role in the initiation of the rifting phase (Dèzes et al., 2004;Schumacher, 2002;[START_REF] Villemin | L'evolution structurale du fosse rhenan au cours du Cenozoique ; un bilan de la deformation et des effets thermiques de l'extension[END_REF]Ziegler, 1992).

2. An extension phase occurred from the Late Eocene to the Early Oligocene marking the main rifting phase dominated by an E-W extension combined to reactivated NNE-SSW normal faults and reactivated sheared NE-SW and NW-SE faults [START_REF] Villemin | L'evolution structurale du fosse rhenan au cours du Cenozoique ; un bilan de la deformation et des effets thermiques de l'extension[END_REF].

3. A NE-SW compression phase occurred at the Late Oligocene which reactivated the borders faults with dextral shear [START_REF] Villemin | L'evolution structurale du fosse rhenan au cours du Cenozoique ; un bilan de la deformation et des effets thermiques de l'extension[END_REF]. Forest crystalline horsts linked to the Alpine thrusting [START_REF] Illies | Holocene movements and state of stress in the rhinegraben rift system[END_REF][START_REF] Villemin | L'evolution structurale du fosse rhenan au cours du Cenozoique ; un bilan de la deformation et des effets thermiques de l'extension[END_REF]. The URG is still influenced by this Alpine thrusting reactivating in shearing N-S and NE-SW inherited hercynian faults [START_REF] Edel | The Variscan tectonic inheritance of the Upper Rhine Graben: evidence of reactivations in the Lias, Late Eocene-Oligocene up to the recent[END_REF]. The thinning of the lithosphere due to the ECRIS phase is well represented by thermal anomalies which are heterogeneously distributed along the URG [START_REF] Baillieux | Localization of temperature anomalies in the Upper Rhine Graben: insights from geophysics and neotectonic activity[END_REF]. The local highest temperatures, higher than 150°C at 2000 m True Vertical Depth (TVD), are concentrated in the northern part of the URG (Figure 2 -14). These temperature anomalies heat the fluid circulating through the fracture network, which can be extracted for electricity generation as at Soultz-sous-Forêts [START_REF] Ledésert | How Can Deep Geothermal Projects Provide Information on the Temperature Distribution in the Upper Rhine Graben? The Example of the Soultz-Sous-Forêts-Enhanced Geothermal System[END_REF]. 

II.2. The Soultz-sous-Forêts geothermal site

The Soultz-sous-Forêts (SsF) site is located in the northern part of the URG. Based on oil exploration, an intense thermal anomaly was known in the area [START_REF] Haas | Temperature Gradient in Pechelbronn Oil-Bearing Region, Lower Alsace: Its Determination and Relation to Oil Reserves1[END_REF]. At the end of the industrial oil exploitation (1970) and after numerous geological data acquisition, preliminary studies of deep geothermal began. SsF has been chosen initially as the location for the European Hot Dry Rock (HDR) research project, which started in 1987 by the drilling of the first well, GPK1. The project continued by the deepening and the coring of the old oil well EPS1 in 1990/1991 in order to characterize the granitic reservoir, following by the deepening of the GPK1 well in 1992. This well became the first well of a doublet, the second one, GPK2 having been drilled in 1995. In 1999, the GPK2 well was deepened and two new wells were drilled (GPK3 and GPK4) in 2002 and 2004 respectively, creating a triplet of deviated wells. All the wells drilled in SsF penetrated the granitic basement with depth ranging from 3.6 to 5 km (Figure 2 -15), where a hot brine circulates through a natural fracture network. In order to enhance the permeability of the rock mass needed for commercial energy production, thermal, hydraulic and chemical stimulations were performed, upgrading the SsF site to EGS technology known today. Since 2014, the SsF site was converted to an industrial project operated by the GEIE (Exploitation Minière de la Chaleur). A review paper from present state of knowledge at SsF is given by [START_REF] Ledésert | The Soultz-sous-Forêts' Enhanced Geothermal System: A Granitic Basement Used as a Heat Exchanger to Produce Electricity[END_REF]. It has been shown that the thermal anomalies appear as hot zones along faults, oriented N30°E in the case of SsF mostly linked to convection phenomenon, but also to radiogenic production from the granitic basement [START_REF] Baillieux | Localization of temperature anomalies in the Upper Rhine Graben: insights from geophysics and neotectonic activity[END_REF]. They are interpreted as vertical fluid circulation per ascensum of meteoric waters [START_REF] Pribnow | Thermal tracking of upper crustal fluid flow in the Rhine graben[END_REF]. Through the drilling, a temperature profile was realized: a thermal gradient of 110°C/km is visible the first kilometer of conductive type. It is followed by a lower thermal gradient of 5°C/km until 3.3 km at the interface granite-sediments presenting a convective regime. The profile ends at 5 km in the granite showing a thermal gradient of 30°C/km indicating again a conductive regime [START_REF] Vidal | Altérations hydrothermales associées aux zones de fractures à l'interface de la couverture sédimentaire et du socle cristallin dans le Fossé rhénan supérieur : application aux forages géothermiques de Rittershoffen[END_REF].

Along the 5 km, three fracture clusters were identified, whose 60% of fractures belong to two sets striking N-S and dipping the west and to the east (Figure 2-15) (Dezayes et al., 2010a(Dezayes et al., , 2010b):

1. Cluster 1 (1800-2000 m TVD) is located in the unaltered porphyritic granite. The main fracture set dips to the east. It was permeable prior to any stimulation operation.

2. Cluster 2 (3000-3400 m TVD) is located within the fractured and altered granite characterized by high pervasive alteration related to small-scale fractures, but also by at least one thick fracture with a significant hydrothermal alteration halo. A high proportion of clay and hydrothermal minerals are present in this facies. The two conjugate sets of fracture are equally represented deeping eastward and westward.

3. Cluster 3 (4500-5000 m TVD) is located in a deep massive granite characterized by a low pervasive alteration, which needed to be stimulated. The westward fracture set is dominant.

The normal N-S-striking faults are the most productive fractures at SsF as presented above due to their high permeability [START_REF] Bächler | Impact of graben-parallel faults on hydrothermal convection--Rhine Graben case study[END_REF].

Note that in its upper part (1420-1550 m), at the top of the massif, the granite is strongly weathered with numerous signs of clay mineral development and hematization. Deeper, two main types of hydrothermal alteration were seen: ( 1) an early stage of pervasive alteration and

(2) subsequent stages of vein alteration (Genter and Traineau, 1995). [START_REF] Van Der Pluijm | Earth structure: an introduction to structural geology and tectonics[END_REF][START_REF] Bouchez | Principles of Rock Deformation and Tectonics[END_REF]. It consists of three components: (1) rotation, (2) translation and ( 3) distortion or strain. The strain path corresponds to the succession of tectonic events like extension, compression and strike-slip [START_REF] Bouchez | Principles of Rock Deformation and Tectonics[END_REF]. Deformation can be continuous and homogeneous, continuous and heterogeneous or discontinuous with discontinuities that can be a grain-boundary, a joint or a fault. Moreover, depending on the scale, deformation may be different (i.e. continuous at the massif scale and discontinuous at the sample or thin section scale) [START_REF] Bouchez | Principles of Rock Deformation and Tectonics[END_REF].

In geology, the ability of stressed rocks to deform or to flow is described by the rheology of the rock by using fundamental parameters such as strain rate, elasticity , plasticity and viscosity (Van der [START_REF] Van Der Pluijm | Earth structure: an introduction to structural geology and tectonics[END_REF]).

• The ability of rocks to deform elastically resides in nonpermanent distortions of the crystal lattice, but the magnitude is relatively small. Once the stress applied is released, the atomic structure returns to its energetically most stable configuration (the lowest potential energy). Thus, elastic behavior is characterized by recoverable strain.

• The plastic behavior is a response to stress such that when the yield strength of the material is exceeded, it develops a strain without loss of continuity (i.e., without formation of fractures).

• The viscous behavior consists into the accumulation of strain as function of time (i.e. the strain rate). It is irreversible and thus produces a non-recoverable strain.

Natural deformation can be more generally divided into two types: brittle deformation and ductile deformation including a brittle-ductile transition (Figure 3-1). 

I.2. Brittle deformation

Van der Pluijm and Marshak ( 2004) defined the brittle behavior as: "A response of a solid material to stress during which the rock loses continuity (cohesion). It occurs only when stresses exceed a critical value, and thus after the body has already undergone some elastic or/and plastic behavior. Brittle behavior generally does not occur at high temperatures.". The brittle deformation mechanisms is the permanent change that occurs in a solid material due to fracture growth (joint formation and shear rupture formation) and/or frictional sliding (faulting).

If those mechanisms occur at grain scale, the resulting deformation is called cataclasis (distributed fracturing, crushing, and frictional sliding of rocks or rock fragments) (Figure 3-2).

According to [START_REF] Van Der Pluijm | Earth structure: an introduction to structural geology and tectonics[END_REF], a fracture is any surface of discontinuity, leaning a surface across which the material is no longer bonded. If a fracture is filled with secondary minerals, it is a vein. A joint, also called cracks or tensile fractures, is a natural fracture in the rock showing no measurable shear displacement. In contrast, shear fractures are mesoscopic fractures presenting signs of displacement. In the case where the displacement is easily measurable, it is called a fault. A fault is a fracture surface on which there has been sliding. Thus, a fault zone refers either to a band of finite width across which the displacement is partitioned among many smaller faults, or to the zone of rock bordering the fault that has fractured during faulting. A fault zone architecture is more complex than a simple plan and depends on different factors as the deformation mode (normal, inverse or shear fault), the rheology, the inherited fracture reactivation, etc. A fault zone is thus characterized by three distinct components (Figure 3-3): The core may act as a conduit during deformation and as a barrier when it is filled by newly formed minerals following deformation [START_REF] Caine | Internal structure, fault rocks, and inferences regarding deformation, fluid flow, and mineralization in the seismogenic Stillwater normal fault, Dixie Valley, Nevada[END_REF][START_REF] Caine | Fault zone architecture and permeability structure[END_REF]Evans et al., 1997;[START_REF] Faulkner | A review of recent developments concerning the structure, mechanics and fluid flow properties of fault zones[END_REF] Figure 3-4. Architecture and structural elements of a fault zone in a crystalline rock with a fault core (FC) composed of breccia and fault gouge and damage zone (DZ) with increased fracture density [START_REF] Caine | Fault zone architecture and permeability structure[END_REF]. Figure from [START_REF] Bauer | Architecture, fracture system, mechanical properties and permeability structure of a fault zone in Lower Triassic sandstone, Upper Rhine Graben[END_REF] • a damage zone, which is composed of a distributed zone of enhanced subsidiary fracturing, faulting and veining surrounding the fault core, with a width proportional to the displacement [START_REF] Caine | Internal structure, fault rocks, and inferences regarding deformation, fluid flow, and mineralization in the seismogenic Stillwater normal fault, Dixie Valley, Nevada[END_REF][START_REF] Caine | Fault zone architecture and permeability structure[END_REF][START_REF] Choi | Definition and classification of fault damage zones: A review and a new methodological approach[END_REF][START_REF] Faulkner | A review of recent developments concerning the structure, mechanics and fluid flow properties of fault zones[END_REF]Wallace and Morris, 1986). The fracture networks have orientations mechanically related to the main fault [START_REF] Caine | Fault Zone Architecture and Fluid Flow: Insights from Field Data and Numerical Modeling[END_REF]. It can be a high permeability channel and become the main fluids pathway if the fault core is completely sealed by secondary minerals [START_REF] Géraud | Physical properties of fault zones within a granite body: Example of the Soultz-sous-Forêts geothermal site[END_REF].

• a relatively undeformed protolith or wall rock where fault related permeability structures are absent [START_REF] Caine | Fault zone architecture and permeability structure[END_REF].

However, a fault core can occur as a relative narrow and localized slip zone containing high strain product as presented above (Figure 3-5a), or as a wider zone containing multiple strands of fault cores (Figure 3-5b) [START_REF] Mitchell | The nature and origin of off-fault damage surrounding strike-slip fault zones with a wide range of displacements: A field study from the Atacama fault system, northern Chile[END_REF]. [START_REF] Mitchell | The nature and origin of off-fault damage surrounding strike-slip fault zones with a wide range of displacements: A field study from the Atacama fault system, northern Chile[END_REF] The notion of scaling when defining a fault zone has to be considered. A fault zone, as described above, contains in its damage zone several fault zones of low order having their own fault core and their own damage zone (Figure 3-6) (Le Garzic et al., 2011). They will have their own morphology not necessarily representative of the higher order fault zone. Thus, the synthetic schemes of fracture zones presented in this manuscript will have no scale, because they can represent fracture zones at several order of magnitude. A shear zone is a high-strain zone in which deformation contains a rotation component that reflect the lateral displacement of all rock segments [START_REF] Passchier | Microtectonics[END_REF]. It is characterized by a band of finite width in which the ductile shear strain is significantly greater than in the surrounding rock (Van der [START_REF] Van Der Pluijm | Earth structure: an introduction to structural geology and tectonics[END_REF]. A shear zone can be subdivided into two zones: (1) brittle zones or faults and (2) ductile zones. Most of the shear zones have both brittle and ductile segments [START_REF] Passchier | Microtectonics[END_REF].

Sliding on faults and fracturing of wall rock forms a volume of brittle fault rock along a fault plane [START_REF] Passchier | Microtectonics[END_REF]. A fault rock is a rock that consists of fragments produced by the crushing and grinding which can be cohesive or noncohesive and accompanies a dislocation. It is often found along the fault plane. The major fault rocks and their associated processes are defined below [START_REF] Bouchez | Principes de tectonique[END_REF][START_REF] Van Der Pluijm | Earth structure: an introduction to structural geology and tectonics[END_REF]):

• A tectonic breccia is considered as a cohesive or noncohesive fault rock with fragments that make up >30% of the rock mass in a fine grain matrix. In the case of a cohesive breccia is that the nature of the rock is due to dissolution-precipitation-crystallization of minerals.

• A cataclasite is a cohesive or noncohesive fault rock generally with fragments that make up <30% of the rock mass in a fine grain matrix. It commonly shows evidences of abundant pressure solution and precipitation effects.

• A fault gouge is a fault rock consists into a rock composed of material whose grain size has been mechanically reduced. Few large fragments of the rock occur isolated in the matrix. Grains are less than about 1 mm in diameter. Shearing of gouge along a fault surface during progressive movement may create foliation within the gouge and fragments can have a lensoid shape. Clay formed by alteration of silicate minerals in fault zones may be difficult to distinguish from true gouge.

Minerals such as feldspar can be separated into aggregates of fragments by fracturing along crystallographic directions with a geometry similar to asymmetric boudins, separated by seams cataclasite. Domino and mosaic fragmented porphyroclasts are more common (Figure 34567).

They allow to determine the shear sense from their displacement [START_REF] Passchier | Microtectonics[END_REF] Van der Pluijm and Marshak, 2004).

Figure 3-7. Schemes showing different types of commonly fragmented porphyroclasts after [START_REF] Passchier | Microtectonics[END_REF].

In a granitic body, the rocks on either side of a shear zone are indistinguishable. That is why shear-sense indicators are prevalent.

The ability of a fault to propagate is influenced by many processes such as the regional stress field, the geometry of the rock units, fluid pressure and the interaction of the brittle fault rock with fluids [START_REF] Passchier | Microtectonics[END_REF]. The mechanical behavior of a fault is strongly influenced by the infiltrated fluids. Fluid may cause (1) the weakening of the fault by reaction of strong phases to weaker minerals in fault rocks (e.g. clay forms in fault zones due to alteration of feldspar by the fluid) or ( 2) fault rock strengthening by vein precipitation cementing fault rock fragments together.

When the temperature increases, the elastic portion of strain decreases, while the ductility increases. This is most noticeable at elevated confining pressures. Likewise, the yield strength (i.e. maximum stress supported by a rock until it flows) decreases with increasing temperature.

Thus, the behavior of various rock types and minerals reacts differently under conditions of increasing temperature and confining pressure (Figure 3-8) (Van der Pluijm and Marshak, 2004). 

I.3. Ductile deformation

Van der Pluijm and Marshak (2004) defined the ductile behavior as the ability of a rock to accumulate significant permanent strain with deformation distributed on the mesoscopic scale.

The distortions that occur must be a result of permanent changes. Ductile behavior is distinguished from the brittle behavior by the fact that the strain is distributed over the body rather than localized. However, the scale of observation needs to be considered. Strain that appears homogeneous on one scale can represent heterogeneity on another. Down to the mesoscopic scale (hand specimen), the ductile behavior can be considered as uniform flow.

Three fundamental mechanisms producing ductile behavior in rocks and minerals can be distinguished (Van der Pluijm and Marshak, 2004):

• Cataclastic flow: It is distributed fracturing, crushing, and frictional sliding of grains of rock or rock fragments. Thus, it is mesoscopic ductile behavior, yet the process by which it occurs is microscopic brittle fracturing and frictional sliding. It is typically found in fault zones.

• Crystal plasticity: Ductile behavior can be achieved by the motion of crystal defects (point defects, line defects or dislocations and planar defects). Crystal plasticity corresponds to the associated distortion of solid phases. Dislocations through the crystal lattice may occur by glide, glide and climb combination (creep) or twinning and if the activation energy for movement is achieved.

• Diffusional mass transfer: It is a flow of rocks that occurs by the transfer of material. It Volume and grain-boundary diffusions correspond respectively to the vacancies diffusion (permanent shape change) through the entire body or at its grain boundary along a narrow region. Pressure solution process is similar to grain-boundary diffusion, but evolves at lower temperatures on grain boundaries the presence of a fluid film.

Shear zones can also be ductile and are this time characterized as a tabular band in which the strain is considerably higher compared to the surrounding rock. This strain is thus accumulated by ductile processes from cataclasis, to crystal-plasticity, to diffusion and no throughgoing fracture is formed (Van der [START_REF] Van Der Pluijm | Earth structure: an introduction to structural geology and tectonics[END_REF]. A mylonite is a foliated and usually lineated rock dominated by the crystal-plastic processes producing another characteristic of deformed rocks, a texture or crystallographic-preferred fabrics (Van der [START_REF] Van Der Pluijm | Earth structure: an introduction to structural geology and tectonics[END_REF][START_REF] Passchier | Microtectonics[END_REF]. Conditions of mylonitization are reached at various temperature, stress and strain rate depending on the minerals in the rock (Van der [START_REF] Van Der Pluijm | Earth structure: an introduction to structural geology and tectonics[END_REF].

Mylonites usually contain large grains surrounded by a finer matrix. These grains may have tails of materials that differ from the matrix, such that are distinguishable and allow to identify the sense of shear (Van der [START_REF] Van Der Pluijm | Earth structure: an introduction to structural geology and tectonics[END_REF]. Two types of grain-tail complexes are recognizable (1) -type and (2) -type (Figure 3 -9). Phyllosilicate grains, such as mica, can show a stair-stepping geometry in the direction of the shear and look like scales on a fish, thus called mica-fish (Figure 3 -9). Mylonites show at least one major foliation at low-angle to the shear zone boundary known as the S-foliation (S from French word "schistosité") (Figure 3 -9). At some point, it may be hard to distinguish this foliation from a foliation parallel to the shear zone known as the C-foliation (C from French word "cisaillement") (Figure 3 -9). A third foliation oblique to the shear boundary can be identified as discrete shear displacement and known as the C'-foliation or shear band (Figure 3456789). These foliations reflect discrete shear surfaces or grain-shape fabrics distinguishable at different scales from thin section up to outcrop scale (Van der [START_REF] Van Der Pluijm | Earth structure: an introduction to structural geology and tectonics[END_REF]. • Recrystallization is the process that removes the internal strain energy remaining in grains after recovery and forms high-angle grain boundaries which separate strain-free grains from each other. These new grains present no undulatory extinction and straight borders. Within an anisotropic stress field, recrystallization is called dynamic recrystallization (bulging, subgrain rotation and grain boundary migration [START_REF] Stipp | Dynamic recrystallization near the brittle-plastic transition in naturally and experimentally deformed quartz aggregates[END_REF]). Within an isotropic stress field, it is called static recrystallization or annealing.

• Superplastic creep is a deformation mechanism that changes the grains shape allowing them to slide past one another without friction. In other words, it is the ability of a rock to accumulate a high amount of strain without mesoscopic breaking.

II. FLUID-ROCK INTERACTIONS IN GRANITIC ROCKS AND FRACTURE ZONE PROPERTIES

Mineralogical, geochemical and textural changes are caused by penetration of a hydrothermal fluid along fractures and its interaction with the host rock. These phenomen are also called hydrothermal alteration processes [START_REF] Nishimoto | Hydrothermal alteration of deep fractured granite: Effects of dissolution and precipitation[END_REF][START_REF] Fulignati | Clay Minerals in Hydrothermal Systems[END_REF]. Primary mineral phases constituting the host rock are chemically attacked by the fluid. In the case of a granitic rock usually composed of quartz (Qtz), plagioclase (Pl), K-feldspar (Kfs, in this study we consider this abbreviation for perthitic orthoclase) and biotite (Bt), all of these minerals can be altered but very rarely quartz. In order to re-equilibrate with the system, new mineralogical assemblages are generated as hydrous minerals, with clay minerals being prevalent like smectite, kaolinite, illite, chlorite, mixed-layers (chlorite/smectite also called corrensite, illite/smectite and biotite/vermiculite) etc… [START_REF] Fulignati | Clay Minerals in Hydrothermal Systems[END_REF]. The new minerals form in response to pressure, temperature and composition of the altering fluids [START_REF] Creasey | Hydrothermal alteration[END_REF]. The dissolution of primary rock-forming minerals and the secondary minerals precipitation change the in situ conditions with respect to the rock mechanical strength [START_REF] Meller | The significance of hydrothermal alteration zones for the mechanical behavior of a geothermal reservoir[END_REF].

Hydrothermal alterations are important to the EGS because (1) the mineralogy, the porosity and the permeability of the rock are modified, ( 2) indications about the nature and the temperature of the fluid flowing in the rock are provided and ( 3) an idea about the spatial and temporal scale of fluid circulation is given [START_REF] Ledésert | Fractures, hydrothermal alterations and permeability in the Soultz Enhanced Geothermal System[END_REF].

According to different authors, different types of alteration processes of alteration facies are described representing different mineral assemblages giving different nomenclatures for hydrothermal alteration types (e.g. [START_REF] Burnham | Facies and types of hydrothermal alteration[END_REF][START_REF] Creasey | Hydrothermal alteration[END_REF][START_REF] Nishimoto | Hydrothermal alteration of deep fractured granite: Effects of dissolution and precipitation[END_REF]. A general acceptance was made for the terms propylitic and argillic alterations even if some authors prefer to use mineral assemblages.

The propylitic type of alteration is distinguished by the prominence of lime-bearing minerals, such as calcite and epidote and of corrensite [START_REF] Creasey | Hydrothermal alteration[END_REF][START_REF] Velde | Clays and Clay Minerals in Natural and Synthetic Systems[END_REF]. This alteration is characterized as a pervasive alteration by interstitial fluids trapped into the grain boundaries affecting an important volume of rock during the cooling of the pluton (Genter, 1989). The transformation of some of the primary minerals (plagioclase and biotite) is often partial or selective.

The argillic alteration is distinguished by the prominence of clay minerals like illite, kaolinite and illite/smectite mixed-layer in conjunction with leaching of CaO [START_REF] Creasey | Hydrothermal alteration[END_REF][START_REF] Que | Sericitization of plagioclase in the Rosses Granite Complex, Co. Donegal, Ireland[END_REF][START_REF] Ledésert | Diagenetic-type reactions related to hydrothermal alteration in the Soultz-sous-Forets Granite, France[END_REF][START_REF] Środoń | Nature of mixed-layer clays and mechanisms of their formation and alteration[END_REF]. This alteration is characterized by ( 1) an important leaching and transformation of the primary minerals (plagioclase, biotite and sometimes Kfeldspar) localized on both sides of fractures related to the interaction of fluids, that circulate through the fracture network, with the surrounding rock and (2) fracture fillings of different natures (Genter, 1989;[START_REF] Nishimoto | Hydrothermal alteration of deep fractured granite: Effects of dissolution and precipitation[END_REF]. The argillic alteration is thus also called vein alteration.

Crystalline rocks are known for their low matrix porosity and permeability. Thus, natural permeability is mainly controlled by the fracture network at different scales where fluid circulates [START_REF] Evans | Permeability creation and damage due to massive fluid injections into granite at 3.5 km at Soultz: 2. Critical stress and fracture strength[END_REF]. Fracture and fault development is an important factor in terms of fluid circulation and thus of hydrothermal alteration. Higher is the fracture density, higher is the alteration amount [START_REF] Nishimoto | Hydrothermal alteration of deep fractured granite: Effects of dissolution and precipitation[END_REF]. The complexity and the difference of physical properties of a fault zone could explain chemical and petrophysical processes during fluid-rock interactions [START_REF] Choi | Definition and classification of fault damage zones: A review and a new methodological approach[END_REF][START_REF] Faulkner | A review of recent developments concerning the structure, mechanics and fluid flow properties of fault zones[END_REF]. The fault core and damage zone of a fault zone control the fluid flow near and within a fault zone. More precisely, as defined by [START_REF] Caine | Fault zone architecture and permeability structure[END_REF], the fault core is the seat of secondary minerals precipitation where most of the displacement occurs. With distance of the fault core, a strong decrease of the fracture density is observed (Mitchell and Faulkner, 2012) (Figure 3-11). Moreover, the damage zone composing of hundreds of fractures appears highly altered and more porous [START_REF] Caine | Fault zone architecture and permeability structure[END_REF][START_REF] Genter | Over 10 years of geological investigations within the HDR Soultz Project[END_REF] (Figure 3 -11).

Figure 3-11. Fracture density and porosity profiles in a conceptual lithofacies granite zonation of hydrothermally altered and fractured granite modified from [START_REF] Genter | Over 10 years of geological investigations within the HDR Soultz Project[END_REF] and [START_REF] Glaas | Clay Mineralogy: A Signature of Granitic Geothermal Reservoirs of the Central Upper Rhine Graben[END_REF]. [START_REF] Géraud | Physical properties of fault zones within a granite body: Example of the Soultz-sous-Forêts geothermal site[END_REF] described the physical properties across a fault zone as an increase of permeability within the damage zone, from the protolith to the fault core due to fracturing and the dissolution of the primary minerals (secondary porosity). However, toward the fault core, the permeability is reduced due to secondary mineral precipitation sealing the fracture. Thus, the damage zone would show the highest permeability. In the case of an occasional free space between both surfaces of the fault plane, the fault core could represents a high fluid flow conduit.
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A fault zone may act as conduits, barriers or combined conduit-barrier systems enhancing or impeding fluid flow (Figure 3-12) [START_REF] Caine | Fault zone architecture and permeability structure[END_REF][START_REF] Seebeck | Fluid flow in fault zones from an active rift[END_REF]. The grain size reduction in a fault core in the case of a unique protolith as presented by [START_REF] Caine | Fault zone architecture and permeability structure[END_REF] leads to the decrease of porosity and permeability providing an across-fault barrier to flow [START_REF] Faulkner | A review of recent developments concerning the structure, mechanics and fluid flow properties of fault zones[END_REF][START_REF] Goddard | Chemical changes and fluid-rock interaction in faults of crystalline thrust sheets, northwestern Wyoming[END_REF][START_REF] Song | A microstructural study of the fault gouge in the granite, Yangbuk, Gyeongju, southeastern Korea, with implications for multiple faulting[END_REF]. This permeability decrease depends mainly on the amount of clay composing the fault core. The presence of clay also leads to an increase of the permeability anisotropy according to the fault plan direction (Bertrand, 2017). Fault zones rich in phyllosilicate material as illite tend to have lower permeabilities than quartz and/or framework silicate-rich gouges [START_REF] Faulkner | A review of recent developments concerning the structure, mechanics and fluid flow properties of fault zones[END_REF]. The fractured damage zone is visualized as an along/up-fault conduit, control the fluid circulation depending on its thickness and its fracture density [START_REF] Choi | Definition and classification of fault damage zones: A review and a new methodological approach[END_REF][START_REF] Faulkner | A review of recent developments concerning the structure, mechanics and fluid flow properties of fault zones[END_REF].

Moreover, the fracture network visible in a whole massif allowed to estimate the extent of the fracture connection that allowed fluid to flow. [START_REF] Meller | The significance of hydrothermal alteration zones for the mechanical behavior of a geothermal reservoir[END_REF] also showed that hydrothermal alteration lowers the mechanical strength of the SsF granite and its fractures and thus can change the local stress regime. [START_REF] Géraud | Porosity network of Soultz-sous-Forets granite: the importance of the damaged zone around faults and fractures[END_REF] observed a clear correlation between the alteration type and the porosity with low porosity value corresponding to the propylitic alteration and high porosity value for the argillic alteration. However, they also observed that the permeability of very porous samples can be very low. Permeability and porosity are not always correlated.

Clay minerals type, structure and preferred orientation can play an important role on fault behaviors in terms of frictional (depending on their structure and water content) and hydrological properties, permeability and porosity evolution, but also in terms of slip rate of the fault [START_REF] Buatier | Origin and behavior of clay minerals in the Bogd fault gouge, Mongolia[END_REF][START_REF] Meller | The significance of hydrothermal alteration zones for the mechanical behavior of a geothermal reservoir[END_REF]. A reduction of frictional strength was observed by [START_REF] Crawford | Strength, porosity, and permeability development during hydrostatic and shear loading of synthetic quartz-clay fault gouge[END_REF] with an increase of the clay fraction. As well as, low friction coefficients were obtained on fault gouges rich in phyllosilicates which are aligned [START_REF] Ikari | Frictional and hydrologic properties of clay-rich fault gouge[END_REF][START_REF] Buatier | Origin and behavior of clay minerals in the Bogd fault gouge, Mongolia[END_REF]. Clay minerals may contribute to a a fault slip weakening behavior [START_REF] Buatier | Origin and behavior of clay minerals in the Bogd fault gouge, Mongolia[END_REF].

The link between deformation and fluid-rock interactions is of primary importance in order to better understand a geothermal reservoir and it is the main goal of this work. The MEET Project". 

I. ABSTRACT

Only few data from geothermal exploited reservoirs are available due to the restricted accessibility by drilling, which limits the understanding of the entire reservoir. Thus, analogue investigations are needed and were performed in the framework of the H2020 MEET project.

The Noble Hills range, located along the southern branch of the Death Valley pull-apart (CA, USA), has been selected as a possible granitic paleo-reservoir. The aim is to characterize the pervasive alteration processes affecting this granite, away from the influence of the faults, in terms of mineralogical, petrophysical and chemical changes. Various methods were used as petrographic, geochemical and petrophysical analyses. Mineral changes, clay mineralogy, bulk rock chemical composition, calcite content and porosity were determined on different granite samples, collected in the Noble Hills granite, far from the faults and in the Owlshead Mountains, north of the Noble Hills, considered as its protolith. In order to complete the granite characterization, the metamorphic grade has been studied through the Noble Hills granite body.

This complete characterization has allowed distinguishing the occurrence of three stages of alteration: (1) a pervasive propylitic alteration characterized by calcite-corrensite-epidote-Kwhite mica assemblage, ( 2) a more local one, only present in the Noble Hills granite, producing illite, kaolinite, illite/smectite, calcite and oxides, characteristic of the argillic alteration, which overprints the propylitic alteration and (3) weathering evidenced by the presence of montmorillonite in the Owlshead Mountains, which is considered as negligible in both granites.

Alteration was also outlined by the correlation of the loss on ignition, representing the hydration rate, to porosity, calcite content and chemical composition. Moreover, the Kübler Index calculated from illite crystals allowed to identify a NW-SE temperature gradient in the Noble Hills.

II. INTRODUCTION

Geothermal systems occur in different geological settings such as active volcanic fields, plutonic provinces, extensional domains, intracratonic basins and orogenic belts, i.e., anywhere with heat and fluids that are able to flow through the rocks [START_REF] Williams | Updating the classification of geothermal resources[END_REF]. The exploitation of geothermal energy is expanding worldwide due to the abundant resources and the progress of the technology that lead to Enhanced Geothermal Systems (EGS). EGS ( 1) defines a reservoir

where the natural permeability of the rocks needs to be enhanced through stimulations in order to obtain a sufficient temperature/flow rate ratio [START_REF] Moeck | Catalog of geothermal play types based on geologic controls[END_REF] and ( 2) aims at transforming efficiently the geothermal resource into heat and electricity for human consumption [START_REF] Olasolo | Enhanced geothermal systems (EGS): A review[END_REF].

The present study is part of the MEET H2020 project (Multidisciplinary and multi-context demonstration of EGS exploration and Exploitation Techniques and potentials) (Trullenque et al., 2018). One aim of this project is to provide a characterization method of a geothermal granitic reservoir in a geological extensive context, such as the Great Basin region (USA), where normal fault zones also act as the most favorable structural setting for geothermal fluid flow [START_REF] Faulds | The Hybrid Model - The Most Accommodating Structural Setting for Geothermal Power Generation in the Great Basin, Western USA[END_REF]. In the Great Basin, other notable structural settings control fluid flow such as the intersection between normal faults and other structures like strike-slip faults (~22%), as well as pull-apart structures (4%) [START_REF] Faulds | The Hybrid Model - The Most Accommodating Structural Setting for Geothermal Power Generation in the Great Basin, Western USA[END_REF]. The fluid-rock interaction along and inside fracture zones results in hydrothermal alterations. They lead to geochemical, mineralogical and petrophysical (porosity and permeability) modifications of the rocks [START_REF] Nishimoto | Hydrothermal alteration of deep fractured granite: Effects of dissolution and precipitation[END_REF]. In granitic rocks, fluid circulations usually occur through the fracture network at different scales (Dezayes and Lerouge, 2019a;[START_REF] Nishimoto | Hydrothermal alteration of deep fractured granite: Effects of dissolution and precipitation[END_REF] involving a pervasive alteration which may influence up to cubic kilometers of rock [START_REF] Plumper | The Complex Hydrothermal History of Granitic Rocks: Multiple Feldspar Replacement Reactions under Subsolidus Conditions[END_REF]. Thus, an intense fluid/rock interaction [START_REF] Inoue | Formation of Clay Minerals in Hydrothermal Environments[END_REF] Fault Zone (SDVFZ), which constitutes the southern branch of the Death Valley pull-apart (Burchfiel and Stewart, 1966). They extend over an area of 7 km long and 2 km wide and contain a part of the Cretaceous granitic pluton (~95 Ma) forming the Owlshead Mountains (OM) (Pavlis CHAPTER 4 90 and Trullenque, 2021). The arid climate prevents from a thick vegetal cover and the deep canyons that crosscut the range allow a thorough 3D investigation in order to characterize the evolution of the granite at the kilometer scale.

This paper aims at characterizing the pervasive alteration processes affecting the NH granite.

This massif is considered as a possible paleo-geothermal reservoir. The study is based on the analysis of ( 1) rock mineralogical and related petrophysical properties changes and ( 2) calcimetry and porosimetry analyses. To help at the granite characterization, the metamorphic evolution can be estimated through the Kübler Index (KI). Indeed, the temperature range of illite formation can be estimated thanks to the KI (Árkai et al., 2003a;[START_REF] Kisch | Correlation between indicators of very low-grade metamorphism[END_REF] based on illite "crystallinity" (IC). Temperature is thought to be the main factor controlling the IC evolution, but the lithology also has important effects (Árkai et al., 2002;Ferreiro Mählmann et al., 2012;[START_REF] Frey | Very low-grade metamorphism of clastic sedimentary rocks[END_REF][START_REF] Mullis | Fluid inclusion microthermometry to calibrate vitrinite reflectance (between 50 and 270°C), illite Kübler-Index data and the diagenesis/anchizone boundary in the external part of the Central Alps[END_REF]. Working at constant lithology, here granitic rock, allows us to avoid this effect. During the NH range formation, minerals could be transformed similarly as diagenetic reactions observed in feldspathic sandstones [START_REF] Ledésert | Diagenetic-type reactions related to hydrothermal alteration in the Soultz-sous-Forets Granite, France[END_REF]. [START_REF] Inoue | Formation of Clay Minerals in Hydrothermal Environments[END_REF] has also shown that the rock alteration resulting from hot fluid storage during a long geological period, heated in-situ and in equilibrium with the surrounding rock is usually considered as diagenesis or metamorphism. Therefore, the terms defined by [START_REF] Kisch | Correlation between indicators of very low-grade metamorphism[END_REF] for each diagenetic and metamorphic zones are considered in this study as eligible for granitic context. et al., 1988), in the Eastern California Shear Zone/Walker Lane Belt (ECSZ/WLB) (Stewart, 1983;[START_REF] Wernicke | Magnitude of crustal extension in the southern Great Basin[END_REF]Wright, 1976) (Figure 4-1a). DV is considered as one of the youngest regions where strike-slip deformation contemporaneously occurs with large-scale crustal extension within the Basin and Range province (Calzia and Rämö, 2000;[START_REF] Luckow | Late Cenozoic sedimentation and volcanism during transtensional deformation in Wingate Wash and the Owlshead Mountains, Death Valley[END_REF]Norton, 2011). This extensional basin formation accompanying normal and associated strike-slip faulting would be active since 15 Ma according to (Calzia and Rämö, 2000). It corresponds to a structural depression between the Panamit Range and the Black and Funeral

associated
Mountains [START_REF] Hill | Tectonics of Death Valley Region, California[END_REF] Fault Zone (SDVFZ), are characterized by en echelon traces (Butler et al., 1988) (Figure 4-1b).

They have a general right-lateral movement, NW-SE oriented, from which results a "pull-apart" structure forming a N-S oriented basin (Burchfiel and Stewart, 1966) 

(Figure 4-1b).
The SDVFZ is composed of several branches. The SDVFZ formed the NH, at its southernmost part, by vertical displacement (Brady III, 1986;Brady et al., 1989) (Figure 4-2a). It intersects the east-trending left lateral Garlock Fault Zone (GFZ), which ends at its western termination by the northwest-striking San Andreas fault zone (Butler et al., 1988) apart (Norton, 2011), by opting to a long-lived pull-apart which is consistent with regional evidence of the initiation in the middle Miocene of the dextral trans-tension in the ECSZ/WLB [START_REF] Lifton | Insights into distributed plate rates across the Walker Lane from GPS geodesy[END_REF].
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III.2. Noble Hills

The NH extend 14 km northwest of the northern Avawatz Mountains [START_REF] Brady | Thematic mapper and field investigations at the intersection of the Death Valley and Garlock fault zones, California[END_REF] ( b). A first general geological map of the NH was provided by Troxel and Butler (1979), and later completed by Brady III (1986), Brady and Troxel (1986b), [START_REF] Butler | Geology: Structural history and fluvial geomorphology of the southern Death Valley Fault Zone, Inyo and San Bernardino Counties, California[END_REF] and Niles (2016). They show that Precambrian gneiss covered by Crystal Spring Formation (CSF), a siliclastic-carbonate unit (Mahon et al., 2014b) of the Pahrump Group, were first intruded by 1.1 Ga diabase sills then by Mesozoic granitic rocks. All of these facies form the axial crystalline ridge defined by Brady III (1986).

The NH granite was poorly studied previously. It is part of the calc-alkaline granitoid intrusion related to the emplacement of the Sierra Nevada batholith, which was formed due to the eastward dipping subduction of the Pacific plate under the North American continent (DeCelles, 2004). It was only defined as both quartz monzonite (Troxel and Butler, 1979) and leucocratic adamellite [START_REF] Stamm | Geology at the intersection of the Death Valley and Garlock fault zones, southern Death Valley, California[END_REF]. Brady III (1986) completed the description as a medium to coarse equigranular grained to slightly porphyritic leucocratic rock containing few biotite and CHAPTER 4 93 little or no hornblende. The presence of sporadic mineralization due to hydrothermal alteration was also raised by Niles (2016). After the emplacement of the granite and its exhumation, ~3.34

Ma Pliocene sediments of the Noble Hills Formation (NHF) were deposited (Niles, 2016). The NHF consists in interbedded fine-grained clastic and evaporitic rocks, alluvial conglomerates, minor limestone and megabreccia. Recent work done by Klee et al. (2020) in the NH has shown a more complex geometry of the axial ridge than described until now (Figure 4-2c). The undifferentiated Precambrian and Paleozoic rocks facies were described by Klee et al. (2020) as a stacking of different CSF series, intruded by the Mesozoic granite. They seem to be dragged and stretched southeastward against the granite following the SDVFZ trend. Tertiary volcanism was also highlighted at the back of the range.

Based on the geology along the SDVFZ trace, Pavlis and Trullenque (2021) suggest that the NH axial crystalline ridge must be a transported part of the Cretaceous granitic pluton (~95 Ma), forming the OM (Rämö et al., 2002), which is relatively weakly deformed internally at its southern part [START_REF] Luckow | Late Cenozoic sedimentation and volcanism during transtensional deformation in Wingate Wash and the Owlshead Mountains, Death Valley[END_REF]. This piece would have moved a minimum of 8 km according to Brady III (1986) and Brady and Troxel (1986b) and around 28 km according to [START_REF] Troxel | Right-lateral offset of ca. 28 km along a strand of the southern Death Valley fault zone[END_REF] along the SDVFZ (Figure 2b). Pavlis and Trullenque (2021). (c) The geological map of the Noble Hills range, modified after (Klee et al., 2020;Niles, 2016). The quaternary is not displayed but available on Niles (2016) map. In (a,b), samples location for this study are represented by the white dots; the blue star corresponds to a sample from Rämö et al. (2002). NHF-Noble Hills Formation.
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IV. MATERIAL AND METHODS

IV.1. Material and Sampling Strategy

Fifteen samples from the NH granite and three samples from the OM granite (Figure 4-2) were collected in order to perform petrographical, mineralogical and geochemical characterizations.

Hand specimens of centimetric size were collected in the two granite bodies (OM and NH) in order to characterize their mineralogical changes.

The selection of those samples through the NH was done under one scope, consisting of target zones away from the faults in order to avoid their influence. In that case, the magmatic texture is preserved. These faults are striking mainly NW/SE (SDVFZ direction) (Chabani et al., 2021).

In order to be more precise in the sample selection, this latter was also based on the degrees of microfracturing defined by [START_REF] Castaing | Apports de la géologie à la recherche et à l'exploitation de pierres de taille (roches ornementales et de construction)[END_REF], from microscopical observations. This scale was improved by attributing a value of fracture density, based on scanlines realized on thin section mosaics, for each degree of microfracturing, which is described in the Methods section.

All the samples are georeferenced for database supply as well as located precisely (Figure 4-2).

The OM being considered as the same batholith as the NH granite (Pavlis and Trullenque, 2021), samples were collected in an area unaffected by the SDVFZ activity in order to have a reference protolith of the studied area. Thin sections as well as powders were prepared to perform the following analyses.

IV.2. Methods

IV.2.1. Microscopic Observations

A petrographical study performed on covered and polished thin-sections of 15 samples from the NH and two samples from the OM (OM_1 and OM_3), was realized at Institut Polytechnique UniLaSalle in Beauvais, using a Leica DM4500-P optical microscope equipped with a Leica DFC450C camera. Images were acquired thanks to the software Leica Application Suite (LAS) v4.11.0. The system is also equipped with a multistep acquisition program to perform thin section mosaics. It consists in the acquisition of several photos that follow each other in order to scan the whole thin section. At the end, the pictures are merged to obtain the mosaic. All the mineral abbreviations used in this paper refer to mineral symbols defined by [START_REF] Kretz | Symbols for rock-forming minerals[END_REF]. The degree of mineral transformation into secondary minerals was defined based on optical observations. CHAPTER 4 96

IV.2.2. Fractures Density

The studied samples were selected away from fracture zones, but also according to a certain degree of microfracturing based on the scale defined by [START_REF] Castaing | Apports de la géologie à la recherche et à l'exploitation de pierres de taille (roches ornementales et de construction)[END_REF]. For this study, fractures density values were calculated for each degree of microfracturing by using thin section mosaics. For each mosaic, two scanlines (Bisdom et al., 2014;Gillespie et al., 1993) perpendicular to the main fractures were realized by digitalizing fractures along both lines. The P10 (Bisdom et al., 2014) on randomly oriented bulk rock powders with a step length of 0.5° and a scan speed of 0.014°/s over the range 3°-70°2θ for bulk rocks composition. The uncertainty is estimated to be around 5%.

IV.2.4.2. Determination of Illite Crystallinity and Kübler Index

XRD investigations were carried out on bulk rock powder specimens and clay fractions of 16

samples in order to identify and determine the relative abundance of mineral phases (semiquantitative, around 3-5%) observed upstream under the optical microscope and the SEM. Clay mineral separation was conducted using techniques described by [START_REF] Schmidt | Very low grade metamorphism of the Taveyanne formation of western Switzerland[END_REF],

following the recommendations of [START_REF] Kisch | Illite crystallinity: recommendations on sample preparation, X-ray diffraction settings, and interlaboratory samples[END_REF], and according to the standard techniques suggested by Ferreiro Mählmann and [START_REF] Ferreiro Mählmann | Standardisation, calibration and correlation of the Kübler-index and the vitrinite/bituminite reflectance: an inter-laboratory and field related study[END_REF]. It consists into the collection of the <2 µm and 2-6 µm fractions from the sample powders put in suspension into water in decantation tubes. Oriented slides were then prepared by pipetting suspension onto glass slides (5 mg/cm 2 )

and air-drying. XRD measurements were then performed at air dried, solvated with ethylene glycol, and after heating (550 °C) conditions with a step length of 0.5° and a speed of 0.01°/s per step over the range 3°-35°2θ. The clay minerals identification, which is based on d-values and the relative intensity of their 00l peak reflections, was undertaken referring to [START_REF] Moore | X-ray diffraction and the identification and analysis of clay minerals[END_REF] and [START_REF] Starkey | The routine mineralogical analysis of claybearing samples[END_REF]. The illite "crystallinity" (IC), defined as the full width at half maximum (FWHM) of the 10 Å (001) peak of illite, was calculated using the software DIFFRAC EVA v 4.2 (by ©Bruker AXS, Billerica, MA, USA). The obtained values were standardized using the crystallinity index-standard (CIS) samples of Warr and Rice (1994a) in order to calculate the Kübler Index (KI).
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The KI values of raw data expressed in ∆°2θ, were measured into three slots, corresponding to different campaigns, inducing the three following standardizations:

KI(ULS1) = 1.6987 × ICmeasured -0.0842 (R 2 = 0.9724) (1) KI(ULS2) = 1.5501 × ICmeasured -0.0512 (R 2 = 0.9944) (2) KI(ULS3) = 1.5337 × ICmeasured -0.0498 (R 2 = 0.9975) (3) 
KI was used to define the limits of metamorphic zones [START_REF] Kübler | La cristallinite de l'illite et les zones tout a fait superieures du metamorphisme[END_REF], following the recommendations for Kübler-Index calibration of (Ferreiro Mählmann and Frey, 2012) and the CIS-KI transformation formalism of [START_REF] Warr | Recommendations for Kübler Index standardization[END_REF]. In siliciclastic rocks, the transitions from non-metamorphic to low-grade (referring to the term greenschist facies [START_REF] Winkler | Anatexis, Formation of Migmatites, and Origin of Granitic Magmas[END_REF]) and from the very low-grade (chlorite zone [START_REF] Tilley | A Preliminary Survey of Metamorphic Zones in the Southern Highlands of Scotland[END_REF]) to low-grade metamorphic zone (biotite zone [START_REF] Barrow | On an Intrusion of Muscovite-biotite Gneiss in the South-eastern Highlands of Scotland, and its accompanying Metamorphism[END_REF]) take place through three zones defined by [START_REF] Kisch | Correlation between indicators of very low-grade metamorphism[END_REF]: the diagenetic zone, the anchizone and the epizone. The zone boundary values are presented in Table 4-1. The smallest FWHM able to be measured by our diffractometer (limit detection) is 0.08 ∆°2θ. [START_REF] Merriman | Patterns of Very Low-Grade Metamorphism in Metapelitic Rocks[END_REF] for Kübler Index (KI) values [START_REF] Warr | Recommendations for Kübler Index standardization[END_REF] and temperatures [START_REF] Abad | Physical meaning and applications of the illite Kübler index: measuring reaction progress in low-grade metamorphism. Diagenesis and Low-Temperature Metamorphism[END_REF]. on permeability of the fluid pathways. This is achieved by measuring the rate of response of 10% hydrochloric acid on the samples. Calcimetry has also proved to be an efficient, easy and low-cost method to better understand the hydrothermal sealing of a reservoir [START_REF] Ledésert | Calcimetry as a useful tool for a better knowledge of flow pathways in the Soultz-sous-Forêts Enhanced Geothermal System[END_REF].

Metamorphic

Manocalcimetry consists into the measurements of CO2 partial pressure when calcite is dissolved by HCl. The reaction that occurs is:

CaCO3(s) + 2HCl(l) ⇄ CO2(g) + H2O(l) + CaCl2 (4)
The calcimeter, composed of a glass flask and a high precision manometer calibrated with pure calcite reduced into fine powder. This allows us to determine the calcimeter coefficient.

Variation of temperature and pressure can cause uncertainty on measurements, which was considered to obtain high quality results with a precision around 0.5 wt.%.

Prior to measurements, sample preparation was done according to [START_REF] Ledésert | Calcimetry as a useful tool for a better knowledge of flow pathways in the Soultz-sous-Forêts Enhanced Geothermal System[END_REF]. The samples were reduced into powder in an agate mortar and put in the oven at 60 °C for 24 h.

Then, 1.000 g of each sample was weighed and put in a sample holder, itself put in the calcimeter with a little glass filled with HCl. The amount of HCl is in excess in order to dissolve all the calcite present in the sample. The maximum value reached during the measurement was read on the manometer and the CaCO3 percentage was determined as follows: %CaCO3 = (Measured value × 100)/Calcimeter coefficient (5) Two replicates were performed for each sample in order to check the reproducibility of the results, which is considered as good when the difference between the two results is lower than 0.5 wt.%, corresponding to the precision interval mentioned above.

IV.2.7. Ethanol Saturation Porosimetry

The estimation of available volume for fluid storage is fundamental and can be quantified by porosity measurements [START_REF] Dullien | Porous Media: Fluid Transport and Pore Structure[END_REF]. The connected porosity was measured on 6 samples from the NH and one from the OM by the triple weighing method [START_REF] Navelot | Petrophysical properties of volcanic rocks and impacts of hydrothermal alteration in the Guadeloupe Archipelago (West Indies)[END_REF] defined In this study, ethanol has been chosen instead of water, as used in classical methods, in order to avoid possible clay swelling [START_REF] Gates | Permeability of an Organo-Modified Bentonite to Ethanol-Water Solutions[END_REF], which could lead to the destruction of the sample and biased results. Even though ethanol (0.469 nm) is a molecule larger than that of water (0.343 nm), the pore volume is not estimated to be under-evaluated, as the pore size is much larger than that of ethanol molecules. The samples were first oven-dried at approximately 40 °C until obtaining a constant weight (W1). Samples were then soaked by capillary action with ethanol after staying for 12 h under a vaccum. When the samples were completely immersed, the vacuum was stopped and the samples left in the ethanol for 24 h. Finally, they were weighted twice: (1) weighing of saturated samples, W2; and (2) weighing of samples under "ethanostatic" conditions (suspended into ethanol under the balance), W3. The connected porosity ϕ is then calculated:

ϕ(%) = (W2 -W1/W2 -W3) × 100 (6) 
V. RESULTS

V.1. Petrographic Description

V.1.1. The Owlshead Granite Samples of the OM granite appear rather fresh, meaning that primary minerals seem not transformed into secondary ones and present no sign of deformation. They show a light grey/whitish and yellowish granite (Figure 4-3a) with equant medium-size grains (0.1-1 cm).

Primary assemblage is composed of plagioclase, quartz, K-feldspar and biotite. Biotite is generally surrounded by a yellowish oxide halo, showing its incipient alteration.

OM granite microscopic observations (Figure 4-3b,c, Table 4-2) confirm the freshness of the rock as well as the very low to absent microfracturing. Figure 4-3b shows a microfracturing around Fd1 (Table 4-2 Regarding mineralogical composition, plagioclase (35%, modal composition) occurs subautomorphous crystals, up to 5 mm, of oligoclase composition with an oscillatory zonation (Bard, 1980) (Figure 4-3b). Quartz (35%) forms up to 2 cm polycrystalline clusters of anhedral crystals which range up to 1 cm and present a slight rolling extinction. K-feldspar (25%) occurs CHAPTER 4 101 as centimetric subautomorphous crystals of microcline and orthoclase with a Carlsbad twin, rich in perthites (albite vein or braid/patch shape (Bard, 1980) (Figure 4-4a,b). K-feldspar crystals can contain plagioclase and biotite inclusions. Biotite (5%) of around 2 mm in length is euhedral. Primary opaque minerals (<1%) are also found in this granite.

The core of plagioclase is slightly transformed into K-white mica ( Figure 4-3c andFigure 4-4c,d).

They will be represented as Wm. Quartz and K-feldspar are not affected by the alteration and are only little undeformed as seen on quartz showing undulatory extinction (Figure 4-4a).

Biotite can be slightly altered. Few epidotes are present nearby the biotite (Figure 4-4e,f).

Microscopic observations of samples OM_3 and OM_1 are consistent with whole rock XRD analyses performed on the sample OM_2 from the OM granite. The three samples have a similar mineralogical composition and are grouped together in Table 4-2. CHAPTER 4
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V.1.2. The Noble Hills Granite

Far from the major faults, the NH granite appears, as a whole, microfractured and altered. with preserved "fresh" zones. The collected hand specimens (Figure 4-2b) are equant to slightly porphyritic and display a pinkish color (Figure 4-3d) or a whitish color for the samples with evidences of alteration. Primary assemblage, as for the OM granite, is made of plagioclase, quartz, K-feldspar and biotite.
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At the microscale, the degree of microfracturing ranges from Fd0-1 to Fd2 (Table 4-2). As for the OM granite, the microfractures can be opened or filled by carbonates. As regards mineralogical composition, plagioclase (~35%, oligoclase in composition) occurs as subanhedral to euhedral crystals (up to 5 mm in length) showing growth zonation (see and [START_REF] Bard | Microtextures des roches magmatiques et métamorphiques[END_REF]). Quartz (~30%) forms polycrystalline euhedral clusters of around 1 cm in size made of 3-mm-wide crystals with sometimes a slight undulatory extinction linked to low deformation. K-feldspar (~25%) is made of sub-anhedral to euhedral orthoclase (up to 1 cm in length) with vein shaped perthites [START_REF] Bard | Microtextures des roches magmatiques et métamorphiques[END_REF]. Microcline is only present in the samples NH_12 and NH_14, in the southern part of the range (Figure 4-2 and Table 4-2). Some Kfeldspar crystals contain inclusions of plagioclase or/and biotite. Depending on the samples, the amount of plagioclase can be equivalent to that of K-feldspar (~30% each), but most of the time, plagioclase dominate. Myrmekite can be observed at the interface between plagioclase and K-feldspar. Biotite (~10%) appears euhedral with crystals ~ 2 mm in length. Accessory minerals (<1%) as apatite are also observed. More rarely, primary muscovite, as well as primary opaque minerals (oxides) are observed in the granite. A comparison between the NH and the OM granites highlights a grain size difference. Quartz and K-feldspar crystals are smaller in the NH granite (up to 3 mm and 1 cm respectively, Figure 4-3e) than in the OM granite (up to 1 cm and centimetric crystals respectively, Figure 4-3b).

Primary minerals, function of their sensitivity to alteration [START_REF] Bard | Microtextures des roches magmatiques et métamorphiques[END_REF], recrystallized into secondary minerals which are shown in Table 4-2. This is related to differences into chemical properties [START_REF] Goldich | A Study in Rock-Weathering[END_REF]). In the plagioclase, which is the most altered mineral (Figure 4-5), recrystallization propagate from the core of the crystal to the more albitic rim (Figure 4-5a) [START_REF] Que | Sericitization of plagioclase in the Rosses Granite Complex, Co. Donegal, Ireland[END_REF]. When alteration is intense, plagioclase is entirely replaced by newly formed minerals leaving only the pseudomorph of the plagioclase to subsist (Figure 4-5d). The newly formed minerals are the following:

• Illite is the most frequent and occurs as tiny flakes or needles 0.5 to 8 µm width and up to 40 µm long (Streckeisen, 1973) (Figure 4-5b,c).

• Kaolinite is present as fan shape (Figure 5e,f) of 25 µm to 40 µm in diameter. Under SEM (Figure 4-5f), well crystallized kaolinite presents a porous structure which can contribute to the porosity of the rock. It is only present in the NH granite (Table 4-3) indicating that the NH granite has undergone a different alteration from that of the OM granite.

• Calcite, which occurs as small spots, is mainly associated with kaolinite (Figure 4-5d,e).

It crystallizes in the porosity created by plagioclase dissolution.
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• Illite and kaolinite can be present together in the same sample (Figure 4-5d).

• The K-feldspar remains always unaffected (Figure 4-5d), but when the alteration is relatively pronounced, perthites can be altered as well as the mineral inclusions like in sample NH_3 (Table 4-2). Biotite is progressively replaced by K-white mica (illite) as compared to the biotite in the OM granite (Table 4-2). K-white mica crystallizes along the cleavages and can be associated to the crystallization of oxides, as hematite, also along the cleavages (Figure 456).

Table 4-3 (Streckeisen, 1973).

V.1.3. Clay Minerals Identification and Kübler INDEX

Clay minerals from the <2 µm and 2-6 µm fractions were separated. The clay composition of both fractions of each studied sample (OM and NH) is given in Table 4-3, based on [START_REF] Moore | X-ray diffraction and the identification and analysis of clay minerals[END_REF].

V. 1.3.1. Owlshead Mountains The OM sample clay analyses confirm the presence of illite observed under optical microscope.

They also reveal the pattern of montmorillonite (Mnt) [START_REF] Moore | X-ray diffraction and the identification and analysis of clay minerals[END_REF] and disappear after heating. The corrensite found in the NH granite is considered as a low charge corrensite after [START_REF] Moore | X-ray diffraction and the identification and analysis of clay minerals[END_REF].

• Illite/smectite (I/S) mixed-layer, kaolinite and illite (Figure 4-9b) are identified in the second pattern, where I/S is illite-rich (R3), with more than 90% of illite and R representing the Reichweite parameter [START_REF] Jagodzinski | Eindimensionale Fehlordnung in Kristallen und ihr Einfluss auf die Röntgeninterferenzen. I. Berechnung des Fehlordnungsgrades aus den Röntgenintensitäten[END_REF]. I/S is characterized by a large peak at 10.08 Å in air-dried, becoming narrower when it collapses to 9.93 Å after glycol solvation and by a peak at 5 Å swelling after glycol solvation. In the NH KI values range from 2.25Δ°2θ to 0.43 Δ°2θ for the <2 µm fraction and from 1.93Δ°2θ to 0.44Δ°2θ for the 2-6 µm fraction (Table 4-3 Figure 4-11 andFigure 4-12). [START_REF] Cox | The Interpretation of Igneous Rocks[END_REF] adopted for plutonic rocks by [START_REF] Wilson | Review of igneous petrogenesis: A global tectonic approach[END_REF]). ( b) AFM (Alkali-Fe2O3-MgO) classification diagram established by [START_REF] Jensen | A new plot for classifying subalkalic volcanic rocks[END_REF]. (c) A/CNK CHAPTER 4 113 (Al2O3/(CaO + Na2O + K2O)) versus silica diagram. The blue star corresponds to a sample from the OM analyzed by Rämö et al. (2002).

In the Na2O + K2O versus SiO2 classification (called TAS) diagram of [START_REF] Cox | The Interpretation of Igneous Rocks[END_REF], modified after [START_REF] Wilson | Review of igneous petrogenesis: A global tectonic approach[END_REF] for plutonic rocks, all the samples plot in the sub-alkalic domain. They all have a granite composition close to the granodiorite zone (Figure 4-11a). However, the sample from 

V.2.2. Trace Element and REE Bulk Chemistry

Trace elements and Rare Earth Elements (REE) (Table 456) analyses were performed on the same samples as for major elements.
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V.3. Calcimetry and Porosimetry

Calcite is present in all the samples, essentially linked to the alteration of the plagioclase. The calcite content is of 0.55% for the OM granite and ranges from 0.55 to 6.53% for the NH granite, with an average of 2.2% and a standard deviation of 1.64%. The porosity is of 2.28%

for the OM granite and ranges from 2.21 to 5.17% for the NH granite. A clear positive correlation can be seen between the calcite content and the LOI (Figure 4-15a). Positive correlations are also visible between the porosity and the LOI and between the porosity and the calcite content (Figure 4-15b,c). However, the sample NH_7 in Figure 4-15c is different.

Having a low calcite content, it presents a higher porosity compared to the others. Those [START_REF] Rollinson | Using Geochemical Data: Evaluation, Presentation, Interpretation[END_REF]. The enrichment of the LREE and the depletion of Eu indicate the degree of magmatic differentiation the rock underwent. The Eu negative anomaly is attributed to the plagioclase fractionation involved in the setting of granites [START_REF] Koljonen | Rare earth elements in granitic rocks[END_REF]. However, the breakdown of plagioclase and biotite can release some REE except Eu, which can be accommodated by illite formation [START_REF] Alderton | Rare earth element mobility during granite alteration: Evidence from southwest England[END_REF]. Sr in the NH granite might be due to the alteration of magmatic primary plagioclase [START_REF] Li | Hydrothermal alteration associated with Mesozoic granite-hosted gold mineralization at the Sanshandao deposit, Jiaodong Gold Province, China[END_REF]. However, Sr content in OM is relatively low.

Those diagrams show and confirm the difference in terms of chemical composition between the NH and the OM, which was suspected during thin sections observations. A comparison between our own chemical data within the OM and the data presented by Rämö et al. (2002) show substantial differences meaning that the OM granite is not homogeneous. Given the fact that the NH granite is considered as a transported part of the OM (Pavlis and Trullenque, 2021), it is therefore not surprising that the NH granite presents local composition variations. The OM samples are considered as representing the protolith prior to the mineral transformations identified in the NH granite.

Microcline was identified in the OM granite and only in the southern part of the NH indicating that this part of the range might have undergone a slower cooling than the northern part of the range or a warming.

VI.2. Thermal Evolution of the NH Granite

Petrographic investigations have shown that plagioclase and sometimes biotite are replaced by illite. A recent study from [START_REF] Warr | Correlating illite (Kübler) and chlorite (Árkai) "crystallinity" indices with metamorphic mineral zones of the South Island, New Zealand[END_REF] has confirmed that IC provides a useful method for characterizing regional grades of diagenesis and low-grade metamorphism. As already mentioned, in some conditions the alteration of a granite, resulting from fluid circulation, shows similarities with diagenetic reactions present in feldspathic sandstones [START_REF] Ledésert | Diagenetic-type reactions related to hydrothermal alteration in the Soultz-sous-Forets Granite, France[END_REF], meaning that it is possible to characterize a regional grade by using the KI values obtained in granitic rocks.

As shown in Figure 4 

VI.3. Alteration Parageneses

The OM and NH granites characterization reveals the presence of various secondary minerals as oxides, epidote, corrensite, K-white mica, calcite, kaolinite, illite/smectite mixed-layer and montmorillonite. Those minerals are well known as being the product of alteration processes due to the interaction of a circulating fluid with the surrounding rock. They are in equilibrium with the new environment in response to temperature, pressure and composition of the altering fluid [START_REF] Creasey | Hydrothermal alteration[END_REF][START_REF] Fulignati | Clay Minerals in Hydrothermal Systems[END_REF][START_REF] Nishimoto | Hydrothermal alteration of deep fractured granite: Effects of dissolution and precipitation[END_REF]Traineau et al., 1991). In the OM and the NH granites, only plagioclase and biotite are affected. In the case of intense circulation, some primary minerals like plagioclase or biotite may be completely replaced. The newly formed minerals consist mainly in clay minerals [START_REF] Inoue | Formation of Clay Minerals in Hydrothermal Environments[END_REF] The newly formed minerals depend on the composition of the host mineral. Corrensite, epidote, K-white micas, calcite and iron oxides were identified in the OM and NH granites by means of optical observations, SEM-EDS and XRD analyses:

1. The calcite as in the OM granite occurs as infills of the microcracks without interacting with the surrounding rock, as well as at grain boundaries.

2. Mixed-layer clay minerals are the intermediate products of reactions involving endmember clays (Środoń, 1999). Corrensite, a chlorite/trioctahedral smectite mixed-layer phyllosicilate is considered as a stable mineral and also as an indicator of propylitic alteration [START_REF] Burnham | Facies and types of hydrothermal alteration[END_REF]Genter, 1989;Traineau et al., 1991). It replaces partially biotite and occurs between 160-250 °C in geothermal fields [START_REF] Fulignati | Clay Minerals in Hydrothermal Systems[END_REF][START_REF] Nishimoto | Hydrothermal alteration of deep fractured granite: Effects of dissolution and precipitation[END_REF][START_REF] Velde | Clays and Clay Minerals in Natural and Synthetic Systems[END_REF].

3. Epidote crystallization occurs around 220 °C (Traineau et al., 1991). It is also one major indicator of the propylitic alteration with corrensite [START_REF] Burnham | Facies and types of hydrothermal alteration[END_REF].

4. The presence of K-white mica flakes allows to fix temperatures around 230 °C up to 350 °C [START_REF] Fulignati | Clay Minerals in Hydrothermal Systems[END_REF][START_REF] Steiner | Clay Minerals in Hydrothermally Altered Rocks at Wairakei, New Zealand[END_REF].

All those secondary minerals occur at temperatures between approximately 160 °C and 350

°C. The presence of corrensite and epidote is the major indicator of a stage of propylitic alteration. The propylitic alteration (Figure 17b) is considered as an earlier pervasive alteration stage. It is common at the margins of alteration zones produced at low fluid/rock ratio [START_REF] Nishimoto | Hydrothermal alteration of deep fractured granite: Effects of dissolution and precipitation[END_REF] and it takes place at the end of the crystallization of the granite [START_REF] Ledésert | Fractures, hydrothermal alterations and permeability in the Soultz Enhanced Geothermal System[END_REF]. The propylitic alteration results in the partial recrystallization of primary minerals (biotite and plagioclase) in secondary propylitic assemblages by interstitial fluids trapped into the grain boundaries during the cooling of the pluton (Genter, 1989). Its effects are discrete, but both the OM and NH massifs are affected. 

VI.3.2. Argillic Alteration

Other newly formed mineral assemblages were identified only in the NH granite. They consist in illite + kaolinite + mixed-layers as illite/smectite (I/S) + calcite and oxide (Figure 4-16):

1. Illitic minerals are well known to be indicators of fluid circulation as well as paleocirculation systems (Vidal et al., 2018). [START_REF] Ledésert | Diagenetic-type reactions related to hydrothermal alteration in the Soultz-sous-Forets Granite, France[END_REF][START_REF] Ledésert | How Can Deep Geothermal Projects Provide Information on the Temperature Distribution in the Upper Rhine Graben? The Example of the Soultz-Sous-Forêts-Enhanced Geothermal System[END_REF] show that illite crystallization episodes can occur, for example, in a temperature range of 120 to 160 °C, corresponding to the argillic alteration facies. The illitization process mainly develops in plagioclase and biotite. It is a form of alteration product found extensively in granitoids, and felsic rocks, whereas K-feldspar remains relatively unaltered [START_REF] Creasey | Hydrothermal alteration[END_REF][START_REF] Plumper | The Complex Hydrothermal History of Granitic Rocks: Multiple Feldspar Replacement Reactions under Subsolidus Conditions[END_REF][START_REF] Que | Sericitization of plagioclase in the Rosses Granite Complex, Co. Donegal, Ireland[END_REF]. 3. The illite-rich (R3) I/S mixed-layer form around 150 °C [START_REF] Fulignati | Clay Minerals in Hydrothermal Systems[END_REF][START_REF] Środoń | Nature of mixed-layer clays and mechanisms of their formation and alteration[END_REF],

with more than 90% of illite based on [START_REF] Moore | X-ray diffraction and the identification and analysis of clay minerals[END_REF].

4. Plagioclase, oligoclase in composition, presents patches of calcite. Those patches are interpreted as a product of Ca release due to plagioclase alteration.

5. Oxides can be present along the cleavages of the altered biotite. They are interpreted as the result of Mg and Fe release during biotite alteration.

Plagioclase and quartz form an interconnected skeleton through the texture. The difference of physical and chemical behaviors between both minerals results in different types of porosity.

Quartz shows microcracks and plagioclase shows dissolution pits (Figure 4 -18). [START_REF] Sardini | Quantification of Microscopic Porous Networks By Image Analysis and Measurements of Permeability in the Soultz-Sous-Forêts Granite (Alsace, France)[END_REF] observed the same in the Soultz-sous-Forêts granite. They also showed that the exchange surface between plagioclase and a fluid is around 20 times higher than in quartz. As a consequence, they assume that all the pores are interconnected in plagioclase. They considered this mineral as the main path for fluid flow. Thus, this can be also available in the NH granite. K-feldspar is not affected by the alteration, but perthites and mineral inclusions present in the K-feldspars can be dissolved. The crystallization of these minerals occurs at temperature between 130 and 200 °C. This range of temperature corresponds to the stage of argillic alteration [START_REF] Fulignati | Clay Minerals in Hydrothermal Systems[END_REF]. The argillic CHAPTER 4 123 alteration (Figure 4-17c) consists into the chemical leaching and clay enrichment processes produced at lower temperatures (Genter, 1989;[START_REF] Glaas | Clay Mineralogy: A Signature of Granitic Geothermal Reservoirs of the Central Upper Rhine Graben[END_REF][START_REF] Ledésert | Diagenetic-type reactions related to hydrothermal alteration in the Soultz-sous-Forets Granite, France[END_REF]. This alteration is known as a vein alteration organized in the vicinity of fractures where fluids have circulated (Genter, 1989;Traineau et al., 1991).

VI.3.3. Evidences of Weathering

XRD analyses on an oriented sample of the clay fraction from the OM reveal the presence of Montmorillonite (Mnt) (Figure 45678). Mnt, a common smectite pattern, results either from argillic (vein) alteration [START_REF] Burnham | Facies and types of hydrothermal alteration[END_REF][START_REF] Fulignati | Clay Minerals in Hydrothermal Systems[END_REF] or from weathering [START_REF] Meunier | Identification of weathering and hydrothermal alteration in acidic rocks : petrography and mineralogy of clay minerals[END_REF][START_REF] Tardy | Trois modes de genèse des montmorillonites dans les altérations et les sols[END_REF]. As described above, the OM granite appears as "fresh" from ( 1 

VI.3.4. Alteration Stage Occurrences

The OM granite presents evidence of propylitic alteration only, while the NH granite presents both propylitic and argillic facies. The argillic facies seems most of the time to overprinting the propylitic facies. However, some samples present only evidence of argillic alteration. In those cases, either the propylitic facies have either completely disappeared, or some zones were not initially affected by the propylitic alteration. Some minerals, such as illite and kaolinite, crystallize during the argillic alteration under different conditions [START_REF] Fulignati | Clay Minerals in Hydrothermal Systems[END_REF]. This suggests that several episodes of alteration could have occurred in the NH granite. Afterward, weathering can occur at ambient temperature, when the granite was exhumed. These alteration overprints result also in a retrograde evolution in terms of temperature (T) withT propylitic > T argillic > T weathering.

In the NH granite, the argillic alteration seems to be associated to fracturing. A fresh granitic rock is not permeable enough to allow fluid circulation [START_REF] Nishimoto | Hydrothermal alteration of deep fractured granite: Effects of dissolution and precipitation[END_REF]. This suggests that the development of fractures is an important factor allowing fluid to circulate CHAPTER 4 124 [START_REF] Nishimoto | Hydrothermal alteration of deep fractured granite: Effects of dissolution and precipitation[END_REF], the observation that the freshest NH granite is more altered than the one from the OM (Figure 4-3) can be related to the fact that the NH lie along an important shear corridor. None of NH samples considered in the present study are fracture free, even though they were collected far from the faults, and each of them shows evidences of argillic alteration. In spite of the low fracture density the existing number of microfractures is enough to allow fluid to significantly percolate through the host rocks and chemically interact with it. A second paper (PART 2, this issue) focusses on the role of the fracture system on the granite alteration processes.

VI.4. Effects of Alteration on Petrogaphic and Petrophysical Behaviour

Petrographic observations and the range of LOI (0.7-4.1 wt.%) values confirm that the NH granite experienced alteration. LOI is so directly related to the degree of mineral alteration as done by [START_REF] Chambefort | Petrology, geochemistry and U-Pb geochronology of magmatic rocks from the high-sulfidation epithermal Au-Cu Chelopech deposit, Srednogorie zone, Bulgaria[END_REF] and [START_REF] Liu | Breakup of the northern margin of Gondwana through lithospheric delamination: Evidence from the Tibetan Plateau[END_REF]. Mineral changes being related to the propylitic and argillic alterations, the LOI can be defined in this study as a monitor for alteration processes. The effects of alteration on element transfers can be evaluated thanks to the diagrams plotting SiO2, Al2O3, CaO, K2O, Na2O and MgO against LOI (Figure 4-13). In Figure 13, the K2O, Na2O, CaO and MgO define a broad correlation with LOI, indicating that they may have been mobile during alteration [START_REF] Liu | Breakup of the northern margin of Gondwana through lithospheric delamination: Evidence from the Tibetan Plateau[END_REF]. The NH granite shows that Na2O and CaO have a negative correlation which can be related to the alteration of the plagioclase (oligoclase initial composition). Indeed, plagioclase can be depleted in Na and Ca mobile elements when it interacts with a fluid [START_REF] Garrels | Origin of the Chemical Compositions of Some Springs and Lakes, in: Equilibrium Concepts in Natural Water Systems[END_REF]. Likewise, the K2O is observed in alteration products of plagioclase as illite and shows an enrichment with the LOI increase. Newly formed minerals, as presented above, are related to the recrystallization of the plagioclase as a result of its interaction with the fluid. As for the CaO and MgO contents, they remain high compared to the OM granite. This can be linked to an external contribution. In a whole, the NH granite was affected by an alkali alteration, which results in major compositional changes. Thus, all the elements, Si and Al excepted, have partly left the system, meaning that the system is open.

Their content differences in the NH granite compared to the OM granite could be explained by the depletion of the most mobile elements during the alteration of the NH granite. This can so influence the percentage of each element. Otherwise, it can be suggested that the visible variations of SiO2 and Al2O3 were controlled by protolith composition rather than alteration processes.

Link alteration degree and amount of calcite is difficult since petrographic analyses of the samples is qualitative. However, Figure 4-15a shows a positive correlation between LOI and CHAPTER 4 125 calcite content. [START_REF] Ledésert | Calcimetry as a useful tool for a better knowledge of flow pathways in the Soultz-sous-Forêts Enhanced Geothermal System[END_REF] show that calcite can be encountered in high amount in altered zones. Thus, in the NH, the correlation shows that the higher the calcite content, the higher the degree of alteration and vice versa. In the same way, LOI can be related to porosity (Figure 4-15b) with a low LOI linked to low porosity (NH_1, NH_2 and NH_10) and high LOI linked to as high porosity (NH_3). Therefore, the increase of porosity is also linked to the increase of alteration. Studies [START_REF] Cassiaux | Clay minerals formed during propylitic alteration of a granite and their influence on primary porosity: a multiscale approach[END_REF][START_REF] Rosener | Using physical properties to understand the porosity network geometry evolution in gradually altered granites in damage zones[END_REF] showed that the porosity increases from unaltered to altered granite. Figure 4-15c shows a similar correlation between the calcite content and the porosity. Samples having a low calcite content (NH1, NH_2, NH_5 and NH_10) present a low porosity, while NH_3 has a high calcite content associated with a high porosity. One exception can be observed. The sample NH_7 presents a low calcite content for a high porosity. This can be explained by the presence of larger microfractures compared to the other samples, which increase the porosity. Thus, it is not always possible to link the porosity to the calcite content. According to [START_REF] White | The ubiquitous nature of accessory calcite in granitoid rocks: Implications for weathering, solute evolution, and petrogenesis[END_REF], the average calcite content of a fresh granite is 0.252 wt.%, and does not exceed 1.8 wt.%. As a consequence, measurements over this last value can be regarded as a calcite anomaly, and so are representative of a granite affected by argillic alteration, which may be a sign of paleo fluid flow [START_REF] Ledésert | How Can Deep Geothermal Projects Provide Information on the Temperature Distribution in the Upper Rhine Graben? The Example of the Soultz-Sous-Forêts-Enhanced Geothermal System[END_REF]. Ten samples out of fifteen from the NH have a calcite content higher than 1.8 wt.%. This suggests that the OM and some zones of the NH were not affected by the argillic alteration, but only by the propylitic one. By considering the calcite content average of 2.2% for the NH, those data also indicate that even if the samples were collected far from the major faults, the granite can be affected by argillic alteration.

VI.5. The NH: A Paleo-Geothermal Reservoir?

In the present contribution we have given numerous pieces of evidences for a pervasive alteration of the NH granite. Ubiquitous argillic alteration affecting plagioclase and biotite is present. The K-feldspar being unaltered, potassium enrichment by incoming fluids is necessary to produce abundant amount of illite. The high concentration of calcite, in some samples, requires an external input of Ca, which cannot come only from the plagioclase alteration. Due to this alteration, the rock porosity was drastically enhanced by dissolution of the plagioclase.

Porosity is also enhanced by the microfracturing well visible in quartz and K-feldspar, which is related to the activity of the SDVFZ. It is believed that this microfracturing drastically enhanced interaction surfaces between minerals and fluids allowing chemical elements exchanges between hydrothermal fluids and the granite. The strain is not homogeneously distributed in the NH. The NH granite is affected either by non-localized deformation (samples from this CHAPTER 4 126 study) or by strain concentrations along fault zones that will be presented in the accompanying contribution (PART 2, this issue).

Our results have shown that an alteration of vast volumes of rocks is thus possible, even outside localized high strain zones. All these data are in favor of a hydrothermal fluid percolation, which is encountered in an exploited geothermal reservoir [START_REF] Ledésert | Diagenetic-type reactions related to hydrothermal alteration in the Soultz-sous-Forets Granite, France[END_REF][START_REF] Nishimoto | Hydrothermal alteration of deep fractured granite: Effects of dissolution and precipitation[END_REF]. A geothermal reservoir consisting into a flow system where a high amount of hot fluid is stored and circulates through the rock, and our results encourage to consider the NH as a paleo-geothermal reservoir.

VII. CONCLUSIONS

The NH were chosen in the framework of the H2020 MEET project as being an opportunity to characterize a granitic paleo-geothermal reservoir in a trans-tensional context. Arid conditions and a 3D exposure were important criteria allowing the thorough characterization of the granite. The aim of this study was to characterize the granite pervasive alteration processes, away from the fractures, in terms of changes of mineralogical, geochemical and related petrophysical properties.

Illite was identified by XRD in all the NH samples, allowing to obtain KI values which revealed a NW-SE temperature gradient through the range. This gradient might be considered as a sign of a possible exhumation of the southern part of the range due to the interaction with the Avawatz Mountains.

The partial recrystallization of plagioclase and biotite into newly formed minerals, due to fluid/rock interactions, was identified as reflecting three types of alteration:

1. A pervasive propylitic alteration. This alteration is present in the OM granite (the freshest one considered as the protolith) and in the NH granite and characterized by the presence of corrensite and/or epidote. The NH granite alteration was highlighted by optical observations. In addition, geochemistry also provided data to support them. Indeed, depletion of Na and Ca was observed with the increase of LOI, considered as a good indicator of the amount of alteration of plagioclase alteration. At the same time, K enrichment was observed with the increase of LOI, and linked to illite crystallization. Calcimetry performed on the NH granite samples showed a calcite content often higher than the 1.8% value, admitted as being the maximum in a fresh granite.

These values tend to increase with the LOI, confirming that the NH granite underwent alteration. Porosity also shows a positive correlation with the LOI indicating that the porosity increases with the amount of alteration. However, its correlation with the calcite content is less obvious, as calcite might crystallize in the porosity and thus reduce it.

The NH granite underwent up to two stages of alteration before being exposed to surface conditions, showing a retrograde evolution. It was observed petrographically that the argillic alteration overprinted the propylitic alteration, until its signature is lost. The weathering signal is low (~15% of the clay fraction) and considered as negligible in the OM. The OM being considered as the protolith of the NH, the contribution of weathering is also considered as negligible in the NH granite, where no montmorillonite was found. The newly formed minerals are thus considered as being the product of hydrothermal alteration and not of weathering.

This study provides multiple evidence allowing the consideration of the NH granite as a paleogeothermal reservoir.

The activity of a geothermal reservoir is a combination of pervasive circulation within nearly strain-free zones (as shown in the present contribution), as well as fractured domains where high strain is accumulated. Our study is therefore completed by a PART 2 (this issue), in which the same investigation approach is dedicated to samples taken within visibly fractured zones. 

VIII. ACKNOWLEDGMENTS

I. ABSTRACT

Fracture connectivity within fractured granitic basement geothermal reservoirs is an important factor controlling their permeability. This study aims to improve the understanding of fluid-rock interaction processes at low to moderate regional strain. The Noble Hills range (Death Valley, CA, USA) was chosen as a naturally exhumed paleo geothermal reservoir. A series of petrographic, petrophysical and geochemical investigations combined with a fracture distribution analysis are carried out on samples collected across fracture zones. Our results

indicate that several generations of fluids have percolated through the reservoir. An increase of (1) the alteration degree, ( 2) the porosity values and (3) the calcite content is observed when approaching fracture zones. No correlation was identified either between the alteration degree, or the porosity, or the calcite content. At local scale, samples showed that the degree of alteration does not necessarily depend either on fracture density, or on amount of strain. It is concluded that combined influence of strain and coeval fluid-rock interaction processes drastically influence the petrophysical properties of fracture zones, which in turn impacts geothermal production potential.

II. INTRODUCTION

Long term exploitation of geothermal resources is closely linked to reservoir rock petrophysical properties and regional geological setting [START_REF] Williams | Updating the classification of geothermal resources[END_REF]. Due to the low matrix porosity and permeability of granitic rocks, underground granitic units are considered as a reservoir only when fractures are present. These fractures provide the essential reservoir permeability and CHAPTER 5

131 porosity for fluid flow [START_REF] Gentier | Role of fracture geometry in the evolution of flow paths under stress[END_REF][START_REF] Gillespie | Introduction: geology of fractured reservoirs[END_REF] and are therefore of primary importance regarding geothermal exploitation [START_REF] Bauer | Architecture, fracture system, mechanical properties and permeability structure of a fault zone in Lower Triassic sandstone, Upper Rhine Graben[END_REF][START_REF] Callahan | Fracture Mechanical Properties of Damaged and Hydrothermally Altered Rocks, Dixie Valley-Stillwater Fault Zone, Nevada, USA[END_REF]Curewitz and Karson, 1997;Dezayes and Lerouge, 2019b;Vidal and Genter, 2018). These structures control the deep flow at the reservoir scale, in case of a good connectivity [START_REF] Faulkner | A review of recent developments concerning the structure, mechanics and fluid flow properties of fault zones[END_REF][START_REF] Gentier | Role of fracture geometry in the evolution of flow paths under stress[END_REF][START_REF] Géraud | Physical properties of fault zones within a granite body: Example of the Soultz-sous-Forêts geothermal site[END_REF][START_REF] Géraud | Porosity network of Soultz-sous-Forets granite: the importance of the damaged zone around faults and fractures[END_REF][START_REF] Gillespie | Introduction: geology of fractured reservoirs[END_REF], which is one of the most important controls on the permeability [START_REF] Long | The relationship of the degree of interconnection to permeability in fracture networks[END_REF]. Several granitic reservoirs, as Soultz-sous-Forêts in the Upper Rhine Graben, France [START_REF] Ledésert | Fractures, hydrothermal alterations and permeability in the Soultz Enhanced Geothermal System[END_REF]Vidal and Genter, 2018) or the Cooper Basin in Australia [START_REF] Kuncoro | Fluid-rock interaction studies on an enhanced geothermal system in the Cooper Basin, South Australia[END_REF], give invaluable experience in terms of exploration and exploitation feedback. In addition to these datasets gained from data limited to boreholes and indirect geophysical methods, studies of surface reservoir analogues are common [START_REF] Dalmais | MEET Project: Toward the spreading of EGS across Europe[END_REF][START_REF] Dezayes | Structural control on fluid circulation in a graben system: Constraints from the Saint Pierre Bois quarry (Vosges, France)[END_REF][START_REF] Turpault | Dissolution-precipitation processes induced by hot water in a fractured granite Part 1: Wall-rock alteration and vein deposition processes[END_REF]. The MEET H2020 project (Multidisciplinary and multi-context demonstration of EGS exploration and Exploitation Techniques and potentials) (Trullenque et al., 2018) 2) an argillic alteration, also called vein alteration (Genter, 1989;Klee et al., 2021a;[START_REF] Ledésert | Diagenetic-type reactions related to hydrothermal alteration in the Soultz-sous-Forets Granite, France[END_REF][START_REF] Meunier | Hydrothermal Alteration by Veins[END_REF]Traineau et al., 1991), inducing changes of the bulk-rock chemical and mineralogical compositions and of physical properties [START_REF] Bonorino | Hydrothermal alteration in the Front Range mineral belt, Colorado[END_REF][START_REF] Callahan | Fracture Mechanical Properties of Damaged and Hydrothermally Altered Rocks, Dixie Valley-Stillwater Fault Zone, Nevada, USA[END_REF].

A vast amount of literature [START_REF] Caine | Internal structure, fault rocks, and inferences regarding deformation, fluid flow, and mineralization in the seismogenic Stillwater normal fault, Dixie Valley, Nevada[END_REF][START_REF] Faulkner | A review of recent developments concerning the structure, mechanics and fluid flow properties of fault zones[END_REF][START_REF] Géraud | Physical properties of fault zones within a granite body: Example of the Soultz-sous-Forêts geothermal site[END_REF] has proven that increasing amounts of strain within fault zones drastically change their petrophysical properties. The present paper focuses on the influence of fractures on the fluid circulation and alteration processes at low to moderate regional strain.

The present study aims at:

1. A characterization of the relation between varying amounts of strain, fracture density and alteration degree at the NH scale, as well as sample scale through case studies.

2. A characterization of variations in (1) chemical elements concentration, (2) calcite content, (3) porosity and ( 4) temperature conditions variations when approaching fracture zones.

3. An identification of different fluid circulation episodes through the granite body. The results will be discussed and compared with the protolith studied by (Klee et al., 2021a).

III. GEOLOGICAL SETTING

The Death Valley (DV, Figure 5-1a) is located in the core of a Cenozoic distributed system of dextral strike-slips about 700 km long comprising the Walker Lane Belt and the Eastern California Shear Zone (ECSZ/WLB) [START_REF] Dokka | Role of the Eastern California Shear Zone in accommodating Pacific-North American Plate motion[END_REF][START_REF] Lifton | Insights into distributed plate rates across the Walker Lane from GPS geodesy[END_REF]Norton, 2011;[START_REF] Stewart | Tectonics of the Walker Lane belt, western Great Basin: Mesozoic and Cenozoic deformation in a zone of shear[END_REF]. This narrow northwest-trending system, lying between the Basin and Range region to the east and the Sierra Nevada batholith to the west [START_REF] Stewart | Tectonics of the Walker Lane belt, western Great Basin: Mesozoic and Cenozoic deformation in a zone of shear[END_REF], accommodates today ~25% of the Pacific-North America relative motion [START_REF] Miller | Refined kinematics of the eastern California shear zone from GPS observations, 1993-1998[END_REF]Norton, 2011). DV is a structural depression, NNW-SSE oriented, bounded by the Black and Funeral Mountains to the west and by the Panamint Range to the east [START_REF] Hill | Tectonics of Death Valley Region, California[END_REF].

It has been formed by a right-lateral movement giving a pull-apart structure (Burchfiel and Stewart, 1966).

The area of interest for this study is the Noble Hills range (NH, Figure 5 GFZ [START_REF] Chinn | Low-Temperature Thermochronometry of the Avawatz Mountains; Implications for the Eastern Terminus and Inception of the Garlock Fault Zone 48[END_REF]Reinert, 2004;Spencer, 1990). A particular emphasis has been given to detailed description of sedimentary sequence deposits on each side of the NH Crystalline Bedrock Slice (CBS) [START_REF] Brady | Neogene stratigraphy of the Avawatz Mountains between the Garlock and Death Valley fault zones, southern Death Valley, California: Implications as to late Cenozoic tectonism[END_REF]Niles, 2016). The CBS is composed of Proterozoic sediments with upward younging direction the Crystal Spring (CS) quartzite, CS dolomite, detrital flysh and carbonate sequences possibly part of the Parhump group, intruded by 1.1 Ga diabase sills, the whole intruded by Mesozoic granite (Troxel and Butler, 1979).

However, a detailed structural analysis of the CBS itself is missing. Thus, Section V. 2021), through a wide-ranging analysis scale from the microscopic scale to the regional scale. These authors showed that the NH fracture network geometry has been controlled by the SDVFZ and the GFZ. 2020), Niles (2016) and Klee et al.( 2021a). The quaternary is not displayed but available on the map provided by Niles (2016). Sample locations are represented by the white dots. The asterisk shows the samples used as case studies in this work. NHF -Noble Hills Formation.

The NH granite was poorly studied in terms of microstructure, petrography and geochemistry.

A recent study conducted by Klee et al. (2021a) characterized the granite as a leucocratic equigranular monzogranite (S-type), ranging in the high-K calc-alkaline and peraluminous domains. The NH granite is composed of primary plagioclase, quartz, K-feldspar and biotite. Fracture networks can be characterized by their spatial arrangement [START_REF] Laubach | Spatial arrangement of faults and opening-mode fractures[END_REF]. The fracture network geometry is used to predict fluid circulation [START_REF] Laubach | Spatial arrangement of faults and opening-mode fractures[END_REF] and evidence of structural growth processes [START_REF] Olson | Joint pattern development: Effects of subcritical crack growth and mechanical crack interaction[END_REF]. Spacing measurements through the 1Dscanline method are widely used to characterize arrangements (Bisdom et al., 2014;Gillespie et al., 1993;Priest and Hudson, 1976;[START_REF] Sanderson | Line sampling of fracture swarms and corridors[END_REF]. It consists in the digitization of fractures along those lines, in order to calculate the linear fracture density P10

characterized by the number of fractures per length calculated along the scanline (Bisdom et al., 2014;Gillespie et al., 1993). The Terzaghi correction has been applied [START_REF] Terzaghi | Sources of Error in Joint Surveys[END_REF]. Two parallel scanlines were performed on the hand specimens, perpendicular to a major fracture.

For each oriented thin section mosaic, two scanlines were realized perpendicular to the main structures. For each scanline, stick plots and cumulative frequency diagrams were realized to describe the fractures spatial distribution [START_REF] Sanderson | Line sampling of fracture swarms and corridors[END_REF]. A coefficient of variation Cv was computed for each scanline in order to quantify the fracture distribution (Gillespie et al., 1993) 

IV.2.2. Petrographic Characterization

Twenty-four samples were selected to prepare 31 covered and polished thin sections, for petrographic observations. Optical microscopy is used to study the mineralogical assemblage, the alteration paragenesis, the microfabric and the degree of microfracturing. The thin sections were observed under a Leica DM4500-P optical microscope, equipped with a Leica DFC450C camera at Institut Polytechnique UniLaSalle (ULS, Beauvais, France). Large field area imaging under polarized-analyzed and polarized-non-analyzed light was gained using Leica automatized stage facility and Leica Application Suite (LAS) v4.11.0 software (Klee et al., 2021a).

Based on optical microscopical observations, microsites were selected on 9 thin sections for Energy Dispersive X-ray Spectrometry (EDS) analyses [START_REF] Zhou | Scanning Microscopy for Nanotechnology: Techniques and Applications[END_REF] performed at ULS. These were conducted with a Hitachi S-3400N Scanning Electron Microscope (SEM) equipped with a Thermo Ultradry EDS (K. [START_REF] Kanda | Energy dispersive X-ray spectrometer[END_REF] In addition, cathodoluminescence (CL) analyses [START_REF] Götze | Cathodoluminescence in Applied Geosciences[END_REF] was performed on 8 thin sections from 4 samples. CL imaging was performed (1) at the University of Göttingen using a "hotcathode" cathodoluminescence microscope HC3-LM apparatus and ( 2) at CY Cergy Paris University in the Geosciences and Environment Cergy (GEC) laboratory, using a cathodoluminescence Olympus BX50. CL of minerals is predominantly a "defect luminescence".

It allows the detection of distribution patterns of certain trace elements like iron (Fe) which is the most efficient quencher element and manganese (Mn) which is the most important activator element. Many minerals show visible CL colors like quartz (blue-purple), K-feldspar (blue when fresh and brownish when weathered), plagioclase (green +blue-purple when highly affected by hydrothermal alteration), calcite (yellow or yellow-orange when resulting from hydrothermal alteration), dolomite (orange-red), magnesite (red), apatite (yellow), kaolinite (dark blue) [START_REF] Götze | Application of Cathodoluminescence Microscopy and Spectroscopy in Geosciences[END_REF][START_REF] Götze | Cathodoluminescence in Applied Geosciences[END_REF]. Illite shows no luminescence [START_REF] Götze | Application of Cathodoluminescence Microscopy and Spectroscopy in Geosciences[END_REF][START_REF] Götze | Cathodoluminescence in Applied Geosciences[END_REF].

Most of the mineral abbreviations used in this paper refer to [START_REF] Kretz | Symbols for rock-forming minerals[END_REF] mineral symbols and only a few others were defined by the authors.

IV.2.3. X-ray Diffraction (XRD)

XRD analyses were carried out to identify and determine the mineral phases (semi-quantitative, around 3-5%). The analyses were performed at (1) ULS using a D8-Advance Bruker-AXS (Siemens) diffractometer with a Ni-filtered CuKθ radiation at 40 kV and 40 mA, a primary soller slit of 2.5°, divergence slit of 0.6 mm and a secondary soller slit of 2.5°, with a detector slit of 0.1 mm and an antiscattering slit of 0.6 mm and (2) University of Göttingen using a PHILIPS PW1800 diffractometer with a Cu-anode and an automatic divergence slit. Whole rock powders and oriented clay fractions (2-6 µm and < 2 µm) analyses were performed on 12 samples. Quantitative phase analysis based on Reference Intensity Ratio values were performed on randomly oriented whole-rock powders with a step length of 0.5° and a scan speed of 0.014°/sec over the range 3°-70°2θ for whole rocks composition. The uncertainty is estimated to be ± 5%. Clay mineral separation was conducted using a technique described by Klee et al. (2021a), based on [START_REF] Schmidt | Very low grade metamorphism of the Taveyanne formation of western Switzerland[END_REF] and [START_REF] Kisch | Illite crystallinity: recommendations on sample preparation, X-ray diffraction settings, and interlaboratory samples[END_REF], according to the standard techniques suggested by Ferreiro Mählmann and [START_REF] Ferreiro Mählmann | Standardisation, calibration and correlation of the Kübler-index and the vitrinite/bituminite reflectance: an inter-laboratory and field related study[END_REF]. For the XRD analyses of both fractions, oriented specimens were measured at air dried (AD), solvated with ethylene glycol (G), and after heating at 550°C (H) conditions. These three analytical steps are routinely used CHAPTER 5 137 to better determine clay minerals content and swelling properties [START_REF] Callahan | Fracture Mechanical Properties of Damaged and Hydrothermally Altered Rocks, Dixie Valley-Stillwater Fault Zone, Nevada, USA[END_REF]. The clay minerals identification, which is based on d-values and the relative intensity of their 00l reflections, was undertaken referencing to [START_REF] Moore | X-ray diffraction and the identification and analysis of clay minerals[END_REF][START_REF] Starkey | The routine mineralogical analysis of claybearing samples[END_REF].

These measurements were performed with a step length of 0.5° and a speed of 0.01°/s per step over the range 3°-35°2θ. The interpretations of the data obtained at ULS were performed using the DIFFRAC EVA v4.2 (©Bruker AXS) software. Two fractions were collected in order to (1) separate the last produced or neoformed clay minerals (fraction < 2 µm), which could be assimilated to the result of the last fluid circulation event, from the fraction 2-6 µm assimilated to old grains recrystallization or to possible mix between detrital and neoformed clay minerals,

(2) obtained the respective clay composition, and (3) obtained the temperature conditions.

Kübler Index and Kaolinite Crystallinity Index determination

The Kübler Index (KI) was used to define the limits of metamorphic zones (diagenetic zone, anchizone and epizone) (Klee et al., 2021a;[START_REF] Kübler | La cristallinite de l'illite et les zones tout a fait superieures du metamorphisme[END_REF], following the recommendations for Kübler-Index calibration of Ferreiro Mählmann and Frey ( 2012) and the CIS-KI transformation formalism of [START_REF] Warr | Recommendations for Kübler Index standardization[END_REF], as well as the temperature of illite formation [START_REF] Árkai | Very low-to low-grade metamorphic rocks[END_REF], 2003a;[START_REF] Kisch | Correlation between indicators of very low-grade metamorphism[END_REF]. The KI was calculated from the illite crystallinity (IC) which is defined as the full width at half maximum (FWHM) of the (001) 10Å peak of illite, on the AD oriented clay fractions. A recent study [START_REF] Warr | Correlating illite (Kübler) and chlorite (Árkai) "crystallinity" indices with metamorphic mineral zones of the South Island, New Zealand[END_REF] has confirmed that IC provides a useful method for characterizing regional grades of diagenesis and low-grade metamorphism.

Temperature is thought to be the main factor controlling IC, but other parameters such as lithology also have important effects (Árkai et al., 2002;[START_REF] Frey | Very low-grade metamorphism of clastic sedimentary rocks[END_REF][START_REF] Mullis | Fluid inclusion microthermometry to calibrate vitrinite reflectance (between 50 and 270°C), illite Kübler-Index data and the diagenesis/anchizone boundary in the external part of the Central Alps[END_REF]. Working at constant lithology allows this effect to be avoided. In some conditions, an altered granite shows similarities with diagenetic reactions present in feldspathic sandstones [START_REF] Ledésert | Diagenetic-type reactions related to hydrothermal alteration in the Soultz-sous-Forets Granite, France[END_REF]. Thus, it is possible to characterize temperature ranges by using the KI values obtained for granitic rocks. The values obtained by IC were thus standardized using the crystallinity index-standard (CIS) samples provided by Warr and Rice (1994a) in order to calculate the KI.

The KI values of raw data expressed in ∆°2θ, were measured into three slots, corresponding to different campaigns, which induced three standardizations given by Klee et al. (2021a). The Kaolinite Crystallinity Index (KCI) was calculated and put in parallel with the KI in order to identify any correlation between both and to determine temperature evolution as an indicator for samples free of illite. The KCI is defined as the FWHM of the (001) 7Å peak of kaolinite on the AD oriented clay fraction.
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IV.2.4. Manocalcimetry

Manocalcimetry is used as an indicator of the total calcite content in a rock sample and to assess its possible influence on permeability and consequently better understand the hydrothermal sealing of a reservoir [START_REF] Ledésert | Calcimetry as a useful tool for a better knowledge of flow pathways in the Soultz-sous-Forêts Enhanced Geothermal System[END_REF]. Calcite content was determined using an OFITE 152-95 manocalcimeter composed of a glass flask and a high precision manometer. The analyses were performed on 15 samples at CY-GEC. High quality results are obtained with an accuracy of ± 0.5 wt.%. Prior to measurement, sample preparation was done according to [START_REF] Ledésert | Calcimetry as a useful tool for a better knowledge of flow pathways in the Soultz-sous-Forêts Enhanced Geothermal System[END_REF]. Two replicates were performed for each sample, following the protocol described by Klee et al. (2021a), in order to check the reproducibility of the results. This procedure is considered to be good when the difference between the two results is lower than 0.5 wt.%, corresponding to the precision mentioned above. The CaCO3 percentage was calculated according to Klee et al. (2021a). The average calcite content of a fresh granite is 0.252 wt.% and does not exceed 1.8 wt.% [START_REF] White | The ubiquitous nature of accessory calcite in granitoid rocks: Implications for weathering, solute evolution, and petrogenesis[END_REF]. As a consequence, measurements above this last value can be regarded as a calcite anomaly [START_REF] Ledésert | Calcimetry as a useful tool for a better knowledge of flow pathways in the Soultz-sous-Forêts Enhanced Geothermal System[END_REF], thus due to hydrothermal alteration.

IV.2.5. Ethanol Saturation Porosimetry

Porosity measurement quantify the available volume for fluid storage [START_REF] Dullien | Porous Media: Fluid Transport and Pore Structure[END_REF]. The connected porosity was measured on 3 samples by the triple weighing method (Klee et al., 2021a;[START_REF] Navelot | Petrophysical properties of volcanic rocks and impacts of hydrothermal alteration in the Guadeloupe Archipelago (West Indies)[END_REF] defined by the RILEM standard (test n°I. 1,1978). The measurements were carried out at CY Cergy Paris University in the Mechanics and Material for Civil Engineering laboratory (L2MGC). They consist in the saturation of the samples after vacuum degassing. The analyses and calculations were conducted using technique described by Klee et al. (2021a). Ethanol has been chosen instead of water in classical methods, in order to avoid possible clay swelling [START_REF] Gates | Permeability of an Organo-Modified Bentonite to Ethanol-Water Solutions[END_REF], which could lead to the destruction of the sample and bias to porosity values. Even though ethanol (0.469 nm) is a larger molecule than water (0.343 nm), the pore volume is not estimated to be under evaluated, because the pore size is likely much larger than that of ethanol molecules.

IV.2.6. Bulk Rock Geochemical Analyzes

Chemical analyzes of the major element oxides, rare earth elements and trace elements were conducted on 5 samples, selected as case studies in this paper. Analyzes were performed at Bureau Veritas Minerals (Vancouver, Canada) using Inductively Coupled Plasma Emission IV.2.7. Mass-balance using Gresens Method

Bulk-rock mass-balance were used to establish element transfers during hydrothermal alteration by applying the Gresens mass-balance procedure [START_REF] Gresens | Composition-volume relationships of metasomatism[END_REF]. It consists of the quantification of gains and losses of major elements by comparing unaltered and altered samples. NH_2 is considered as the reference because it is the freshest sample collected in the area by Klee et al. (2021a) and 3 altered samples were selected from this study (NH_20, NH_28, NH_32_3 and NH_37). The following equation defined by [START_REF] Gresens | Composition-volume relationships of metasomatism[END_REF] relates the composition and volume of altered rocks to unaltered/fresh rocks:

Xn = Fv × (dA/dF) × Cn A -Cn B (1) 
With Xn corresponding to the gain or loss of a considered element n (absolute mobility (%)),

Fv the volume factor, dA and dF the density (in g/cm 3 ) of the altered (A) and the fresh (F) rocks respectively, and Cn A and Cn B the oxide percentage of the element n for the altered (A) and the fresh (F) rocks respectively, which were given by the bulk geochemical analyses, recalculated V. RESULTS

V.1. Noble Hills structural overview

We investigated the geometry of outcropping Proterozoic sequences between Pipeline and Cave Spring washes (Figure 5-2a) and confirm at first the plutonic nature of the contact at the base of the Proterozoic sequence with the underlying Mesozoic granite by metamorphic halos (Troxel and Butler, 1979). The whole architecture of the NH presents signs of deformation 

V.2. Petrographic Description

As described by Klee et al. (2021a), the primary assemblage of the NH granite is made of plagioclase (mainly oligoclase in composition), quartz, K-feldspar (perthitic orthoclase and sometimes microcline) and biotite. The granitic samples collected for this study show strong evidences of intense alteration, especially on plagioclase and biotite. Plagioclase transformed into illite, kaolinite and/or calcite and biotite into illite and oxides. In rare samples, K-feldspar perthites can be partially altered into illite. However, the magmatic texture is almost preserved except in the case of breccias, which are not necessarily highly altered. For all the samples, the alteration product is always the same, but the relative proportions of the different secondary phases might vary. The mineralogical composition and the degree of fracturing of each sample is given in Table 5-1.

Table 5-1. List of samples collected in the field with their mineralogical composition determined after microscopic observations (Optical-microscope and SEM-EDS) and XRD analysis (primary minerals and secondary minerals), their degree of microfracturing after [START_REF] Castaing | Apports de la géologie à la recherche et à l'exploitation de pierres de taille (roches ornementales et de construction)[END_REF] and their clay minerals composition for the fractions < 2 µm and 2-6 µm. Abbreviations after [START_REF] Kretz | Symbols for rock-forming minerals[END_REF] CHAPTER 5
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The clay mineral composition of some samples has been precisely determined for the < 2 µm and 2-6 µm (Table 5-1). It reveals the presence of Illite/Smectite (I/S) mixed-layers in three samples (NH_17, NH_24 and NH31_1_2) in both fractions when it was measurable. The I/S identified is always illite-rich (R3), with more than 90% of illite [START_REF] Moore | X-ray diffraction and the identification and analysis of clay minerals[END_REF], where R represents the Reichweite parameter [START_REF] Moore | X-ray diffraction and the identification and analysis of clay minerals[END_REF]. A small amount of corrensite (trioctahedral variety of regular 50:50 chlorite/smectite mixed-layer (C/S) [START_REF] Beaufort | Corrensite; a single phase or a mixedlayer phyllosilicate in saponite-to-chlorite conversion series? A case study of Sancerre-Couy deep drill hole (France)[END_REF] was also identified in the samples NH_16, NH_27 and NH_32. Both mixed-layers (I/S and C/S) were already identified by Klee et al. (2021a) in the sampled granite away from the fracture zones.

Two new patterns were identified in this study (Figure 5-3):

• The first pattern (Figure 5-3a) shows illite characterized by peaks at 10.1Å and 4.99Å, which supports the previous results (Klee et al., 2021a). Illite is present in almost all the samples except NH_28, NH_36, NH_38 and NH_39. Kaolinite is also present and could be associated to illite or not.

• The second pattern (Figure 5-3b) shows the presence of dioctahedral vermiculite. It is characterized by a peak at 14.32Å in air-dried condition, which slightly swells up to 14.59Å after glycol solvation and slightly collapses to 12.26Å after heating. It was identified only in samples NH_24, NH_26 and NH_33, where it is associated to illite and kaolinite.

The high proportion of illite and kaolinite being characteristic of the argillic alteration (Klee et al., 2021a). Argillic alteration is prevalent in the vicinity of fracture zones (Table 5-1).

Vermiculite can be interpreted as either hydrothermal alteration or weathering. This will be discussed in the section 5.1. V.3.2. Infill of fractures developed with a confirmed lateral shear displacement

The previous section shows that all the samples in the area present a lot of fractures where fluid has circulated precipitating or not various secondary minerals. However, the area is constrained by a shear component. Three samples were selected in order to describe the relationship between the amount of strain and fluid circulation.

V.3.2.1. Sample NH_31

The outcrop of the sample NH_31 (Figure 5 The cumulative frequency plotted against the fracture projected position is presented in Figure By comparing fracture analyses between sample scale and thin section scale, a clear difference is observed between P10, the mean spacing and Cv values (Table 5-2). At thin section scale, the fracture density is significantly higher (x 4.7) than at sample scale and the mean spacing is 6 times lower. At sample scale, the Cv is lower than 1 indicating an almost regular spacing between the fractures even if there is a change of the slope (Figure 5-7c). Whereas, at thin section scale, the Cv is around 1 or slightly higher, indicating a global random distribution of the fractures along the scanlines with the appearance of few clusters (Figure 5-7c). For both, differences in the fracture distribution can be linked to a subjective bias during the data collection (Maria [START_REF] Tartarello | How do we see fractures? Quantifying subjective bias in fracture data collection[END_REF], but also to the image resolution which prevents from seeing all the fractures and so induced a bias. Thin section fracture analyses are thus more precise.
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• Spatial Fracture Distribution

The spatial fracture distribution analysis was realized based on data from (Chabani et al., 2021).

One scanline was realized through the sample in order to evaluate the evolution of the fracture distribution and density (Table 5-2 Bulk analyses show a low LOI (2.6%), a calcite content of 5.95% and a porosity of 11.5%. XRD bulk and clay fraction analyses also reveal the presence of gypsum and halite. 5-2).

In order to complete the dataset, the method was repeated on two thin sections from the granite. One is at the border of the vein (NH_23_1) and the second away from it (NH_23_2) (Figure 5-13a). A scanline was realized in both thin sections (Figure 5-13b), perpendicular to the major vein. The spatial analysis is presented in Table 5-2.

Along the SL_NH_23_1 scanline (Figure 5-13c), a low fracture density zone is present at the beginning of the scanline, then there is an increase of frequency between 0.9-1.4 cm (fracture cluster, Figure 5 Granite is pinched between these ankerite layers. Quartz clasts present in the granite lenses show an undulatory extinction, as well as some evidences of subgrain rotation phenomena.
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Carbonates can deform plastically and accumulate large amount of strain at relatively low P-T conditions, from a minimum temperature of 180°C [START_REF] Bestmann | Evolution of a calcite marble shear zone complex on Thassos Island, Greece: microstructural and textural fabrics and their kinematic significance[END_REF][START_REF] Burkhard | Ductile deformation mechanisms in micritic limestones naturally deformed at low temperatures (150-350°C)[END_REF][START_REF] Schmid | Simple shear experiments on calcite rocks: rheology and microfabric[END_REF]. Quartz crystal plastic deformation is dominant from 600°C [START_REF] Stipp | Dynamic recrystallization near the brittle-plastic transition in naturally and experimentally deformed quartz aggregates[END_REF]. Hence, in the present situation carbonates accommodate large amounts of deformation by means of crystal plasticity, while granite is being deformed by cataclastic flow, i.e. a process accommodated by brittle processes. A localized and significant amount of deformation occurred in this vein. The major vein of this sample is thus composed of (1) a highly deformed zone made of ankerite and granite lenses and (2) a siliceous vein, which contains clasts of similar composition as the carbonate vein. We suggest that the carbonate vein was the first event which was intensively deformed and then intersected by the siliceous vein tearing off pieces of the carbonate vein. Calcite and ankerite veins identified in Figure 5-14a,b intersect the carbonate vein and the siliceous vein.

As presented above, the magmatic texture of the granitic part of the sample is preserved.

However, a color change of the granite is observed close to the vein. At sample scale, the granitic part along the vein (NH_23_1) shows a pronounced pinkish color (Figure 5 

V.4. Geochemical Analyses

The geochemistry of major element, presented in Table 5-3, allows to establish diagrams representing selected elements versus LOI (Figure 5-15) in order to study the alteration degree of the selected samples.
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V.5. Calcite Content

Calcite is present in the majority of the samples. Samples homogeneously distributed in the studied area were selected for calcite content analyses. The calcite content is represented on the map in Figure 5-16 by the white dots and figures. The values range between 1.2% and 8.7%.

Fracture zones as well as the surrounding granite present variable calcite content. However, the calcite content appears higher in the southeastern part of the range than in the northwest.

All the samples except NH_17, NH_26 and NH_31_3 have a calcite content higher than 1.8%, meaning that they were affected by hydrothermal alteration according to [START_REF] White | The ubiquitous nature of accessory calcite in granitoid rocks: Implications for weathering, solute evolution, and petrogenesis[END_REF]. 

V.6. Porosity and Mass-balance

Porosimetry measurement was only performed on samples NH_27, NH_31_3 and NH_36

(Table 5-4). NH_36 is the closest to a fracture zone and has the highest porosity (11.5%). This suggests that the porosity increases with proximity to fracture zones. Porosity measurements were used to better decipher the petrophysical properties of the rock for geothermal purpose and to realize mass-balance calculations. The chemical compositions recalculated after suppression of the LOI, the densities, and volume factors (Fv) assuming XAl2O3 = 0, of the rock samples used for mass balance calculations, are given in Table 5- The results of mass-balance calculations, corresponding to the absolute mobility values of each element for each sample, are given in Table 5- The clay composition of the fractions < 2 µm and 2-6 µm was given in Table 5-1. For some of the samples containing enough illite, Kübler Index (KI) was measured for both fractions ( Table 56). The fraction < 2 µm likely is supposed to represent neoformed clay minerals, thus corresponding to the youngest event. By contrast, the fraction 2-6 µm might contain either more developed illite crystals by inherited grains recrystallization, or a mix of detrital and neoformed minerals. The KI gives information concerning the degree of metamorphism for each fraction. In some fraction, it was not possible to measure the KI due to the too low amount of illite. VI. DISCUSSION

VI.1. Argillic Alteration Dominance

The characterization of the NH granite alteration processes in the vicinity of fracture zones reveals the presence of various secondary minerals such as clay minerals (kaolinite, illite, I/S mixed layer, corrensite and vermiculite), carbonates (calcite, dolomite, ankerite, siderite) and oxides. Thus, two successive types of hydrothermal alteration events, characterized by (Klee et al., 2021a) in the protolith, were observed:

1. the propylitic alteration, which is an early stage of alteration affecting pervasively the granite during the cooling of the pluton [START_REF] Glaas | Clay Mineralogy: A Signature of Granitic Geothermal Reservoirs of the Central Upper Rhine Graben[END_REF]. It involves mainly the formation of corrensite and epidote considered as the major indicators of the propylitic alteration [START_REF] Burnham | Facies and types of hydrothermal alteration[END_REF]Klee et al., 2021a;Traineau et al., 1991). Only plagioclase and biotite are partially affected.

2. the argillic alteration, associated with fluid circulation through a fracture network. Thus, the argillic alteration is also called "vein" alteration [START_REF] Dubois | Détermination des conditions de précipitation des carbonates dans une zone d'altération du granite de Soultz (soubassement du fossé Rhénan, France) : l'enregistrement des inclusions fluides[END_REF]Genter, 1989;[START_REF] Ledésert | Fractures, hydrothermal alterations and permeability in the Soultz Enhanced Geothermal System[END_REF]. It is characterized by ( 1) a high water/rock ratio in the fractures/veins walls, due to fluid circulating within the fracture network [START_REF] Berger | Chemical parameters controlling the propylitic and argillic alteration process[END_REF][START_REF] Bonorino | Hydrothermal alteration in the Front Range mineral belt, Colorado[END_REF]Genter, 1989;[START_REF] Ledésert | Diagenetic-type reactions related to hydrothermal alteration in the Soultz-sous-Forets Granite, France[END_REF][START_REF] Marques | Hydrothermal alteration of Hercynian granites, its significance to the evolution of geothermal systems in granitic rocks[END_REF][START_REF] Parneix | Hydrothermal alteration of an old geothermal system in the Auriat granite (Massif Central, France): Petrological study and modelling[END_REF]Pauwels et al., 1993) and ( 2) illite + kaolinite + illite/smectite mixed layers + carbonates + oxides replacing plagioclase, biotite and more rarely, partially K-feldspar (Klee et al., 2021a). Fractures enhance the fluid circulation and thus the fluid-rock interaction. Alteration gradients are visible, increasing toward the fracture (Figure 5-7a, Figure 5-9h-k, Figure 5-12a and Figure 5-14e,f). An alteration zoning around microfractures is also presented in Figure 5-6h, which could correspond to a time dependent process controlled by a sequence of interrelated mineral reactions [START_REF] Turpault | Dissolution-precipitation processes induced by hot water in a fractured granite Part 1: Wall-rock alteration and vein deposition processes[END_REF].

However, compared to Klee et al. (2021a), the samples are more altered and corrensite is not as evident as in the samples from this study. Kaolinite and illite are the prevailing clay minerals.

This confirms a significant fluid-rock interaction near fractures and a predominant argillic alteration, which has overprinted almost completely the propylitic alteration. Kaolinite being the dominant clay mineral, indicates either a more important leaching of the rock or the circulation of a more acidic fluid [START_REF] Fulignati | Clay Minerals in Hydrothermal Systems[END_REF].

The samples NH_24, NH_26 and NH_33 contain a small amount of vermiculite, which can be associated to hydrothermal alteration at low temperature or to weathering. It is commonly thought that most of the vermiculite is formed under supergene conditions [START_REF] Fordham | Weathering of Biotite into D Ioctahedral Clay Minerals, Clay Minerals[END_REF][START_REF] Kajdas | Mechanisms of granite alteration into grus, Karkonosze granite, SW Poland[END_REF]. In these samples, the amount of vermiculite is low and the weathering contribution already discarded by Klee et al. (2021a).

VI.2. Thermal Evolution Toward Fracture Zones

Studied samples present KI values characteristic of the diagenetic zone, meaning temperatures lower than 200°C [START_REF] Abad | Physical meaning and applications of the illite Kübler index: measuring reaction progress in low-grade metamorphism. Diagenesis and Low-Temperature Metamorphism[END_REF]. However, KI values of samples NH_32 and NH_34 have lower KI values with anchizonal to epizonal conditions, meaning temperatures around 300°C [START_REF] Abad | Physical meaning and applications of the illite Kübler index: measuring reaction progress in low-grade metamorphism. Diagenesis and Low-Temperature Metamorphism[END_REF]. These two samples present the highest fracture density (Fd4) suggesting that shear heating could contribute to a local increase of temperature [START_REF] Camacho | Evidence for shear heating, Musgrave Block, central Australia[END_REF]. Moreover, KI values are similar between both clay fractions indicating the predominance of neoformed illite crystallization close to fracture zones. It is highlighted by the presence of illite veins observed microscopically. By comparing KI values from this study and from Klee et al. (2021a), the KI tends to decrease approaching fracture zones. Thus, the greater the fracturing, the higher was the temperature, except for NH_31_1_2 and NH_24. These two samples present higher KI values, meaning lower temperatures. It can be explained by the presence of I/S and vermiculite CHAPTER 5 172 forming at lower temperature than illite and kaolinite [START_REF] Fordham | Weathering of Biotite into D Ioctahedral Clay Minerals, Clay Minerals[END_REF][START_REF] Kajdas | Mechanisms of granite alteration into grus, Karkonosze granite, SW Poland[END_REF][START_REF] Środoń | Nature of mixed-layer clays and mechanisms of their formation and alteration[END_REF]. The samples NH_26, NH_33 and NH_36 present only kaolinite. KCI values correlating with KI values, these samples show temperatures estimated to be around 200°C or less, which correspond to the temperature obtained for the other samples. Likewise, the presence of kaolinite in hydrothermal alteration paragenesis indicates temperature lower than 200°C [START_REF] Fulignati | Clay Minerals in Hydrothermal Systems[END_REF].

VI.3. A Multi-Stage Paleo-fluid Circulation

Hydrothermal alteration in crystalline basement rocks induces the precipitation of secondary minerals that can seal the fractures [START_REF] Gillespie | Introduction: geology of fractured reservoirs[END_REF]. The argillic facies, described above, is also characterized by fractures filled by various kinds of secondary minerals, as a result of different fluid generations. Veins are formed from fluids that had reacted with granite [START_REF] Bruhn | Fracturing and hydrothermal alteration in normal fault zones[END_REF] and transported various chemical elements. Through the petrographic analyses of the whole samples, a relative chronology between the different veins can be determined. Six vein generations, following each other, were identified (Figure 5-6 and Figure 56789):

1. Quartz veins resulting into the precipitation of secondary quartz due to primary silicate partial dissolution. Two types of calcite veins and the carbonate vein of phase 5 were thus identified through the sample NH_31, allowing the definition of two generations of calcite. However, they do not allow a decision if the calcite veins identified in the other samples correspond to the generation 4 or 6. CL analyses are ongoing to identify the type of calcite generation. Sample NH_31 and the multiple vein generations show how complex the fluid circulation history was in this area.

VI.4. Fluid Circulation and Argillic Alteration Effects on Petrographic and Petrophysical Behavior

The effects of alteration on the element transfers are described by the diagrams plotting major element oxides against LOI (Figure 5-15) and by mass-balance calculations ( (2) the residence time of the fluid was not sufficient [START_REF] Kadko | The relationship of hydrothermal fluid composition and crustal residence time to maturity of vent fields on the Juan de Fuca Ridge[END_REF], ( 3) a nonsufficient amount of fluid to allow the transformation of plagioclase and biotite into clay minerals. CaO losses are attributed to the alteration of plagioclase. However, the amount of Ca released by the alteration of plagioclase is certainly not sufficient to explain the crystallization of large amounts of carbonate into the granite veins. We infer that Ca is related to an external source as it is gained by the system (open system). Carbonate veins being related to the SDVFZ activity, we suggest that the source of the Ca is the Proterozoic series which contain dolomite and carbonate sequences.

Fracture zones created porosity through microfractures and spaces between secondary minerals (Figure 5-6f) precipitated during primary mineral alteration. When fracturing increases, alteration increases too, as well as porosity [START_REF] Géraud | Porosity network of Soultz-sous-Forets granite: the importance of the damaged zone around faults and fractures[END_REF]. However, the subsequent mineralization and chemical alteration can either decrease or increase the porosity of the rock [START_REF] Gillespie | Introduction: geology of fractured reservoirs[END_REF]. For a similar LOI, porosity values vary significantly (e.g. NH_3 (Klee et al., 2021a), NH_23 and NH_31_3). No correlation is visible between porosity and alteration or calcite content.

VI.5. Relation Between Fluid Circulation, Alteration and Fracture Density

It is expected that areas along the rear southern limit of the CBS have recorded less transcurrent shear than areas situated along its northern front (section 4. show higher values near to fracture zones, highlighting the importance of the presence of fractures allowing fluid circulations and thus carbonate precipitation, which mainly filled and sealed the fractures [START_REF] Hébert | The Enhanced Geothermal System of Soultz-sous-Forêts: A study of the relationships between fracture zones and calcite content[END_REF][START_REF] Ledésert | Calcimetry as a useful tool for a better knowledge of flow pathways in the Soultz-sous-Forêts Enhanced Geothermal System[END_REF]. Carbonate veins are present in the whole range, preferentially orientated following the NH strike, probably related to the SDVFZ activity. However, calcite content is generally higher in the southeastern part of the range. This part is characterized by a high fracture density due to complex tectonic setting, related to the GFZ activity (Chabani et al., 2021). The connectivity within this part is ruled by the small and large fractures, and an additional complex joint network leading the fluid supply toward the fault zone.

The comparison of the data from Klee et al. (2021a) with those in this study at the NH scale shows that the increase in fracture density is correlated with the increases in alteration degree, porosity and calcite content, respectively. However, no correlation is observed between alteration, porosity and calcite content all together. The sample NH_36 (Figure 5-11) has shown that calcite content is not related to the intensity of alteration (section 5.4). This highly fractured sample has been characterized by a specific fracture arrangement, composed mainly of fracture clusters, following the SDVFZ direction. It allows the fluid to circulate following these clusters, and then creating a flow anisotropy. However, only a low alteration degree is observed, which can either be due to (1) specific physico-chemical fluid composition [START_REF] Glassley | Fluid-Rock Interaction[END_REF], (2) an equilibrium between the fluid and the surrounding rock, (3) an insufficient residence time of the fluid [START_REF] Kadko | The relationship of hydrothermal fluid composition and crustal residence time to maturity of vent fields on the Juan de Fuca Ridge[END_REF], or ( 4 Regarding the stress axis orientation, it is suggested that the main stress axis σ3 is at a very high Those two samples showed that at sample and outcrop scales, fracturing and alteration are heterogeneous, but also that the alteration degree is not always related to the fracture density (Figure 5-20c,d). These sample analyses allowed us to study a fault zone development depending on strain, fluidrock ratio, and material rheology. It is shown that at low to moderate regional strain, incipient local high strain concentration is present (Figure 5-20). It has been observed that:

1. The fluid interacts with the surrounding rock altering it pervasively and fractures are sealed by secondary minerals b). Those veins can be reactivated by shearing [START_REF] Dhansay | Assessing the reactivation potential of pre-existing fractures in the southern Karoo, South Africa: Evaluating the potential for sustainable exploration across its Critical Zone[END_REF]. Thus, it creates a brecciated vein (e.g. NH_31) or even a mylonite (e.g. NH_23) developing an alteration gradient. Sample NH_23, shows that mylonitic deformation appears at low to moderate regional strain when carbonates are involved. Fault reactivation tends to cause a mineral fill breakage and re-opens the fracture [START_REF] Gillespie | Introduction: geology of fractured reservoirs[END_REF][START_REF] Moir | Simulating brittle fault evolution from networks of pre-existing joints within crystalline rock[END_REF].

2. Open fractures let fluid circulate without interaction with the surrounding rock.

Shearing creates a breccia without further alteration within the granite such as in NH_36 (Figure 5 -19).

At any scales, fracture density promotes fluid flow through the fracture network provided a fluid is present (Dezayes and Lerouge, 2019b;[START_REF] Faulkner | A review of recent developments concerning the structure, mechanics and fluid flow properties of fault zones[END_REF]. However, the alteration degree is not correlated to the fracture density.
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VI.6. Implication of Alteration in Terms of Geothermal Reservoir Properties

Fresh granite has a very low initial matrix porosity (<1%), which "does not allow" the fluid circulation, hence inducing a low permeability [START_REF] Géraud | Physical properties of fault zones within a granite body: Example of the Soultz-sous-Forêts geothermal site[END_REF]. A granitic geothermal reservoir is considered as exploitable when it presents a connected fracture network increasing the permeability and in which a sufficient amount of hot fluid circulates [START_REF] Faulkner | A review of recent developments concerning the structure, mechanics and fluid flow properties of fault zones[END_REF][START_REF] Gentier | Role of fracture geometry in the evolution of flow paths under stress[END_REF][START_REF] Géraud | Physical properties of fault zones within a granite body: Example of the Soultz-sous-Forêts geothermal site[END_REF][START_REF] Gillespie | Introduction: geology of fractured reservoirs[END_REF]. By flowing through fractures, the fluid interacts with the rock, increasing the matrix porosity and permeability promoted by the dissolution of the primary minerals and crystallization of newly-formed phases (Ledésert et al., 2010). However, newly-formed minerals can also crystallize in the fractures and seal them, reducing the porosity and the permeability [START_REF] Laubach | Practical approaches to identifying sealed and open fractures[END_REF][START_REF] Woodcock | Transient permeability and reseal hardening in fault zones: evidence from dilation breccia textures[END_REF]. Thus, sealed fractures are transformed from conduits into barriers to fluid flow [START_REF] Glaas | Clay Mineralogy: A Signature of Granitic Geothermal Reservoirs of the Central Upper Rhine Graben[END_REF][START_REF] Liotta | Fracture analysis, hydrothermal mineralization and fluid pathways in the Neogene Geitafell central volcano: insights for the Krafla active geothermal system, Iceland[END_REF]Vidal et al., 2018) and impact the geothermal production by decreasing the connectivity between the fractures and hence the permeability [START_REF] Gillespie | Introduction: geology of fractured reservoirs[END_REF][START_REF] Griffiths | Geothermal implications for fracture-filling hydrothermal precipitation[END_REF].

The NH altered granite shows an important fracture network and a high matrix porosity which allowed fluids to circulate and to interact with the surrounding rock. Indeed, numerous veins with various infills crosscut the granite indicating several successive fluid circulation events.

Carbonates occupy a prominent part of the fracture system, which can be easily dissolved thanks to acid injections in order to connect the boreholes to major conductive fractures for geothermal exploitation. It is suggested that when NH were an active reservoir at depth, fractures were only partially filled and the fluid could flow through the fracture network. It has been seen that the stress field has a major impact on the fluid circulation. Indeed, drilling into fractures at a very high angle from the main stress axis σ1, such as exposed by sample NH_31, is favorable to allow fluid to circulate. In the event of geothermal exploitation, only minor chemical stimulation, if any, would have been necessary [START_REF] Ito | Inferred role of natural fractures, veins, and breccias in development of the artificial geothermal reservoir at the Ogachi Hot Dry Rock site, Japan[END_REF][START_REF] Ledésert | Fractures, hydrothermal alterations and permeability in the Soultz Enhanced Geothermal System[END_REF][START_REF] Ledésert | Calcimetry as a useful tool for a better knowledge of flow pathways in the Soultz-sous-Forêts Enhanced Geothermal System[END_REF].

Moreover, the alteration amount is not necessarily related to the degree of fracturing and therefore, the fracture network influence on fluid circulation is hardly predictable. Thus, due to the conduit-barrier role, the deformation gradient, the degree of fracturing, the alteration processes and the relationship between them have a large impact on geothermal production [START_REF] Griffiths | Geothermal implications for fracture-filling hydrothermal precipitation[END_REF].
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VII. CONCLUSION

The Noble Hills (NH) is a newly studied area in terms of an exhumed granitic geothermal reservoir. It provides an excellent opportunity to give fundamental scientific inputs in 3D allowing a better understanding of granitic reservoir behavior in a trans-tensional context. This analogue shows how complex a granitic reservoir can be, in terms of structures, fluid circulation and fluid-rock interactions. This study proposes a geometric, petrographic, petrophysical and geochemical description in order to characterize the influence of fracturing on fluid circulation and alteration processes.

Approaching fracture zones at large scale, the NH granite shows signs of several generations of fluid circulations resulting in successive veins of various mineralization. Fluid circulation being more important in the vicinity of fracture zones, a stronger fluid-rock interaction is observed. Thus, argillic alteration prevails compared to in the protolith. It is highlighted by the increase of the LOI correlated to a Na depletion due to plagioclase alteration and a K enrichment associated to illite precipitation. Likewise, the porosity, the calcite content and the temperature increase nearer to fracture zones. However, no correlation exists between LOI, porosity and calcite content all together. Also, a high fracture density does not necessarily imply a strong alteration (e.g. sample NH_36).

This relation between fluid circulation, alteration and fracturing is also visible at sample scale.

The higher the fracture density, the more pronounced the alteration. However, samples NH_31 and NH_23 showed how complex this relation can be:

• NH_31 shows a reactivated vein giving a brecciated vein (quartz and granitic clasts in a carbonate matrix) which induced no fracture gradient in the surrounding porphyritic granite, but developed an alteration gradient.

• NH_23 shows a carbonate mylonite creeping around deformed granite lenses, which induced a fracture gradient as well as an alteration gradient in the surrounding porphyritic granite. This study shows that the deformation gradient observed at large scale is also visible locally in a context of low to moderate strain. It also highlights the importance of mineral crystallization in a geothermal reservoir. Fluid flow depends on a connected network of open and permeable fractures. In reservoirs at depth, fractures can however be sealed and act as a barrier.

Stimulation techniques are needed in order to re-open them so that a drain allowing a new fluid circulation is created. The influence of fracture zones on fluid flow and alteration is difficult to be predict and yet impacts the production from the reservoir.

In order to complete this work, a future study will focus on the influence of a fault zone on fluid circulation and alteration processes, in the NH, at high strain conditions. Moreover, laboratory investigations could be performed in order to better understand the controlling parameters of the ongoing processes while fracturing of rocks.
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CHAPTER 6

The role of inherited structures on fluid circulation within a pre-structured reservoir at high strain

I. INTRODUCTION

In crystalline rocks, fracture permeability depends on the fracture density and hydraulic conductivity [START_REF] Barton | Fluid flow along potentially active faults in crystalline rock[END_REF]. Fluid circulation is facilitated by the growth of the fracture network during deformation [START_REF] Cox | Structural and isotopic constraints on fluid flow regimes and fluid pathways during upper crustal deformation: An example from the Taemas area of the Lachlan Orogen, SE Australia[END_REF]. Fault zones are usually associated to neomineralization and transformation of primary minerals composing the surrounding wall rock.

These mineral transformations associated to deformation and to episodic and successive fracture reactivations induce a change in physical and hydraulic properties of a fault zone during its activity [START_REF] Ikari | Frictional and hydrologic properties of clay-rich fault gouge[END_REF][START_REF] Meller | The significance of hydrothermal alteration zones for the mechanical behavior of a geothermal reservoir[END_REF][START_REF] Numelin | Frictional properties of natural fault gouge from a lowangle normal fault, Panamint Valley, California[END_REF]. Displacement, microstructures and fluid properties play important roles in controlling chemical and physical processes in a fault zone [START_REF] Song | A microstructural study of the fault gouge in the granite, Yangbuk, Gyeongju, southeastern Korea, with implications for multiple faulting[END_REF]. These factors interact with one another and are involved in the formation of fault rocks. Movements along faults induce crushing and grinding of host rocks, promoting rocks fragment size reduction and promoting interaction with eventual fluids [START_REF] Bouchez | Principes de tectonique[END_REF][START_REF] Faulkner | A review of recent developments concerning the structure, mechanics and fluid flow properties of fault zones[END_REF][START_REF] Niemeijer | Frictional behaviour of simulated quartz fault gouges under hydrothermal conditions: Results from ultra-high strain rotary shear experiments[END_REF][START_REF] Van Der Pluijm | Earth structure: an introduction to structural geology and tectonics[END_REF]. According to [START_REF] Passchier | Microtectonics[END_REF] and Van der Pluijm and Marshak (2004), depending on the mechanism, this process produces a fault rock which can be (1) a breccia (fragments that make up >30% of the rock mass in a fine grain matrix), (2) a cataclasite (fragments that make up <30% of the rock mass in a fine grain matrix), (3) a gouge (few fragments (< 1mm) of the rock occur isolated in a foliated matrix), (4) a mylonite (foliated fault rock, formed dominantly by crystal-plastic processes) or even (5) a pseudotachylite (glassy fault rock along fractures, formed by flash melting of the host rock from heat generated during frictional sliding).

According to [START_REF] Caine | Fault zone architecture and permeability structure[END_REF], a typical fault zone is composed of three compartments: Several case studies using far-field and near-field analogues are presented, where the concept of analogue remains the one described in the general introduction of this thesis.

The aim is to give insights on the effect of high strain fault zones on the rock reservoir petrographic evolution considering deformation and fluid-rock interactions processes. An effort is dedicated to the understanding on the role of inherited high strain structures in terms of hydraulic conductivity and fault connectivity to later fluid flow.

II. CASE OF HIGHLY STRAINED ROCKS DEVELOPING A FAULT STRUCTURE FROM AN INHERITED STACKED BASEMENT/SEDIMENTARY PILE: THE NOBLE HILLS RANGE

II.1. Introduction

The NH is located in the southern termination of the dextral Southern Death Valley Fault Zone (SDVFZ), which consists into the southern branch of the Death Valley pull-apart described by Burchfiel and Stewart (1966) and Niles (2016). According to Pavlis and Trullenque (2021), the NH has been transported over 40-41 km along the SDVFZ. In the previous chapters, it has been shown that the geology and the structure of the NH is more complex than what had been described until now. It is composed of a crystalline bedrock slice (CBS) [START_REF] Brady | Neogene stratigraphy of the Avawatz Mountains between the Garlock and Death Valley fault zones, southern Death Valley, California: Implications as to late Cenozoic tectonism[END_REF] made of Proterozoic sediments, the Crystal Spring Formation (CSF), intruded by 1.1 Ga diabase sills, the whole intruded by Mesozoic granite (Troxel and Butler, 1979). Klee et al. (2021b) in contrast to Niles (2016) have shown that the outcropping Proterozoic west of the Pipeline Wash (Figure 6-2b) consists into several tectonically induced duplications of the Proterozoic sequence intruded by granite. The presence of a deformation gradient through the area was also highlighted by Klee et al. (2021b) due to a lateral bending, stretching and boudinage of this Proterozoic cover nappe stack towards the southeast. The NH has been characterized as an exhumed paleo-geothermal reservoir thanks to the evidences of fluid circulation such as numerous veins and the dominance of the argillic alteration that developed in the vicinity of fractures (Klee et al., 2021a(Klee et al., , 2021b)). Fieldwork, microstructure, petrographic, petrophysical, geochemical analyses and K-Ar dating have been performed to characterize the origin of the fault zone and its evolution in terms of microstructure, mineralogy changes, amount of alteration, element transfers, porosity and calcite content along this outcrop profile. 

II.2. Material and Methods

II.2.1. Material and sampling strategy

The study focuses on an outcrop (Figure 6-2b) exposing a clay-bearing fault core surrounded by granitic and gneissic rocks (Figure 6-3a,b). Figure 6-2b shows that both walls of the fault zone are granitic rocks. The eastern part of the fault zone is composed dominantly by remnants of granitic sills, deformed together with Proterozoic gneisses. Thus, the granitic facies was mapped, but a detailed mapping is under progress. In map field (Figure 6-2b), the fault can be followed over several hundred meters. Petrographic, mineralogical, petrophysical and geochemical analyses were performed on six samples collected along a profile through the outcrop c). They aim at characterizing the possible variations in terms of newly-formed minerals, alteration processes, calcite content, porosity, element transfers and microfabric along this profile, related to the influence of the fault.

II.2.2. Methods

II.2.2.1. Field sampling

To extract the sample from the outcrop, fiber glass and epoxy resin were put on the targeted zone in order to consolidate the sample (Figure 6-4a). Once the resin hardened, a driller was used to drill around the sample delimitation until its complete extraction (Figure 6-4b,c). The outcrop was cleaned and the samples were finally wrapped in resin in order to avoid damaging during shipping. 

II.2.2.2. Petrographic characterization

Seventeen thin sections, including 6 large thin sections (size: 10 cm × 7.5 cm) and 11 small thin sections (size: 4.8 cm × 2.8 cm), were realized on the six collected samples for petrographical analyses. Large thin sections allowed to better study the limit between the different zones identified in a sample. Large field area images were gained under polarized-analyzed light using Leica automatized stage facility microscope and Leica application Suite (LAS) v4.11.0 (Klee et al., 2021a). Optical microscopy, using a Leica DM4500-P microscope, and Scanning Electron Microscope (SEM, Hitachi S-3400N) coupled to a Thermo Ultradry Energy Dispersive X-ray Spectrometry (EDS) (Kimio [START_REF] Kanda | Energy dispersive X-ray spectrometer[END_REF][START_REF] Kanda | Energy dispersive X-ray spectrometer[END_REF] analyses were performed at Institut UniLaSalle Beauvais (ULS). These analyses aimed at characterizing the mineralogical assemblage, the chemical composition, the alteration paragenesis, the microstructure and microfabric, but also the degree of microfracturing. Most of the mineral abbreviations used in this paper refer to [START_REF] Kretz | Symbols for rock-forming minerals[END_REF] mineral symbols. Only few others were defined by myself as done in the two previous chapters.

II.2.2.3. X-ray diffraction and Kübler Index

In addition to the petrographic characterization, XRD analyses were carried out at ULS using a D8-Advance Bruker-AXS (Siemens) diffractometer in order to identify the mineral phases (semiquantitative method, with an accuracy about 3-5%). Thus, analyses were performed on whole rock powders and oriented clay fractions (<2 µm and 2-6 µm) from five samples (NH_40, NH_41, NH_43, NH_44 and NH_45). The experimental conditions are described in Klee et al. (2021a). Clay mineral separation was conducted using technique described in Klee et al.

(2021a), based on [START_REF] Kisch | Illite crystallinity: recommendations on sample preparation, X-ray diffraction settings, and interlaboratory samples[END_REF] and [START_REF] Schmidt | Very low grade metamorphism of the Taveyanne formation of western Switzerland[END_REF], according to standard techniques suggested by Ferreiro Mählmann and [START_REF] Ferreiro Mählmann | Standardisation, calibration and correlation of the Kübler-index and the vitrinite/bituminite reflectance: an inter-laboratory and field related study[END_REF]. For both fractions, XRD measurements were done at air dried conditions (AD), solvated with ethylene glycol (G) and after heating at 550°C (H). These analytical steps allowed to distinguish the different clay minerals of (1) the last produced or newly formed clay minerals (fraction <2 µm), assimilated to the result of the last fluid circulation event and of ( 2) the fraction 2-6 µm assimilated to possible mix between inherited material from the propylitic phase and newly formed clay minerals or inherited grains recrystallization. Their identification was undertaken referencing to [START_REF] Moore | X-ray diffraction and the identification and analysis of clay minerals[END_REF] and [START_REF] Starkey | The routine mineralogical analysis of claybearing samples[END_REF] using the software DIFFRAC EVA v4.2 (©Bruker AXS). This separation in two fractions allowed to obtain the respective temperature conditions through the Kübler Index (KI) defining the limit of metamorphic zones (diagenetic zone, anchizone and epizone). An altered granite shows similarities with diagenetic reactions present in feldspathic sandstones [START_REF] Ledésert | Diagenetic-type reactions related to hydrothermal alteration in the Soultz-sous-Forets Granite, France[END_REF]. Thus, it is possible to characterize temperature ranges by using the KI values obtained for granitic rocks. KI values are calculated from the illite crystallinity (IC), which corresponds to the full width at half maximum (FWHM) of the (001) 10Å peak of illite on AD conditions. The IC obtained values were standardized using the crystallinity index-standard (CIS) samples provided by Warr and Rice (1994b) in order to calculate the KI. to assess the influence of calcite on rock permeability and thus to better understand the fracture sealing in a reservoir [START_REF] Ledésert | Calcimetry as a useful tool for a better knowledge of flow pathways in the Soultz-sous-Forêts Enhanced Geothermal System[END_REF]. The CaCO3 percentage (wt.%) was calculated as follow: %CaCO3 = (Measured value × 100)/Calcimeter coefficient (1) In order to quantify the available fluid storage volume [START_REF] Dullien | Porous Media: Fluid Transport and Pore Structure[END_REF], porosity measurements were performed on five samples at CY Cergy Paris University in the Mechanics and Material for Civil Engineering laboratory (L2MGC). The triple weighing method was used (Klee et al., 2021a;[START_REF] Navelot | Petrophysical properties of volcanic rocks and impacts of hydrothermal alteration in the Guadeloupe Archipelago (West Indies)[END_REF] according to RILEM standard test n°I. 1, 1978. Ethanol has been chosen instead of water in order to avoid possible clay swelling and thus a possible damaging of the samples [START_REF] Gates | Permeability of an Organo-Modified Bentonite to Ethanol-Water Solutions[END_REF].

II.2.2.5. Bulk-rock geochemical analyses

Bulk-rock geochemical analyses were performed at Bureau Veritas Minerals (Vancouver, Canada) using Inductively Coupled Plasma Emission Spectrometry or Mass Spectrometry (ICP-ES and ICP-MS respectively). Loss on ignition, major element oxides, rare earth elements and trace elements contents were obtained on 4 samples. The method is described in Klee et al., 2021a. These chemical analyses were performed in order to determine the degree of alteration and the element transfers.

II.2.2.6. K-Ar illite dating K-Ar dating has been realized at the University of Göttingen on a single sample, NH_41, corresponding to the fault core. Before dating measurements, the sample was dissolved in water. The suspension was wet-sieved using a 63 µm sieve. The fraction <63µm was used to extract the clay fractions 2-6 µm by settling in Atterberg cylinders. A second <2 µm fraction was gained the same way and used to separate the fraction <0.2µm using an ultra-centrifuge.

For each fraction, the argon isotopic composition was measured in a stainless-steel extraction and purification line coupled to a Thermo Scientific ARGUS VI ™ noble gas mass spectrometer operating in static mode. The amount of radiogenic 40 Ar was determined by isotope dilution method using a highly enriched 38 Ar spike from [START_REF] Schumacher | Herstellung von 99, 9997% 38Ar für die 40K/40Ar Geochronologie[END_REF]. The spike is calibrated against the biotite standard HD-B1 [START_REF] Fuhrmann | Examination of some proposed K-Ar standards: 40Ar39Ar analyses and conventional K Ar data[END_REF]. The age calculation was based on the constants recommended by the IUGS quoted in [START_REF] Steiger | Subcommission on geochronology: Convention on the use of decay constants in geo-and cosmochronology[END_REF]. Potassium was determined in duplicate by flame photometry using a BWB-XP flame photometer ™. The samples were dissolved in a mixture of HF and HNO3 according to the technique of Heinrichs and Herrmann, 2013. The analytical error for the K/Ar age calculation is given on a 95% confidence level (2σ). Details of argon and potassium analyses made by the laboratory in Göttingen were exposed by [START_REF] Wemmer | K/Ar-Altersdatierungsmöglichkeiten für retrograde Deformationsprozesse im spröden und duktilen Bereich--Beispiele aus der KTB-Vorbohrung (Oberpfalz) und dem Bereish der Insubrischen Linie (N-Italien). Im Selbstverlag der Geologischen Institute der Georg[END_REF].

II.3. Results

II.3.1. Field results

Field investigations have shown that the NE frontal part of the NH consists in an inherited imbricate of Proterozoic basement and Proterozoic sedimentary cover units (Klee et al., 2021b) (Figure 6-5a), visible northwest of the Pipeline Wash (Figure 6-2b). The age of this imbricate is not fully understood at present but predates Mesozoic granitic intrusives. These granites are found in the form of undeformed sills along the basal contact of the different Proterozoic basement and Proterozoic cover units (Figure 6-5a). SDVFZ activity overprints this inherited imbricate and produces intensive shearing within the weak sedimentary CSF. A localized zone of deformation concentrates strain within a narrow zone containing predominantly pinched units of Proterozoic sediments, Proterozoic basement (Figure 6-5b). Therefore, it is shown that this fault zone does not follow the fault zone model of [START_REF] Caine | Fault zone architecture and permeability structure[END_REF], who considered the fault core is due to a progressive comminution and alteration of a unique protolith. This is also noticed when comparing the east side (gneiss) and the west side (granite) of the fault core. This fault zone consisting into a mix of crystalline basement and sediments is the studied object of this section. This outcrop is a primary importance as it shows that inherited structures involving weak sediments can be involved in reservoir structuration. In the case where regional scale geological understanding of the reservoir is missing, these sediments can easily be interpreted as the product of a single protolith having suffered large amounts of deformation. 

)), which can replace biotite [START_REF] Velde | Clays and Clay Minerals in Natural and Synthetic Systems[END_REF] as presented in Klee et al. (2021b). The predominance of kaolinite and illite indicates that the argillic alteration is prevalent on the propylitic alteration. Hematite was also identified. The mineralogical composition is given in Multiple illite veinlets crosscut the granite (Figure 6 II.3.2.2. The gneiss/fault core limit and the gneiss -Sample NH_44 and NH_45

The gneiss composed the east side of the fault core (Figure 6-8a). The limit between the gneiss and the fault core is represented by the samples NH_44 (Figure 6-8b,c). The sample NH_45 was collected in the gneiss away from the fault core.

NH_45 appears highly fractured at sample scale and shows an eye-shape texture, also called eye texture (Figure 6-8c). Some of the visible microfractures are filled by carbonates. The whitish color results from a significant alteration of the plagioclase. Biotite is not much altered but deformed (Figure 6-9a,f,g) and tending to keep its initial orientation. Sample NH_44 can be divided into four zones (Figure 6-8b): ( 1) an altered and fractured gneissic part with a brecciated eye texture and microfractures filled by carbonates, (2) a zone which is rich in carbonates due to its brownish color, (3) an altered and foliated zone with whitish plagioclase and orange Kfeldspar and quartz, and ( 4) a heterogeneous gouge with a clay matrix. One thin section was realized in sample NH_45 (Figure 6-9a) and four thin sections in each identified zone of sample NH_44, from the wall rock towards the gouge (Figure 6-9b-e).

The microscopic investigation shows that the gneiss of sample NH_45 is highly fractured . This initial foliation is recognizable but has been reworked. Quartz and K-feldspar are unaltered but brecciated with calcite filling some of the fractures (Figure 6 for sample NH_44. This section is classified as a breccia [START_REF] Passchier | Microtectonics[END_REF] Van der Pluijm and Marshak, 2004).

• The section 2 (Figure 6-8b2, Figure 6-9c) shows a grain size reduction compared to the previous section. Most of the grains are < 0.5 mm across and are still identifiable. Biotite is partially altered into illite and more deformed (Figure 6-9j). As for the previous section, a lot of carbonates, especially dolomite, are present (Figure 6-9k). Grains are embedded in a matrix made of illite and dolomite. Dolomite gives the brownish color to the matrix. This section is also classified as a breccia produced by cataclastic flow process [START_REF] Passchier | Microtectonics[END_REF][START_REF] Van Der Pluijm | Earth structure: an introduction to structural geology and tectonics[END_REF]).

• The section 3 (Figure 6-8b3, Figure 6-9d) shows a grain size decrease from up to 1 mm to less than 200 µm (Figure 6-9d), as well as an increase in the matrix proportion made of illite, dolomite and little kaolinite (Figure 6-9l). Biotite is intensively deformed and aligned according to a preferential orientation. In this developed cataclasite [START_REF] Passchier | Microtectonics[END_REF][START_REF] Van Der Pluijm | Earth structure: an introduction to structural geology and tectonics[END_REF] grains are non-uniformly distributed and aligned parallel to the bounding fault plane. Few grains of up to 1 mm across embedded in the matrix are composed of single minerals, mainly quartz.

• The section 4 (Figure 6 • The clay-rich core -Sample NH_41

The sample NH_41 (Figure 6-11) is mainly composed of quartz (~50%) and illite (~25%), but also of dolomite (~10%), orthoclase remnants relics (~5%), biotite (~5%) and apatite (~5%).

Quartz is the most dominant mineral among the primary minerals. Illite is the predominant clay minerals, whereas kaolinite occurs as very small amount (<1%) Table 6- Thin sections analyses allowed to identify the different phases composing the sample NH_41:

• The brownish phase (Figure 6-12a) corresponds to deformed fragments of dolomite associated to remnants of preserved primary rock-forming minerals (quartz, biotite and K-feldspar) and altered plagioclase into illite.

• Optical and SEM analyses of the whitish euhedral (Figure 6-12b) material confirm that it is gypsum (Figure 6-12b).

• The dark zone (Figure 6-12c,d) corresponds mainly to highly deformed biotite and brecciated remnants of quartz. Quartz grains (~50%) show a strong undulatory extinction (Figure 6-12c). They also appear as sub-angular to angular fragments of various sizes, the larger ones forming lenses. Biotite (~40%) is only slightly altered but highly deformed showing mica fish shapes (Mukherjee, 2011) (Figure 6-12d). They tend to be aligned according to a preferential orientation, thus creating a foliation. Plagioclase and K-feldspar are no more recognizable and completely transformed into illite, forming a matrix. The clay matrix embedding these fragments consists into less than 10% of the dark zone, leading to consider this dark zone as a breccia. Moreover, calcite and especially dolomite filled some fractures between the larger clasts of quartz.

• Focusing in the orange finer material, which is predominant in the sample, different zones are identified: 
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The sample NH_41 is globally heterogeneous. However, the finer material is predominant which consists predominantly of a gouge. The entirely clay-rich part of the fault core is thus considered as a gouge.

Dolomite is present in a significant proportion in the whole sample as clasts and associated to the illite in the matrix. Calcimetry measurements were realized, giving a calcite content of 11.9%. Moreover, a porosity of 18.6% were measured for this sample. Porosity develops mostly at the boundaries between quartz grains and the matrix, along microfractures i) and is mostly present in les argillized phases (Figure 6-12a-e). XRD clay fractions analyses also revealed the presence of anhydrite and of a very low amount of kaolinite in the gouge (Table 6-1).

K-Ar dating has been performed on illite from the fraction <0.2 µm, <2 µm and 2-6 µm of this sample. The obtained ages are respectively 6.8 ± 0.2 Ma, 14.5 ± 0.3 Ma and 29.1 ± 0.9 Ma.

• Limit between the gouge and the gneiss lens -Samples NH_42 and NH_43

Samples NH_42 and NH_43 (Figure 6 -13) show the limit between a highly deformed protolith from the central part of the fault core and the gouge. The sample NH_43 shows a foliation, well recognizable by the biotite alignment and the eye texture resulting into few feldspar and quartz eye-shaped. Few carbonate boudins are identified in it and show that the dextral shearing affected these gneiss lenses. Carbonates also fill some fractures. Moreover, the whitish color show that gneiss was intensively affected by alteration. The fine grain phase on sample NH_42 is similar to the gouge composing the sample NH_41 described above. At sample scale, the limit between the gouge and the gneiss lens is relatively clear. This limit between the two phases was studied through thin sections (Figure 6-14a). In the country rock, the initial foliation is visible in both samples NH_42 and NH_43 (Figure 6-14b).

However, the gneiss appears highly fractured and altered ( Carbonates, especially dolomite, are well present in this phase. A calcite content of 5.26% was measured for NH_43. A porosity of 17% was measured for NH_42 and of 14.6% for NH_43.

The limit itself between both phases is almost instantaneous, a drastic grain size reduction and a significant increase of illite and carbonate content ( to study the chemical as well as the loss on ignition (LOI), thus the alteration variations through a profile along the outcrop. All the data are presented in Table 6-2. The LOI values ranges from 4.5 to 9.4 wt% (Table 6-2). The samples from the wall rocks show LOI values of 4.5 wt% for NH_40and of 5.9 wt% for NH_45, which are the lowest LOI value from the profile. The fault core shows values that are almost twice as high as the values of the surrounding rocks. Indeed, the clay gouge (NH_41) has a LOI of 9.4 wt%, which is higher than the gneiss lenses (NH_43) with a LOI value of 7.9 wt%. For samples containing enough illite, the Kübler Index (KI) was calculated for the fractions <2 µm and 2-6 µm Table 6-3. The clay composition is given in Table 6- II.4.2. Fluid-rock interactions and fluid circulation at high strain All the samples, collected according to a profile (AB) through the fault zone (Figure 6-16a), are strongly altered. As demonstrated at low to moderate regional strain in the area by Klee et al. (2021b), high strain zones show also a correlation between amount of deformation and alteration degree. An alteration gradient was observed through thin sections by the progressive complete transformation of plagioclase into kaolinite and/or illite and of biotite and K-feldspar into illite towards the gouge. The K-feldspar breakdown due to hydrothermal alteration is well represented by the decrease content of Ba and the increase of U (Figure 6-15b) [START_REF] Li | Hydrothermal alteration associated with Mesozoic granite-hosted gold mineralization at the Sanshandao deposit, Jiaodong Gold Province, China[END_REF].

LOI values increase (Figure 6-16b) highlights the alteration gradient which tends to increase towards the gouge (NH_41).

The gouge presents the highest LOI indicating an important amount of hydrous minerals in it.

The wall rocks granite (NH_40) and gneiss (NH_45) one meter from the gouge have lower LOI values. Thus, the wall rocks present a lower percentage of hydrous minerals than the fault core.

The gneiss is slightly more altered than the granite due to the fact that, near the fault core, the gneiss is slightly more fractured. We cannot exclude that the gneiss fracturing is partly inherited and that further fracturing occurred during SDVFZ activity. Amount of fracturing drastically decreases in the first ten meters away from the considered fault zone. The gneiss lens (NH_43) being more deformed than the wall rock, shows a higher LOI. NH_43, being comparable to NH_45 in composition, the LOI can be related to the amount of alteration. Thus, NH_43 shows a more pronounced alteration. Geochemical analyses from this study compared to Klee et al. (2021a) show that the representative granites affected by the regional alteration fit almost perfectly with the granite from this study (NH_40), excepted for Ba, due to a difference in the amount of alteration, and for Tb which is until now misunderstood (Figure 6-15b). Knowing that the fault core and the gneiss are more altered than the granite, the positive anomaly of Hf is difficult to explain as Hf is an immobile element under hydrothermal conditions (Figure 6-15b). Alteration inducing clay precipitation, it has been shown that kaolinite is the prevalent clay mineral in the gneiss lenses in the center of the fault gouge and in the wall rocks. Kaolinite can be related to a high fluid-rock ratio or to an acidic fluid circulation [START_REF] Fulignati | Clay Minerals in Hydrothermal Systems[END_REF][START_REF] Nishimoto | Hydrothermal alteration of deep fractured granite: Effects of dissolution and precipitation[END_REF]. However, the wall rocks and the gneiss lenses present also corrensite indicating a propylitic signature [START_REF] Burnham | Facies and types of hydrothermal alteration[END_REF]Genter, 1989). Alteration being lower in these rocks than in the gouge, it is suggested that an acidic fluid has circulated through the fault zone.

However, illite is the predominant clay mineral composing the gouge (Figure 6-16c). K-feldspar and biotite being almost completely leached, potassium was released. Geochemical analyses highlight this by the K2O content decrease. Klee et al. (2021aKlee et al. ( , 2021b) ) have shown that in all the NH granite K-feldspar, besides the perthites, were not affected by the alteration. The complete alteration of K-feldspar in this gouge proves, in complement to LOI values, that the leaching was important. It is suggested that part of the released potassium allows the transformation of kaolinite into illite without compensates the K2O depletion [START_REF] Chermak | The hydrothermal transformation rate of kaolinite to muscovite/illite[END_REF]. Kaolinite can also disappears by illitization before conditions of the diagenesisanchizone boundary are reached, unless the environment is Al-rich (Środoń et al., 2006). The rest of the potassium has left the fault zone, allowing probably illite crystallization in the surrounding rock.

Illite content increases towards the gouge and progressively formed a matrix. The illite crystals are oriented following a preferred orientation. Pressure shadows observed under optical microscope and SEM indicate that the apparent foliation corresponds to a foliation created by a later tectonic event (SDVFZ activity) [START_REF] Song | A microstructural study of the fault gouge in the granite, Yangbuk, Gyeongju, southeastern Korea, with implications for multiple faulting[END_REF]. The similarities between KI values of fractions <2 µm and 2-6 µm from the granite and the gouge emphasizes the presence of mainly neoformed illite. The fact that most of illite is neoformed is highlighted by the K-Ar illite ages of 6.8 Ma for the <0.2 µm fraction, considered as being representative of the last event during which illite has crystallized. Pavlis and Trullenque (2021) have shown that the activity of the SDVFZ began by ca. 12 Ma after. The young age given by the K-Ar dating on the fraction <0.2 µm shows that the last fluid circulation occurred more recently. The later event that occurred in the area is the compression of the Avawatz Mountains due to the activity of the Garlock Fault zone creating a new fracture set observed by Chabani et al. (2021). It is conceivable that fluid circulation during this deformation episode induced an age resetting of illites found at this locality.

High amounts of dolomite are found in this matrix as a feature highlighted by an increase of MgO (Table 6-2) and of the calcite content (Figure 6-16b) compared to the wall rocks.

Considering that carbonates derive from an external source (Klee et al., 2021b), their amount in the fault gouge (Figure 6-16b) shows that fluid circulation was mainly concentrated in the fault core.

Automorphous gypsum has also been identified in the fault core. [START_REF] Van Driessche | Calcium sulfate precipitation pathways in natural and engineered environments[END_REF] have shown that gypsum is most stable and precipitates at temperatures less than 40-60 °C.

Thus, gypsum found in the fault core can be linked to the last fluid that has circulated when the fault activity stopped. The origin of the gypsum is still not understood. This last event could be related to the Garlock Fault Zone activity, which is younger than the SDVFZ [START_REF] Andrew | Evolution of the central Garlock fault zone, California: A major sinistral fault embedded in a dextral plate margin[END_REF]. The compression of the Avawatz Mountains could have deformed and fractured the Miocene sedimentary series rich in evaporites at the rear part of the range, as well as impacted the studied fault zone letting a fluid circulate through the sediments until the gouge. The same episode of fluid circulation might be responsible of the age resetting above mentioned.

II.4.3. Gouge microstructural evolution associating fluid circulation and high strain

The development of a fault core is associated to a drastic change of fault mechanical response to stress [START_REF] Berg | Controls on damage zone asymmetry of a normal fault zone: outcrop analyses of a segment of the Moab fault, SE Utah[END_REF]. Rock microfabric evolution along strain gradients is drastically influenced by, fluid circulation in fault zones. Interplay between progressive deformation and fluid rock interaction processes controls chemical and physical processes at each stage during fault activities [START_REF] Song | A microstructural study of the fault gouge in the granite, Yangbuk, Gyeongju, southeastern Korea, with implications for multiple faulting[END_REF]. At sample scale and under microscope, the different types of fault rocks show a general gradational increase in strain intensity from the wall rocks towards the gouge. This strain increase is accompanied by variations in terms of petrography, petrophysics, chemical (as presented above) and microfabric, which are observed through the different samples collected according to a profile (AB) through the fault zone (Figure 6-16a).

The grain size reduction, observed approaching the gouge, is influenced by the continuous deformation processes of the successive primary minerals. Quartz and feldspar grain size tend to decrease at the onset of applied deformations. Grain size reduction promotes chemical reactions during fluid circulation and thus clay minerals precipitations [START_REF] Buatier | Origin and behavior of clay minerals in the Bogd fault gouge, Mongolia[END_REF][START_REF] Song | A microstructural study of the fault gouge in the granite, Yangbuk, Gyeongju, southeastern Korea, with implications for multiple faulting[END_REF]. Initial anisotropies like foliation in gneiss are reworked, creating a new shistosity along which biotite and illite are preferentially oriented. According to field work and petrographic analyses, a clear limit is visible at outcrop, sample and thin section scales between the fault gouge and the wall rocks. The reduction size of the quartz grains in the gouge is due to the fault activity but also due to material composing the gouge consisting into Proterozoic gneiss and sediments. The gouge contributed to a slip weakening behavior of the fault (Buatier CHAPTER 6 216 et al., 2012). It is suggested that the deformation was accommodated by the gouge [START_REF] Bard | Microtextures des roches magmatiques et métamorphiques[END_REF] due to the small amount of deformation observed in the walls of the fault.

The process of grain size reduction by fracturing and attrition should reduce the microporosity [START_REF] Hadizadeh | Shear localization, velocity weakening behavior, and development of cataclastic foliation in experimental granite gouge[END_REF][START_REF] Song | A microstructural study of the fault gouge in the granite, Yangbuk, Gyeongju, southeastern Korea, with implications for multiple faulting[END_REF]. However, this study shows a porosity increase towards the gouge, with a maximum porosity in the gouge itself . Note that even if the granite presents the lowest porosity within the considered outcrop, it is much higher compared to a fresh granite (i.e. <5%) [START_REF] Ledésert | Fractures, hydrothermal alterations and permeability in the Soultz Enhanced Geothermal System[END_REF][START_REF] Staněk | Granite microporosity changes due to fracturing and alteration: secondary mineral phases as proxies for porosity and permeability estimation[END_REF]. Porosity is visible under optical microscope and SEM as microfractures and as spaces between the grains (Figure 6 

II.4.4. Implication of high strain zones in terms of geothermal reservoir properties

In crystalline basement, fracturing controls the porosity and permeability allowing fluid circulation in case of a good connectivity [START_REF] Gillespie | Introduction: geology of fractured reservoirs[END_REF]. The mechanical and hydrologic properties of highly deformed faults are influenced by the presence of clays in fault rocks. [START_REF] Caine | Fault zone architecture and permeability structure[END_REF] has shown that a high strain zone formed exclusively due to strain and fluid-rock interactions of a unique protolith which composes the fracture zone walls. It is well known that the increase proportions of clays promotes ductile behavior and reduces frictional strength as well as reduces and prevents regeneration of permeability [START_REF] Davatzes | Controls on fault-hosted fluid flow; Preliminary results from the Coso Geothermal Field[END_REF].

Likewise, grain-size reduction decreases the porosity and the permeability of the fault core compared to the adjacent protolith [START_REF] Caine | Fault zone architecture and permeability structure[END_REF][START_REF] Song | A microstructural study of the fault gouge in the granite, Yangbuk, Gyeongju, southeastern Korea, with implications for multiple faulting[END_REF]. Thus, permeability reduction leads to fault core to act as a barrier to fluid flow in geothermal reservoirs [START_REF] Caine | Fault zone architecture and permeability structure[END_REF][START_REF] Ikari | Frictional and hydrologic properties of clay-rich fault gouge[END_REF].

In this study fault core rocks do not derive from the bounding blocks, namely Mesozoic granite and Proterozoic gneiss but from pinched sedimentary units with interlayered gneiss. Due to its heterogeneity, its high porosity, its high calcite content and its important leaching, this fault core gathers all the element indicating that it can acts as a drain. This can be explained by the fact that (1) deformation and alteration, although pronounced, were not sufficient to produce CHAPTER 6 217 enough illite to seal the fault and become a barrier, but also that (2) having potential sediments wedged in the fault core may influence the petrophysical properties of the fault core. Hence, a high strain zone can still act as a drain as long as clay minerals don't have sealed the system.

At larger scale, sediment slices pinched between two blocks of basement were also identified in the URG. An example is found close to the Markstein basin in the vicinity of Colmar in the Vosges Mountains (Figure 6 -17). These sediments pinches are bordered by basement units laterally transported by strike-slip structures. This hectometric size basement and sedimentary assemblage is directly comparable to the imbricate, previously described, in the NH. [START_REF] Edel | The Variscan tectonic inheritance of the Upper Rhine Graben: evidence of reactivations in the Lias, Late Eocene-Oligocene up to the recent[END_REF][START_REF] Ledésert | How Can Deep Geothermal Projects Provide Information on the Temperature Distribution in the Upper Rhine Graben? The Example of the Soultz-Sous-Forêts-Enhanced Geothermal System[END_REF].

(b) Geological map showing sediment slices pinched between blocks of granite due to shear displacement identified in the vicinity of the Markstein basin in the URG (infoterre).

Fault gouges identified during reservoir exploration need to be investigated because even with a lot of clay, they can be drains.

II.5. Conclusion

Fault gouges rich in clay are not the main target in geothermal exploitation. They are generally characterized as a sealed system that act as a barrier due to grain size reduction and production of an important amount of clay which reduce the porosity and thus the permeability. However, this outcrop analogue study of a consequent fault gouge identified in the Noble Hills range has shown that a fault gouge can be a drain for fluid circulation. An important leaching and thus a CHAPTER 6 218 more pronounced alteration are observed in the fault core than in the wall rocks. The fault gouge being heterogeneous in terms of mineralogical composition from the protolith (mix of leached Proterozoic sediments and gneiss), presenting different size of grains, as well as a high amount of carbonates, a high porosity is induced even if a lot of clay minerals are present. This porosity can allowed the fluid to circulate. Permeability measurements are needed to confirm this hypothesis. The walls being not highly fractured, deformed and altered, it shows that the gouge has accommodated the deformation. Kaolinite being the prevalent clay mineral in the wall rocks, and not in the fault core where the leaching was the more abundant, indicates that an acid fluid has circulated through the fault zone.

Fault gouges are very complicated objects, whose structures can largely deviate from the conceptual model presented in the literature due to the structural heritage present in the reservoir [START_REF] Caine | Fault zone architecture and permeability structure[END_REF]. Thus, the view of a fault gouge in terms of drain and barrier needs to be revisited.

III. CASE OF HIGHLY STRAINED ROCKS DEVELOPING A FAULT STRUCTURE FROM A SINGLE BASEMENT PROTOLITH: INSIGHTS FROM OUTCROPS

AT UPPER RHINE GRABEN SHOULDERS III.1. Introduction

The previous section described the influence of a highly sheared zone in the NH. In accordance with our adopted definition of an analogue, we consider that structures present in the URG shoulders are suited to investigate processes active in present day exploited reservoir within the central graben. In order to find optimimum outcrops exposures, site visits were led in abandoned mines within the Vosges (Gabe-Gottes mines) and in the Black Forest (Schauinsland mine) massives.

Soultz-Sous-Forêts (SsF) geothermal site located in the Upper Rhine Graben (URG) produces electricity by exploiting brines in a fractured granitic basement. Geothermal wells penetrate the fractured basement and intersect fractures at varying degrees of permeability. These are partially opened and present mineralizations due to fluid circulation. Several tectonic phases occurred during the Variscan cycle leading to the actual structure of the URG.

The URG is a part of the European Cenozoic rift system and has an approximate length of 300km, a width varying from 30 to 40km and a NNE trending (Ziegler, 1992). The Rhenish Massif and the Jura Mountains delimitate respectively the Northern and Southern part of the CHAPTER 6 219 URG (Figure 6 -18). The URG was developed in the northern Alpine foreland, it is assumed that its development is contemporaneous with the collisional phases of the Alpine and Pyrenean orogeneses (Schumacher, 2002). It is the result of continental extension beginning in the Late Eocene [START_REF] Lopes Cardozo | Kinematic analysis of the Upper Rhine Graben boundary fault system[END_REF]. [START_REF] Illies | The Rhine graben rift system-plate tectonics and transform faulting[END_REF][START_REF] Vidal | Altérations hydrothermales associées aux zones de fractures à l'interface de la couverture sédimentaire et du socle cristallin dans le Fossé rhénan supérieur : application aux forages géothermiques de Rittershoffen[END_REF]). Main regional directions can be observed in the URG. The ENE-WSW to NE-SW direction related to the Variscan sutures was activated at the Carboniferous, a NNE-SSW direction also activated at the Carboniferous and a NW-SE direction linked to dextral strike-slip movement related to the Alpine orogeny [START_REF] Vidal | Altérations hydrothermales associées aux zones de fractures à l'interface de la couverture sédimentaire et du socle cristallin dans le Fossé rhénan supérieur : application aux forages géothermiques de Rittershoffen[END_REF]. [START_REF] Ledésert | How Can Deep Geothermal Projects Provide Information on the Temperature Distribution in the Upper Rhine Graben? The Example of the Soultz-Sous-Forêts-Enhanced Geothermal System[END_REF] and [START_REF] Rotstein | Insight into the structure of the Upper Rhine Graben and its basement from a new compilation of Bouguer Gravity[END_REF] showing the location of the two investigated mines. LRG -Lower Rhine Graben, URG -Upper Rhine Graben and BG -Brest Graben.

III.2. Vosges Mountains -Gabe Gottes Mine

Gabes Gottes mines is located next to Sainte-Marie-aux-Mines in France (Figure [START_REF] Geiger | Non-Fourier Thermal Transport in Fractured Geological Media[END_REF][START_REF] Ledésert | Fractal Analysis of Fractures Applied to Soultz-Sous-Forets Hot Dry Rock Geothermal Program[END_REF][8][START_REF] Valley | Main Fracture Zones in GPK3 and GPK4 and Cross-Hole Correlations[END_REF][START_REF] Bour | On the Connectivity of Three-dimensional Fault Networks[END_REF][START_REF] Darcel | Connectivity Properties of Two-Dimensional Fracture Networks with Stochastic Fractal Correlation: Connectivity of 2D Fractal Fracture Networks[END_REF][12][START_REF] Castaing | Scaling Relationships in Intraplate Fracture Systems Related to Red Sea Rifting[END_REF][START_REF] Marrett | Extent of Power-Law Scaling for Natural Fractures in Rock[END_REF][START_REF] Soliva | Three-dimensional Displacement-length Scaling and Maximum Dimension of Normal Faults in Layered Rocks[END_REF][START_REF] Bertrand | A Multiscale Analysis of a Fracture Pattern in Granite: A Case Study of the Tamariu Granite, Catalunya, Spain[END_REF][START_REF] Bertrand | Structural Heritage, Reactivation and Distribution of Fault and Fracture Network in a Rifting Context: Case Study of the Western Shoulder of the Upper Rhine Graben[END_REF][START_REF] Ehlen | Fractal Analysis of Joint Patterns in Granite[END_REF][START_REF] Genter | Effets d'échelle Dans La Fracturation Des Granites[END_REF] in the Vosges massif. The Vosges massif, being one of the URG shoulders, were subject to a several stress state changes through the geological periods . Distension and compression events occurred in the Carboniferous, the Permian was a distension period with different orientation of the minimum stress applied. In the Upper Eocene, a N-S compression took place.

The Oligocene corresponds to the opening phase of the Rhine Graben. In the Miocene, the Vosges mountains were subject to compression.

The Gabe Gottes mine was exploited from the 10th to the 20th century for various ore minerals, and native silver. The mineralized veins occur in the "Varied gneiss group" which is composed of various lithologies including "pearl" gneiss, migmatitic gneiss and garnet gneiss locally intercalated with amphibolite and limestone [START_REF] Hafeznia | Post-meeting fieldtrip SGA 2015 meeting in Nacncy: Sainte-Marie-aux-Mines Gabe Gottes Mine[END_REF].
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Figure 6-20. Tectonics phases of the Vosges mountain since the Carboniferous to the end of the Miocene [START_REF] Hafeznia | Post-meeting fieldtrip SGA 2015 meeting in Nacncy: Sainte-Marie-aux-Mines Gabe Gottes Mine[END_REF].

During the investigation, a focus was made on the P-west gallery (Figure 6 -21). In this gallery was observed a highly deformed subvertical fault zone (Figure 6 -22). This fault zone corresponds to a dextral shear zone with an E-W orientation (the Saint-Jacques fault system, Figure 6-21) which can be followed along the gallery. The shear zone appears highly deformed with stretched and boudinated basement rock elements preferentially orientated parallel to schistosity. Numerous movement indicators in the form of striations, mineral lineations and slickenslides confirm the transcurrent nature of this deformation zone ( [START_REF] Hafeznia | Post-meeting fieldtrip SGA 2015 meeting in Nacncy: Sainte-Marie-aux-Mines Gabe Gottes Mine[END_REF] and own data). Thinner veins were developed through these plans (Figure 6 -24). Between these veins, veinlets crosscut the sheared zone making bridges between the larger veins (Figure 6-24). The interlayered veins are connected to wider vein orientated NW-SE found in the walls of the gallery. None of these veins present any sign of deformation meaning that the outcrop is misleading. In the case of a vein offset by a strike-slip shear zone, its infill should have been deformed. However, the vein infills are automorph and do not present any signs of stretching. The strike slip fault zone must preexist before the vein formation, a feature independently confirmed by isotopic dating and considerations of regional geology. By following the wide vein on the gallery wall along the shear zone, it is observed that its direction is changing from NW-SE to E-W. Petrographical analyses were performed on this sheared zone through thin sections from the surrounding rock to the core (Figure 6 -25). The surrounding rock is altered but was affected by a low amount of deformation (Figure 6-25a). K-feldspar and plagioclase are altered into illite and few kaolinites. The brownish seems indicate the presence of carbonates mixed with the clay minerals. Biotite is also completely altered into illite and oxides but the shape and texture are still recognizable. Quartz is the only unaltered primary mineral. However, it presents signs of dynamic recrystallization at the border of the grains according to sub-grain rotation and grain boundary migration processes [START_REF] Stipp | Dynamic recrystallization near the brittle-plastic transition in naturally and experimentally deformed quartz aggregates[END_REF]. Approaching the sheared zone, the rock appears highly deformed (Figure 6 Automorph minerals can also be present in these veins and veinlets as observed at outcrop scale. They show the growth of quartz crystals perpendicular to the vein borders, crystallization is starting from the border towards the center (Figure 6-25g). Veins of calcite are also identified in the sheared zone confirming a fluid rich in Ca. These Ca rich brines appear to be the latest brine circulation event.
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226 The vein observed in the gallery wall is originally orientated NW-SE and changes its orientation when encountering the sheared zone. The strike slip shear zone which was created before the vein development, induce an anisotropy in the form of a schistosity within the host rock. This schistosity is predominant along the inherited deformation zone but vanishes quickly when moving away from it.

Pronounced rock alteration within the strike slip zone changes their mechanical response to loading. Alteration drastically influences initial rock competence and occurrence of a clear brittle failure becomes less obvious as a component of rock bulk creeping can be expected [START_REF] Genevois | Time-Dependent Behaviour Of Granitic Rocks Related To Their Alteration Grade[END_REF]. In addition, the earlier shistosity offers a preferential path to late fluid circulation. Cenozoic and Mesozoic sedimentary rocks on its Eastern part [START_REF] Werner | Lagerstätten und Bergbau im Schwarzwald: ein Führer unter besonderer Berücksichtigung der für die Öffentlichkeit zugänglichen Bergwerke[END_REF].

The Schauinsland mine was exploited from the 13th century to the 20 th for Lead (galena), zinc A profile study was made along the gallery (Figure 6-30) where the highly sheared zone can be observed, the Schuhmachersche Ruschel (SR), presenting all the typical characteristics described by Choi et al. (2016) (Figure 6-31). At gallery entrance a pristine paragneiss and a vertical fault filled with baryte can be followed on the roof, following the gallery's orientation.

The gallery was previously described by [START_REF] Werner | Die Erzlagerstätte Schauinsland bei Freiburg im Breisgau: Bergbau, Geologie, Hydrogeologie, Mineralogie, Geochemie, Tektonik und Lagerstättenentstehung[END_REF] where he documented the offset of a pre-existing high strain zone during a late phase of deformation responsible of ore mineral deposition . This chronology of polyphase deformation is confirmed by our observations. Evidences of clay smearing and ductile deformation features related to the SR CHAPTER 6

231 offset are ubiquitous. The offset of the SR which is syn-kinematic to ore veins formation reworks an already sheared clay rich fault core. This leads to spectacular, ductile driven, deformation features within the interference. The ore vein does not crosscut the SR zone and vanishes, it is only on the other side of the SR that the ore vein reappears.

Total XRD analysis was performed on the whole rock from the gouge revealing the presence of quartz (~30%), illite (~25%), paragonite (~10%), kaolinite (~10%), orthoclase (~8%), albite (~7%), apatite (~5%) and dolomite (~3%). The paragneiss is no longer recognizable and there are no mineral veins along the core and damage zone. The observation that ore mineral veins well developed in unaltered host rocks wedge out in map view when approaching inherited high strain zone is of primary concern when dealing with late brine circulations in a pre-structured reservoir. The situation is comparable to present day geothermal saline fluids circulations within fractured basements.

The development of ore veins in basement rocks imply a sudden release of accumulated elastic stress in a competent unit. In the case of Schauinsland, the paragneiss can accumulate elastic [START_REF] Werner | Die Erzlagerstätte Schauinsland bei Freiburg im Breisgau: Bergbau, Geologie, Hydrogeologie, Mineralogie, Geochemie, Tektonik und Lagerstättenentstehung[END_REF].

III.4. Conclusion

The shear zones were present before the deposit of mineral veins in the mines and play a role in their propagation. In Gabes Gottes mines, the presence of a pre-existing shear zone in the basement rock changed the direction of propagation of the mineral vein. The shear zone is used as a zone of weakness, the vein changes its direction according to the structure and uses natural planes of weaknesses inside the shear zone to crosscut it . In Schauinsland, the highly deformed shear zone has clay deposit inside which stops the propagation of mineral CHAPTER 6 234 veins. The basement rock can accumulate stress and when it breaks, create space for mineralization. However, the clay rich zone is hindering the accumulation of stress. In that way, clay is interpreted as a barrier which does not open to let the vein continue propagating. Such pre-existing structure must be identified for a better understanding of how fluids circulate inside a geothermal reservoir. More petrographical and geochemical studies will be made from various mines of the URG, focussing on the micro fabric of the rock to better understand the barrier behavior of the clay layers. 

IV. GENERAL CONCLUSION OF THIS CHAPTER 6

High strain zones have been described within several case studies. It has been shown that the structural heritage has an important control on the fluid circulation in a geothermal reservoir.

High strain fault zones should not always be considered as barriers even in the presence of a substantial amount of clay minerals. In the case of pinched sedimentary units high strain zones cross cutting sedimentary reservoirs act as drains and therefore enhance connectivity of the reservoir.

Depending on the total amount of accumulated strain, shistosity development can lead to a preferential channeling of brine flow and deviate fluid circulation within the reservoir. At the highest strain, the onset of creep deformation mechanisms in clay minerals prevents large CHAPTER 6 235 elastic stress accumulations and void opening. This is turn prevents flow circulation and inherited high strain zones become a barrier within the reservoir CHAPTER 6

CHAPTER 7

The Noble Hills granite and the Upper Rhine Graben shoulders crystalline basement: analogues of the Soultzsous-Forêts geothermal reservoir

I. INTRODUCTION

The NH range has been chosen as a far-field analogue for the Soultz-sous-Forêts (SsF)

geothermal site because of its granitic (at least partially) nature, the trans-tensional context, the desertic conditions that allow very good observation because of the lack of vegetation, and the numerous deep canyons that crosscut the range and provide a 3D view of the structures.

However, it is located far from the SsF site and thus in a different geological context. Thus, a close-field analogue was looked for in the Upper Rhine Graben (URG) to be exactly in a much more comparable structural and geodynamic context as at SsF. The shortage of good-quality outcrops made it necessary to look for mines and quarries on the shoulders of the graben to allow good observation. However, in that context, the basement is not made of granite but of gneiss, showing that it is difficult to find the ideal surface analogue and the necessity to study several of them, far-field and close-field when possible.

The fracture network in the URG, at outcrop scale and at the reservoir scale is the result of the Hercynian pre-structuration and of later reactivation processes [START_REF] Illies | The Rhine graben rift system-plate tectonics and transform faulting[END_REF]Schumacher, 2002). Inheritance may strongly influence the initiation of faults [START_REF] Dezayes | Structural control on fluid circulation in a graben system: Constraints from the Saint Pierre Bois quarry (Vosges, France)[END_REF].

Investigations made on the geothermal wells at SsF and Rittershoffen (RTH, 10km from SsF)

have shown that the permeable structures intersected by the wells are open fractures related to the normal fault set formed during the rift activity. However, these structures need to be connected in order to let the fluid circulate. Based on indirect data, [START_REF] Edel | The Variscan tectonic inheritance of the Upper Rhine Graben: evidence of reactivations in the Lias, Late Eocene-Oligocene up to the recent[END_REF] put in evidence an important strike-slip system, Variscan heritage, transversally oriented to the main normal fault system, which undergone several reactivations (Figure 7-1). 2007).

An outcrop analogue study conducted in the Vosges Mountains by [START_REF] Dezayes | Structural control on fluid circulation in a graben system: Constraints from the Saint Pierre Bois quarry (Vosges, France)[END_REF] revealed the presence of some of these strike-slip zones identified by [START_REF] Edel | The Variscan tectonic inheritance of the Upper Rhine Graben: evidence of reactivations in the Lias, Late Eocene-Oligocene up to the recent[END_REF], which show a low small amount of displacement [START_REF] Dezayes | Structural control on fluid circulation in a graben system: Constraints from the Saint Pierre Bois quarry (Vosges, France)[END_REF]. Recent fieldwork investigations in mines, as in Schauinsland in the Black Forest (Chapter 6), reveal the presence of highly strained shear zones rich in clay minerals which interfere with later fluid circulations Here again, the reader is reminded that the outcrops investigated within the Vosges and Black Forest massifs do not necessarily represent the exact setting found in basement below the URG sedimentary cover. This is especially true regarding ore minerals deposits, which have only been documented at present in the shoulders of the URG massifs. Nevertheless, Variscan inherited high strain zones present in the mines predate the URG opening and it is therefore very likely that similar high strain zones are to be found within the graben basement itself.

The investigated analogy is to be found in the interferences between hypersatured hot brines circulations (present saline brines at SsF and RTH, fluids responsible of ore mineral deposits)

and a prestructured basement.

The hydrothermal alteration products and the composition of the geothermal brine circulating in the fracture/fault networks at SsF and RTH are similar, suggesting comparable pressuretemperature conditions [START_REF] Glaas | Clay Mineralogy: A Signature of Granitic Geothermal Reservoirs of the Central Upper Rhine Graben[END_REF][START_REF] Sanjuan | Major geochemical characteristics of geothermal brines from the Upper Rhine Graben granitic basement with constraints on temperature and circulation[END_REF] in these two sites. An interference study has also been conducted that has shown a connection between both sites (ÉSG personal communication). The initial idea of having two different reservoirs evolved towards a concept where SsF and RTH are a unique reservoir of several tens of square kilometers.

The aim of this chapter is (1) to compare the main findings from the far field and near field analogues to the SsF and RTH demonstrations sites and ( 2) give some insights about the influence of highly strained shear zones on fluid circulation.

II. FRACTURE NETWORK CONNECTIVITY

The faults and fractures patterns play an important role in controlling the fluid circulation in crystalline rocks. Multiscale fracture organization studies are performed in order to establish hierarchical and mechanical relationships between fracture systems. They are based on the study of several orders of fault magnitude, which have been widely described in the literature in extensional context (Bertrand et al., 2015;Le Garzic et al., 2011;Morellato et al., 2003), and applied in transtensional context as the URG (Bertrand et al., 2018;Genter and Castaing, 1997).

It consists of 4 order scales with specific fracture spacing (Le Garzic et al., 2011;Morellato et al., 2003):

• 1 st order scale related to crustal faults longer than 100 km with 10-15 km spacing

• 2 nd order scale refers to faults having a length between 20 and 30 km with 3-8 km spacing

• 3 rd order scale refers to faults around 10 km length with 0.8-1.5 km spacing

• 4 th order scale refers to faults under 1 km length with no defined spacing

The inherited faults were reactivated during the Tethyan rifting and the European Cenozoic

RIft System (ECRIS) developed at the beginning of the Oligocene, opening the graben (Bertrand et al., 2018 and references therein). Through these tectonic events, the URG can be divided into first order blocks which can be divided into second and third order blocks with the respective fault orders (Bertrand et al., 2018) (Figure 7-2a). In the Vosges Mountains and the Champ-du-Feu massif (Figure 7-1), three order scale blocks have been highlighted: the N-S faults (border normal faults) and the ENE-SWS to E-W faults structured the graben following the 1 st order scales blocks, poorly represented at regional scale [START_REF] Edel | The Variscan tectonic inheritance of the Upper Rhine Graben: evidence of reactivations in the Lias, Late Eocene-Oligocene up to the recent[END_REF], but predominating at outcrop scale [START_REF] Dezayes | Structural control on fluid circulation in a graben system: Constraints from the Saint Pierre Bois quarry (Vosges, France)[END_REF]. The N-S and NW-SE or NE-SW (Hercynian fractures) structured the URG following the 2 nd and 3 rd order scales blocks (Bertrand, 2017).

Regarding the fracture densities at SsF geothermal site located north of the URG (Figure 7-1), the fracture density in the wells is around 1 frac/m (Dezayes et al., 2004), while at RTH, around 10 km away from SsF (Figure 7-1), the density of natural fracture ranges between 0.7 fracs/m to 1.78 fracs/m from the bottom of the well until the top of the granite [START_REF] Vidal | Altérations hydrothermales associées aux zones de fractures à l'interface de la couverture sédimentaire et du socle cristallin dans le Fossé rhénan supérieur : application aux forages géothermiques de Rittershoffen[END_REF]. In both geothermal sites (SsF and RTH), the factures are grouped in clusters and control the reservoir permeability following the N-S direction [START_REF] Baillieux | Multidisciplinary approach to understand the localization of geothermal anomalies in the Upper Rhine Graben from regional to local scale[END_REF]. This N-S direction has been reactivated into normal movement due to the ECRIS, forms recharge drains and, promotes a large-scale vertical convective circulation system in the western part of the basin, and influences the organization (orientation and nature) of smaller structures (Bertrand, 2017;Dezayes and Lerouge, 2019b). The geometrical characteristics based on fault order magnitude were observed in the extensional regime and highlighted by Bertrand et al., 2015;Le Garzic et al., 2011;Morellato et al., 2003. Recently, Chabani et al. (2021) have used this approach to characterize the fracture organization in the NH range (see this co-author contribution in Appendix 1) within trenstensional regime. They obtained the same geometrical characteristics as in extensional regime, and conclude that the second and third order scale spacing classification can be generalized to the trans-tensional regime (NH case study).

Indeed, the regional map shows that the geometry of NH is controlled by 2 nd and 3 rd orders faults following NW-SE and E-W trends (Figure 7-2b1). In addition, Chabani et al. (2021) highlighted at outcrop scale the fourth order scale faults ranging from 100 to 350m length and 100 to 200m spacing. This fourth order scale is available only in transtensional regime. Based on this fracture orders scales, a new spatial organization of the NH range has been proposed.

Then, using the main dominant fracture orientations, the NH has been divided into three Analyses at the outcrop scale confirmed the reproducibility and the consistency of all fracture sets defined at large scale (Chabani et al., 2021). Fractures parallel to SDVFZ and GFZ trend are represented as a complex network that can play a key role in the fracture connectivity (Figure (2220 m deep) was entirely cored and provided 800m of core in which about 3000 fractures were observed [START_REF] Genter | Hydrothermally altered and fractured granite as an HDR reservoir in the EPS-1 borehole[END_REF], showing a fracture density up to 30 fracs/m (Ledésert et al., 1993). Then, borehole logging data must be analyzed carefully and completed by analogue studies at different scales.

Deformation by fracturing occurred with a different intensity in the 3 domains of the NH (Figure 7-2b2) scale, which could influence the fluid circulation through the fracture network in those domains. A complex fracture network is highlighted at outcrop scale in the host rock which plays a key role in the fracture connectivity leading the fluid supply (Chabani et al., 2021).

This fracture network is mainly filled with similar carbonates in the whole range, meaning that the same fluid has circulated through a well-connected fracture network.

In both sites, NH and URG, the fluid flow is mainly controlled by the major fractures composing the dominant fracture set in the areas. The multiscale analysis also put in evidence that structural blocks formed by faults of the 3 rd and 4 th order scale present minor fault zones and fracturing corridors that can modify the reservoir properties. In addition, the hand-specimen and thin section scales also show the role of minor fractures for the conduction of fluids, as shown by the hydrothermal alteration of the wall-rocks related to fluid-rock interactions.

III. ANALOGY IN TERMS OF HYDROTHERMAL ALTERATION BETWEEN THE UPPER RHINE GRABEN AND THE NOBLE HILLS RANGE

In SsF, as well as in RTH, and NH, the granite has a similar modal composition equivalent to a monzogranite with quartz, plagioclase (oligoclase), perthitic K-feldspar, biotite and few amphiboles in the case of the upper URG granite. URG and NH granites are both highly fractured and altered (Klee et al., 2021a(Klee et al., , 2021b;;[START_REF] Ledésert | Fractures, hydrothermal alterations and permeability in the Soultz Enhanced Geothermal System[END_REF]. The hydrothermal transformation of the granite begins with an early pervasive alteration having discrete effects but which occurred in the whole massif during the cooling of the pluton (Genter, 1989). It is representative of hydrothermal alteration in inactive flow regimes [START_REF] Beaufort | The fossil hydrothermal system of Saint Martin, Lesser Antilles: geology and lateral distribution of alterations[END_REF]. In all granites, only biotite and plagioclase are partially affected. In the URG, the alteration products are chlorite, carbonates, epidote, corrensite and illite. Whereas no chlorite is observed in the NH (Klee et al., 2021a;[START_REF] Ledésert | Diagenetic-type reactions related to hydrothermal alteration in the Soultz-sous-Forets Granite, France[END_REF]Vidal et al., 2018). In both granites, carbonates are crystallized in microcracks or at the boundary between two grains without interaction with the surrounding rock. This pervasive alteration is called propylitic alteration (Traineau et al., 1991).

In the URG and NH, this propylitic alteration is followed by a localized vein-related alteration organized along fractures in which fluids have circulated. In those zones, fluid-rock interactions are responsible for leaching and clay enrichment processes. giving the name of vein or argillic alteration (Genter, 1989;Klee et al., 2021a;[START_REF] Komninou | Fluid-rock interactions in the Rhine Graben: A thermodynamic model of the hydrothermal alteration observed in deep drilling[END_REF][START_REF] Ledésert | Diagenetic-type reactions related to hydrothermal alteration in the Soultz-sous-Forets Granite, France[END_REF]Pauwels et al., 1993). It is responsible for secondary mineral crystallization as fracture infill and in the fracture walls (Genter, 1989). The vein alteration leads to the transformation of plagioclase and biotite of the whole rock into newly-formed minerals. In both granites, plagioclase can be completely altered (Genter, 1989;Klee et al., 2021a). The alteration products in common are (1) illite, (2) Illite-smectite mixed-layer and (3) calcite developing as patches, ( 4) opaque minerals and ( 5) quartz (Genter, 1989;Klee et al., 2021a;Traineau et al., 1991).

However, the NH granite shows also an important amount of kaolinite, as a product of plagioclase transformation (Klee et al., 2021a(Klee et al., , 2021b)). In the SsF granite, instead of kaolinite, which was found in a single sample (Genter, 1989;Pauwels et al., 1992), tosudite was identified [START_REF] Ledésert | Diagenetic-type reactions related to hydrothermal alteration in the Soultz-sous-Forets Granite, France[END_REF]. Tosudite is considered as a geochemical analogue of kaolinite, but its occurrence can be explained by the amount of lithium present in the fluid at SsF [START_REF] Ledésert | Diagenetic-type reactions related to hydrothermal alteration in the Soultz-sous-Forets Granite, France[END_REF]. Note that [START_REF] Dezayes | Structural control on fluid circulation in a graben system: Constraints from the Saint Pierre Bois quarry (Vosges, France)[END_REF] identified the presence of kaolinite in an outcrop analogue in the Vosges Mountains which has been interpreted here as a product of weathering due to the exposure of the granite, which is not the case in the NH (Klee et al., 2021a). Biotite can be completely altered and transformed into illite in both granites, even if the SsF biotite was first at least partly chloritized. Moreover, secondary oxides crystallized along the clivage planes (Genter, 1989;Klee et al., 2021a). K-feldspars are fractured but remain fresh in both granites (Bartier et al., 2008;Klee et al., 2021aKlee et al., , 2021b;;[START_REF] Ledésert | Diagenetic-type reactions related to hydrothermal alteration in the Soultz-sous-Forets Granite, France[END_REF]. They can be partially altered because the perthites or mineral inclusions transformed into illite (Genter, 1989;Klee et al., 2021b). Gresens method performed on the SsF granite and on the NH granite showed that major elements transfers occurred during the alteration of the granite (Genter, 1989;[START_REF] Jacquemont | Etude des interactions eaux-roches dans le granite De Soultz-sous-Forets Quantification et modelisation des transferts de matiere par les fluides[END_REF]Klee et al., 2021b). In both URG and NH granite, the K-feldspars being not altered or only slightly in some cases, the fluid enriched the system in potassium, which was fixed in the plagioclases during illitization processes [START_REF] Jacquemont | Etude des interactions eaux-roches dans le granite De Soultz-sous-Forets Quantification et modelisation des transferts de matiere par les fluides[END_REF]Klee et al., 2021aKlee et al., , 2021b). In the URG, the source of K is supposed to be the sedimentary cover in which sylvite evaporitic layers are encountered and through which the meteoric fluid circulated before reaching the granitic reservoir. In the NH, the source of K is still unknown. MgO and FeO are released by the dissolution of ferro-magnesian minerals as biotite. MgO is fixed in both granites by carbonate precipitation and FeO by the precipitation of hematite and ankerite [START_REF] Jacquemont | Etude des interactions eaux-roches dans le granite De Soultz-sous-Forets Quantification et modelisation des transferts de matiere par les fluides[END_REF]Klee et al., 2021aKlee et al., , 2021b)). Carbonates being present in a high amount in the NH, the Ca source is considered as being the dolomitic Proterozoic series which was intruded by the granitic pluton and deformed by the SDVFZ activity in addition to the product of oligoclase alteration. This input of K and Ca show that both systems (URG and NH) are open. Even if a common secondary mineral assemblage in both granites was identified, the URG presents successive argillic alteration stages either in the central graben or in the shoulders [START_REF] Ukar | Les analogues sont également précieux car (1) ils fournissent des jeux de données 2D et 3D de haute qualité non affectés par les biais d'échantillonnage des forages, (2) ils sont beaucoup moins coûteux, (3) ils nécessitent des moyens simples pour l'acquisition des données et (4) l'étude peut se faire à différentes échelles, de l'imagerie satellitaire aux lames minces[END_REF]Genter, 1989;Vidal et al., 2018). This indicates different physico-chemical conditions.

On the opposite, only one episode has been identified in the NH.The strong illitization of the URG granite, or kaolinization and illitization of the NH granite due to the vein alteration can overprint and even obliterate the early propylitic alteration when approaching the fracture zones (Klee et al., 2021a(Klee et al., , 2021b;;Vidal et al., 2018). A summary of the primary mineral composition, as well as the secondary minerals precipitated during the propylitic and the argillic alterations is shown in Table 7-1. Fluid circulating though the fractures can precipitate secondary minerals which clog the fracture. In the SsF-RTH reservoir, fracture fillings are heterogeneous, and polyphased, dominantly represented by quartz, barite, illite, carbonates, and iron oxides as hematite (Genter et al., 1995;[START_REF] Genter | Analysis of macroscopic fractures in granite in the HDR geothermal well EPS-1, Soultz-sous-Forêts, France[END_REF]. The fracture fillings present the same mineralogy in the whole granite. However, the mineral proportions vary according to the location in the granite body (Traineau et al., 1991;[START_REF] Vidal | Altérations hydrothermales associées aux zones de fractures à l'interface de la couverture sédimentaire et du socle cristallin dans le Fossé rhénan supérieur : application aux forages géothermiques de Rittershoffen[END_REF]. Hematite is mainly found in joints and tension fractures at the top granite because of its weathering when exposed at surface. Illite is mainly found into fractures affected by shearing. Carbonates are mainly found in open fractures and the number of fractures filled by carbonates increases with depth. Quartz is present in the whole granite in open and sheared fractures [START_REF] Vidal | Altérations hydrothermales associées aux zones de fractures à l'interface de la couverture sédimentaire et du socle cristallin dans le Fossé rhénan supérieur : application aux forages géothermiques de Rittershoffen[END_REF]. It was found that secondary quartz precipitated in the fault core in its pseudo-hexagonal form, named geodic, drusy, or hydrothermal quartz [START_REF] Glaas | Clay Mineralogy: A Signature of Granitic Geothermal Reservoirs of the Central Upper Rhine Graben[END_REF]. Structural and mineralogical analysis of the secondary quartz in the vein revealed the successive crystallization of at least 7 generations of quartz, revealing a pulsed fluid flow system, probably due to several stress reactivations [START_REF] Smith | The evolution of the deep flow regime at Soultz-sous-Forêts, Rhine Graben, eastern France: Evidence from a composite quartz vein[END_REF]. The relative chronology of fracture fillings was determined from outcrop studies and consists into two major successive stages of filling: (1) a shearing/cataclase phase associated quartz and illite, followed by ( 2) a later precipitation of carbonates in tension fractures [START_REF] Dezayes | Relative chronology of deep circulations within the fractured basement of the Upper Rhine Graben 2[END_REF]. Likewise, similar infills were observed in the NH granite also indicating a multistage paleo-fluid circulation, described in Klee et al. (2021b). Quartz veins and veinlets are rare but considered as the primary event. It is followed by the crystallization of illite in veinlets.

However, illite is also present into a high amount in gouges identified in the area. Then come carbonates which constitute the major infills of fractures in the area and are considered as related to the SDVFZ activity (Klee et al., 2021b) and then oxides. Lately, barite precipitated as large pluri-decimetric veins mainly concentrated in the rear part of the range in the south-east filling E-W fractures related to the activity of the GFZ. Small barite crystals are also present in the brecciated NH_31vein in the north-central part of the granite body (Klee et al., 2021b).

Barite crystallization corresponds to the latest stage of fluid circulation. A summary of the nature of the fracture infills is given in Table 7-1.

In both URG and NH granites, alteration processes and secondary minerals are similar.

IV. ANALOGY IN TERMS OF FRACTURE ZONE PROPERTIES AT LOW TO MODERATE STRAIN

The fault and fracture networks of crystalline basement rocks are the main fluid flow conduits at depth in basins. All the wells in SsF or RTH exhibit at least one major permeable fracture with a natural fracture network acting as a natural heat exchanger. Indeed, most of the fractures are sealed. Thus, the hydraulic connection between the wells on each site is crucial to get an efficient geothermal heat exchanger [START_REF] Hébert | The Enhanced Geothermal System of Soultz-sous-Forêts: A study of the relationships between fracture zones and calcite content[END_REF]. The permeability can be increased by means of stimulation strategies. This permeability increase is also believed to be governed by shearing mechanism that occurred on pre-existing fracture planes and few by opening-mode fracturing [START_REF] Genter | Contribution of the exploration of deep crystalline fractured reservoir of Soultz to the knowledge of enhanced geothermal systems (EGS)[END_REF]. Indeed, recent induced seismic activity in the Rhine graben occurred during the stimulation of a geothermal borehole and has been related to strike-slip movements (EOST and CNRS, 2021).

The reservoir productivity at SsF and RTH is mainly taken up by a few opened fractures showing incipient geodic minerals precipitates, essentially quartz (Vidal and Genter, 2018). Vidal and Genter, 2018 have also shown that permeable fractures were intersected by the wells through the hydrothermally altered granite. Highly fractured and hydrothermally altered granitic basement is a higher potential reservoir than the other compartments (Vidal and Genter, 2018) (Figure 7-4). altered granite is more permeable than the intensely altered granite, because the latter corresponds to a zone sealed by a high amount of secondary minerals. The SsF boreholes intersect several thousands of fractures and only some of them are naturally permeable [START_REF] Ledésert | Fractures, hydrothermal alterations and permeability in the Soultz Enhanced Geothermal System[END_REF]. They are organized in clusters at SsF, with a fault core filled most of the time by quartz or by a brecciated granite from successive stages of brittle deformation [START_REF] Genter | Over 10 years of geological investigations within the HDR Soultz Project[END_REF](Genter et al., , 1995;;[START_REF] Ledésert | Diagenetic-type reactions related to hydrothermal alteration in the Soultz-sous-Forets Granite, France[END_REF]. This hydrothermal circulation occurs at several fracture scales [START_REF] Vidal | Altérations hydrothermales associées aux zones de fractures à l'interface de la couverture sédimentaire et du socle cristallin dans le Fossé rhénan supérieur : application aux forages géothermiques de Rittershoffen[END_REF]. Fractures were classified in different levels by Dezayes et al. (2010b) according to their relative scale and importance as fluid flow paths:

• Level 1 corresponds to naturally permeable major fracture zones located in the upper cluster in the altered porphyritic granite.

• Level 2 fracture zones are characterized by at least one thick fracture with a significant hydrothermal halo and showed a flow indication higher than 20% of fluid loss during stimulation. They are present in the 2 nd and 3 rd cluster located respectively within the fractured and altered granite zone containing a high amount of clay and hydrothermal minerals and at the interface of two granite units.

• Level 3 fracture zones are found all along the wells and have a poorly developed alteration halo, as well as a fluid loss lower than 20% during stimulation.

However, this hydraulic connection can be hindered by the precipitation of secondary hydrothermal minerals such as illite, calcite or quartz.

RTH wells were drilled and investigated based on the knowledge from SsF. There is no further gain drilling at great depth: productivity is higher at shallower levels, the flow rate is two times higher and the GRT-2 trajectory is inclined in order to follow the damage zone of the Rittershoffen fault (Vidal and Genter, 2018). At RTH, GRT-1 well was subjected to thermal, chemical and hydraulic stimulations, even if it intersects one big fracture controlling 70% of the flow rate [START_REF] Vidal | Pre-and post-stimulation characterization of geothermal well GRT-1, Rittershoffen, France: insights from acoustic image logs of hard fractured rock[END_REF]Vidal and Genter, 2018). Indeed, the nearly vertical GRT-1 well intersects the fracture network nearly connected to the fault zone only once. GRT-2 revealed a naturally good connection between the well and the fracture network with a productivity index of 4 L/s/bar [START_REF] Baujard | Hydrothermal characterization of wells GRT-1 and GRT-2 in Rittershoffen, France: Implications on the understanding of natural flow systems in the rhine graben[END_REF]. The inclined trajectory of GRT-2 well, inside the fault zone, probably intersects several times the fracture network connected to the fault zone , enhancing the productivity [START_REF] Baujard | Hydrothermal characterization of wells GRT-1 and GRT-2 in Rittershoffen, France: Implications on the understanding of natural flow systems in the rhine graben[END_REF][START_REF] Vidal | Altérations hydrothermales associées aux zones de fractures à l'interface de la couverture sédimentaire et du socle cristallin dans le Fossé rhénan supérieur : application aux forages géothermiques de Rittershoffen[END_REF]. Thus, no stimulation was required, giving rise to the new hydrothermal concept, taking advantage of the naturally permeable and fractured reservoir at the top of the basement [START_REF] Glaas | Clay Mineralogy: A Signature of Granitic Geothermal Reservoirs of the Central Upper Rhine Graben[END_REF]Vidal and Genter, 2018). Four major permeable fracture zones were identified in this well characterized as combined conduit-barrier fracture zones from the conceptual model of [START_REF] Caine | Fault zone architecture and permeability structure[END_REF]. They act first as short-live conduit that then clogged to form a barrier to fluid flow [START_REF] Vidal | Permeable fracture zones in the hard rocks of the geothermal reservoir at Rittershoffen, France -Vidal -2017[END_REF]. Glaas et al. (2019) mentioned that in a geothermal system without intense shear deformation At SsF and RTH sites, hydrothermal alteration grades in the granite are well known from core and cutting observation (Figure 7-6a) [START_REF] Glaas | Clay Mineralogy: A Signature of Granitic Geothermal Reservoirs of the Central Upper Rhine Graben[END_REF][START_REF] Ledésert | Diagenetic-type reactions related to hydrothermal alteration in the Soultz-sous-Forets Granite, France[END_REF][START_REF] Meller | The significance of hydrothermal alteration zones for the mechanical behavior of a geothermal reservoir[END_REF]Traineau et al., 1991;Vidal et al., 2018). There are six of these granite hydrothermal alteration grades, which are detailed by [START_REF] Glaas | Clay Mineralogy: A Signature of Granitic Geothermal Reservoirs of the Central Upper Rhine Graben[END_REF][START_REF] Vidal | Altérations hydrothermales associées aux zones de fractures à l'interface de la couverture sédimentaire et du socle cristallin dans le Fossé rhénan supérieur : application aux forages géothermiques de Rittershoffen[END_REF]. The hydrothermal alteration increases when approaching fault cores. 
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An equivalent gradation, with 3 grades, is proposed for the NH granite (Figure 7-6b). The first grade is equivalent to the transition HLOW and HMOD . Indeed, as described by Klee et al. (2021a), the freshest granite found in the NH shows evidences of propylitic alteration. Small amounts of illite are found to replace chlorite. The second grade is equivalent to the HHIG grade (Figure 7-6), with abundant illite and kaolinite as a result of biotite and plagioclase complete alteration. Usually K-feldspar is unaltered in both facies. The last grade is equivalent to the HEXT (Figure 7-6), with a complete dissolution of all of the primary minerals except quartz. At this grade, the NH granite can even lose its magmatic texture due to a combination of incipient deformation and intense crystallization of clay minerals replacing primary minerals. Thus, approaching fracture zones in both sites, the argillic alteration overprints-completely the propylitic alteration.

Two samples, one from borehole EPS1 at SsF and one from the NH (NH_31, (Klee et al., 2021b)), can be directly compared in terms of alteration gradient (Figure 7-7). The SsF core (Figure 7-7a) has been intensively investigated by Vidal and Genter (2018) and originates from a major permeable fracture zone. It shows a prominent alteration gradient decreasing from the quartz vein. Note that besides the vein opening, only a fine layer of cataclastic granite is observed.

Away from the vein, the rock initial magmatic texture remains undisturbed. At the URG scale, major permeable fracture zones are around 10-40 m thick, consisting into multiple permeable drains that are around 10 cm thick Vidal and Genter (2018). A deformation gradient has been described in the NH by Klee et al. (2021b). Thus, in the area, low to moderate amount of strain is observed as in the sample presented in Figure 7-7b.

Compared to SsF, this sample shows a fracture zone reactivated by shearing presenting a brecciated quartz vein crosscut by a carbonate material precipitated from a younger fluid circulation that occurred during the fracture reactivation and increased the fluid-rock interactions (Klee et al., 2021b). In that case, the deformation promoted the fluid circulation which was mostly concentrated in the fault core. Even if the amount of strain is slightly higher in the NH sample, both fracture zones (open and sheared) present similar characteristics in terms of alteration.

At SsF and RTH, despite the high porosity values in the damage zone, well tests revealed that a majority of the flow entered the rock mass only at discrete flow points corresponding to main open fractures observed on acoustic logs [START_REF] Evans | Permeability creation and damage due to massive fluid injections into granite at 3.5 km at Soultz: 2. Critical stress and fracture strength[END_REF]. EPS-1 core samples investigations also revealed that fault cores act as permeable drains and present a high density of fractures (Genter et al., 1995). The highest porosity in the fault zone is around 25%, found in the damage zone, due to the dissolution of primary minerals along fractures creating a secondary porosity [START_REF] Ledésert | Fractures, hydrothermal alterations and permeability in the Soultz Enhanced Geothermal System[END_REF][START_REF] Ledésert | Diagenetic-type reactions related to hydrothermal alteration in the Soultz-sous-Forets Granite, France[END_REF]. Plagioclase crystals being interconnected in 3D, they are considered as the main path for the fluid away from fracture planes as they get easily dissolved and porous, so fluids can circulate through them pervasively [START_REF] Ledésert | Fractures, hydrothermal alterations and permeability in the Soultz Enhanced Geothermal System[END_REF][START_REF] Sardini | Quantification of Microscopic Porous Networks By Image Analysis and Measurements of Permeability in the Soultz-Sous-Forêts Granite (Alsace, France)[END_REF]. Apart from this fluid circulation possibility, microfracturing remains the main path for flow. This confirms the model of [START_REF] Caine | Fault zone architecture and permeability structure[END_REF] indicating that mineral precipitation yields fault cores with lower porosity and permeability. However, [START_REF] Géraud | Porosity network of Soultz-sous-Forets granite: the importance of the damaged zone around faults and fractures[END_REF] and [START_REF] Ledésert | Fractures, hydrothermal alterations and permeability in the Soultz Enhanced Geothermal System[END_REF] have shown that a fault core can present a low permeability, but can be highly fractured and porous.

As in SsF, it has been shown that in the NH granite, at large scale, porosity is also increasing towards the fracture zones due to the argillic hydrothermal alteration as a result of fluid circulation through the fracture network. The macrofracture and microfracture density is decreasing with distance to the fault core, linked to the decay of stress away from a fracture zone [START_REF] Mitchell | Towards quantifying the matrix permeability of fault damage zones in low porosity rocks[END_REF]. Along the SsF and RTH wells and in the NH, closer to fracture zones, the fracture density increase is associated to the increase of the alteration intensity. However, the NH analogue study showed that this relation is not always applicable (Klee et al., 2021b). Indeed, Klee et al. (2021b) has shown that even if a granite is highly CHAPTER 7 254 brecciated with the presence of carbonates indicating fluid circulation, the alteration degree is very low. Likewise, samples, as that presented in Figure 7-7b, show a clear alteration gradient increasing towards the brecciated fault core, whereas no fracturing gradient was identified. The authors also showed an alteration gradient, as well as a fracturing gradient, both increasing towards a carbonate dominated mylonitized fault core. [START_REF] Ledésert | Calcimetry as a useful tool for a better knowledge of flow pathways in the Soultz-sous-Forêts Enhanced Geothermal System[END_REF] have shown a relationship between fracture zones, flow zones and calcite content. In addition, [START_REF] Hébert | The Enhanced Geothermal System of Soultz-sous-Forêts: A study of the relationships between fracture zones and calcite content[END_REF] showed that the relationship between the fluid flow intensity and calcite content for fracture zones of GPK-3 and GPK-4 (a high fluid flow for a high calcite content) is opposed to that in GPK-2 (a high fluid flow for a low calcite content). [START_REF] Ledésert | How Can Deep Geothermal Projects Provide Information on the Temperature Distribution in the Upper Rhine Graben? The Example of the Soultz-Sous-Forêts-Enhanced Geothermal System[END_REF] This suggests that the fracture zones intersected by the wells are different between GPK-2 and both GPK-3 and GPK-4, and also that the fracture connectivity may be different [START_REF] Hébert | The Enhanced Geothermal System of Soultz-sous-Forêts: A study of the relationships between fracture zones and calcite content[END_REF]. Thus, these authors characterized GPK-2 by a structured network of medium-scale fractures not completely hydraulically connected, whereas GPK-3 and GPK-4 are characterized by a discrete fracture zone where the fluid is concentrated. Indeed, in 2005, production tests were performed showing an injection rate of 15L/s in GPK3 and a discrepancy between GPK2 CHAPTER 7 255 and GPK4 showing production rates of 13 L/s and 2L/s respectively. The highest calcite content measured in the granite chips from each well was of 6.7%, 13.5% and 17.8% respectively [START_REF] Ledésert | Calcimetry as a useful tool for a better knowledge of flow pathways in the Soultz-sous-Forêts Enhanced Geothermal System[END_REF]. Thus, hydraulic and chemical stimulations were done to improve the hydraulic connectivity between the wells [START_REF] Genter | Contribution of the exploration of deep crystalline fractured reservoir of Soultz to the knowledge of enhanced geothermal systems (EGS)[END_REF][START_REF] Hébert | The Enhanced Geothermal System of Soultz-sous-Forêts: A study of the relationships between fracture zones and calcite content[END_REF]. As described by [START_REF] Ledésert | The Soultz-sous-Forêts' Enhanced Geothermal System: A Granitic Basement Used as a Heat Exchanger to Produce Electricity[END_REF], calcite may represent a threat to the reservoir when the fracture connectivity is low while it does not impair the permeability when the fracture connectivity is high. [START_REF] Ledésert | Calcimetry as a useful tool for a better knowledge of flow pathways in the Soultz-sous-Forêts Enhanced Geothermal System[END_REF] also showed that stimulations, mainly chemical, are more efficient where high calcite contents occur. Thus, high calcite content reduces the ability of fracture network to conduct the fluid due to their sealing. However, calcite can be dissolved which enhances the hydraulic connectivity and the permeability. In the NH, a good fracture connectivity is suggested in the complex fracture network described by . Likewise, a good hydraulic connectivity is suggested from the predominance of carbonate fracture infills through the majority of the fracture network (Klee et al., 2021b). Thanks to the studies performed on SsF granitic reservoirs, it can be suggested that the fractures filled by carbonates in the NH could represent paleo-permeable fractures which could be stimulated if the reservoir was at depth.

In addition, illite can be considered as a potential indicator of fluid circulation and thus of reservoir permeability (Vidal et al., 2018). Indeed, a strong illitization indicates an intense paleocirculation, which is observed in the vicinity of fracture zones in the SsF reservoir. Likewise, kaolinite, related the argillic alteration in the NH granite, shows its amount increasing towards fracture zones. This shows that in both sites, the fracture network controls the fluid circulation.

In addition to precipitating mainly in the surrounding damage zone, by replacement of the primary minerals, clay minerals can also precipitate in the fault core, associated or not to deformation, and seal it (Figure 7-6).

V. INFLUENCE OF HIGHLY SHEARED ZONES AND INHERITED STRUCTURES ON FLUID CIRCULATION

Several authors have shown that the URG tectonics has been controlled by the structural heritage of the Hercynian basement (Bertrand et al., 2018;[START_REF] Illies | The Rhine graben rift system-plate tectonics and transform faulting[END_REF]Schumacher, 2002).

Cores collected in the SsF granite show multiple brittle deformation stages from the simple fracture without any infill to the protomylonite, passing through the breccia (Genter, 1989). The main permeable fractures encountered in the SsF reservoir consist in open fractures which borders are cataclastic/brecciated, which reflect an extension regime. However, evidences of CHAPTER 7 256 shearing were also identified in the SsF boreholes as shown on the core from EPS-1 in Figure 7-9a. This core exhibits intense shearing accommodated along a foliated and anastomosed mylonitic fault zone surrounded by a highly hydrothermalized granite. [START_REF] Ledésert | Fractal Analysis of Fractures Applied to Soultz-Sous-Forets Hot Dry Rock Geothermal Program[END_REF][8][START_REF] Valley | Main Fracture Zones in GPK3 and GPK4 and Cross-Hole Correlations[END_REF][START_REF] Bour | On the Connectivity of Three-dimensional Fault Networks[END_REF][START_REF] Darcel | Connectivity Properties of Two-Dimensional Fracture Networks with Stochastic Fractal Correlation: Connectivity of 2D Fractal Fracture Networks[END_REF][12]. These kind of structures shows that (1) they act as a barrier to fluid flow as demonstrated by [START_REF] Caine | Fault zone architecture and permeability structure[END_REF] in its model of fault zone and ( 2) inherited structures have an important impact on the recent fluid circulation.

A highly strained zone has also been investigated in the NH. However, compared to the previous high strain zones from the URG, this fault gouge is very heterogeneous presenting different types of fault rocks and lithologies. Indeed, the rocks constitutive of this fault core does not directly derive from the blocs in contact to the high strain zone itself but from an inherited stacked basement/sedimentary pile (see Chapter 6). Moreover, it has been shown that the clay fault gouge, contrary to the model of a fault zone established by [START_REF] Caine | Fault zone architecture and permeability structure[END_REF], presents a higher porosity than its damage zone. In the present case, the high porosity and the pronounced alteration degree being more suggest that this high strain zone can act as a drain Available data from exploited geothermal reservoir as SsF and RTH are limited. However, the characterization of the reservoir is very important. A focus on sheared zones from analogue sites was done because these structures are poorly studied during reservoir exploration.

Through the investigations performed on the Noble Hills granitic paleo-geothermal reservoir, which was perfectly exposed, and on crystalline basement outcropping in URG shoulders mines, it has been seen that the geology of a reservoir is very complex, especially due to inherited structures.

A synthetic scheme of the main structures found in the SsF reservoir has been proposed by Glaas et al. (2019) (Figure 7-5). Here we propose a new scheme improving previous ones by the new findings obtained about high strain zones (Figure 7 -12). Indeed, such zones play an important role in the reservoir hydraulic connectivity. During a unique tectonic episode, dilatancy and shearing can occur together as new structures or by reactivating pre-existing structures [START_REF] Glaas | Clay Mineralogy: A Signature of Granitic Geothermal Reservoirs of the Central Upper Rhine Graben[END_REF]. However, inherited fault gouges, by their presence, can CHAPTER 7 260

Shear zones can also act as a partial drain when an inherited shear zone is mylonitic and presents weakness planes that can be used by a later fluid circulation to intersect it even if the amount of flow is reduced as observed in the Gabe-Gottes mine.

It has been shown that depending on the strain the influence of sheared zone varies a lot. At low to moderate strain, fracture zones mostly identified as veins, reactivated or not, mainly acted as drains and connected the fractures. They have a similar impact on the reservoir properties whether the fracture zone is formed by opening or by shearing. Both can promote the fracture connectivity, even better when there is a combination of the two. Highly strained zones, which are usually not intensively investigated during geothermal exploration, play a major role in the hydraulic connectivity of the reservoir and need to be considered.

These observations and investigations have shown and confirmed ( 1) how heterogeneous a reservoir can be and ( 2) that deformation has an important impact on the evolution of the fault petrophysical properties (Wallace and Morris, 1986) and on the reservoir connectivity (Bailleux et al., 2011;Curewitz and Karson, 1997).

Analogues are really important in terms of insights to better understand the structure and the behavior of an active reservoir. Deformation is a crucial parameter influencing fault zone properties and which in turn modify substantially their permeability and so the geothermal exploitation potential. Analogue studies have shown that the complexity of a reservoir such as SsF and RTH sites is underestimated.

CHAPTER 8

Conclusions and Perspectives At large scale, by approaching fracture zones, the fracture density increase, as well as the degree of alteration, the calcite content and the porosity. Sample scale and thin section scale have shown that this correlation is not always true.

II. MAJOR OUTCOMES FOR THE GEOTHERMAL INDUSTRY

Due to the low matrix porosity of granitic rocks, fractures enhanced drastically the fluid circulation. Thus, the fluid interacts with the surrounding rock. The alteration processes related to chemical element transfers during the interaction of the fluid with the surrounding rock induce a global increase of the porosity and thus of the permeability. Fault zones composing of an open core and an altered damage zone become the major conduits. However, an abundance of newly-formed minerals can seal the fractures and clog the system.

Stimulations the SsF and RTH geothermal site have been performed in order to enhanced reservoir permeability. For example, carbonates having precipitated in the fractures were chemically dissolved in order to produce voids within fractures and let the fluid circulate.

Investigations in the NH range show that carbonates are the most abundant secondary mineral filling the fractures in the whole area. As the fracture network filed by these carbonates is well geometrically connected (Chabani et al., 2021), it is suggested that the hydraulic connectivity was good.

The NH presenting a clear gradient of deformation along the range. The influence of deformation on fluid circulation has been investigated and allow to show the importance of the role of high strain zones in a reservoir. It has been shown that a high strain zone are not always following the classical model of a fault zone whose fault core is the product of a highly deformed unique protolith from [START_REF] Caine | Fault zone architecture and permeability structure[END_REF] and which acts as a barrier due to the decrease of porosity and permeability. In the case of the NH, a high strain zone, characterized as a fault gouge, can be a drain. It can be explained by ( 1) its heterogeneity resulting into the presence of inherited pinched and highly deformed Proterozoic sediments and basement in the fault core,

(2) its high porosity in the fault core, (3) its high calcite content which can come from fluid circulation that precipitates carbonates and ( 4) a pronounced alteration. This fault gouge is also accommodating the deformation due to its composition. It is suggested that this kind of structure in the area divide the reservoir into relatively low strained blocs which glide next to each other without accumulated high elastic strain. This can explain why in the area large veins, corresponding to paleo-permeable fractures, are extremely rare. Thus, even if the fracture network in the NH is hydraulically connected, it might not be commercially exploitable due to this bloc system. However, by considering changing of the stress field, as the compression of the Avawatz Mountains against the NH, these low strained blocs are no more in the sliding configuration but stress can be accumulated and fractured consequently the blocs. Thus, pluri- Strike-slip structures are not only important in the connectivity of the reservoir, but it can be also mentioned that these structures are subjected to reactivation during stimulation operations. Indeed, recent seismic events that occurred in Alsace in the vicinity of Strasbourg 

III. PERSPECTIVES

Although this PhD work helps somehow to improve the understanding about the influence of strike-slip structures in a granitic geothermal reservoir, the following points appear as the main remaining challenges that could be addressed in further works.

III.1. High strain zones in-depth characterization

This work put in evidence the major role that high strained shear zones play in the reservoir connectivity and productivity. However, more specific characterizations are needed to understand their mechanical and petrophysical behavior.

Thus, three topics deserve investigations in the future:

• Experimental deformation dealing with mechanical properties of reservoir rocks as a function of alteration, including acoustic emission monitoring. These experiments play a key role when relating stress and strain regime to the degree of rock alteration and potential occurrence of seismic event.

• Kinetics of fluid-rock interaction reactions and quantification of strain-enhanced effects on alteration minerals production rate in time.

• Multiscale characterization of clay mineral distributions across deformation zones to better understand the role drain/barrier of a highly strained fault core.

III.2. Paleo-fluid characterization

In active geothermal the fluid composition and characterization are highly studied in order to better understand its interaction with the surrounding rock. Various methods are available in order to characterize the paleo-fluid that have circulated through the granite:

Fluid inclusion, provide a unique fossil record of the various fluid that have circulated through the granite. They can be used to determine the temperatures and physicochemical nature of the fluid at the time of trapping [START_REF] Rankin | Fluid inclusions[END_REF]. Analyses are ongoing on quartz, carbonate and barite veins from the NH.

Fluid isotopes can be used to characterize a fluid origin, age, and/or interaction with rocks or other fluids. As dating on illite has been performed through K/Ar isotopes, oxygen isotopes can give the origin of the fluid through its geochemical specific signature [START_REF] Williams | A brine interface in the Salton Sea Geothermal System, California: Fluid geochemical and isotopic characteristics[END_REF]. Likewise, carbonates can be dated, e.g. using the Sm-Nd system [START_REF] Henjes-Kunst | Sm-Nd dating of hydrothermal carbonate formation: An example from the Breitenau magnesite deposit (Styria, Austria)[END_REF] and U/Pb, in order to determine the hydrothermal mineralization age and put it in relation with ages obtained on illite to decipher different generation of fluid circulation.

Introduction

Fluid flow in fractured rocks of very low matrix permeability is localized mainly in few fractures [1]. The complex geometry of fracture and fault patterns is the main cause of the complexity of fluid flow. In that case, numerous studies have been undertaken worldwide to show the control of the fracture network on the fluid circulations especially in hydrocarbon and aquifers reservoirs [2][START_REF] Berkowitz | Characterizing Flow and Transport in Fractured Geological Media: A Review[END_REF][START_REF] Odling | Variations in Fracture System Geometry and Their Implications for Fluid Flow in Fractured Hydrocarbon Reservoirs[END_REF][5], in heat transfer [START_REF] Geiger | Non-Fourier Thermal Transport in Fractured Geological Media[END_REF], and thus also in geothermal reservoirs [START_REF] Ledésert | Fractal Analysis of Fractures Applied to Soultz-Sous-Forets Hot Dry Rock Geothermal Program[END_REF][8][START_REF] Valley | Main Fracture Zones in GPK3 and GPK4 and Cross-Hole Correlations[END_REF].

A fracture system is characterized by geometrical parameters as fracture lengths, spacings, orientations, and relations between them [1,[START_REF] Bour | On the Connectivity of Three-dimensional Fault Networks[END_REF][START_REF] Darcel | Connectivity Properties of Two-Dimensional Fracture Networks with Stochastic Fractal Correlation: Connectivity of 2D Fractal Fracture Networks[END_REF][12]. In order to access hierarchical and mechanical relationships between fracture systems, many authors undertook a multiscale approach, in sedimentary [2,[12][START_REF] Castaing | Scaling Relationships in Intraplate Fracture Systems Related to Red Sea Rifting[END_REF][START_REF] Marrett | Extent of Power-Law Scaling for Natural Fractures in Rock[END_REF][START_REF] Soliva | Three-dimensional Displacement-length Scaling and Maximum Dimension of Normal Faults in Layered Rocks[END_REF], and in Crystalline [START_REF] Bertrand | A Multiscale Analysis of a Fracture Pattern in Granite: A Case Study of the Tamariu Granite, Catalunya, Spain[END_REF][START_REF] Bertrand | Structural Heritage, Reactivation and Distribution of Fault and Fracture Network in a Rifting Context: Case Study of the Western Shoulder of the Upper Rhine Graben[END_REF][START_REF] Ehlen | Fractal Analysis of Joint Patterns in Granite[END_REF][START_REF] Genter | Effets d'échelle Dans La Fracturation Des Granites[END_REF][START_REF] Garzic | Scaling and Geometric Properties of Extensional Fracture Systems in the Proterozoic Basement of Yemen. Tectonic Interpretation and Fluid Flow Implications[END_REF] rocks. This approach allows to model and predict hydraulic reservoir properties, by studying several geometric attributes, such as the distribution of orientations, lengths, widths, spacings and densities classically considered in spatial arrangement analysis [START_REF] De Dreuzy | Hydraulic Properties of Two-dimensional Random Fracture Networks Following Power Law Distributions of Length and Aperture[END_REF][START_REF] Davy | A Likely Universal Model of Fracture Scaling and Its Consequence for Crustal Hydromechanics[END_REF][START_REF] Hardebol | Multiscale Fracture Network Characterization and Impact on Flow: A Case Study on the Latemar Carbonate Platform[END_REF][START_REF] Mccaffrey | Fracture Formation and Evolution in Crystalline Rocks: Insights from Attribute Analysis[END_REF].

The geometric parameters are commonly collected for (1) explicitly constructing deterministic models (Discrete Fracture Network: DFNs, [2]) or (2) ensuring inputs of stochastic simulations by determining fracture distribution functions from sampled fracture networks [START_REF] Hardebol | Multiscale Fracture Network Characterization and Impact on Flow: A Case Study on the Latemar Carbonate Platform[END_REF][START_REF] Bonnet | Scaling of Fracture Systems in Geological Media[END_REF][START_REF] Bour | A Statistical Scaling Model for Fracture Network Geometry, with Validation on a Multiscale Mapping of a Joint Network (Hornelen Basin, Norway)[END_REF][START_REF] Bonneau | Stochastic Sequential Simulation of Genetic-like Discrete Fracture Networks[END_REF]. The main goal is to better understand the fracture network connectivity and then the fluid flow patterns [START_REF] Berkowitz | Characterizing Flow and Transport in Fractured Geological Media: A Review[END_REF][START_REF] Davy | A Likely Universal Model of Fracture Scaling and Its Consequence for Crustal Hydromechanics[END_REF][START_REF] De Dreuzy | Influence of Fracture Scale Heterogeneity on the Flow Properties of Three-Dimensional Discrete Fracture Networks (DFN): 3D Fracture Network Permeability[END_REF]. Subsequently, the main question is whether data correspond to scale-limited lognormal or exponential distributions, or scale-invariant power laws, corresponding to fractal patterns? Several orders of magnitude based on length and spacing characteristics are thus mandatory to establish scaling laws from statistical distributions [START_REF] Chabani | Analyse Méthodologique et Caractérisation Multi-Échelle Des Systèmes de Fractures à l'interface Socle/Couverture Sédimentaire Application à La Géothermie (Bassin de Valence, SE France)[END_REF]. These orders of magnitude have been widely described in the literature in extensional [START_REF] Bertrand | Structural Heritage, Reactivation and Distribution of Fault and Fracture Network in a Rifting Context: Case Study of the Western Shoulder of the Upper Rhine Graben[END_REF][START_REF] Garzic | Scaling and Geometric Properties of Extensional Fracture Systems in the Proterozoic Basement of Yemen. Tectonic Interpretation and Fluid Flow Implications[END_REF][START_REF] Morellato | On the Number and Spacing of Faults[END_REF] and trans-tensional [START_REF] Bertrand | Structural Heritage, Reactivation and Distribution of Fault and Fracture Network in a Rifting Context: Case Study of the Western Shoulder of the Upper Rhine Graben[END_REF] contexts. It consists of: (1) first order scale related to the crustal faults larger than 100 km length, ( 2) second order scale refers to the faults comprised between 20 and 30 km length, (3) third order scale refers to faults around 10 km length, ( 4) and the fourth order refers to faults under 1 km length [START_REF] Garzic | Scaling and Geometric Properties of Extensional Fracture Systems in the Proterozoic Basement of Yemen. Tectonic Interpretation and Fluid Flow Implications[END_REF]. In the extensional regime, [START_REF] Morellato | On the Number and Spacing of Faults[END_REF] having defined a spacing characteristic for the two first order scales, with a 10 to 15 km spacing for first order and 3 to 8 km for the second order scale; while [START_REF] Garzic | Scaling and Geometric Properties of Extensional Fracture Systems in the Proterozoic Basement of Yemen. Tectonic Interpretation and Fluid Flow Implications[END_REF] have defined 0.8 to 1.5 km spacing for the third order scale. However, the fourth order spacing characteristic is not defined in the literature.

Fracture networks impact the fluid flow in reservoirs [START_REF] Hardebol | Multiscale Fracture Network Characterization and Impact on Flow: A Case Study on the Latemar Carbonate Platform[END_REF]. The 2D/3D seismic lines and 1D borehole data cannot detect respectively the fracture geometries and the spatial arrangement at the reservoir scale due to the lack of information [START_REF] Bourbiaux | Fractured Reservoirs Modelling: A Review of the Challenges and Some Recent Solutions[END_REF]. Then, the spatial arrangement of fracture networks are widely studied from field analogues [START_REF] Bertrand | A Multiscale Analysis of a Fracture Pattern in Granite: A Case Study of the Tamariu Granite, Catalunya, Spain[END_REF][START_REF] Hardebol | Multiscale Fracture Network Characterization and Impact on Flow: A Case Study on the Latemar Carbonate Platform[END_REF][START_REF] Chabani | Analyse Méthodologique et Caractérisation Multi-Échelle Des Systèmes de Fractures à l'interface Socle/Couverture Sédimentaire Application à La Géothermie (Bassin de Valence, SE France)[END_REF][START_REF] Gillespie | Fractures in Carbonates: From Digital Outcrops to Mechanical Models[END_REF], as they give access to 2D and 3D distributions. In geothermal basement setting, the analogues are chosen according to the lithology and geological context to get closer to the reservoir conditions. Sometimes, the analogue is chosen in desert conditions, without vegetation, perfectly suited for realistic multiscale fracture network reconstructions in 2D, and in 3D in case of modeling canyons with photogrammetric [START_REF] Vollgger | Mapping Folds and Fractures in Basement and Cover Rocks Using UAV Photogrammetry, Cape Liptrap and Cape Paterson, Victoria, Australia[END_REF] or lidar [START_REF] Biber | Quantitative Characterization of a Naturally Fractured Reservoir Analog Using a Hybrid Lidar-Gigapixel Imaging Approach[END_REF] approaches.

The present work is part of the MEET project (Multidisciplinary and multi-context demonstration of EGS exploration and Exploitation Techniques and potentials, [START_REF] Trullenque | Upscaling of EGS in Different Geological Conditions: A European Perspective[END_REF]), which aims to develop geothermal exploitation at European scale by applying Enhanced Geothermal System (EGS) technology to different geological contexts. This study aims to propose geometric description and quantify the multiscale network organization and its effect on connectivity. A wide-ranging scale analysis from the microscopic scale to the regional scale was conducted in the desert environment of Noble Hills (NH) fractured granitic basement. It is located in the southern termination of Death Valley (DV, California, USA) and assimilated to a paleo geothermal analogue. The NH range is considered as analogue to the Soultz-sous-Forêts (SsF) geothermal electricity producing system, due to the granitic nature, the alteration and the trans-tensional tectonic setting of the DV region [START_REF] Chabani | Modelling of Fractured Granitic Geothermal Reservoirs: Use of Deterministic and Stochastic Methods in Discrete Fracture Networks and a Coupled Processes Modeling Framework[END_REF][START_REF] Klee | Petrographic Analyzes of Fractured Granites Used as An Analogue of the Soultz-Sous-Forêts Geothermal Reservoir[END_REF].

Measurements have been performed at various scales using the DV regional map [START_REF] Jennings | Geologic Map of California[END_REF] at 1:250,000, NH regional map based on previous studies undertaken by [START_REF] Klee | Petrographic Analyzes of Fractured Granites Used as An Analogue of the Soultz-Sous-Forêts Geothermal Reservoir[END_REF][START_REF] Niles | Post-Middle Pliocene Tectonic Development of the Noble Hills, Southern Death Valley, California[END_REF] and orthophoto images taken for the present day. At outcrop scale, fractures are digitized thanks to the photogrammetric models. Several 2D fracture maps are also used, as well as additional scales on samples and in thin sections. This allows to integrate fracture lengths ranging from micrometer to kilometer scales.

In this study, the multiscale approach is used to better understand the spatial arrangement of the fracture networks which aims at producing the necessary data for DFN modeling. This helps to better characterize reservoirs in response to the developing geothermal exploration and exploitation by EGS. This study is conducted through:

1.

a 2D characterization of the NH fracture network; 2.

a multiscale evolution of length distributions; 3. evaluate the fracture system in the complex tectonic and geometrical setting; 4.

present a conceptual scheme of the NH fracture network organization, and the role of each fracture order of magnitude on the connectivity.

Geological Setting

The present study takes place in the NH fractured granitic zone, located at the southern termination of the Death Valley (DV, California, USA) (Figure 1a). The NH range is assimilated to a paleo geothermal analogue [START_REF] Klee | Petrographic Analyzes of Fractured Granites Used as An Analogue of the Soultz-Sous-Forêts Geothermal Reservoir[END_REF]. Indeed, Reference [START_REF] Klee | Petrographic Analyzes of Fractured Granites Used as An Analogue of the Soultz-Sous-Forêts Geothermal Reservoir[END_REF] confirmed the analogy between the DV region and Soultz-sous-Forêts reservoir (Rhine graben, East of France), with many similarities, especially: (1) the trans-tensional tectonic setting of the DV, and ( 2) the granitic nature and hydrothermal alteration of the central part of the NH range. Furthermore, the desert conditions of the NH range make this analogue perfectly suited for multiscale characterization of fracture networks dedicated to the global understanding of the spatial arrangement in granitic reservoir affected by trans-tensional tectonics [START_REF] Trullenque | Upscaling of EGS in Different Geological Conditions: A European Perspective[END_REF]. [START_REF] Klee | Petrographic Analyzes of Fractured Granites Used as An Analogue of the Soultz-Sous-Forêts Geothermal Reservoir[END_REF][START_REF] Niles | Post-Middle Pliocene Tectonic Development of the Noble Hills, Southern Death Valley, California[END_REF]. Additional digitized fractures were performed using orthophotos. The aerial picture in (b) was extracted from Google Earth ® . The samples location was reported in the structural scheme. FM: fracture map.

The DV region has been characterized by a complex structural and tectonic history which includes the overprinting of Mesozoic to early Cenozoic contractional structures by late Cenozoic extensional and trans-tensional features [START_REF] Miller | The Black Mountains Turtlebacks: Rosetta Stones of Death Valley Tectonics[END_REF][START_REF] Pavlis | Structural Overprinting of Mesozoic Thrust Systems in Eastern California and Its Importance to Reconstruction of Neogene Extension in the Southern Basin and Range[END_REF][START_REF] Snow | Uniqueness of Geological Correlations: An Example from the Death Valley Extended Terrain[END_REF]. The northwest trending contractional structures of the DV are at the origin of the Cordilleran orogenic belt of North America, which extends more than 6000 km from southern Mexico to the Canadian Arctic and Alaska [START_REF] Decelles | Late Jurassic to Eocene Evolution of the Cordilleran Thrust Belt and Foreland Basin System[END_REF]. Their age is estimated around 100 Ma and coincides with the Sevier orogenic belt [START_REF] Decelles | Late Jurassic to Eocene Evolution of the Cordilleran Thrust Belt and Foreland Basin System[END_REF][START_REF] Walker | New Age Controls on Initiation and Timing of Foreland Belt Thrusting in the Clark Mountains, Southern California[END_REF]. The northeast trend is related to a thrust faults system [START_REF] Pavlis | Structural Overprinting of Mesozoic Thrust Systems in Eastern California and Its Importance to Reconstruction of Neogene Extension in the Southern Basin and Range[END_REF].

The Mesozoic period was marked by the beginning of pluton emplacement in DV along the development of contractional structures. Then, during the Cenozoic period, the DV extension episode occurred [START_REF] Stewart | Possible Large Right-Lateral Displacement along Fault and Shear Zones in the Death Valley-Las Vegas Area, California and Nevada[END_REF][START_REF] Stewart | Extensional Tectonics in the Death Valley Area, California: Transport of the Panamint Range Structural Block 80 Km Northwestward[END_REF], but there is no general agreement about its timing, e.g. [START_REF] Stewart | Possible Large Right-Lateral Displacement along Fault and Shear Zones in the Death Valley-Las Vegas Area, California and Nevada[END_REF][START_REF] Snow | Cenozoic Tectonism in the Central Basin and Range; Magnitude, Rate, and Distribution of Upper Crustal Strain[END_REF]. The Miocene period was characterized by a trans-tensional regime. The opening of the DV region as a pull-apart basin began around 5 Ma [START_REF] Pavlis | Structural Overprinting of Mesozoic Thrust Systems in Eastern California and Its Importance to Reconstruction of Neogene Extension in the Southern Basin and Range[END_REF][START_REF] Brady | Cenozoic Geology of the Northern Avawatz Mountains in Relation to the Intersection of the Garlock and Death Valley Fault Zones, San Bernardino County, California[END_REF][START_REF] Norton | Two-Stage Formation of Death Valley[END_REF][START_REF] Burchfiel | Pull-Apart" Origin of the Central Segment of Death Valley, California[END_REF]. A recent study done by [START_REF] Pavlis | Evidence for 40-41 Km of Dextral Slip on the Southern Death Valley Fault: Implications for the Eastern California Shear Zone and Extensional Tectonics[END_REF] challenges this, mentioning that the opening of DV region into pull-apart basin started around 12 Ma ago.

Located in the southernmost part of the DV, the NH range trends parallel to, and then forms, the main topographic features aligned with components of the right-lateral Southern Death Valley Fault Zone (SDVFZ) [START_REF] Klee | Petrographic Analyzes of Fractured Granites Used as An Analogue of the Soultz-Sous-Forêts Geothermal Reservoir[END_REF] (Figure 1b). This SDVFZ is part of the Death Valley fault system (DVFS) [52], and its net dextral strike-slip displacement has been estimated around 40-41 km [51]. The northeast-vergent contractional deformation has been characterized along the length of the NH and constitutes the dominant structural style [START_REF] Brady | Cenozoic Geology of the Northern Avawatz Mountains in Relation to the Intersection of the Garlock and Death Valley Fault Zones, San Bernardino County, California[END_REF][START_REF] Troxel | Rate of Cenozoic Slip on Normal Faults, South-Central Death Valley, California[END_REF][START_REF] Brady | Neogene Stratigraphy of the Avawatz Mountains between the Garlock and Death Valley Fault Zones, Southern Death Valley, California: Implications as to Late Cenozoic Tectonism[END_REF]. In the NH foreland basin, compressional structures have been characterized by [START_REF] Niles | Post-Middle Pliocene Tectonic Development of the Noble Hills, Southern Death Valley, California[END_REF] near the Canadian Club Wash (Figure 1c). An entire compressional region has also been created by the interaction between the SDVFZ and the GF zone, which is responsible for shortening within the Avawatz Mountains [START_REF] Reinert | Low Temperature Thermochronometry of the Avawatz Mountians, California: Implications for the Inception of the Eastern California Shear Zone[END_REF][START_REF] Spencer | Late Cenozoic Extensional and Compressional Tectonism in the Southern and Western Avawatz Mountains, Southeastern California. Basin and Range Extensional Tectonics near the Latitude of Las Vegas, Nevada[END_REF]. Furthermore, the reverse displacement of the GF was identified in the front of the Avawatz [START_REF] Chinn | Low-Temperature Thermochronometry of the Avawatz Mountains; Implications for the Eastern Terminus and Inception of the Garlock Fault Zone[END_REF]. The E/W fractures observed mainly in the southeast end of the NH show an identical orientation to GF. Given this similarity in orientation and the close vicinity to the GF, it is tempting to relate the E/W trending fracturing to GF zone activity.

Recent work by [START_REF] Klee | Petrographic Analyzes of Fractured Granites Used as An Analogue of the Soultz-Sous-Forêts Geothermal Reservoir[END_REF] using high-resolution digital mapping techniques reveals the dominance of basement rocks in the central part of the NH (Figure 1c). Indeed, the granitic rocks are mostly represented and related to the Mesozoic granitic intrusion (Mzla, Figure 1c) [START_REF] Rämö | Geochemistry of Mesozoic Plutons, Southern Death Valley Region, California: Insights into the Origin of Cordilleran Interior Magmatism[END_REF]. Proterozoic formations characterized by gneiss in the bottom have been defined in the center part and the southeast end of the NH (pCgn, Figure 1c). The Proterozoic Crystal Spring sedimentary series defined in the northwestern part of the NH are mainly composed of carbonates and quartzites facies (pCu, Figure 1c). Some tertiary volcanic series have also been mapped in the southeastern end of the NH.

Outside the center part, Reference [START_REF] Niles | Post-Middle Pliocene Tectonic Development of the Noble Hills, Southern Death Valley, California[END_REF] has widely studied the Cenozoic NH formations mainly composed of Fanglomerate and alluvial fan deposits.

Materials and Methods

Materials

Large Scale Characterization

The analysis of large scale fracture attributes was performed on fractures digitized from DV regional map at 1:250,000 scale (geological map of California, Trona Sheet [START_REF] Jennings | Geologic Map of California[END_REF]) (Figure 2a). In the central part of the NH range, the main structures were mapped during 2018 and 2019 field campaigns published by Klee et al. [37]. In addition, in this present study, orthophoto images of 1 m resolution were used to digitalize and then complete the fractures sampling (Figure 2b). The order of fractures magnitude were referred to the classification detailed in [START_REF] Morellato | On the Number and Spacing of Faults[END_REF]. The first order referred to the faults larger 100 km length is not detected in this study. Each fracture map dataset is expressed in histogram for orientation distribution, and into boxplot for length distribution, according to the fracture orientations. Two scanlines (SL) were taken for every map.

With the aim of pinpointing the likely fracture variability, the NH range map has been divided into three domains (Figure 3). The sampling strategy along domains is detailed below. In total, 1013 fractures are extracted from the DV geological map, 1434 fractures from the NH map with 306 from domain A, 522 from domain B, and 606 from domain C. Orientation and length distributions were collected and 1D/2D densities were calculated from them. All of these data are summarized in Table 1.

Table 1. Spatial statistics of 2D samples acquired at large scale (DV and NH regional maps) and outcrop scale (Drone models). Two Scanlines (SL) at least were generated for calculating the fracture density (P10). The length average is provided. In order to combine the widest fracture network analysis, three photogrammetric models, localized only in the granitic facies and alongside the major faults that structure the NH range (see Figure 1 for the location), are considered in this study to extract the fractures ranging approximatively from 10 -2 m to 20 m. A photogrammetric campaign was carried out in October 2018 with a high-resolution 3D point cloud and large collection of photographs.

Nb of Fractures

Drone model 1 is sized approximately 350 m per 46 m and is located in the granitic facies (Figure 1); 1271 fractures are traced. Drone model 2 is located in the granitic facies within a high deformation zone, and is sized approximately 172 m per 44 m (Figure 1). In total, 4196 fractures are traced. Finally, drone model 3 is located in the southeast termination of NH, and is sized approximately 280 m per 70 m. 15,594 fractures are traced.

The main statistical characteristics are summarized in Table 1.

Fracture Map Characterization

To complete the multiscale analysis with the small fractures, fracture maps were created with a resolution of 2 × 10 -4 m. The fracture map 1 (see Figure 1c for location) is sized at 3.4 m per 3.1 m and is located between the granitic facies and the tertiary sediments, near the influence of the SDVFZ (see Figure 1b for the SDVFZ location). It is composed of quartzite boudin facies (part of Crystal Spring series) and granitic rocks, which respectively represent approximately 20% and 80% of occurrences.

In order to include the very small fractures in this study, additional fracture sets were collected from this fracture map with sample 1-1 sized 17 cm per 12 cm (resolution of 10 -4 m) and thin sections 1-1 and 1-2 (resolution of 10 -5 m), both sized 3.5 per 2.5 cm (see Figure 1c for location). Both sections are composed mainly of Plagioclase, Quartz, K-Feldspar, and Biotite representing respectively 35%, 30%, 25%, and 10% of occurrences.

Fracture map 2 (Figure 1c) is sized 1.7 m per 1.6 m and is located in the granitic facies, near the SDVFZ deformation corridor. This map includes sample 2-1 and thin section 2-1 which size respectively 15 cm per 5.2 cm and 3.5 cm per 2.5 cm. Thin section 2-1 represents the same mineral composition as thin sections 1-1 and 1-2 with approximately the same occurrences. Fracture map 3 (Figure 1c) is sized 1.8 m per 1.7 m and is located also in the granitic facies.

Table 2 summarizes the main statistical characteristics. 3.2. Methods

Fractures Acquisition

In this study, fracture digitization was performed manually by tracing every fracture segment from entire 2D maps in QGIS ® software v.2.18.17. Only fractures reported as full solid lines on the DV geological map were considered for statistical analysis (Figure 2a).

Regarding the procedure of fracture digitization, the fractures extending out of the sampling domain were considered as one continuous feature [START_REF] Bertrand | A Multiscale Analysis of a Fracture Pattern in Granite: A Case Study of the Tamariu Granite, Catalunya, Spain[END_REF][START_REF] Hardebol | Multiscale Fracture Network Characterization and Impact on Flow: A Case Study on the Latemar Carbonate Platform[END_REF][START_REF] Bisdom | Calibrating Discrete Fracture-Network Models with a Carbonate Threedimensional Outcrop Fracture Network: Mplications for Naturally Fractured Reservoir Modeling[END_REF] (Figure 2b). The digitization of fractures consists of an extraction of the end point coordinates of each fracture using the QGIS ® software v.2.18.17. Each extracted fracture is characterized by the X and Y coordinates of each of the two end points, which help to compute the orientations and the length of segments. In case of curved fractures, a straight segment line was automatically traced between the end of point coordinates, and then the mean directions and lengths were computed.

As described above, the NH fracture data were acquired during the field mapping campaign and then completed by orthophoto image analysis. The data were analyzed in the entire area (Figure 2b). However, the complexity in loading history within NH widely discussed in the literature [START_REF] Brady | Cenozoic Geology of the Northern Avawatz Mountains in Relation to the Intersection of the Garlock and Death Valley Fault Zones, San Bernardino County, California[END_REF][START_REF] Brady | Neogene Stratigraphy of the Avawatz Mountains between the Garlock and Death Valley Fault Zones, Southern Death Valley, California: Implications as to Late Cenozoic Tectonism[END_REF][START_REF] Brady | The Miocene Military Canyon Formation: Depocenter Evolution and Constraints on Lateral Faulting, Southern Death Valley, California[END_REF] makes the analysis of the fracture geometries difficult. Furthermore, the field observations and the new geological map done by [START_REF] Klee | Petrographic Analyzes of Fractured Granites Used as An Analogue of the Soultz-Sous-Forêts Geothermal Reservoir[END_REF] reveal additional complexities inside this area, and show a stacking of different Crystal Spring series (pCu, Figure 1c), intruded by the Mesozoic granite (Mzla, Figure 1c). This observation was highlighted in the northwest part of the NH. In center part, Crystal Spring series thicknesses were reduced, dragged, and stretched against the granite due to the SDVFZ activity (pCu, Figure 1c). The southeast of the NH is characterized by the absence of the Crystal Spring series. To better characterize the fracture variability, it is prime of interest to consider the facies variability and the deformation intensity within NH, because they influence the fracture evolution [START_REF] Hardebol | Multiscale Fracture Network Characterization and Impact on Flow: A Case Study on the Latemar Carbonate Platform[END_REF][START_REF] Bisdom | Calibrating Discrete Fracture-Network Models with a Carbonate Threedimensional Outcrop Fracture Network: Mplications for Naturally Fractured Reservoir Modeling[END_REF]. In this sense, we decided to divide the NH range into three domains according to the facies variability and change in range trend orientation variation (Figure 3): (1) Domain A is located northwestward, highlighted by thick Crystal Spring sediments and granitic rocks; (2) Domain B is in the central part of NH, highlighted by reduced thickness of Crystal Spring sediments, granitic and gneissic rocks, and (3) Domain C is located in the southeastern part of the NH and is characterized by granite, gneiss, and Tertiary volcanism. Note that Domain B and C are composed approximately of the same facies. However, range orientation in domain B is NW/SE, while in domain C it is toward E/W. This general E/W trend is puzzling as it is similar to the GF (see Figure 1b for location). Therefore, this difference in orientation constitutes an additional argument to better delimitate domain B and C. Figure 3 shows the fracture distributions within each domain. Some more work based on field analyses could more precisely delimitate the domains.

The photogrammetric models undertaken in this work were performed using a 3DR Solo drone with 4k cameras and DJI Phantom drone provided by University of Texas at El Paso (UTEP), Texas, USA. The videos were recorded between the late morning and the early afternoon during seven days with a manual mode camera setting to reduce the effects of lighting condition. Pictures were then extracted every second from the recorded drone videos using ffmpeg software v.4.5. The extracted pictures with a sufficient overlapping were aligned in Agisoft Metashape software (2020, Version 1.6.5). The obtained 3D models are georeferenced and then imported in CloudCompare software (version 2.9.1; [GPL software] (2017)) to begin the fracture extraction process. A workflow explaining the procedure of the models construction and the fractures extraction is detailed in [START_REF] Chabani | Modelling of Fractured Granitic Geothermal Reservoirs: Use of Deterministic and Stochastic Methods in Discrete Fracture Networks and a Coupled Processes Modeling Framework[END_REF]. In this study, the digitized fractures are projected on a 2D map to make the work only in 2D in order to keep data homogenous at different scales.

The 2D fracture maps at outcrop scale were performed in the field using a DSLR high resolution camera provided by UniLaSalle (Beauvais, France), with a 50 mm focal lens to minimize distortion. Pictures were taken vertically, with the same distance, and in the absence of sunlight to avoid the light effects in the fracture digitization [12]. From each fracture map, several pictures were taken with a sufficient overlapping. Then, pictures were aligned using the Agisoft Metashape software with the same procedure detailed in [START_REF] Chabani | Modelling of Fractured Granitic Geothermal Reservoirs: Use of Deterministic and Stochastic Methods in Discrete Fracture Networks and a Coupled Processes Modeling Framework[END_REF]. The maps are georeferenced and then used to extract the fractures in QGIS ® with the same technique as for large scale maps.

Additional fracture datasets are used in this study by adding samples. These samples were taken directly from fracture maps. Then, a high-resolution picture was taken for each sample using a DSLR camera. With the same procedure as large-scale fractures acquisition, the sample was added in QGIS ® to extract the fractures.

Thin section mosaics are also added to this study, made from samples as described earlier to keep a consistent sampling strategy. These mosaics were taken under an optical microscope Leica DM4500-P provided also by UniLaSalle (Beauvais, France), using a ×5 magnification and polarized non-analyzed light mode. A Leica DFC450C high resolution camera provided also by UniLaSalle (Beauvais, France) and Leica application Suite v.4.11.0 were used to take pictures. Every mosaic was relatively oriented using the corresponding sample. Then, with the same fracture digitization procedure described earlier, fracture parameters were extracted under QGIS ® v.2.18.17.

Fractures Analysis

Different geometrical parameters were then collected from each fracture database at different scales. Detailed orientation distributions and classification into fracture sets were performed using the mixture of von Mises distribution (MvM) [START_REF] Von Mises | Ganzzahligkeit" Der Atomgewicht Und Verwandte Fragen[END_REF]. This approach consists of a semi-automated procedure based on appraisal tests in order to avoid any subjectivity in fracture sets analysis. For each fracture set, three output parameters were considered:

(1) mean orientation (µ) around which the distribution is centered, (2) kappa (κ) which controls the concentration of the orientation's values around the mean, and ( 3) weight (ω) corresponding to the relative contribution of each fracture set to the model. Then, we are able to check the best number of fracture sets from the distributions using the goodness of fit parameters (e.g., Likelihood). For more details, see [START_REF] Chabani | Semi-Automated Component Identification of a Complex Fracture Network Using a Mixture of von Mises Distributions: Application to the Ardeche Margin (South-East France)[END_REF] who describe and adapt the methodology for structural data. The standard of deviation of +/-10 • was calculated for each given mean orientation value in this study.

Fracture length is the most used geometrical parameter to characterize the spatial organization in the natural fracture networks [START_REF] Odling | Variations in Fracture System Geometry and Their Implications for Fluid Flow in Fractured Hydrocarbon Reservoirs[END_REF][START_REF] Bonnet | Scaling of Fracture Systems in Geological Media[END_REF][START_REF] Pickering | Sampling Power-Law Distributions[END_REF]. This characterization is performed using a statistical distribution as the Power law distributions widely used in structural data from field analogue [START_REF] Odling | Variations in Fracture System Geometry and Their Implications for Fluid Flow in Fractured Hydrocarbon Reservoirs[END_REF][START_REF] Bonnet | Scaling of Fracture Systems in Geological Media[END_REF][START_REF] Bour | A Statistical Scaling Model for Fracture Network Geometry, with Validation on a Multiscale Mapping of a Joint Network (Hornelen Basin, Norway)[END_REF][START_REF] Pickering | Sampling Power-Law Distributions[END_REF][START_REF] Pickering | Modeling Tip Zones to Predict the Throw and Length Characteristics of Faults[END_REF]. The power law is often used to describe the distribution of fracture parameters such as length and aperture [START_REF] Bonnet | Scaling of Fracture Systems in Geological Media[END_REF]. It is recognized that power law and fractal geometry provide widely applicable descriptive tools for fracture system characterization. This is due to the absence of characteristic length scales in the fracture growth process. The power law exponent α provides a real significance on the fracture connectivity. Indeed, for an exponent comprised between 2 and 3, fracture connectivity is ruled by both small and large fractures [START_REF] Davy | Flow in Multiscale Fractal Fracture Networks[END_REF]. In addition, fractal analyses using Cantor's dust method allow the quantification of fracture distribution in clusters or, in the opposite, with a homogeneous distribution [START_REF] Ledésert | Geometrical and Fractal Analysis of a Three-Dimensional Hydrothermal Vein Network in a Fractured Granite[END_REF] and prediction of the fracture occurrence [START_REF] Ledésert | Fractal Analysis of Fractures Applied to Soultz-Sous-Forets Hot Dry Rock Geothermal Program[END_REF]. The exponential law is also used to describe the size of discontinuities in rocks [START_REF] Cruden | Describing the Size of Discontinuities[END_REF][START_REF] Priest | Estimation of Discontinuity Spacing and Trace Length Using Scanline Surveys[END_REF][START_REF] Priest | Discontinuity Spacings in Rock[END_REF], and to incorporate a characteristic scale that reflects a physical length in the system, such as thickness of a sedimentary layer [START_REF] Cowie | Multifractal Scaling Properties of a Growing Fault Population[END_REF].

However, fitting the geometric attributes to the statistical distributions suffers from a lot of biases, such as truncation and censoring biases [START_REF] Bonnet | Scaling of Fracture Systems in Geological Media[END_REF]. Truncation effects are caused by resolution limitations of a field observation such as from satellite images, the human eye, or microscopes [START_REF] Pickering | Sampling Power-Law Distributions[END_REF]. Censoring effects are associated with the probability that a long fracture intersecting the boundary of the sampling area is not sampled, and to the subjective choice of the sampling area which tends to exclude very long fractures [START_REF] Pickering | Sampling Power-Law Distributions[END_REF][START_REF] Priest | Discontinuity Analysis for Rock Engineering[END_REF]. Then, censoring effects cause an overestimation of fracture density. In this study, the truncation and censoring effects were automatically excluded from the distributions. Length distribution in Figure 4 shows the data excluded from the distribution (grey color) due to the impact of truncation and censoring effects.

The fracture length distributions are analyzed using the cumulative distribution. Statistical distributions used in this study were adjusted after corrections from the truncated and censoring effects. Research for truncation and censoring thresholds was performed using the « poweRlaw: Analysis of Heavy Tailed Distributions » package from Rstudio ® v. 1.3.1056 [72]. We also used the coefficient of determination (R 2 ) to estimate the goodness of fit of the power law to the length distribution. This coefficient is comprised between 0 and 1. A high R 2 for a given number of degrees of freedom means that the regression is a statistically meaningful description of the data.

Fracture densities are computed in this study. They consist of fracture density (P 10 ), defined as the number of fracture intersections along a 1D virtual scanline traced on every analyzed 2D map [START_REF] Bisdom | Calibrating Discrete Fracture-Network Models with a Carbonate Threedimensional Outcrop Fracture Network: Mplications for Naturally Fractured Reservoir Modeling[END_REF][START_REF] Gillespie | Measurement and Characterisation of Spatial Distributions of Fractures[END_REF]. The scanline methodology is widely used to describe the fracture variability in 1D [START_REF] Gillespie | Measurement and Characterisation of Spatial Distributions of Fractures[END_REF]. In this study, the linear fracture density P 10 was obtained from two virtual scanlines, orientated perpendicular to the main structures.

Finally, the surface fracture density (P 21 ) is defined as the total sum of fracture lengths within the area [START_REF] Bisdom | Calibrating Discrete Fracture-Network Models with a Carbonate Threedimensional Outcrop Fracture Network: Mplications for Naturally Fractured Reservoir Modeling[END_REF][START_REF] Gillespie | Measurement and Characterisation of Spatial Distributions of Fractures[END_REF]. 

Results

Large Scale Domains

The mean orientation (µ) N095 • (E/W trend) and N132 • (NW/SE trend) trending fractures occur at the largest length scale, with a 20 and 24% of whole fractures, and about 3300 to 4400 m mean length (Figure 2a). Both directions are well expressed following the DV and Garlock strike slip trend faults (See Figure 1b for location) [START_REF] Niles | Post-Middle Pliocene Tectonic Development of the Noble Hills, Southern Death Valley, California[END_REF][START_REF] Brady | Cenozoic Geology of the Northern Avawatz Mountains in Relation to the Intersection of the Garlock and Death Valley Fault Zones, San Bernardino County, California[END_REF]. The largest fracture length is recorded within the NE/SW fracture set with 65 km length. The other recorded fracture sets are relatively equivalent (around 20%), except for the N025 • fracture set which is less dominant, with 13% and 1900 m mean length.

At NH scale, the same dominance of N090 • and N126 • fracture sets with respectively 37% and 31% are observed (Figure 2b). The other fracture sets are poorly expressed (<15%). The boxplot distribution in Figure 2b showed also the dominance of the E/W and NW/SE fracture sets with respectively 80 m and 125 m mean length. The other fracture sets did not exceed the 50 m mean length.

The occurrence of two prominent fracture sets is shown in the NH domains A and B (Figure 3a,b). Domain A is characterized by two main fracture sets striking N091 • and N132 • representing respectively 29% and 55% of occurrences (Figure 3b). The N091 • fracture set lengths range from 30 m to 300 m, while the N132 • fracture set length ranges from 5 m to 800 m, meaning that the NW/SE is the most dominant fracture set in domain A (Figure 3b).

Orientation and length data of domain B shows an equivalent distribution as in domain A (Figure 3b). Indeed, two main fracture sets striking also N088 • and N128 • are mostly representative with respectively 45% and 31%. The fractures are much longer within NW/SE trend, ranging from 2 m to 1300 m (mean is of 108 m). The other fracture sets show an intermediate length with a 50 m mean value.

Fracture geometry in Domain C shows immediately a different distribution with four main fracture sets striking N050 • (19%), N085 • (31%), N111 • (20%), and N141 • (17%) (Figure 3b). The NW/SE fracture set mainly sampled and representative in the domain A and B is split into N111 • and N141 • fracture sets in domain C, with respective lengths ranging from 3 to 1600 m (mean is 190 m) and from 8 m to 730 m (mean is 65 m).

The fracture densities are increasing considerably from domain A to C with 2 × 10 -2 /3 × 10 -2 m/m 2 in the domain A and B, and 5 × 10 -2 m/m 2 in the domain C.

Photogrammetric Models

NH canyons modeled with photogrammetric method provide fractures from centimetric to decametric scale. Fracture distributions are displayed by drone model 1 for both sides of the canyon walls (Figure 4a). Six fracture sets are recorded and strike N025 • , N055 • , N085 • , N115 • , N142 • , and N174 • . The N142 • is also the most dominated fracture set with 22%. The E/W fracture set is the less expressed (14%) at outcrop scale. An equivalent mean length of fractures is shown by the boxplot distribution graphic with 2.3 m, whatever the fracture set (Figure 4a).

The exponent of power law (red line in the length distribution, Figure 4) is of α = -2.4 for length distribution of the drone model 1, outside lengths affected by truncation and censoring bias (data mentioned in the length distribution graphic with grey color, Figure 4). The range of length values performed by the power law is 1.85 m to 25 m.

Finally, fracture densities P 21 and P 10 are of respectively 2 × 10 -1 m/m 2 and 6.5 × 10 -1 frac/m.

Fractures from drone model 2 are mainly distributed along the left side of the canyon (Figure 4b). The same fracture sets as drone model 1 are recorded with an equivalent percentage (between 15 and 18%) (Figure 4b). Fracture lengths are highlighted by the boxplot distribution and are also equivalent with 1 m mean length, whatever the fracture set. The largest fractures are recorded within the NW/SE fracture set (maximum of 8.5 m), and then confirm the consistency of the NW/SE direction at outcrop scale.

The fracture length range modeled by the power law is of 0.69 m to 8.5 m, for exponent α = -2.5 and R 2 = 0.97 (Figure 4b). Fracture lengths under 0.69 m are excluded automatically from the distribution (truncation effects).

Fracture densities are quite high in comparison with Drone model 1, with 7 × 10 -1 m/m 2 and 1.28 frac/m for respectively P 21 and P 10 .

Drone model 3 is the largest studied model with 15594 traced fractures (Figure 5). Six fracture sets are highlighted also in this canyon. Their proportions range from 13% (N079 • and N109 • ), 14-16% (N140 • and N038 • ), to 19-20% (N018 and N169 • ). The fracture lengths are equivalent, once again, with a 1.2 m mean length. The power law exponent for drone model 3 length distribution is of α = -2, outside lengths affected by truncation and censoring effects (Figure 5). R 2 value is of 0.97, indicating a good fit of the power law to the data. Fracture density P 21 is of 1 m/m 2 , increasing by a factor 5 compared to drone model 1 fracture density.

Fracture Maps

Fracture map 1 is characterized by intense fracture areas, especially along the center part (Highly fractured area, Figure 6). The high fracture density is located mainly in the quartzite boudin, while the less fractured zone is related to the granitic rocks. For the rest of the fracture map, average P 10 of 12 frac/m is computed from two scanlines (SL1_map1 and SL2_map 2, Figure 6), while P 21 is of 10 m/m 2 . Two main fracture sets are highlighted: N005 • and N083 • , with respectively 57% and 32% (Figure 6). Outside fracture lengths affected by truncation and censoring bias, the power law exponent is of α = -1.7 for values ranging from 6 × 10 -2 m to 1.2 m.

Sample 1-1 is characterized by homogeneous fracture distribution with four main fracture sets: N018 • , N053 • , N090 • , and N126 • representing respectively 27%, 30%, 30%, and 13% (Figure 7a). The largest veins visible in the sample map are characterized by carbonate mineralizations in two directions: N053 • and N126 • . P 10 and P 21 fracture densities are of 184 frac/m and 118 m/m 2 respectively. Regarding the length distribution, the power law exponent is of α = -1.43, with thresholds of 3 × 10 -3 m and 7 × 10 -2 m.

Four main fracture sets are highlighted in thin section 1-1: N018 , and N126 • with a comparable fracture proportion (around 25%). Additional fracture set is detected in thin section 1-2: N162 • . Regarding the densities, P 21 is of 715 m/m 2 and 702 m/m 2 , while P 10 is of 5140 frac/m and 4525 frac/m respectively for thin section 1-1 and 1-2 (Figure 7b,c). The power law exponents are quite higher with α = -1.95 (modeled range from 2.2 × 10 -4 m to 4.63 × 10 -3 m) and α = -1.7 (modeled range from 2.2 × 10 -4 m to 7 × 10 -3 m) respectively for thin section 1-1 and 1-2. Fracture densities of fracture map 2 are comparable with fracture map 1 with average P 10 = 18 frac/m and P 21 = 13 m/m 2 (Figure 8a). Five fracture sets are highlighted: N005 • , N038 • , N070 • , N110 • , and N145 • . The N070 • and N145 • are the most recorded fracture sets with respectively 32% and 27%. The power law exponent is also comparable to that of fracture map 1 (α = -1.59), with the thresholds of 8 × 10 -2 m and 1.43 m (Figure 8a).

Sample 2-1 is characterized by a fracture density of P 10 = 177 frac/m and P 21 = 240 m/m 2 (Figure 8b). In total, five fracture sets are highlighted: N017 • , N057 • , N092 • , N130 • , and N157 • . Three fracture sets are the most recorded: N057 • , N130 • and N157 • , with 20% to 25%. The power law exponent is of α = -1.66, thresholds from 1.6 × 10 -3 m to 3.33 × 10 -2 m.

Thin section 2-1 trans-cutting a large carbonate vein in the central part (Figure 8c), is characterized by a fracture density P 21 = 1064 m/m 2 higher than in thin section 1-1 and 1-2. Only four fracture sets are highlighted: N014 • , N059 • , N097 • and N140 • , with an equivalent fracture proportion. Outside the lengths affected by sampling bias, the exponent is of α = -2, thresholds of 7 × 10 -4 m to 3.5 × 10 -2 m.

Finally, fracture map 3 is characterized by a comparable fracture density as in fracture map 2 with P 10 = 20 frac/m and P 21 = 12 m/m 2 (Figure 9). Five fracture sets are also detected with a high proportion of 26% for N009 • and N149 • . Fracture sets N033 • , N077 • , N104 • showed an abundance of 15%, 21%, and 12% respectively. The power law exponent is of α = -1.53 for lengths data ranging from 4 × 10 -2 m to 1.21 m. 

Discussion

The combination of data at various scales in this study allowed to propose a new interpretation of the fracture network in the NH range, based on multiscale evolution of fractures length and orientation. A conceptual scheme of the NH structuration is created and discussed in terms of fracture network connectivity and its influence of fluid flow.

Multiscale Length Characterization

The cumulative length distributions of each fracture map from the DV regional map scale to thin section scale are plotted in Figure 10. All length datasets have been fitted to the power law distribution, outside lengths affected by truncation and censoring bias. 10c-e). The lowest α value in domain A can be explained by the dependence of fracture lengths on scale of observation for fractures ranging from 5 m to 870 m. In addition, the domain A is composed of granitic rocks and Crystal Spring sedimentary series with carbonates and quartzites (Figure 1), meaning that the sedimentary rocks can have a different behavior from that of basement rocks during the fracture growth and propagation process.

Cumulative distribution of fracture lengths in the domain A showed also two different trend slopes (Figure 10c), with a failure slope quantified around 230 m. Distribution into two slopes has been largely discussed in the literature [START_REF] Bonnet | Scaling of Fracture Systems in Geological Media[END_REF][START_REF] Cruden | Describing the Size of Discontinuities[END_REF][START_REF] Cowie | Multifractal Scaling Properties of a Growing Fault Population[END_REF], and can be explained by the fracture growth process which has been divided into two trends. However, this result and interpretation cannot allow to determine if these two trends correspond to a single or to two different regional directions. Cumulative distribution of fracture lengths according to their orientations and the nature of rocks could help to resolve the episodes of deformation challenge, together with some more work in the field (e.g., looking for evidences of displacement).

The cumulative fracture length from all maps has been plotted in a single graphic, normalized by surface area of each map [START_REF] Pickering | Sampling Power-Law Distributions[END_REF] (Figure 10f). The power law distribution included fracture lengths from 2.2 × 10 -4 m to 65 km scale. Power law distribution was performed over 6 orders of magnitude. Two length ranges were not represented in this study. The first one corresponds to the fracture lengths over 100 km and related to the first order fracture defined by [START_REF] Morellato | On the Number and Spacing of Faults[END_REF]. This absence can be explained by: (1) a different evolution stage and opening mechanism of faults [START_REF] Morellato | On the Number and Spacing of Faults[END_REF][START_REF] Bertrand | Des Réservoirs Géothermiques Développés Dans Le Socle et à l'interface Avec Les Formations Sédimentaires[END_REF], (2) a structural heritage which controls the reactivation during the DV trans-tensional tectonic setting. The second one corresponds to the length ranging from 1 km to 5 km length (Figure 10f). The Basin and Range regional map and the geological map at 1:25,000 scale could help to resolve both gaps.

The power law distribution gives an exponent α = -2 for the whole 2D fracture lengths analyzed in this study (Figure 10f), which suggests the 2D representation is selfsimilar [START_REF] Odling | Variations in Fracture System Geometry and Their Implications for Fluid Flow in Fractured Hydrocarbon Reservoirs[END_REF][START_REF] Bertrand | A Multiscale Analysis of a Fracture Pattern in Granite: A Case Study of the Tamariu Granite, Catalunya, Spain[END_REF][START_REF] Hardebol | Multiscale Fracture Network Characterization and Impact on Flow: A Case Study on the Latemar Carbonate Platform[END_REF][START_REF] Bour | A Statistical Scaling Model for Fracture Network Geometry, with Validation on a Multiscale Mapping of a Joint Network (Hornelen Basin, Norway)[END_REF]. The probability to detect fracture of the size of the sampling window is the same at all scales. Then, the fracture connectivity is ruled by the small and large fractures [START_REF] Davy | Flow in Multiscale Fractal Fracture Networks[END_REF], meaning that the large fractures detected and studied at large scale in the NH play the same role as any fracture at millimeter scale in fracture network connectivity.

Spatial Organization of NH Fracture Network

The fracture densities and the main dominant orientations on the regional maps show the control of NH geometry by NW/SE and E/W trends. Both trends are associated to the second order scale faults over 20 km length, well expressed in terms of abundance (DV regional map, Figure 11). The third order scale detected along NE/SW trend is characterized by faults around 10 km length. Spacing values were computed and correspond to 5 km and 1 km respectively for the second and the third order scale (Figure 12a). The same geometrical characteristics (detailed in the introduction) were approved in the extensional regime [START_REF] Garzic | Scaling and Geometric Properties of Extensional Fracture Systems in the Proterozoic Basement of Yemen. Tectonic Interpretation and Fluid Flow Implications[END_REF][START_REF] Morellato | On the Number and Spacing of Faults[END_REF], meaning that the second and third order scale spacing classification can be generalized to the trans-tensional regime studied in the present work.

At NH scale, the fracture densities and the main dominant orientations approve the separation of the NH into three domains:

1.

The first domain referred to the NH domain A is characterized by a specific spatial arrangement with a NW/SE direction dominance (Domain A, Figure 11). This direction is marked by the SDVFZ bordering fault of the strike-slip corridor, and is mostly dominated the NH fracture network in terms of length and abundance. It approved the importance of the NW/SE deformation episode at the fourth order scale. These fractures are the longest ones and also control the internal structuration inside the domain (Figure 12b). The E/W direction is less represented in comparison with domains B and C (Figure 11), but still the second most dominated fracture set, with less control on the NH geometry. Regarding the spacing characteristics, the NW/SE fractures set are regularly spaced from 0.1 to 0.2 km, while the E/W fractures set did not exceed 0.1 km spacing (Figure 12b).

2.

The central domain (domain B, Figure 3) is characterized by several short segments of fractures. Indeed, the E/W direction is also dominated by short fractures with 60 m mean length, while the NW/SE direction is the second dominated system with long fracture of 100 m mean length (Figure 11). Then, NW/SE and E/W directions control the NH geometry respectively following the third and fourth order scale length. In this case, the spacing related to the third order scale is around 1 km between the SDVFZ bordering faults and regularly spaced at 0.2 km (Figure 12b). A spacing of 0.05 km is defined along the E/W fracture set (Figure 12b).

3.

The southeastern end area corresponding to the domain C (Figure 3) highlights a specific spatial arrangement with an additional fracture set (yellow color, Figure 11), the longest one with 200 m mean length. Indeed, the NW/SE direction is split into N111 • and N141 • fracture sets thus highlighting the influence of both NW/SE and E/W deformation episodes in this area. Once again, the E/W direction is more expressed, with a 100 m mean length (Figure 11). The ENE/WSW, E/W and also NW/SE directions control the NH geometry and structuration respectively following the third and fourth order scale. The spacing of 0.3 km defined for the third order scale in domain C between the SDVFZ bordering faults is under the third order spacing characteristic. Indeed, the NW/SE direction has been deviated and then the relative spacing is reduced. Regarding the internal organization, the NW/SE and E/W fractures are also regularly spaced with 0.1-0.2 km and 0.05 km, respectively (Figure 12b). [START_REF] Bertrand | A Multiscale Analysis of a Fracture Pattern in Granite: A Case Study of the Tamariu Granite, Catalunya, Spain[END_REF][START_REF] Bertrand | Structural Heritage, Reactivation and Distribution of Fault and Fracture Network in a Rifting Context: Case Study of the Western Shoulder of the Upper Rhine Graben[END_REF][START_REF] Garzic | Scaling and Geometric Properties of Extensional Fracture Systems in the Proterozoic Basement of Yemen. Tectonic Interpretation and Fluid Flow Implications[END_REF][START_REF] Morellato | On the Number and Spacing of Faults[END_REF] classification, and their associated spacing characteristics referring to [START_REF] Garzic | Scaling and Geometric Properties of Extensional Fracture Systems in the Proterozoic Basement of Yemen. Tectonic Interpretation and Fluid Flow Implications[END_REF][START_REF] Morellato | On the Number and Spacing of Faults[END_REF]. The picture presented in (c) is provided by GoogleEarth ® .

In the present work, the spacing characteristics of 0.05 km to 0.1-0.2 km computed in the three internal domains are attributed to the fourth order scale (Figure 12b). These values vary according to their directions and also lengths. Two spacing characteristics can be highlighted from this study: (1) spacing of 0.05 km corresponding to the fractures comprised between 0.1 and 0.35 km (percentile 90 values), ( 2) spacing of 0.1-0.2 m corresponding to the fractures comprised between 0.35 and 0.5 km. Further work on the fourth order scale spacing characteristics will obviously be needed in order to generalize them to the trans-tensional regime.

At outcrop scale, the drone models highlighted the reproducibility and the consistency of the whole fracture sets defined at large scale (Figure 11). However, N111 • fracture set, detected only in domain C, is less expressed in domain A (drone model 1, 9%) (Figure 11). The E/W direction trend is more expressed in the drone models 2 and 3 respectively in the domain B and C. This observation is confirmed by the fracture maps 2 and 3, sample 2-1 and thin section 2-1 (Figures 8 and9), highlighting a consistent fracturing episode. In the previous works, [START_REF] Niles | Post-Middle Pliocene Tectonic Development of the Noble Hills, Southern Death Valley, California[END_REF][START_REF] Reinert | Low Temperature Thermochronometry of the Avawatz Mountians, California: Implications for the Inception of the Eastern California Shear Zone[END_REF][START_REF] Spencer | Late Cenozoic Extensional and Compressional Tectonism in the Southern and Western Avawatz Mountains, Southeastern California. Basin and Range Extensional Tectonics near the Latitude of Las Vegas, Nevada[END_REF][START_REF] Chinn | Low-Temperature Thermochronometry of the Avawatz Mountains; Implications for the Eastern Terminus and Inception of the Garlock Fault Zone[END_REF] mentioned the presence of the compression signature at the southeastern end of the NH and the front of the Avawatz mountains. According to these studies and our current observations, a hypothesis of fracturing intensity which affected up to the internal domain can explain the consistency of the E/W direction.

A special fracture arrangement was observed in fracture map 1 (Figure 6). The length distribution is characterized by a high density of short fractures in the quartzite boudin rocks, while the granitic part is characterized by a lower density of long fractures. This leads to a change in the power law and orientation distributions and then makes a bias. Indeed, only N/S and E/W directions are recorded, while the sample 1-1, thin sections 1-1 and 1-2 have recorded the whole fracture sets.

Fractures are organized along SDVFZ direction as fault zone segments with a highly mineralized (clay minerals) fault core (FC) which can act as a barrier and damage zone (DZ), acting as a conduit (Figure 12c). A complex joint network that can play a key role in the fracture connectivity is highlighted in the host rock. A petrographic study focusing on these fault zones is required to better characterize the fluid circulation potential.

The N/S to NNE/SSW and the NE/SW fracture sets are less expressed and are attributed to the fourth order scale with 40 m mean length on NH map, while they are still very important and consistent at outcrop, sample, and thin section scales, regardless of domain (Figures 2345). These trends are highly dependent on the scale of observation and have no influence on the NH geometry.

To summarize, a new spatial organization of the NH range based on second, third, and fourth order scales has been proposed with length, spacing, density, and orientation distributions. Each NH domain shows its own internal organization. Variability in between recorded fracture sets from different areas is a marker of a complex tectonic and geometrical setting. One main deformation episode played a key role in the NH structuration: SDVFZ trending NW/SE affected whole NH and then controlled its geometry. The second main deformation episode is in the GF system trending E/W, likely responsible for E/W fracturing episode, and controlled the NH geometry mostly in its internal part and the southeastern end.

The identical orientation of GF and the E/W structures could suggest that the GF was responsible for the E/W fracturing in the internal and southeastern end domains (Figure 12b). Furthermore, the E/W structures are characterized by a sinistral strike-slip displacement, highlighted by the movement of the tertiary volcanic blocks in the back of the NH. This sinistral strike-slip movement has been characterized along the GF zone, widely described in the literature [START_REF] Reinert | Low Temperature Thermochronometry of the Avawatz Mountians, California: Implications for the Inception of the Eastern California Shear Zone[END_REF][START_REF] Chinn | Low-Temperature Thermochronometry of the Avawatz Mountains; Implications for the Eastern Terminus and Inception of the Garlock Fault Zone[END_REF]. The similarities on the strike-slip nature can help to consider that the E/W fractures are related to GF activity which plays a key role on the NH geometry. In addition, the lower dominance of the NW/SE direction in the central and the southeastern end of the NH can be explained by the overprinting of the E/W fracturing, highlighting that these structures are posterior to the SDVFZ system (Figure 12c).

Regarding the fracture distributions, the fracture density is higher in the domain C with a factor 2.5 and 1.5, in comparison respectively with domain A and B (Figure 3). At outcrop scale, fracture densities raise from domains A and B to domain C with a factor 05 and 1.4, approving the localization of the fracture intensity in this area due to the complex tectonic setting [START_REF] Niles | Post-Middle Pliocene Tectonic Development of the Noble Hills, Southern Death Valley, California[END_REF]. Furthermore, a gradient of deformation has been observed in the field along the entire NH length with evidence of extreme shearing, notably in the internal domain. Boudinage structures and brittle shearing are prevalent within Crystal Spring series. A future publication will be planned to better characterize this deformation.

Fracture Network Impact on Flow

The deformation occurred with a different intensity at the whole NH scale. This can influence the fluid circulation through the fracture network following the domains. Even if the connectivity in the reservoir analogue is ruled by the large and small fractures (Figure 10f), some domains, such as domain A, had a different behavior insofar as the connectivity was ruled by only the large fractures. A complex joint network is highlighted at outcrop scale in the host rock and plays a key role in the fracture connectivity leading the fluid supply toward the fault zone.

The fluid flow modeling in this reservoir analogue should consider that the orientation parameter depends on scale observation and then should be modeled differently at each scale, while the length parameter is independent of the observation scale in the case of NH geothermal reservoir analogue.

Flow simulations will be planned in the future publications, based on photogrammetric models acquired from different NH domains. This study can help to approve the sensitivity of the fluid circulations to the gradient of strike-slip deformation and the spatial arrangement of NH fracture network. The sensitivity of the deterministic models on resulting permeability will be tested according to the directional dependence and their corresponding length distribution.

Conclusions

This study is part of the MEET project (Multidisciplinary and multi-context demonstration of EGS exploration and Exploitation Techniques and potentials), aiming at developing geothermal exploitation at European scale by applying Enhanced Geothermal System (EGS) technology to different geological settings. NH range, assimilated to a paleo geothermal reservoir analogue, gives an opportunity to study the basement rocks in trans-tensional context. This study proposes geometric description and quantifies the multiscale network organization and its effect on connectivity using a wide-ranging analysis scale from the microscopic scale to the regional scale. We used 2D fracture maps at different scales. We have shown a power law distribution for six orders of scales. Then, a power law exponent of α = -2 was computed by combining the whole datasets, meaning that the connectivity is ruled by the small and the large fractures.

A new spatial arrangement of the fracture network at different scales has been proposed for the NH range, based on densities, spacings, orientations, and length distributions. The SDVFZ controls the NH geometry at large scale within the second order scale, while the E/W directions-whose origin remains to be determined-controls the NH geometry within the third order scale. The spacing characteristics are of 5 and 1 km for respectively the second and the third order scale, and correspond to the spacings highlighted in the extensional regime.

The division into three domains according to the facies variability and the change in range trend orientation has been approved by statistical analysis. Indeed, domain A is characterized by a dominance of the NW/SE direction in terms of length and abundance at the fourth order scale with a regular fracture spacing of 0.1-0.2 km. Then, NW/SE direction controls the internal structuration of this domain. Domain B is structured by the second and third orders of fractures scales following the E/W and NW/SE direction with regular spacing of 0.2 km and 0.005 km, respectively. Domain C was also characterized by the structuration of a specific spatial arrangement with the dominance of short fractures following E/W direction, which highlight the persistence of the E/W fracturing episode. The ENE/WSW, E/W, and also NW/SE directions control the NH geometry and structuration in this area. A regular spacing of 0.2 km and 0.005 km is computed inside the domain at fourth order scale. Therefore, two spacing characteristics have been highlighted in this study at fourth order scale: 0.1-0.2 km and 0.05 km spacing for fractures length of 0.1-0.35 km and 0.005 km, respectively.

Each internal domain described in this study proposes its own spatial arrangement of fracture network. Indeed, two main deformation episodes referring to the SDVFZ striking NW/SE and fractures system striking E/W play a key role in the structuration of the NH range. However, the SDVFZ deformation affected the whole NH, whereas the E/W fracturing affected only the central and the southeastern area.

Fluid flow modeling will be planned and will take into consideration that orientation parameters should be modelled differently at each scale, while length parameters modelled by the power law should be considered as homogenous at different scales.
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INTRODUCTION

The H2020 MEET European project (Multidisciplinary and multi-context demonstration of EGS exploration and Exploitation Techniques and potentials) aims at improving of a deep geothermal reservoir by new exploitation and energy production techniques while continuing to explore and exploit the EGS (Enhanced Geothermal System) technology. In order to lower the cost and develop the use of geothermal energy in Europe the EGS technology must be developed in large variety of geological environments like intracratonic sedimentary basins and Variscan orogeny related terrains. Applying EGS techniques to Variscan domains are particularly challenging for a variety of reasons like 1) the complex geological history of the Variscan orogeny itself, 2) possible Alpine tectonic overprint and 3) the high anisotropy of the metamorphics rocks.

Reservoir understanding at depth is a prerequisite for a successful application of EGS technique. In the present study we aim at understanding fluid/rock interaction processes taking into consideration the amount of deformation affecting the reservoir. Our work is focused on the petrographical and petrophysical characterization of fractured granitic reservoirs and the SsF site is used as the demonstration site. Unfortunately access to the SsF reservoir is reduced to a limited amount of cores preventing a global geological understanding of the reservoir. Studies on analogues, i.e. exhumed fossil reservoir in which fluids have circulated are necessary to understand the evolution of fractured granitic reservoirs at large scale. In the following, we consider an analogue of a reservoir not as a true copy of the reference site but as an entity having similarities in term of structural and geological context and also in term of type of rocks. The main chosen analogue is the NH range located in the Death Valley in California (USA). It is proposed that progressive fracture sealing involving a combination of 1) fluid/rock interaction and precipitation of clay minerals and 2) deformation and associated dynamic recrystallization processes lead to variations in reservoir productivity at geological scale. Our model of evolution has important consequences in terms of targeting potential fractures systems at depth and adapting stimulation strategies.

THE MEET VARISCAN OROGENY APPROACH

The Variscan domain very often outcrops in Europe and is recognized for its good geothermal potential. Some gas wells crossing it have shown the occurence of a geothermal resource. In order to structure our approach, the Variscan domain has been divided in two main parts depending on the nature of the encountered rocks (Variscan metasediments and metavolcanics versus Variscan granitic basement) themselves divided in two groups depending on their tectonic history: Variscan domains affected by post Variscan extensional tectonics versus Variscan domains not affected by post Variscan extensional tectonics. (Ziegler, 1992), near its major western boundary fault (Figure 2a). The URG originates in Paleogene times from the Alpine collision due to the build-up of far-field intraplate compressional stresses and is described as a typical example of syn-orogenic, intra-continental foreland rifting affected by Variscan crustal pre-discontinuities (Ziegler, 1992;Dèzes et al., 2004). It has a NNE-trending which is limited by the Rhenish Massif to the north and the Jura Mountains to the south and has a length of some 300 km and a width of 30-40 km.

Three major terranes oriented NE to NNE characterize the Variscan crystalline basement of the URG. They are intruded by carboniferous granitoids (Visean (-340 Ma) and Permian (-270 Ma)) which are emplaced following the URG trending related to primary weakness zones such as collisional or shear zones. These Paleozoic crystalline basement rocks do not outcrop but are overlain by 1400 m of Mesozoic (Triassic and Jurassic) and Cenozoic sediments (Figure 2b). Rifting occurred during the Tertiary between the end of the Eocene and the beginning Miocene (Schumacher, 2002;Dezayes and Lerouge, 2019;Edel and Schulmann, 2009).

3.1.2. Soultz-sous-Forêts site After an initial Hot Dry Rock (HDR) concept, SsF has evolved to an EGS technology which consists in hydraulic and/or chemical stimulations to increase the permeability and allow transport of the geothermal brine (Dezayes et al., 2010). In total five boreholes have been drilled but only three of them are used for reservoir development and heat exploitation. Those ones reach a depth of approximately 5000 m with temperatures up to 200°C.

All the wells exhibit at least one permeable fracture zone and the natural fracture network acts as a natural heat exchanger. The top of the granite is highly fractured with a fracture density average of 1 frc/m above 2000 m. Below, the fracture density decrease to 0.4 frc/m and in the deep part it increases to 0.6 frc/m between 4600 and 5100 m (Dezayes et al., 2004).

The SsF reservoir is characterized by the presence of highly fractured fault cores, which are surrounded by altered, porous and fractured damage zones. Through these fractures a highly saline fluid (100 g/L) circulates at a temperature between 130 and 150°C. Fault zones present a higher permeability for hydrothermally altered granitic basement than for hard fractured sandstones or poorly altered deep granitic basement (Vidal and Genter, 2018). Fracture fillings are heterogeneous, and polyphased, dominantly represented by quartz, barite, illite, carbonates, and iron oxides (Genter et al., 1995). Quartz veins are mainly localized into the fault core and correspond to the precipitation of silica-rich fluids derived from the dissolution of primary silicate minerals during vein alteration (Vidal and Genter, 2018). The hydrothermal alteration of the SsF granite is characterized by specific mineral assemblages and changes in bulk-rock chemical composition. It presents two major kinds of alteration: 1) a propylitic alteration linked to the cooling of the pluton, characterized by the partial transformation of biotite into chlorite and plagioclase into illite and newly formed epidote (Genter, 1989) and 2) a vein alteration due to fluid flowing within the fracture network which induces chemical leaching and clay enrichment processes (Genter, 1989;[START_REF] Ledesert | Diagenetic-type reactions related to hydrothermal alteration in the Soultz-sous-Forets Granite, France[END_REF]Pauwels et al., 1993). Alteration of primary minerals related to these water-rock interactions leads to the breakdown of: 1) plagioclase mainly into illite but also into tosudite in the SsF granite [START_REF] Ledesert | Diagenetic-type reactions related to hydrothermal alteration in the Soultz-sous-Forets Granite, France[END_REF].

Tosudite is considered as a geochemical analogue of kaolinite, but the occurrence of tosudite instead of the kaolinite can be explained by the amount of lithium present in the fluid (Pauwels et al., 1992) and 2) biotite into chlorite and illite. Primary K-feldspar and quartz are not affected by this alteration (Traineau et al., 1991). The URG granite has been affected during the Tertiary by several compressional and extensional tectonic phases developing a multiscale fracture network (Schumacher, 2002). This latter having suffered no more deformation let geothermal fluid flow through those open fractures. Glaas et al., (2019) argue that in the case of an open fracture, the fluid is mainly channeled in the core fault, precipitating drusy quartz and partially in the walls. However, when this fracture or vein is completely sealed by quartz or illite, only the open fractures present in the damage zone can act as fluid pathways (Figure 3). In order to illustrate the above mentioned deformation and alteration features we present two core samples, SsF1 and SsF2, from borehole EPS1 taken at a depth of 2160 m (Measure Depth) and around 1400 meters respectively. Sample SsF1 (Figure 4) has been intensively investigated by Vidal and Genter, (2018) and originates from a major permeable fracture zone. It shows a prominent alteration gradient from the walls of the granitic veins away from it. Note that besides the vein opening and associated fluid circulation related alteration, the rock initial magmatic texture remains undisturbed. We notice in particular the lack of any cataclastic nor mylonitic deformation implying that no strain was applied along the vein walls after vein opening. As described by (Glaas et al., 2019), only opened or filled fractures are investigated in the SsF reservoir. However, there is evidences of shearing as shown by the sample SsF2 (Figure 5). It exhibits intense shearing accommodated along a foliated and anastomosing cataclastic gouge with a clear gradient of alteration affecting the rest of the sample. Note the impressive stretching of the oxide precipitates and quartz ribbons related to post vein formation strain. This deformation zone is non-permeable for geothermal fluids as totally sealed by a large variety of dynamically recrystallized and neo-formed fine-grained minerals. Deformation has an important impact on the evolution of the fault petrophysical properties (Wallace and Morris, 1986) and on the reservoir connectivity (Bailleux et al., 2011;Curewitz and Karson, 1997). That is why one part of this study focuses on varying deformation amounts accumulated on faults and their impact on fluid circulation and fluid/rock interaction processes. (Calzia and Rämö, 2000). ), the SDVFZ appears to be related to extension within the southern Basin and Range province (Stewart, 1983) and so makes up the southern component of the Death Valley fault system (DVFS) (Machette et al., 2001). Near its southern end, the fault zone intersects the east-trending, leftlateral Garlock fault which is linked to the San Andreas Fault (Calzia and Rämö, 2000). A right-lateral offset of ~35 km has been defined, based on matching offset alluvial fan ravel with its source area. It refined earlier estimates of 8 to 80 km of movement for the SDVFZ (Butler et al., 1988) In this region the pre-Cenozoic stratigraphy consists of Early Proterozoic cratonic rocks and Middle Proterozoic sedimentary paragneiss, schist, and quartzite intruded by ca.1700 Ma orthogneiss and 1400 Ma anorogenic granites (Wooden and Miller, 1990). The Middle Proterozoic Pahrump Group unconformably overlies the cratonic rocks and is overlain by 3000-5000 m of Late Proterozoic and Paleozoic miogeoclinal deposits. It consists of ~2100 m of conglomerate, sandstone, shale, and carbonate rocks divided into three formations: the Crystal Spring Formation, Beck Spring Dolomite, and Kingstone Peak Formation. The first one, Crystal Spring Formation, is intruded by 1068 Ma and 1087 Ma diabase sills. Most of the Proterozoic and Paleozoic rocks are intruded by Mesozoic and Tertiary plutons. All these rocks are overlain by later Tertiary sedimentary and volcanic rocks and Quaternary alluvial deposits. Note that numerous granitic plutons, dikes, and sills are synchronous with extension (Calzia and Rämö, 2000).

3.2.2. The Noble Hills range. The Noble Hills (NH) are located in the southernmost part of the Death Valley region and trend parallel to the SDVFZ at its southern end (Figure 6). Troxel and Butler, (1979) characterized the SDVFZ as a zone of multiple, subparallel, overlapping right-lateral fault strands extending northwest the length of the NH from the foothills of the Avawatz. In the NH, the SDVFZ juxtaposes Tertiary and Quaternary strata against crystalline basement rocks also called "axial crystalline ridge" (Brady III, 1986). This one comprises Precambrian Crystal Springs Formation of the Pahrump Group and is intruded by undifferentiated Mesozoic granitic rocks which crop out and locally by 1.1 Ga diabase sills (Troxel and Butler, 1979).

A combination of GIS assisted field work mapping and intensive sampling of the area were realized. Regarding mapping we revisited the work of Niles, 2016. It was conducted in the field by using satellite imagery and supported by our own observations. Structural data were collected on all the area to have a general overview of the kinematic of the NH. The mapping revealed a complex geometry with several repetitions of the Proterozoic sedimentary cover. A perfect continuity of those series as well as granite is observed southeastward together with an impressive stretching linked to the dextral shear activity of the SDVFZ, which shows an increasing deformation gradient toward the south east (Figure 7). 

PETROGRAPHIC CHARACTERIZATION

Hydrothermal alteration of the granitic basement

The sampling was done 1) in a homogeneous way to cover the study area as much as possible and 2) following the gradient of deformation. Thin sections were investigated for each of the 37 samples collected in the field. An accurate optical microscopic study allowed to determine the mineralogical composition of each sample. The main primary minerals are feldspars (plagioclases and Kfeldspars), quartz and biotite. More precisely, plagioclase, in our case oligoclase, are the most abundant. According to (Streckeisen, 1973) the composition corresponds to a granite/granodiorite. Moreover, it has been observed that the samples present signs of alteration due to a fluid circulation. This alteration affects plagioclase and sometimes biotite. Quartz and K-feldspar remain intact.

Plagioclase alteration initiates at the center of the mineral (Figure 8a andb) and spreads to the edge. They are transformed into kaolinite (Figure 8c) and into illite (Figure 8d). Cathodoluminescence observations (Figure 8b) show that plagioclase can present a Na-rich rim (in blue) attributed to albite, and can contain calcite. When observed with a scanning electron microscope coupled with an energy dispersive spectrometer (SEM-EDS), plagioclase shows corrosion pits and zones where kaolinite has crystallized, replacing plagioclase. A focus on kaolinite is given in Figure 9, showing hexagonal particles organized in fan shape. Illite (Figure 8d) and also calcite are precipitating. During the alteration of plagioclase Ca was released which contributed to the precipitation of carbonates, here nearly pure calcite. The samples generally have a high amount, up to 10% of carbonates (calcite and dolomite) occurring mainly as veinlets. However, it is unlikely that such a high amount of calcite is only related to the alteration of the plagioclases. Since Precambrian age dolomites crop out within the Noble Hills, i.e. in direct vicinity of the granite. It is conceivable that the fluid got enriched in Ca and Na while crossing the dolomite units to finally precipitate carbonates in the fracture network affecting the granitic basement. Biotite alteration is less pronounced than that of plagioclase. Large patches of biotite are indeed still recognizable in thin sections (Figure 10). According to SEM-EDS analyzes, the product of biotite alteration contains only K, Al, Si and O (no Mg and Fe) and corresponds to illite. This type of transformation is also observed on biotite in the SsF granite (Bartier et al., 2008;[START_REF] Ledesert | Diagenetic-type reactions related to hydrothermal alteration in the Soultz-sous-Forets Granite, France[END_REF]. The lack of Mg and Fe could be due to the extraction from biotite during alteration and seems to be confirmed by the occurrence of oxides surrounding altered biotite as visible in Figure 10. Further SEM investigations and Mass Balance Calculations are planned to confirm this hypothesis in other samples. Samples present sign of dynamic recrystallization processes affecting quartz. Bulging recrystallization develop at the boundary between quartz crystals indicating a temperature around 300°C [START_REF] Stipp | The eastern Tonale fault zone: a 'natural laboratory' for crystal plastic deformation of quartz over a temperature range from 250 to 700[END_REF]. XRD analyzes were performed on these samples and, based on the illite crystallinity [START_REF] Kübler | La cristallinité de l'illite et les zones tout à fait supérieures du métamorphisme[END_REF], data show a low degree of metamorphism with temperature lower than 300°C. This apparent contradiction in term of temperature can be explained by the fact that the system has been potentially reset with time due to fluid circulation and deformation. K/Ar dating on illite is underway to replace the fault within the historical context and answer to this question.

Fault zones fluid circulation associated to the amount of deformation

As already announced, the Noble Hills granite present an intense gradient of deformation. Three zones (A, B and C on Figure 7) were chosen along this gradient in order to describe the response of granitic rock to strain. The aim is to see the influence of the deformation on the fluid circulation.

The zone A is characterized by a granite presenting incipient signs of deformation. Fractures are filled by secondary mineral precipitations as carbonates (Figure 11a), oxides, barite (Figure 11b). Those fractures had to act as the main fluid channels before their complete sealing. Due to this concentrated fluid flow in the fracture, the walls develop a decreasing alteration halo by moving away from the fracture. The zone B (Figure 7) manifests a low strain illustrated by the sample presented in Figure 12. This sample shows: 1) a pronounced alteration gradient from either side of the fracture and 2) a sharp contact marking the border between the granite and the deformed quartz vein relict. This vein is reduced to fractured, rounded shape quartz blocks interpenetrated by carbonates veinlets. A centimetric scale ultracataclastic layer consisting in a mix of carbonates, clays and granitic clasts marks the border with the host rock. Those observations indicate that a Ca rich fluid has circulated during the reactivation of the fracture, precipitating carbonates which were crushed due to ongoing shearing. Finally, high strain is highlighted in the zone C (Figure 7) and characterized by two meters width clay gouge. The sample from this gouge (Figure 13) presents a global matrix rich in clay minerals, mainly illite, but also some reworked clasts of quartz, carbonates and oxides. Microscopic and SEM observations show signs of intense shearing as sigma clasts. In both sides of the gouge the host rock is highly fractured and altered. Complementary analyses are performed as SEM analyses supported by XRD and cathodoluminescence analyses to better characterize the mineralogical, structural and chemical composition of the samples. Geochemical analyses are also performed in order to better quantify the chemical composition of the bulk rock and to characterize the possible chemical elements transfer. Others analyzes are planned: 1) fluid inclusions analyses in quartz crystals in order to obtain information on the pressure, temperature and salinity of the fluid which has circulated, 2) calcimetry analyses to determine the proportion of carbonates in the samples and 3) goniometry and EBSD to investigate microfabric characteristics of fault core zones.

DISCUSSION AND CONCLUSION

Comparison of granite alteration between NH and SsF

The vein emplacement alteration leads to the transformation of primary minerals of the whole rock into neo-formed minerals. In both SsF and NH granite, the same primary minerals are altered. Plagioclase is transformed into illite an kaolinite or locally into tosudite in the case of SsF (Bartier et al., 2008) and biotite is transformed into chlorite (propylithic alteration) and then illite (vein alteration).

Those veins are composed of different mineralization as carbonates, oxides, clays, quartz and barite and found in both granites. It shows that different generation of fluid have circulated. However, in the Noble Hills, the propylitic alteration, well described in the SsF granite, is probably almost totally overprinted by the vein alteration due to the nearly total absence of chlorite and epidote.

Impact of the deformation on fluid circulation

The reservoir productivity at SsF is mainly taken up by a few opened fractures showing incipient geodic minerals, essentially quartz precipitations (Vidal and Genter, 2018 and references therein). Glaas et al., (2019) mentioned that in geothermal system without shear deformation (opening mode), fractures filled by different mineralization are considered as paleo-permeable zones, which allow the fluid to circulate only in the walls (Figure 3). Compare to SsF, the NH granite undergone a higher amount of shear deformation due to the recent activity of the SDVFZ. By considering this deformation, some mineralized fractures can be reworked allowing the fluid to circulate in the fracture and the increase of fluid/rock interactions (Figure 12). In that case, deformation promotes fluid circulation which is mostly concentrated in the fault core. However, a high amount of deformation associated to fluid circulation can increase the fluid/rock interaction to such a way that a significant amount of clay minerals will be produced (Figure 13). As described by Glaas et al., (2019), fractures filled by clay minerals act as a barrier concentrating the fluid in the walls. This can be applied in the case of the clay gouge presenting in Figure 13, but we suggest here that the fault plugging was promoted by the shear deformation. Depending on the amount of deformation and associated to fluid circulation, fault zone behavior can be drastically modified (Wallace and Morris, 1986).

This work has shown 1) that analogue studies are important to enhance the understanding of the reservoir in its entirety and 2) through the SsF granite knowledges and the field observations in the NH, we see that both granites react similarly to this alteration. Moreover, we conclude that deformation is a crucial parameter influencing fault zone properties and which in turn modify substantially their permeability and so the geothermal exploitation potential.

To enrich the panel of possible analogues to SsF, so to granitic reservoirs and confirm our preliminary interpretations, analogues in the URG shoulders (Black Forest, Germany and Vosges Mountains, France) will come in complement to get information about the importance of the structural inheritance and how those structures influence the fluid circulation.

• Collecter des connaissances sur la production de chaleur et d'énergie électrique dans des contextes géologiques variés,

• Augmenter la production de chaleur à partir de centrales existantes et convertir des puits pétroliers en puits géothermiques,

• Développer la conversion de la chaleur en électricité à faible température (60-90°C) en utilisant des centrales mobiles intelligentes basées sur le cycle organique de Rankine,

• Répliquer la technologie en promouvant la pénétration de production de chaleur et d'électricité à partir de centrales EGS.

Appliquer les techniques EGS aux domaines hercyniens est un défi pour de nombreuses raisons telles que (1) l'histoire géologique complexe de l'orogenèse hercynienne elle-même, ( 2 • Successions métamorphiques (métasédimentaires et métavolcaniques) suivies de tectonique en extension (rift) principalement cénozoique,

• Successions métamorphiques (métasédimentaires et métavolcaniques) non suivies de tectonique en extension (rift),

• Socle granitique affecté par de la tectonique en extension post-varisque,

• Socle granitique non affecté par de la tectonique en extension post-varisque. Des failles normales, liées à la formation du graben, sont les structures principales ciblées pour l'exploitation géothermique dans le GRS puisque ce sont les principaux drains dans le réservoir granitique (Genter, 1989;[START_REF] Glaas | Clay Mineralogy: A Signature of Granitic Geothermal Reservoirs of the Central Upper Rhine Graben[END_REF][START_REF] Vidal | Altérations hydrothermales associées aux zones de fractures à l'interface de la couverture sédimentaire et du socle cristallin dans le Fossé rhénan supérieur : application aux forages géothermiques de Rittershoffen[END_REF]. Jusqu'à présent, le modèle conceptuel des zones de faille comprend le développement d'un coeur de faille imperméable, qui ne favorise pas la connectivité et agit comme une barrière à la circulation des fluides [START_REF] Caine | Fault zone architecture and permeability structure[END_REF].

Ces zones de forte déformation peuvent être associées à tout type de faille. Un analogue devrait au moins satisfaire les trois conditions principales suivantes :

1. Présenter un faisceau de similarités en termes de contexte géologique à grande échelle ;

2. Avoir des caractéristiques pétrographiques de roches cristallines similaires ; Les études menées dans les NH montrent que les carbonates sont les minéraux secondaires les plus abondants qui remplissent les fractures dans toute la région. Comme le réseau de fractures déposé par ces carbonates est bien connecté géométriquement (Chabani et al., 2021), il est suggéré que la connectivité hydraulique était bonne lors de la phase de circulation de fluides saturés.

Les NH présentant un gradient clair de déformation le long de la chaîne. L'influence de la déformation sur la circulation des fluides a été étudiée et permet de montrer l'importance du rôle des zones de failles intensément déformées dans un réservoir. Il a été démontré qu'une zone de faille dont le coeur est le produit d'un protolithe unique fortement déformé [START_REF] Caine | Fault zone architecture and permeability structure[END_REF] ne suit pas toujours le modèle classique d'une zone de faille. Dans le modèle de [START_REF] Caine | Fault zone architecture and permeability structure[END_REF] le coeur est considéré comme une barrière en raison de la diminution de la porosité et de la perméabilité. Dans le cas des NH cependant, une zone de faille intensément déformée, caractérisée comme une gouge de faille, peut constituer un drain. Elle peut s'expliquer par (1) son hétérogénéité résultant de la présence de sédiments protérozoïques hérités et fortement 
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 41241344416417451  Harker diagrams showing the variation of (a)K2O (Le Maître et al., 1989) and (b) Al2O3 in the OM and NH granites. A sample from the OM analyzed byRämö et al. (2002) is represented by the blue star ................................................................................................................ 113 Figure 4-13. Plot of selected major element oxides (SiO2, K2O, Al2O3, Na2O, CaO and MgO) versus LOI (loss on ignition). ................................................................................................................ 114 Figure 4-14. (a) Chondrite-normalized (values from [77]) rare earth element (REE) patterns of samples from the OM and the NH. (b) Primitive mantle-normalized (values from McDonough et al. (1992)'s slight revision of Sun and McDonough (1989)) multi-element diagram showing trace element patterns of samples from the OM and the NH. ..................................................... 116 Figure 4-15. (a) Plot of the porosity versus the calcite content. (b) Plot of calcite content versus LOI (Loss on ignition). (c) Plot of porosity versus LOI. .................................................................... 117 Figure 4-16. Paragenesis sequence and alteration evolution in the OM and NH granite. ...... 119 Figure 4-17. Schematic representation of the different alteration processes which can be observed in the OM and NH granites. (a) Fresh granite non-affected by alteration. (b) Granite affected by the propylitic alteration showing the slight chloritization of biotite and the crystallization of K-white micas in the core of plagioclase. (c) Granite affected by the argillic alteration and localized along fractures where fluid has circulated. Biotite are locally completely transformed into illite and plagioclase into illite, calcite and/or kaolinite. Perthites and inclusions in K-feldspars can also be altered. Abbreviations (except for "Ox and Wm") after Kretz (1983): Bt-Biotite, Cal-Calcite, Chl-Chlorite, Ep-Epidote, Ill-Illite, Kln-Kaolinite, Kfs-K-feldspar, Ox-Oxide, Pl-Plagioclase, Qtz-Quartz, Wm-K-white mica. .................................................... 121 Figure 4-18. Back-scattered image showing a magnified view of plagioclase dissolution pits under SEM (15 kV 5.3 mm x 1.7 k BSECOMP). ............................................................................... 122 Figure 5-1. (a) Location of the Noble Hills on the western USA satellite map. SAFZ -San Andreas Fault Zone, GFZ -Garlock Fault Zone and DV -Death Valley. (b) The geological map
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 5253 Figure 5-2. (a) Satellite view of the NH range showing a deformation gradient increasing southeastward, represented by the yellow dashed lines. (b and c) Map view zooms on the Proterozoic units along the NH strike showing the strain increase from (b) to (c), where basal CS sedimentary sequence appears increasingly stretched and boudinated. .............................. 141
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 545557595555514515551755195206162646566676866116613666661861962062162262366256266276286630663267172737475767879710711781 Figure 5-4. (a) Photograph and digitization showing representative hydrothermalized fracture zones observed on the field. (b) Photograph and digitization of granite crosscutting by multiple carbonate veins (veins network) altering pervasively the rock. .................................................... 145 Figure 5-5. (a) Photograph and digitization of a brecciated and recrystallized vein also developing a gradient of alteration. Location of the sample NH_31 used as a case study in this section. (b) Photograph and digitization of a mylonitic vein developing a gradient of alteration. Location of the sample NH_23 used as a case study in this section. .......................................... 146 Figure 5-6. (a) Photomicrograph of a quartz veinlets intersected by an illite veinlets under optical microscope in polarized-analyzed light. (b) Photomicrograph showing an illite vein crosscutting K-feldspar and illitized plagioclase under optical microscope in polarized-analyzed light. (c) Back-scattered image showing the different phases presented in (b). (c) Photomicrograph showing dolomite intersecting illite under optical microscope in polarizedanalyzed light. (d) Back-scattered image of a dolomite, siderite and calcite showing their chronology. (e) Hydraulic fracturing with calcite precipitating around clasts of quartz placed like a fan under optical microscope in polarized-analyzed light. (f) Photomicrograph under optical microscope in polarized-analyzed light of a microfracture intersecting an altered plagioclase which borders are made of pure kaolinite whereas the plagioclase was recrystallized into kaolinite and illite. (g) Photomicrograph under optical microscope in polarized-analyzed light showing illite developing on the walls of an open microfracture and dolomite filling this open space. ........................................................................................................................................................ 147 Figure 5-7. (a) Photo and the respective digitalization of the sample NH_31, gathering NH_31_1_2 and NH_31_3, showing the different compartments that compose it, as well as the two scanlines realized in the host rock of the vein. (b) Plots of the cumulative frequency percentage against distance percentage for both scanlines. The diagonal represents an uniform distribution. (c) Stick plots showing the fracture position along the scanlines and for which the fracture density (P10) and the coefficient of variation (Cv) are given........................................... 148 Figure 5-8. (a) Thin sections location on the sample NH_31. (b) Thin section mosaics showing the position and orientation of the scanlines. (c) Plots of the cumulative frequency percentage against distance percentage for each scanline. The diagonal represents a uniform distribution.

  Geothermal comes from the Greek geo ("the Earth") and thermos ("the heat"). A geothermal system, defined by[START_REF] Williams | Updating the classification of geothermal resources[END_REF] is: "any localized geological setting where portions of the Earth's thermal energy may be extracted from a circulating fluid and transported to a point of use". The use of geothermal resources can be broken down into two main categories:(1) electricity production and (2) heat production. Depending on the resource, the technique used and the needs, there are multiple applications. The criterion that serves as a guide to properly identify the sector is the temperature. The temperature of the fluid depends on the natural geothermal gradient and the depth at which the fluid is collected. Thus, geothermal energy is qualified according to three types: (1) surface geothermal, (2) medium depth geothermal and (3) deep geothermal. Geothermal systems can be subdivided according to their geological characteristics referred to as geothermal plays by Moeck (2014) (Figure 1-1):
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 11 Figure 1-1. Geothermal play types with example geothermal fields installed worldwide from Moeck (2014): CV-Convection dominated heat transfer, CD-Conduction dominated heat transfer I.1. Deep geothermal Deep geothermal reservoirs are located between 2000 and 5000 meters deep. They are found in volcanic or magmatic fractured rocks affected by an anomalous temperature gradient,reaching from 150°C to super critical temperatures in some cases. These resources can be used to generate electricity, or heat can be used directly. Cogeneration of heat and electricity is an efficient way to use this type of resource.

Figure 1 - 2 .

 12 Figure 1-2. Heat exploitation system by a geothermal power plant modified after (http://www.afpg.asso.fr)

  generated in around 88 countries (Figure1-1; Figure1-3). Several countries stand out as major producers and consumers of geothermal fluids for direct use as China, USA, Sweden, Turkey, Japan, Germany, Iceland, Finland, France and Canada. However, in most of them the development has been slow.
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 13 Figure 1-3. Installed capacity of geothermal energy across the world in 2020

  (Figure 1-4). The most favorable setting, hosting around 32 % of the systems are step-overs or relay ramps in normal CHAPTER 1 45 fault zones. Other settings are present such as intersections between normal faults and strikeslip or oblique-slip faults (22%), normal fault terminations or tipe-lines (22%), accommodation
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 14 Figure 1-4. (a) Geothermal fields in the Great Basin region after Faulds et al. (2004). Geothermal fields cluster in the Sevier Desert (SD), Humboldt structural zone (HSZ), Black Rock Desert (BRD), Surprise Valley (SV), and Walker Lane (WLG) belts. The northwestern Great Basin, directly northeast of the northwest terminus of the Walker Lane, contains the greatest concentration of fields. White circles are geothermal systems with maximum temperatures of 100-160°C; grey circles have maximum temperatures >160°C. ECSZ, eastern California shear zone. (b) Density of known geothermal systems (≥37°C) in the Great Basin region plotted on a map showing strain rates after[START_REF] Faulds | Favorable tectonic and structural settings of geothermal systems in the Great Basin region, western USA: Proxies for discovering blind geothermal systems[END_REF].
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 15 Figure 1-5. Schematic overview of the four representative European Variscan geotectonic settings including the demonstration sites, the analogue sites and the investigation methods according to Trullenque et al. (2018). Our case study is framed in red.A multidisciplinary input is therefore chosen and reservoir geologists play here a role of primary importance. The major difficulties for them consist in the lack of large-scale outcropping units since information are restricted to borehole data and indirect geophysical methods. Despite several decades of research and development efforts, the large-scale structure of geothermal reservoirs remains not fully understood at present.

  analogue can have different approaches. It is here emphasized on the adopted definition of an analogue as a site to gain input in understanding the evolution of given key processes at depth on certain types of geological structures. It is believed that one of these processes are fluid-rock interactions and their evolution depending on the amount of deformation in transcurrent structures affecting the crystalline basement.Under such a concept, Demonstration and Analogue sites do not need to be directly comparable in terms of specific geological record like timing and amounts of deformation. The study never had the purpose to establish a clear regional geology comparison between the two objects.For this work the analogue should at least satisfy the three main following conditions:1. Present an array of converging similarities in terms of large-scale tectonic setting 2. Have similar crystalline rock petrographic characteristics 3. Allow access to exceptionally outcropping conditions where deformation gradients and fluid rock interaction processes are particularly well developed and preservedThe Soultz-sous-Forêts (SsF) granitic geothermal reservoir, located in the URG, is considered in this study as the demonstration site located in a granitic basement overprinted by extensional tectonics (Figure1-5, red box). The Noble Hills (NH) range, located along a portion of the Southern Death Valley Fault Zone (CA, USA) forming the Death Valley basin, has been chosenas the main granitic analogue. The goal is to establish a model showing the evolution of transcurrent structures in terms of fluid-rock interactions and amount of strain considering the geological and structural heritage. Knowing the presence of strike-slip faults in the URG shoulders (close to the demonstration site), it is highly probable that these structures are found within the graben. Thus, mines in the URG shoulders (Vosges Mountains and Black Forest), dug in the gneiss, have been preliminary investigated in order to transpose the observations made in the NH. Even if both analogues (NH and URG mines) do not present exactly the same rock nature, granite and gneiss are both crystalline rocks with a similar mineralogical and chemical composition. The combination of data from both sites is thus realistic in order to better understand the SsF reservoir. This work is a multidisciplinary methodology approach combining fieldwork and laboratory analyses like petrographic, petrophysical, geochemical and fracture distribution analyses. This research work has been carried out at UniLaSalle Beauvais, in the U2R 7511 Basins-Reservoirs-Resources (B2R) research unit, under the European H2020 MEET Project. the MEET Project is to gather knowledge of geothermal reservoirs in various geological settings by studying analogues. This work focuses on fault controlled convective dominated domains, i.e. extensional domain types (Figure2-1). Some of the typical targets are convergent settings containing a variety of extensional domains including pull-apart basins or graben structures[START_REF] Moeck | Catalog of geothermal play types based on geologic controls[END_REF].The demonstration site is the Soultz-sous-Forêts (SsF) geothermal reservoir located in the Upper Rhine Graben (URG). The primary attributed analogue is the Noble Hills range (NH) located in Death Valley (DV). URG shoulders have been preliminary investigated as a near-field analogue of the SsF reservoir.
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 21 Figure 2-1. Scheme cataloging the convection dominated geothermal play systems based on geological controls. 1-Play type, 2-Typus locality, 3-Plate tectonic setting, 4-Geological habitat of potential geothermal reservoirs, 5-Heat transfer type and 6-Geologic control after Moeck (2014).
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 22 Figure 2-2. Cenozoic tectonic evolution, western North America after Faulds et al. (2004). The box surrounds the locus of geothermal activity in the northwestern Great Basin. MTJ, Mendocino triple junction; SAF, San Andreas fault; WL, Walker Lane.
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 23 Figure 2-3. Simplified tectonic map of the western USA Cordillera showing the modern plate boundaries and tectonic provinces after Nagorsen-Rinke et al. (2013). Basin and Range Province is in medium gray; Central Nevada seismic belt (CNSB), eastern California shear zone (ECSZ), Intermountain seismic belt (ISB), and Walker Lane belt (WLB) are in light gray; Mina deflection (MD) is in dark gray.
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 24 Figure 2-4. Shaded relief index map of Quaternary faults, roads, towns, and field trip stops in the eastern California shear zone after Frankel et al. (2008). Most faults are from the U.S. Geological Survey Quaternary fault and fold database (http://earthquake.usgs.gov/regional/qfaults). Arrows indicate relative fault motion for strike slip faults. Bar and circle indicate the hanging wall of normal faults. AHF-Ash Hill fault; ALF-Airport Lake fault; B-Bishop; BF-Blackwater fault; BLF-Bicycle Lake fault; BM-Black Mountains; BP-Big Pine; Br-Baker; Bw-Barstow; By-Beatty; CA-California; CF-Cady fault; CLF-Coyote Lake fault; CoF-Calico fault; CRF-Camp Rock fault; DSF-Deep Springs fault; DV-FLVF-Death Valley-Fish Lake Valley fault; EPF-Emigrant Peak fault; EV-Eureka Valley; FIF-Fort Irwin fault; FM-Funeral Mountains; GF-Garlock fault; GFL-Goldstone Lake fault; GM-Grapevine Mountains; HF-Helendale fault; HLF-Harper Lake fault; HMSVF-Hunter Mountain-Saline Valley fault; I-Independence; LF-Lenwood fault; LLF-Lavic Lake fault; LoF-Lockhart fault; LP-Lone Pine; LuF-Ludlow fault; LV-Las Vegas; M-Mojave; MF-Manix fault; NV-Nevada; O-Olancha; OL-Owens Lake; OVF-Owens Valley fault; P-Pahrump; PF-Pisgah fault; PV-Panamint Valley; PVF-Panamint Valley fault; R-Ridgecrest; S-Shoshone; SAF-San Andreas fault; SDVF-southern Death Valley fault; SLF-Stateline fault; SPLM-Silver Peak-Lone Mountain extensional complex; SNF-Sierra Nevada frontal fault; SP-Silver Peak Range; T-Tonopah; TF-Tiefort Mountain fault; TMF-Tin Mountain fault; TPF-Towne Pass fault; WMF-White Mountains fault; YM-Yucca Mountain.
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 2 Figure 2-5. (a) Generalized map of the Death Valley region showing the fault systems and their relationship to the Garlock Fault Zone from(Butler et al., 1988). (b) A model of the Death Valley "pull-apart" basin from(Burchfiel and Stewart, 1966). (c) Sub-basins of modern Death Valley from[START_REF] Miller | Geology of Death Valley National Park[END_REF] after[START_REF] Blakely | Cenozoic basins of the Death Valley extended terrane as reflected in regional-scale gravity anomalies[END_REF].
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 26 Figure 2-6. Geologic map of Death Valley area after Miller (2005). Numbers and arrows depict corresponding photo location and direction of view. Abbreviations for mountain ranges are as follows: B: Black Mountains; C: Cottonwood Mountains; F: Funeral Mountains; G: Grapevine Mountains; L: Last Chance Range; N: Nopah Range; O: Owlshead Mountains; P: Panamint Mountains; R: Resting Spring Range. Abbreviations on location map of California are as follows: CA: California; DV: Death Valley National Park; LA: Los Angeles; NV: Nevada; SF: San Francisco; SN: Sierra Nevada Mountains.
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 27 Figure 2-7. (a) Generalized stratigraphy of the Pahrump Group in the Death Valley region revised by Mahon et al. (2014a). (b) Generalized columnar section of Precambrian to Lower Cambrian, Death Valley region from[START_REF] Wright | Precambrian Sedimentary Environments of the Death Valley Region, Eastern California[END_REF] 

  interest for this work is the Noble Hills (NH) range located at the southern part of the SDVFZ (Figure 2-8). It extends 17 km northwest from the Avawatz Mountains (AM)

Figure 2 - 8 .

 28 Figure 2-8. (a) Location of the Death Valley and the Noble Hills range, modified after(Norton, 2011). (b) Satellite view of the Noble Hills range.SDVFZ-Southern Death Valley Fault Zone, GFZ-Garlock Fault Zone. 
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 29 Figure 2-9. Geological map of the Noble Hills range fromKlee et al. (2021a) and modified afterKlee et al. (2020) andNiles (2016). The quaternary is not displayed and available onNiles (2016) map (Appendix 2). NHF-Noble Hills Formation
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 210 Figure 2-10. Conceptual scheme (a) at regional scale and (b) at the Noble Hills scale of the spatial arrangement of the Noble Hills fracture network from Chabani et al. (2021) II. UPPER RHINE GRABEN -SOULTZ-SOUS-FORETS GEOTHERMAL SITE II.1. Geodynamic evolution of the Upper Rhine Graben The Upper Rhine Graben (URG) is the central segment of the European Cenozoic Rift System (ECRIS) (Dèzes et al., 2004; Ziegler, 1992) (Figure 2-11a). It extends on 300 km length according to a SSW-NNE direction and on 30-40 km width (Schumacher, 2002) (Figure 2-11b). It is limited by the Rhenish massif in the north and the Jura Mountains to the south, but also by the Vosges Paleozoic crystalline massif in the southwest and by the Black forest crystalline massif in the southeast.
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 22 Figure 2-11. (a) Location map of the European Cenozoic rift system (ECRIS) in the Alpine andPyrenean foreland, showing Cenozoic fault systems (black lines), rift-related sedimentary basins (light gray), Variscan massifs (cross pattern) and volcanic fields (black). Solid barbed line: Variscan deformation front; stippled barbed line: Alpine deformation front. BF, Black Forest; BG, Bresse Graben; EG, Eger (Ohre) Graben; FP, Franconian Platform; HG, Hessian Grabens; LG, Limagne Graben, LRG, Lower Rhine (Roer Valley) Graben; URG, Upper Rhine Graben; OW, Odenwald; VG, Vosges after Cloetingh et al. (2005) and Dèzes et al. (2004). (b) Map of the deep geothermal sites operating or under development in 2020, also representing the major oilfields and the isotherms at 2000 m depth from[START_REF] Glaas | Clay Mineralogy: A Signature of Granitic Geothermal Reservoirs of the Central Upper Rhine Graben[END_REF] 

  (Figure 2-13a). These phases caused brittle tectonics with primary fracture sets oriented N45°E, N135°E, and N-S for the Carboniferous phase and N60°E to N90 ° E and N120°E for the Permian phase (Dezayes and Lerouge, 2019a). Both phases are separated by an orogenesis relaxation episode conducted to an extension along an NNE-SSW axis (Figure 2-13a). A N-S extension occurred during the Late Permian and extended during the Mesozoic. At the same time, until Early Cretaceous, the sedimentation of the Buntsandstein sandstone, Muschelkalk limestone and Keuper evaporites followed by the graben surrection and the erosion of the Late Jurassic layers (Figure 2-13a). This basin subsidence induced NW directed faults in the Vosges and the Black Forest massif (Dezayes and Lerouge, 2019a). The post-hercynian cycle refers to the Cenozoic rifting (ECRIS) described into 4 phases (Figure 2-13b): 1. A compressional sheared N-S phase at the Early Eocene influenced by the Alpine and Pyrenean thrusting, which reactivated the ENE-WSW and NNE-SSW inherited

4 .

 4 The final NW-SE compression phase occurred at the Early Miocene and still active is influenced by the Pyrenean thrusting transforming the URG into a shear zone. This change of strain is accompanied by the uplift and the erosion the Vosges and Black
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 2 Figure 2-13. (a) Synthesis of the main brittle tectonic phases and associated fracture set since the Hercynian orogenesis to the URG formation from Glaas (2021). (b) Synthetic block diagrams showing the four tectonic phases that occurred during the Cenozoic rifting of the Rhine Graben from[START_REF] Villemin | L'evolution structurale du fosse rhenan au cours du Cenozoique ; un bilan de la deformation et des effets thermiques de l'extension[END_REF]. A-N-S compression phase (Eocene); B-E-W extensional phase (Oligocene); C-NE-SW compressional phase (Oligocene) and D-NW-SE compressional phase (Miocene)
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 214 Figure 2-14. Temperature distribution at 2000 m TVD in the URG derived from 3D interpolation of 6531 temperature data from 1600 boreholes in the URG and adjacent areas, from Baillieux et al. (2013). The locations of the two main petroleum and geothermal areas at Pechelbronn/Soultz-sous-Forêts and Landau are indicated. Boreholes with a depth >2000 m TVD are indicated by triangles. VM, Vosges Mountains; BFM, Black Forest Mountains; OM, Odenwald Mountains; KV, Kaiserstuhl volcanic massif.
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 2  The Soultz-sous-Forêts EGS with the pilot plant from[START_REF] Ledésert | How Can Deep Geothermal Projects Provide Information on the Temperature Distribution in the Upper Rhine Graben? The Example of the Soultz-Sous-Forêts-Enhanced Geothermal System[END_REF]. -1400 m: depth of the basement roff; -2200 m: bottom of EPS-1 borehole.

  Deformation refers to the transformation (changes in shape, position or orientation) of an object which is the result from the application of a differential stress (Van der Pluijm and
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 31 Figure 3-1. (a) Brittle to (b-c) brittle-ductile to (d) ductile deformation after Van der Pluijm and Marshak, (2004) Deformation in rocks is achieved by a large number of processes depending on (1) factors such as mineralogy, grain size, lattice preferred orientation, porosity and permeability and (2) on external controls such as temperature, differential stress, lithostatic pressure, fluid pressure and external imposed strain rate.
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 32 Figure 3-2. Types of brittle deformation. (a) Orientation of the remote principal stress directions on an intact rock body. (b) A tensile crack, forming parallel to 1 and perpendicular to 3. (c) A shear fracture forming at an angle of about 30° to 1. (d) A tensil crack that has been reoriented with respect to the remote stresses and becomes a fault by undergoing frictional sliding. (e) A tensil crack which has been reactivated as a cataclastic shear zone. (f) A shear fracture that has evolved into a fault. (g) A shear fracture that has evolved into a cataclastic shear zone. Figure is from[START_REF] Van Der Pluijm | Earth structure: an introduction to structural geology and tectonics[END_REF].
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 33 Figure 3-3. Conceptual block-diagram of a fault zone from Choi et al. (2016) showing the main components of a fault zone architecture and structural elements and features in each component • a fault core, which is defined as the portion where most of the displacement is accommodated. It may include clay gouge, breccia, cataclasite, mylonite (Figure 3-4).
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 35 Figure 3-5. Schemes of typical strike-slip structures showing (a) a single fault core and (b) a multiple fault core, with associated damage zone from[START_REF] Mitchell | The nature and origin of off-fault damage surrounding strike-slip fault zones with a wide range of displacements: A field study from the Atacama fault system, northern Chile[END_REF] 
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 36  Schemes of the multiscale aspect of a fault zone from LeGarzic et al. (2011) 
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 38  The effect of changing the confining pressure on various rock types. (b) The effect of changing temperature on the compressive strength of some rocks and minerals after[START_REF] Van Der Pluijm | Earth structure: an introduction to structural geology and tectonics[END_REF].

  exists three diffusion-related deformation mechanisms (1) pressure solution, (2) grainboundary diffusion (Coble creep) and (3) volume diffusion (Nabarro-Herring creep).
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 39 Figure 3-9. Schemes of shear-sense indicators in a dextral ductile shear zone from Van der Pluijm and Marshak (2004) distinguishable from thin section to outcrop scale. Microstructures at the grain scale in deformed rocks result from three different mechanisms after Van der Pluijm and Marshak (2004): recovery, recrystallization and superplastic creep.
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 3 Figure 3-10. (a) Irregularly distributed dislocations. (b) Rearranged dislocations by glide and climb to form a tilt boundary (or dislocation wall) that separates subgrains. Figure from[START_REF] Van Der Pluijm | Earth structure: an introduction to structural geology and tectonics[END_REF].
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 312  Conceptual scheme for fault-related fluid flow from[START_REF] Caine | Fault zone architecture and permeability structure[END_REF].

  a published contribution to the Geosciences Journal, in the 2021 special issue "Enhanced Geothermal Systems and other Deep Geothermal Applications throughout Europe:

  can significantly change the mineralogy, the chemistry and the texture of the bulk-rock (Dezayes and Lerouge, 2019a) among which the common formation of clay minerals, including illite. Exploited geothermal reservoirs are located at depth, and the only and limited available data come from drillings (cores, cuttings) and seismic surveys. Studying exhumed geothermal reservoirs allows better understanding of the 3D features of the reservoir. To do so, the Noble Hills range (NH, Death Valley, CA, USA) has been selected as a possible granitic geothermal reservoir in a trans-tensional context. The NH are located in the southwestern part of the Great Basin region along the Southern Death Valley

  chemical transfers between host rock and percolating fluids. All samples have been collected away from fractures described byChabani et al. (2021) in order to avoid the influence of strain and massive fluid flow. This sampling strategy ascertains the preservation of the protolith initial magmatic texture and mineralogy. A second paper(Klee et al., 2021b) focusses on the role of deformation on hydrothermal alteration close to fractures. Data collected from the NH granite samples are directly compared to those obtained for the granite samples collected in the OM pluton, which is considered as the protolith. Analyses performed on targeted areas include macroscopic and microscopic petrographic studies, mineralogical characterization by X-ray diffraction (XRD) on whole rock and clay minerals, bulk rock chemical characterization by Inductively Coupled Plasma (ICP)-Mass Spectrometry (MS) and-Atomic Emission Spectrometry (AES), Scanning Electron Microscopy coupled with Energy Dispersive Spectrometry (SEM-EDS) for structural observation and local chemical analyses, as well as

  interest for this study is the southern part of the Death Valley (DV) region, which extends for about 200 km. It is located southwest of the Basin and Range province (Wernicke

  (Figure 4-1), generally NNW-SSE oriented. This depression is related to tension along a segment of two strike-slip faults. Those two strike-slip faults consisting in the Northern Death Valley Fault Zone (NDVFZ) and the Southern Death Valley

  . Recently,(Pavlis and Trullenque, 2021) suggested a net dextral slip along the SDVFZ of 40-41 km based on the offset positions of the granite-basement contact from the OM to the Avawatz Mountains. Much of the dextral slip, occurring before the deposition of the 6-8 Ma Neogene cover, is indicated by stratigraphic overlaps on fault rocks. This suggests an occurrence of the dextral slip during the main extension. The authors challenge the young feature of the DV pull-

Figure 4 -

 4 Figure 4-1. (a) Simplified tectonic map of the Great Basin region (western U.S. Cordillera) showing the tectonic provinces (modified after Nagorsen-Rinke et al. (2013)). WLB-Walker Lane Belt; ECSZ-Eastern California Shear Zone; GFZ-Garlock Fault Zone. The Basin and Range Province is represented in dark grey and the WLB/ECSZ in light grey. The red dashed line marks the limit between these both domains. The dark lines within the Basin and Range Province and in the WLB-ECSZ zone represent the main faults. (b) Structural setting of the Death Valley region (modified after[START_REF] Miller | Geology of Death Valley National Park[END_REF];Rämö et al. (2002). AM-Avawatz Mountains; BM-Black Mountains; BMF-Black Mountains Fault; CM-Cottonwood Mountain; FM-Funeral Mountains; GM-Grapevine Mountains; OM-Owlshead Mountains; PM-Panamint Mountains; GFZ-Garlock Fault Zone;NDVFZ-Northern Death Valley Fault Zone; SDVFZ-Southern Death Valley Fault Zone. 
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 442 Figure 4-2. (a) Map presenting the structural setting of the southern part of the Death Valley region and the location of the Noble Hills range (NH) and the location of samples in the Owlshead Mountains (OM) represented by the white dots. (b) A scheme showing the displacement of the NH granite from the OM along the SDVFZ described byPavlis and Trullenque (2021). (c) The geological map of the Noble Hills range, modified after(Klee et al., 2020; Niles, 2016). The quaternary is not displayed but available onNiles (2016) map. In (a,b), samples location for this study are represented by the white dots; the blue star corresponds to a sample fromRämö et al. (2002). NHF-Noble Hills Formation.

  has been calculated for each scanline. It consists in the number of fracture intersects per line length of scanline. The average was calculated to obtain a value of fracture density attributed to each thin section mosaic and corresponding to each microfracturing degree defined by[START_REF] Castaing | Apports de la géologie à la recherche et à l'exploitation de pierres de taille (roches ornementales et de construction)[END_REF]:Fd0 < 1687 fracs/m-no to very low microfracturing Fd1 = 1687 fracs/m-microfracturing of order less than the grain size Fd2 = 2694 fracs/m, with a multiplicator factor of 1.6-microfracturing of grain size order with interconnections Fd3 = 3549 fracs/m, with a multiplicator factor of 1.3-abundant microfracturing Fd4 ≥ 5140 fracs/m(Chabani et al., 2021), with a multiplicator factor of 1.4-very abundant microfracturing Samples selected for this study have so a fracture density lower or equal to Fd2.IV.2.3. SEM-EDSScanning Electron Microscope (Hitachi S-3400N SEM) equipped with a Thermo Ultradry Energy Dispersive X-ray Spectrometer (EDS) probe was used on two polished thin sections and one hand specimen at Institut Polytechnique UniLaSalle in Beauvais. It aimed at analyzing the microstructure characteristics and to perform qualitative and semi-quantitative chemical analyses of various selected mineral phases.A NORAN-type correction (©Thermo Fisher Scientific, Waltham, MA, USA) procedure was used for all data and all Fe was assumed to be ferrous for simplification. Polished thin sections were analyzed using a 50 µA beam current, an accelerating voltage of 20 kV and an performed at Institut UniLaSalle Beauvais on the 15 samples from the NH and one sample from the OM (OM_2) using a D8-Advance Bruker-AXS (Siemens, Munich, Germany) diffractometer with a Ni-filtered CuKα radiation at 40 kV and 40 mA, a primary soller slit of 2.5°, divergence slit of 0.6 mm and a secondary soller slit of 2.5°, with a detector slit of 0.1 mm and an antiscattering slit of 0.6 mm. Samples were crushed with an agate pestle and mortar. Quantitative phase analysis based on Reference Intensity Ratio values were performed

  major, trace and rare earth elements were completed on five selected samples from the NH (NH_1, NH_2, NH_3, NH_4 and NH_12) and one from the OM (OM_3) by Bureau Veritas Minerals (Vancouver, Canada) using ICP-ES and ICP-MS. Samples were crushed and mixed with LiBO2/LiB4O7 flux. Crucibles were fused in a furnace at 980 °C. Then, the cooled bead was dissolved in ACS grade nitric acid and analyzed by ICP-AES and/or ICP-MS. Loss on ignition (LOI) was determined by igniting the samples split then measuring the weight loss. determined using an OFITE 152-95 manocalcimeter. The analyses were performed on 15 samples from the NH and one sample from the OM at CY Cergy Paris University in the Geosciences and Environment Cergy (GEC) laboratory. It provides an indication of the total carbonate content in a sample and allows to assess the influence of calcite

  standard(test n°I.1, 1978). It consists in the saturation of the samples after vacuum degassing. The measurements were carried out at CY Cergy Paris University in the Laboratory of Mechanics and Materials for Civil Engineering (L2MGC).

  ). Most of the fractures are open and a few of them are filled by calcite.Calcite is also present at the grain boundaries (Figure4-4a,b).
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 43442444 Figure 4-3. Macroscale to microscale photographs illustrating (a-c) the Owlshead and (d-f) the Noble Hills granites. (a,d) Hand specimens for each granite showing their different aspects. (b,e) Thin section mosaics realized for each granite under optical microscope in polarized-analyzed light and showing the difference in terms of grain size and microfracturing. (c,f) Thin sections zooms of each granite mosaic in polarizedanalyzed light showing the difference in terms of alteration degree. Abbreviations (except for "Wm") after Kretz (1983): Bt-Biotite, Kfs-K-feldspar, Wm-K-white mica, Pl-Plagioclase, Qtz-Quartz.
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 45 Figure 4-5. Photomicrographs showing the plagioclase transformation progress in the Noble Hills granite. (a) Progressive illitization of plagioclase initiating in the core of the mineral under optical microscope in polarized-analyzed light. (b) Needles shape illite replacing plagioclase in polarized-analyzed light under optical microscope. (c) Back-scattered electron image of needles/flakes shape illite replacing plagioclase. (d) Plagioclase completely replaced by illite, kaolinite and calcite and non-altered K-feldspar under optical microscope in polarized-analyzed light. (e) Back-scattered electron image showing a fan shape kaolinite, calcite and oxide veinlet. (f) Back-scattered electron image showing a magnified view of a single mineral of kaolinite under SEM. Abbreviations (except for "Ox") after Kretz (1983): Ap-Apatite, Bt-Biotite, Cal-Calcite, Ill-Illite, Kln-Kaolinite, Kfs-K-feldspar, Ox-Oxides, Pl-Plagioclase, Qtz-Quartz.
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 46447 Figure 4-6. Photomicrographs showing a biotite completely altered and replaced by oxides and K-white mica (essentially illite) according to the cleavage planes (a) in polarized-analyzed light under optical microscope and (b) in polarized-analyzed light under optical microscope. Abbreviations (except for "Ox and Wm") after Kretz (1983): Bt-Biotite, Cal-Calcite, Kfs-K-feldspar, Wm-K-white mica, Ox-Oxides, Pl-Plagioclase, Qtz-Quartz.
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 47 Figure 4-7. Normative composition of one sample from the OM and 4 samples from the NH in a QAP (Quartz-Alkali-feldspar-Plagioclase) ternary diagram(Streckeisen, 1973).
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 448 Figure 4-8. XRD result obtained for the clay fraction < 2 µm in Air-Dried (AD), Glycolated (G) and Heated (H) of the samples in the OM granite and showing a montmorillonite (Mnt) pattern. V.1.3.2. Noble Hills
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 49 Figure 4-9. XRD patterns obtained for the clay fraction < 2µm in Air-Dried (AD), Glycolated (G) and Heated (H) for the NH granite and showing the clay composition of the samples in the NH granite: (a) corrensite (Cor), a chlorite/smectite mixed-layer, and (b) illite/smectite mixed-layer (I/S). Abbreviations (except for "Cor and I/S") after Kretz (1983): Bt-Biotite, Kln-Kaolinite, Qtz-Quartz, Ill-Illite.
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 410 Figure 4-10. Geological map (see Figure 4-2b) representing the Kübler Index (KI) in air dried conditions of each sample and the corresponding metamorphic zone showed by the color of the dots for (a) the fraction < 2µm and (b) the fraction 2-6 µm.
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 4  Total alkali versus silica diagram ([START_REF] Cox | The Interpretation of Igneous Rocks[END_REF] adopted for plutonic rocks by[START_REF] Wilson | Review of igneous petrogenesis: A global tectonic approach[END_REF]). (b) AFM (Alkali-Fe2O3-MgO) classification diagram established by[START_REF] Jensen | A new plot for classifying subalkalic volcanic rocks[END_REF]. (c) A/CNK

  Rämö et al. (2002) plots in the syenite field, while it plots in the monzonite field in the. The AFM triangular plot classifies all the samples as calcalkaline. The silica content of the OM granite 74.65 wt.% is higher than that of the NH granite which ranges from 68.54 to 69.56 wt.%. According to the SiO2 versus A/CNK diagram (Figure4-11c)[START_REF] White | Granitoid types and their distribution in the Lachlan Fold Belt, southeastern Australia[END_REF], all the samples are peraluminous rocks, and are found rather far from the boundary with metaluminous S-type granites, with a A/CNK between 1.4 and 1.6 wt.%. Harker diagrams complete the information by showing a high content of K2O ranging from 3.6 to 4.43 wt.%, and plot the samples in the high-K calc-alkaline domain (Figure4-12a) which limits where defined by Le[START_REF] Le Maître | A classification of igneous rocks and glossary of terms[END_REF]. However, the OM sample has a lower Al2O3 content (12.9 wt.%) than the NH samples(14.53-15.36 wt.%) forming a separate cluster (Figure 4-12b). Again, the sample from Kretz (1983) (DVB-114A-blue star) shows a large difference in composition compared to OM_3.
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 4 Figure 4-12. Harker diagrams showing the variation of (a) K2O (Le Maître et al., 1989) and (b) Al2O3 in the OM and NH granites. A sample from the OM analyzed by Rämö et al. (2002) is represented by the blue star

  the LOI. K2O and Na2O contents of the OM granite are equivalent to those of the freshest NH granites (NH_2, NH_10 and NH_1). However, the OM granite sample presents a higher amount of SiO2 and a lower amount of Al2O3, CaO and MgO. The chemistry of the OM granite seems different from that of the NH granite regarding Figure 4-12 and Figure 4-13 even though, according to Pavlis and Trullenque (2021), the NH granite derived from the OM granite.
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 4 Figure 4-13. Plot of selected major element oxides (SiO2, K2O, Al2O3, Na2O, CaO and MgO) versus LOI (loss on ignition).

  contents. More generally, samples are relatively rich in large-ion lithophile elements (LILEs) such as Rb, Ba, Th and U, with Sr having the greatest depletion relative to the LILEs. High field strength elements (HFSEs) such as Ta, Nb, Zr and Hf are depleted compared to the LILEs. The OW granite shows, once again, a different trend compared to the NH samples. It has higher Th, Ta, Nb, La, Ce, Nd and Sm contents and a lower Ba content. On both diagrams of Figure14, the sample DVB-114A(Rämö et al., 2002) shows a different pattern compared to OM_3.
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 4 Figure 4-14. (a) Chondrite-normalized (values from [77]) rare earth element (REE) patterns of samples from the OM and the NH. (b) Primitive mantle-normalized (values from McDonough et al. (1992)'s slight revision of Sun and McDonough (1989)) multi-element diagram showing trace element patterns of samples from the OM and the NH.

  a low LOI corresponds to a low amount of calcite and a low porosity and that a low amount of calcite fits with a low porosity except for NH_7.
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 4 Figure 4-15. (a) Plot of the porosity versus the calcite content. (b) Plot of calcite content versus LOI (Loss on ignition). (c) Plot of porosity versus LOI. VI. DISCUSSION VI.1. Petrogenesis of the OM and NH Granites Bulk rock analyses of the OM and NH granites indicate for both of them a calc-alkaline, monzogranite composition, S-type in character (Figure 4-11). (Rämö et al., 2002) also investigated the OM in the same batholith, but south of our sampling area (blue star in Figure 4-2a). The comparison of geochemical data from their sample with the samples studied here, shows differences in terms of chemical composition (Figure 4-7, Figure 4-11, Figure 4-12 andFigure[START_REF] Odling | Variations in Fracture System Geometry and Their Implications for Fluid Flow in Fractured Hydrocarbon Reservoirs[END_REF][5][START_REF] Geiger | Non-Fourier Thermal Transport in Fractured Geological Media[END_REF][START_REF] Ledésert | Fractal Analysis of Fractures Applied to Soultz-Sous-Forets Hot Dry Rock Geothermal Program[END_REF][8][START_REF] Valley | Main Fracture Zones in GPK3 and GPK4 and Cross-Hole Correlations[END_REF][START_REF] Bour | On the Connectivity of Three-dimensional Fault Networks[END_REF][START_REF] Darcel | Connectivity Properties of Two-Dimensional Fracture Networks with Stochastic Fractal Correlation: Connectivity of 2D Fractal Fracture Networks[END_REF][12][START_REF] Castaing | Scaling Relationships in Intraplate Fracture Systems Related to Red Sea Rifting[END_REF][START_REF] Marrett | Extent of Power-Law Scaling for Natural Fractures in Rock[END_REF]. The OM seems to be a heterogenous pluton.

  The same observations were done through the primitive mantle-normalized spider diagrams, which shows variations in Ta and Nb contents of the NH samples (Figure4-14b). Those variations are in good correlation with the LOI: the higher the LOI, the lower the Nb and Ta contents.[START_REF] Li | Hydrothermal alteration associated with Mesozoic granite-hosted gold mineralization at the Sanshandao deposit, Jiaodong Gold Province, China[END_REF] observed Nb/Ta ratios in altered domains in granitic rocks due to the Nb and Ta decreasing content during the illitization stage. The LOI is directly related to the percentage of alteration, the same phenomenon is observed in our samples. The depletion ofCHAPTER 4 118 

  -2, the NH range is a structure stretched NW-SE. The KI values display a trend following this direction with decreasing values towards the south-east. KI values can be associated to different metamorphic zones corresponding to ranges of temperature (Table4-1,[START_REF] Abad | Physical meaning and applications of the illite Kübler index: measuring reaction progress in low-grade metamorphism. Diagenesis and Low-Temperature Metamorphism[END_REF]). The northwestern part of the range, characterized by high KI values, reveals mostly low-grade diagenesis tending progressively to high-grade diagenesis roughly toward the SE. A decrease of KI values indicates an increase in temperature[START_REF] Merriman | Patterns of Very Low-Grade Metamorphism in Metapelitic Rocks[END_REF]. Thus, this tendency reflects a temperature gradient increasing from the NW toward the SE. The elevation being higher in the south-east, with a higher temperature in this zone might indicate that the southern part of the range was more buried than the rest of the range and has been exhumed. A northeast-vergent contractional deformation is well expressed along the NH range in addition to the strike-slip deformation. It increases in intensityCHAPTER 4 119 where the NH range converges with the Avawatz mountains ((Niles, 2016) and references therein), at the intersection between the SDVFZ and the GFZ[START_REF] Brady | Thematic mapper and field investigations at the intersection of the Death Valley and Garlock fault zones, California[END_REF].[START_REF] Chabani | Analyse Méthodologique et Caractérisation Multi-Échelle Des Systèmes de Fractures à l'interface Socle/Couverture Sédimentaire Application à La Géothermie (Bassin de Valence, SE France)[END_REF] have identified E-W structures in this area and they suppose that these structures are linked to the activity of the GFZ and the convergence of the Avawatz and the NH range. It is tempting to propose that this convergence implied the elevation of the topography at the southern part of the NH range. A work is in progress about exhumation history reconstruction by means of isotopic dating.

  . According to optical observations, SEM-EDS and XRD analyses, two types of alteration processes have been identified in the OM and NH granites which are classified as (1) propylitic alteration and (2) argillic alteration. The characterization of the paragenesis and the alteration processes of the granites investigated in this study help to refine a part of the history of the OM and NH granitic basements (Figure 4-16).
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 4 Figure 4-16. Paragenesis sequence and alteration evolution in the OM and NH granite.
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 4 Figure 4-17. Schematic representation of the different alteration processes which can be observed in the OM and NH granites. (a) Fresh granite non-affected by alteration. (b) Granite affected by the propylitic alteration showing the slight chloritization of biotite and the crystallization of K-white micas in the core of plagioclase. (c) Granite affected by the argillic alteration and localized along fractures where fluid has circulated. Biotite are locally completely transformed into illite and plagioclase into illite, calcite and/or kaolinite. Perthites and inclusions in K-feldspars can also be altered. Abbreviations (except for "Ox and Wm") after Kretz (1983): Bt-Biotite, Cal-Calcite, Chl-Chlorite, Ep-Epidote, Ill-Illite, Kln-Kaolinite, Kfs-Kfeldspar, Ox-Oxide, Pl-Plagioclase, Qtz-Quartz, Wm-K-white mica.

2 .

 2 According to[START_REF] Fulignati | Clay Minerals in Hydrothermal Systems[END_REF], the presence of kaolinite in alteration paragenesis indicates a fluid temperature lower than 200-150 °C. Kaolinite is stable under more acidic conditions than illite, with pH values ranging from about 4.5 to 6. It alsoCHAPTER 4 122 represents a more advanced product of hydrolysis reaction due to a high H + activity in hydrothermal fluids.
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 4 Figure 4-18. Back-scattered image showing a magnified view of plagioclase dissolution pits under SEM (15 kV 5.3 mm x 1.7 k BSECOMP).

  2. A local argillic alteration. This alteration was identified only locally in the NH granite by the occurrence of clay minerals such as kaolinite, illite/smectite mixed-layers and illite, all of which crystallize at a lower temperature than the propylitic alteration. Kaolinite and illite might reflect a different amount of leaching or different pH, meaning that several fluids have circulated. 3. Weathering identified in the OM granite by the presence of montmorillonite, thus formed at surface temperature. CHAPTER 4 127

  aims at developing Enhanced Geothermal Systems throughout Europe. Within this project, the Noble Hills (NH) range, located in the southern termination of the Death Valley (DV, California, USA), has been chosen as an analogue of fractured granitic basements in a context of transtensional deformation(Klee et al., 2021a).Klee et al. (2021a) highlighted numerous evidences of hydrothermal alterations: (1) a propylitic alteration affecting pervasively a large volume of rock during the cooling of the pluton and (
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 5 Macroscopic and microscopic petrographic studies, XRD mineralogical characterization of whole rock and clay minerals , bulk rock chemical analyses by Inductively Coupled Plasma (ICP) -Mass Spectrometry (MS) and -Atomic Emission Spectrometry (AES), Scanning Electron Microscopy coupled with Energy Dispersive Spectrometry (SEM-EDS) for structural observation and local chemical analyses, mass balance calculations, fracture density calculations, calcimetry and porosimetry were performed on samples collected in the vicinity of fracture zones within areas of the NH affected by low to moderate regional transcurrent strain.

  -1b). It is located in the southernmost part of the DV region and trends parallel to the NW-striking SDVFZ at its southern end. Geological markers along the SDVFZ trace,Pavlis and Trullenque (2021) suggest that the NH correspond to a transported fragment of the frontal part of the Owlshead Mountains (OM) a Cretaceous (~95 Ma,(Rämö et al., 2002)) granitic pluton at a 40-41 km distance to the SE. Several attempts have been made and dicussed in the literature to give insights on the geological setting of the NH and structural relationships between SDVFZ and

  new elements improving the observations made by Klee et al. (2020) and Niles (2016) concerning the NH structure. A precise fracture patterns characterization of the NH was performed by Chabani et al. (

Figure 5 -

 5 Figure 5-1. (a) Location of the Noble Hills on the western USA satellite map. SAFZ -San Andreas Fault Zone, GFZ -Garlock Fault Zone and DV -Death Valley. (b) The geological map of the Noble Hills range, modified afterKlee et al. (2020),Niles (2016) andKlee et al.( 2021a). The quaternary is not displayed but available on the map provided byNiles (2016). Sample locations are represented by the white dots. The asterisk shows the samples used as case studies in this work. NHF -Noble Hills Formation.

1 .

 1 Klee et al. (2021a) also have shown that the NH granite underwent two alteration stages forming secondary minerals that recorded the chemical and paleo-thermal conditions of the system: (1) a pervasive, propylitic alteration linked to the cooling of the pluton and (2) a more local alteration corresponding to the argillic alteration (illitization and sometimes kaolinitization) which overprints the propylitic alteration. Among the primary minerals, optical observations and geochemical data show that only plagioclase and biotite are affected by those alteration processes. Material and Sample selection Digital field mapping techniques have been used in the field, these include the use of portable rugged tablet laptop with internal GPS. The QGIS software has been used for sample location, geological digitization and structural data acquisition. Georeferenced topographic maps and ortho-imagery were the initial input of the database. A detailed petrographic, mineralogical, geochemical and petrophysical characterization was conducted on 25 samples from the NH granite, based on fieldwork and laboratory analyses. Samples were selected by targeting fracture zones located in CBS areas that have been affected by low to moderate strain. It aims to characterize the influence of fracturing on fluid circulations and the associated argillic alteration, mentioned only by Klee et al. (2021a) until now. Thus, the collected samples consist of altered granite presenting open fractures, veins, reactivated veins and breccias. All the samples are georeferenced for precise location as well as database supply (Figure 5-1c). The selection took into account ranges of fracture density (Fd) defined by Klee et al. (2021a) from scanlines realized on thin sections, based on Castaing and Rabu (1981): Fd 0 < 1687 fracs/m -no to very low microfracturing, Fd 1 = 1687 fracs/m -microfracturing of order less than the grain size, Fd 2 = 2694 fracs/m, with a multiplicator factor of 1.6 compared to Fd1 -microfracturing of grain size order with interconnections, Fd 3 = 3549 fracs/m, with a multiplicator factor of 1.3 compared to Fd2 -abundant microfracturing, Fd 4 ≥ 5140 fracs/m ((Chabani et al., 2021) this issue), with a multiplicator factor of 1.4 compared to Fd3 -very abundant microfracturing, Samples selected for this study have a fracture density higher than 2694 fracs/m meaning they fall into categories from Fd2 to Fd4. Fd4 corresponds to highly strained zones in which granite becomes a breccia. In order to correlate the fracture density with the amount of alteration, 3 hand specimens and 7 thin sections, located in the granite body, are used for fracture extraction and analysis. These fracture characterizations are based on the scanline method, described in section 3.1. Data fromChabani et al. (2021) (this issue) will be used to complete the characterization.

  : Cv < 1 indicates a regular fracture spacing, Cv ~ 1 indicates a random distribution and Cv > 1 indicates a clustered distribution. Fracture density data obtained by Chabani et al. (2021) on selected samples will be used in this study.

  and associated with NSS thermal scientific software. These analyses aimed to obtain qualitative and semi-quantitative chemical compositions and to characterize the microstructure of different selected phases. The analytical CHAPTER 5 136 conditions consisted of 50 µA beam current, an accelerating voltage of 20 kV and an acquisition time of 30 s. A NORAN-type correction procedure was used.

  Spectrometry or Mass Spectrometry (ICP-ES and ICP-MS respectively). Samples were crushed CHAPTER 5 139 and mixed with LiBO2/LiB4O7 flux. Crucibles were fused in a furnace at 980°C. The obtained cooled bead was dissolved in ACS grade nitric acid and analyzed. Loss on ignition (LOI) was determined by igniting the samples split then measuring the weight loss. These chemical analyses were performed in order to determine the element transfers and the degree of alteration.

  without the LOI. The densities were calculated from the sample masses obtained during the porosity measurements. The Fv was calculated for each altered sample by considering XAl2O3 = 0 following the analysis of the values. Xn was calculated for each element. Then, the obtained Fv values being very close to 1, the Xn values were recalculated by considering Fv = 1 (constant volume). Hence, Xn values > 0 (positive values) represent the gains and Xn values < 0 (negative values) represent the losses for the considered elements. This calculation was applied for the major elements in each sample.
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 552 Figure 5-2. (a) Satellite view of the NH range showing a deformation gradient increasing southeastward, represented by the yellow dashed lines. (b and c) Map view zooms on the Proterozoic units along the NH strike showing the strain increase from (b) to (c), where basal CS sedimentary sequence appears increasingly stretched and boudinated.

  , except for the following: Olg -Oligoclase, Ox -Oxide, I/S -Illite/Smectite, C/S -Corrensite, n.m. -not measured, n.a. -not analyzed.
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 535545555 Figure5-3. Two examples of XRD patterns obtained for the clay fraction < 2 µm in Air-Dried (AD-dark), after Glycol solvation (G-blue) and Heated (H-red) conditions for the NH granite, which were not identified in the fresh granite described by(Klee et al., 2021a), and showing different clay compositions. (a) Illite, kaolinite and quartz. (b) Vermiculite, illite, kaolinite and quartz.
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 5 -5a) presents a vein around 10 cm thick crosscutting the granite and with a pinkish halo developed on each border. This halo represents the hydrothermalized zone of the granite. The sample NH_31 (Figure 5-7a) is composed of (1) a brecciated vein presenting brecciated quartz remnants which were overprinted by a carbonate matrix and granitic clasts transported by the carbonate matrix, (2) a hydrothermalized zone which corresponds to the pinkish halo, and (3) the porphyritic granite crosscut by veinlets filled by carbonates coming from the brecciated vein. Quartz vein are scarce in the NH granite. CHAPTER Fractures are dominantly rich in carbonates. It can be observed through this sample that carbonates crosscut the quartz.
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 575 Figure 5-7. (a) Photo and the respective digitalization of the sample NH_31, gathering NH_31_1_2 and NH_31_3, showing the different compartments that compose it, as well as the two scanlines realized in the host rock of the vein. (b) Plots of the cumulative frequency percentage against distance percentage for both scanlines. The diagonal represents an uniform distribution. (c) Stick plots showing the fracture position along the scanlines and for which the fracture density (P10) and the coefficient of variation (Cv) are given.
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 5 7b. The fracture frequency regularly and slowly increases over the first half part of the diagram curve, then increases regularly but more significantly. The Cv of 0.67 and 0.60 for each scanline shows a regular to random fracture arrangement which is confirmed by the stick plots in Figure 5-7c. Both scanlines present an equivalent fracture density of 829 fracs/m and 882 fracs/m.Moreover, three thin sections were gained from the sample and one scanline was realized from each thin section (Figure5-8a,b). As for the sample scanlines, the thin section scanlines were realized perpendicular to the vein and towards the host rock (Figure5-8c).SL_NH_31_1 shows a fracture frequency that increases following a random arrangement (Cv = 1.03) (Figure5-8c,d).The SL_NH_31_2, parallel to the previous scanline, presents also an irregular distribution. The frequency increases slowly at the beginning, followed by a high fracture density zone around 05 (fracture cluster), then a more significant increase comprising a new fracture cluster around 2-2.2 (Figure5-8c). The slightly higher Cv compared to the previous scanline (Cv = 1.07) and the fracture distribution (Figure5-8c) indicate a random to clustered arrangement of the fractures. The last scanline SL_NH_31_3, which is the furthest from the vein, shows a greater overall increase of the fracture frequency compared to the two previous scanlines (Figure5-8c). Only one fracture cluster was identified around 1.7-1.9 cm even if the Cv is higher (Cv = 1.11). The fracture arrangement is again considered as random to clustered.Cv values as well as fracture density values increase from the vein towards the host rock, from 1.03 to 1.11 and from 2997 fracs/m to 5084 fracs/m respectively (Figure5-8d).
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 5535595 Figure 5-8. (a) Thin sections location on the sample NH_31. (b) Thin section mosaics showing the position and orientation of the scanlines. (c) Plots of the cumulative frequency percentage against distance percentage for each scanline. The diagonal represents a uniform distribution. Dashed lines indicate a zone where a rapid increase of the number of fractures is observed (slope threshold > 2). (d) Stick plots showing the position of the fracture along the scanlines and for which the fracture density (P10) and the coefficient of variation (Cv) are given.

Figure 5 -

 5 Figure 5-10. (a) Photograph of the sample NH_36 showing the scanline and the emplacement of the two thin sections made in the sample. (b) Plot of the cumulative frequency percentage against distance percentage for the scanline. The diagonal line represents an uniform distribution. Dashed lines indicate a cluster, meaning a zone where a rapid increase of the number of fractures is observed (slope threshold > 2). (c) Stick plot showing the fracture position along the scanline and for which the fracture density (P10) and the coefficient of variation (Cv) are given. (d) Thin section mosaics showing the position and the orientation
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 5 , Figure 5-10a). The cumulative frequency against the fractures projected position presented in Figure 5-10b shows a fracture frequency slowly increasing, as well as a fracture cluster. The Cv of 1.03 indicates a random arrangement of the fractures along the scanline (Figure 5-10c). A fracture density of 342 fracs/m was compiled (Figure 5-10c).Two thin sections were made from the sampled). Two perpendicular scanlines were realized on each thin section (Figure5-10d).Regarding the thin section NH_36_1, the scanline SLH_NH_36_1, perpendicular to the main fractures, shows a fracture frequency increases slowly the first 30%, then increases more strongly by presenting five fracture clusters (Figure5-10e). This fracture distribution is highlighted by a Cv = 1.49, confirming a clustered arrangement of the fractures (Figure5-10f).The fracture clusters are respectively comprised between, 0.9-1.2 cm, 1.4-1.5 cm, 1.55-1.6 cm, 1.7-1.85 cm and 2.05-2.1 cm intervals (Figure5-10e,f). The scanline SLV_NH_36_1, parallel to the main fractures, shows a different trend. The fracture frequency increases slowly and irregularly (Figure 5-10e). This distribution is highlighted by a Cv = 1.01, indicating a random arrangement of the fractures (Figure 5-10f). Considering both scanlines, the average fracture density is of 5474 fracs/m. Regarding thin section NH_36_2, the scanline SLH_NH_36_2, parallel to the main fractures shows a fracture frequency trending similarly to SLV_NH_36_1. Four fracture clusters were identified (Figure 5-10e), also visible in the stick plot between 0.95-1.3 cm, 1.85-2.05 cm, 2.5-2.7 cm and 3.1-3.2 cm (Figure 5-10f). The Cv = 1.11 confirmed a random to clustered arrangement of the fractures. The scanline SLV_NH_36_2, perpendicular to the main fractures crosscut the magmatic preserved texture of the granite and a breccia. A change of the curve inclination is visible around 65% of the scanline, where the fracture frequency strongly increases (Figure 5-10e). It corresponds to the limit between both zones (Figure 5-10d). The Cv = 0.92 indicates a global regular to random fracture arrangement along this scanline (Figure 5-10f). Considering both scanlines, the average fracture density is of 4581 fracs/m. CHAPTER Because fractures are difficult to recognize in the breccia of the sample NH_36_2, the fracture density calculated for both thin sections may be underestimated. As for sample NH_31, an important difference between the P10 values of the sample and the thin sections is observed. However, a global random arrangement of the fractures at both scales is observed. Only SLH_NH_36_1 presents a clustered distribution. • Petrographic and Petrophysical Characterization The two thin sections (Figure 5-11a,b,c) allow petrographical characterization the sample. The first thin section, NH_36_1 (Figure 5-11a,b), shows a breccia of the granite with significant variations of the grain size. No crystallographic preferential orientation (CPO) is observed. Some zones show brecciated minerals with small precipitation of carbonates as calcite and dolomite in the microfractures (Figure 5-11d). Primary minerals are only slightly altered but intensively deformed. Quartz which shows a pronounced undulatory extinction and starts to dynamically recrystallize by means of sub-grain rotation processes (Figure 5-11d). Other zones show still preserved minerals but also a significant amount of carbonate, mainly calcite, between the clasts (Figure 5-11e). The second thin section, NH_36_2 (Figure 5-11c), shows a granite with a preserved magmatic texture but fractured, and a breccia composed of a carbonate matrix and transported clasts coming from the granite with no CPO. The preserved granite part shows a low alteration degree. Quartz, K-feldspars (orthoclase and microcline) and biotite are fractured and unaltered. Plagioclase is fractured and slightly altered and replaced by kaolinite (Figure 5-11f). The breccia shows a matrix composed of dolomite and calcite flowing through transported clasts of unaltered quartz and feldspar and lenses of kaolinite (Figure 5-11g).
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 555 Figure 5-11. (a) Sample NH_36 collected close to a fault zone showing the location of the two thin sections. (b) A mosaïc of the thin section NH_36_1 showing a breccia. (c) A mosaïc of the thin section NH_36_2 showing the limit between a breccia and the almost preserved granite. (d) A microphotograph of the NH_36_1 thin section showing a brecciated and slightly altered plagioclase, a brecciated quartz with a significant undulatory extinction starting to recrystallized into subgrains, a brecciated biotite and calcite crystallizing in the microfractures. (e) A micrograph of thin section NH_36_1 showing brecciated and nonaltered K-feldspar and quartz with dolomite and calcite deposits between the clasts. (f) A microphotograph zooming in the preserved granitic zone visible of the thin section NH_36_2 and showing a brecciated and partially replaced plagioclase into kaolinite and brecciated but unaltered quartz and biotite. (g) A microphotograph zooming in the brecciated part of the thin section NH_36_2 and showing a carbonate matrix composed of dolomite and calcite transported clasts from the granite.V.3.2.3. Sample NH_23 
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 55 Figure 5-13. (a) Thin section location on the sample NH_23. (b) Thin section mosaics showing the position and orientation of the scanlines. (c) Plots of the cumulative frequency percentage against distance percentage for each scanline. The diagonal represents a uniform distribution. Dashed lines indicate a zone where a rapid increase of the number of fractures is observed (slope threshold > 2). (d) Stick plots showing the position of the fractures along the scanlines and for which the fracture density (P10) and the coefficient of variation (Cv) are given.
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 5514 Figure 5-14. Photomicrographs of the different compartments of the sample and their location in the sample. (a) Veins of ankerite and calcite crosscutting the major quartzitic/feldspathic vein of the sample under optical microscope in polarized-analyzed light. (b) Back-scattered electron image of the photomicropgraph (a). (c) Photomicropgraph of the ankerite-granite interlayering zone under optical microscope in polarizedanalyzed light. (d) A zoom image of the ankerite vein, under optical microscope in polarized-analyzed light, presented in (c) and showing a sigmoid of ankerite with a swell of automorphic crystals crushed and stretched in the pinches. (e) The altered granite close to the vein showing a completely altered plagioclase and biotite both replaced by illite and oxides and patially altered K-feldspar under optical microscope in polarizedanalyzed light. (f) The altered granite away from the vein showing a completely altered plagioclase replaced by illite and kaolinite, biotite partially replaced by illite and oxides, an unaltered K-feldspar and calcite veinlets under optical microscope in polarized-analyzed light.
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 5 Figure5-15. Plot of selected major element oxides (Na2O,K2O, Al2O3, CaO, MgO, Fe2O3 and SiO2) versus LOI (loss on ignition) of samples from this study in orange and fromKlee et al. (2021a) in grey. The dashed arrows show the different trends observed.
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 55 Figure 5-16. NH geological map showing the location and the associated calcite content of samples from this study represented by the white dots and of samples from Klee et al. (2021a) by the grey dots.

4 .

 4 The Fv shows values very close to 1 indicating a small change in volume between the freshest sample and the

  5, by considering a constant volume, Fv = 1, as exposed by Gresens (1967). Positive values represent the gains and negative values the losses of the considered elements. Absolute mobility values indicate almost immobility of Al2O3, TiO2 and MnO. They also show losses of SiO2 and Na2O, which are three times more important in NH_27 than in NH_31-3 and twice that of NH_36. The losses of Fe2O3 and MgO, are more important in NH_31_3 and less important in NH_36. CaO losses are observed in NH_31_3, whereas CaO gains are observed in NH_36 and a high gain is observed in NH_27. Finally, the results show a gain of K2O in samples NH_27 and NH_31_3 and a loss in NH_37.
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 555175 Figure 5-17 by the dots. In both fractions, most of the samples present KI values corresponding to the diagenetic zone except for two samples (NH_32 and NH_34). These samples are located in the northwestern part of the main granitic body (Figure 5-7a,b), at the contact with the Proterozoic basement. They present lower KI values of low anchizone and epizone. No significant variations in KI or trends are observed between both fractions.
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 5 Figure 5-18. (a) Diagrams showing Kübler Index (KI) values versus kaolinite crystallinity index (KCI) for the clay fractions <2 µm and 2-6 µm. (b) Diagram showing positive correlations between KI and KCI for the clay fractions <2 µm and 2-6 µm excluding samples NH_6, NH_8 and NH_31_1_2.
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 2456 Illite veinlets, which have different behaviors according to the mineral crossed. Indeed, as presented byKlee et al. (2021a) and[START_REF] Sardini | Quantification of Microscopic Porous Networks By Image Analysis and Measurements of Permeability in the Soultz-Sous-Forêts Granite (Alsace, France)[END_REF], plagioclase is the main pathway for fluid flow due to their abundance in the rock and to dissolution pit porosity allowing the interconnection between the pores. In quartz and K-feldspar, however, only microfractures create the porosity allowing the fluid to circulate. This explains why veinlets look like straight lines in quartz and K-feldspar and are twisted and blurred lines in altered plagioclase. Illite veinlets can be contemporary to kaolinite veinlets. 3. A dolomitic brecciated vein embedding essentially quartz clasts, like in sample NH_31. Carbonate veins with different compositions: contemporary ankerite/dolomite veins, intersected by siderite veins and the whole intersected by later calcite veins. They are preferentially oriented NW-SE, according to the direction of the NH. It is suggested that the fluids having precipitated these carbonate veins have circulated through the fracture network formed by the activity of the SDVFZ. 5. A carbonate brecciated vein that is likely to have transported clasts of quartz, K-feldspar and biotite, and presenting precipitations of barite. This phase, but also barite itself, is only present in sample NH_31. This phase was probably due to a later event that reactivated the main fracture composing the sample and let a new fluid circulate. CHAPTER Calcite veins, as shown in the sample NH_31, which are of a different composition from generation 4.

  photogrammetric outcrop profiles and ground outcrop profiles,Chabani et al. (2021) show a clear correlation between fracture density and distance from a fault zone. The closer the fault zone, the greater the fracture density. There is no straightforward correlation between amounts of deformation and fracture density. Fracture density depends on a series of parameters notably rock competence, anisotropy of units and possible presence of detachment zones concentrating deformation in narrow areas.

  ) a non-sufficient amount of fluid. Fracture density increase does not necessarily induce the increase of alteration (Figure 5-19a,b), whereas at NH scale, a general correlation between fracture density and alteration was shown. Sample NH_36 shows that fluid can circulate through a highly fractured granite without necessarily producing alteration (Figure 5-19b).
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 519 Figure 5-19. Synthetic scheme showing, from low to moderate strain, the interaction between the fluid and the granite in the cases of a very low fluid/rock ratio. (a) Open fractures with an incipient alteration of the surrounding rock. (b) Brecciated zones with a carbonated matrix and no change of alteration degree. No scale is given for this scheme, because it can represent fracture zones of several order of magnitude.

  NH_31 initial quartz vein. The close to normal angle between the initial quartz vein and the stress axis σ3 was favorable to reactivation, inducing a brecciated vein without developing a significant additional fracture gradient in the surrounding rock (Figure5-20c). It has been shown that remnants of a quartz vein composed the NH_31 brecciated vein. This quartz vein, developed during a past event of unknown age and origin, possibly magmatic (last crystallization fluids). It is suggested that this vein was reactivated, letting a new fluid rich in Ca circulates. Then carbonates crystallized giving a brecciated vein as a final product. The alteration gradient observed in the wall rock is especially pronounced at the borders of the brecciated vein. The proximity with the main fluid pathway induced an important leaching by the fluid. Within NH_23 (Figure 5-20d), it is supposed that the quartz-feldspathic unit was initially a dyke crosscutting the granitic pluton. Such dykes have been observed in the surroundings. During SDVFZ activity, reactivation of this zone of weakness permitted percolation of a Ca-rich fluid. An intensive shearing induced dynamic recrystallization developing a mylonite in the borders and its associated fracturing gradient in the wall rock. In that case, the main stress axis σ1 would be characterized by an intermediate angle to the shear plane. A fracturing gradient is observed in the surrounding rock. The fracture density induced in the surrounding rock does not further increase. Asymmetric clasts and shear bands are observed within this mylonitic layer. Fluid circulation and induced fracturing have promoted fluid-rock interactions and the granite alteration, which is more pronounced in NH_23 than in NH_31 (Figure 5-9h-k, Figure 5-14e,f).
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 5 Figure 5-20. Synthetic scheme showing, from low to moderate strain, the interaction between the fluid and the granite in the cases of a high fluid/rock ratio observed in the field. (a) An open fracture with an incipient alteration gradient at the border. (b) A sealed fracture with a slight alteration gradient. (c) A brecciated vein induced from fracture reactivation and showing an alteration gradient but no fracturing gradient. (d) A mylonite made of carbonates and granitic lenses showing an alteration gradient and a fracturing gradient. NH_31 and NH_23 show a similar fracture density (Fd). No scale is given for this scheme, because it can represent fracture zones of several order of magnitude.

  These two samples, showing different deformation features as a result of a different orientation within the stress field, present a similar fracture density. Strain was accumulated within a carbonate mylonite within sample NH_23. The alteration gradient is more pronounced in this sample, but the fracture density does not change. Sample NH_36, consisting of a granite composed of a cohesive breccia whose matrix is made of dolomite, shows a low alteration. Even CHAPTER 5 181 locally, alteration does not always depend either on the deformation gradient or on the fracture density.

1 .

 1 A fault core which accommodates the most of the displacement and may include clayrich fault zone, breccias, cataclasite or mylonite zones and where the grain-size reduction and/or mineral precipitation yield the fault core with low porosity and permeability compared to the protolith. This generally leads to a fault core that act as barrier to fluid flow. damage zone which is considered as a network of opened and/or sealed subsidiary fractures acting as fluid pathways. This fracture network may enhance the fault zone permeability (Figure6-1b). Secondary fractures present in the damage zone (Figure6-1d) can react as conduit for fluid flow if they are not sealed by secondary minerals.3. A protolith, found in the wall-rocks of the fault, which is characterized by a low porosity and permeability compared to the damage zone (Figure6-1c).Secondary fractures present in the damage zone (Figure6-1d) can react as conduit for fluid flow if they are not sealed by secondary minerals.[START_REF] Caine | Fault zone architecture and permeability structure[END_REF] have also shown that the fault core may act as a conduit during deformation and as a barrier following deformation when the pore space is filled by secondary mineral precipitation. Thus, the description of the fault evolution stage is important for a reservoir characterization.
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 61 Figure 6-1. Block diagram, with no scale, representing the conceptual model of a fault zone according to Caine et al., 1996. We can differentiate three major zones: (a) the fault core, (b) the damage zone, and (c) the protolith. Secondary fractures (d) can react as conduit for fluid flow if they are not sealed by secondary minerals. Klee et al. (2021b) have shown that fracturing influences the fluid circulation and alteration processes at low to moderate strain. The work presented in this chapter brings a step forward by focusing on the study of high strain fault zones. These are common features within crustal basement rocks and have been recognized within the Noble Hills range and in the Upper Rhine Graben shoulders.
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 62 Figure 6-2. (a) Satellite map of the western USA showing the location of the Noble Hills range (black hollow rectangle). SAFZ -San Andreas Fault Zone, GFZ -Garlock Fault Zone and DV -Death Valley. (b) Geological map modified after Niles (2016) andKlee et al. (2021b), showing the studied location (white dot) on a major clay-bearing fault zone (orange line). The Quaternary is not displayed but it is available on the map provided byNiles, 2016. 
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 2463 Figure 6-3. (a) A photograph of the outcroppi ng fault zone. (b) The digitization of the outcrop showi ng the fault core in dark grey, the granite on the left, the gneiss on the right and the location of the different collected sampl es. (c) Photographs of the different collected sampl es. DZ -Damage Zone.
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 64 Figure 6-4. Sampling methodology. (a) Application of a film of fiberglass and epoxy resin on the outcrop surface for consolidation purposes and hole drilling to delimitate the sample. (b) Extraction after complete drilling. (c) Site of the extracted sample. All epoxy resin remnants have been carefully removed from the sampling area after sample extraction.

4 .

 4 Manocalcimetry and ethanol saturation porosimetryThe calcite content of five samples (NH_40, NH_41, NH_43, NH_44 and NH_45) was measured using an OFITE 152-95 manocalcimeter at CY Cergy Paris University in the Geosciences and Environment Cergy (GEC) laboratory. It provides an indication of the carbonate content in order
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 6 Figure 6-5. (a) Schematic cross-section of the Proterozoic sequence stacking with granite intrusions west of the Pipeline Wash (Figure 6-2b). The violet square represents the area that will be reactivated by the SDVFZ to obtain the fault gouge. (b) Schematic cross-section fault gouge after having been stretched by the SDVFZ. CBS-Crystalline Bedrock Slice after[START_REF] Brady | Neogene stratigraphy of the Avawatz Mountains between the Garlock and Death Valley fault zones, southern Death Valley, California: Implications as to late Cenozoic tectonism[END_REF].II.3.2. Petrographical description
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 66 Figure 6-6. (a) Photograph of the granitic part of the outcrop with a perpendicular view to the fault core noundary. (b) Digitization of the outcrop presented in (a) showing the fracturing, the veins and the granitic sample location. (c,d) Photograph and digitization of the granitic sample NH_40 showing a magmatic texture and alteration halos at main fracture walls.Microscopic observations confirm the preservation of the magmatic texture but also show that the granite is altered (Figure6-7a). Quartz and K-feldspar are unaltered with no signs of deformation. Plagioclase is the only affected phase. It is mainly transformed into kaolinite, illite and calcite. Some transformed plagioclase show an illitic core whereas borders are completely replaced by kaolinite (Figure6-7b,c). Biotite is slightly altered and recrystallized into illite and oxides. The clay mineral composition determined by XRD, reveals the presence of corrensite (trioactahedral variety of regular 50:50 chlorite/smectite mixed-layer C/S(Beaufort et al., 
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 67 Figure 6-7. Microphotographs and back-scattered images of the sample NH_40 (a) Microphotograph of the whole thin section made in the sample under polarized-analyzed light. (b-c) Microphotographs showing an altered plagioclase replaced by illite in the core and kaolinite in the borders and slightly altered biotite in polarized-analyzed light (b) and under SEM (c). (d) Microphotograph of a plagioclase transformed into kaolinite intersected by illite veinlets under polarized-analyzed light. (e) Back-scattered image of an illite veinlet developed through the porosity created by plagioclase kaolinization. The ellipsoids 1 and to show the diffusion of illite from the veinlet trough the porosity. (f-g) Microphotograph under polarized-analyzed light and backscattered image of a microfracture, with kaolinized walls, crosscutting an altered plagioclase replaced by kaolinite, illite and calcite. The limit between kaolinite from plagioclase alteration and kaolinite related to the microfracture is represented by the white dashed line.

  -7d). They intersect in a clear way quartz and alkali feldspar crystals. These veinlets show blurred borders by crosscutting illitized plagioclase, but show almost clean borders by crosscutting kaolinized plagioclase. Illite veinlets have developed through the secondary porosity, between kaolinite crystals, created during plagioclase kaolinization (Figure 6-7e). From these veinlets, illite also spreads out by crystallizing pervasively in the secondary porosity (Figure 6-7e). Few carbonate veinlets (calcite and dolomite) and calcite patches related to plagioclase alteration are present. Calcite content was measured at around 5.5 wt.% in this sample. The sample presents also open microfractures crosscutting ancient plagioclase, which walls can present only kaolinite whereas the rest of the plagioclase is replaced by a mixing of kaolinite and illite (Figure 6-7f). Moreover, a slight limit can be identified between kaolinite formed by the microfracture influence and the kaolinite related to plagioclase transformation (Figure 6-7g). Hence, two kaolinite generations are observed. The porosity of this sample is 14 ± 0.71%.
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 68 Figure 6-8. (a) Digitized photograph of the studied outcrop showing the location of the samples NH_44 and NH_45. (b) Photograph of the sample NH_44 showing four different phases. The dashed yellow lines represent the limit between the gneissic part and the fault core. (c) Photograph of sample NH_45 collected away from the fault core. Both samples show the evolution of alteration and deformation approaching the gouge.

  -9f). The calcite content measured in this sample is about 5.16 wt.%. Primary mineral clasts are generally > 0.1 mm across. Quartz presents undulatory extinction (Figure 6-9f). Biotite is deformed and slightly altered into illite. Plagioclase (oligoclase in composition) is partially replaced by illite and kaolinite (Figure 6-9g). As for NH_40, kaolinite is the dominant clay mineral. The obtained porosity for the sample NH_45 is of 16.4%.
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 69 Figure 6-9. (a) Mi crophotographs under pol arized-non-anal yzed light of global thi n sections realized in sampl e NH_45. (b-d) Mi crophotographs under polarized-non-anal yzed light of global thi n sections realized in sampl e NH_44 showi ng the microstructure and alteration evol ution with deformati on through the gneissic part. (e) Mi crophotographs under polarized-non-anal yzed light of global thi n section made in the fault core consi dered as a mi x between Proterozoic sedi ments, basement and Mesozoic granite. (f-m) Mi crophotographs zooms under polarized-analyzed light from each thi n section. (f) Brecci ated quartz showi ng an undul atory extinction and new grai ns, al most unaltered bi otite and fractures filled by calcite. (g) Plagioclase partially altered into illite and almost unaltered bi otite oriented followi ng the gneiss foliation. (h) Brecciated quartz showi ng an undul atory extinction and sub-grai n rotation. (i) Brecciated K-fel dspar and quartz with fractures filled by calcite. (j) Grai n size reduction and devel opment of an illite+dol omite matrix contai ni ng still a lot of biotite partially altered. (k) Important amount of dol omite which partially filled the fractures. (l) K-fel dspar and plagi oclase compl etely altered into illite formi ng the matrix with dol omite and embedded quartz clasts and few bi otite. ( m) Illite+dol omite matrix where only little clasts of quartz are still visible.
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 63 -8b4, Figure 6-9e) corresponds to the fault core considered as a mix of Proterozoic sediments, basement and Mesozoic granite thanks to fieldwork. Few rounded grains (most of them ~100 µm) of quartz are found within a foliated illite+dolomite matrix (Figure 6-9e). K-feldspar is completely altered and transformed into illite. Biotite is almost completely altered and smaller in size compared to previous zones. The foliated matrix is relatively dark due to the presence of dolomite (Figure The fault core At the studied outcrop location, the fault core is anastomosed and separated into two branches around 50 cm wide each, encompassing gneiss lenses (Figure 6-10a,b). Three samples were collected in the fault core: NH_41 from the gouge itself, NH_42 at the transition between the gouge and a central lens of gneiss and NH_43 from the central gneiss lenses crosscut by a small gouge branch.
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 6 Figure 6-10. (a) Photograph zoom of the fault core. (b) Digitization of the outcrop (a) showing the different fault core compartments made of gneiss lenses taken in a clay-bearing fault gouge delimited by dashed red lines, the whole surrounded by granite and gneiss, as well as the location of the different sample collected in the fault core.
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 16611 Figure 6-11. Photograph and digitization of sample NH_41 collected from the clay-bearing gouge affected by shear deformation showed by boudinated structures, foliated material and sigmoid.
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 66 Figure 6-12. (a-g) Microphotographs under polarized-analyzed light from the different compartment composing the sample NH_41: (a) brecciated dolomite, (b) automorphous gypsum, (c) brecciated and deformed quartz crystal presenting a strong undulatory extinction and sub-grain rotation, (d) slightly altered but deformed biotite presenting as mica fishes and showing an undulatory extinction, (e-g) reduction of the grain size and increase of dolomite and illite content with (e) highly brecciated quartz, K-feldspar and biotite and a little dolomite, (f) reduction of the grain size and development of an illite/dolomite matrix and illite matrix and (g) reduction of the grain size and prevalence of the illite matrix. (h-i) Back-scattered images zooming in the illite matrix and showing the illite crystallographic preferential orientation. Po -Porosity.
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 613 Figure 6-13. Photographs and digitizations of (a) sample NH_42 and (b) smaple NH_43 showing the transition between the gneiss lens from the central part of the fault core and the clay gouge, represented by black dashed line.
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 6 14b,c). Plagioclases are completely transformed into illite and kaolinite. Biotite are deformed and aligned according to a foliation and are partially replaced by illite (Figure6-14c). XRD analyses showed that kaolinite is the prevalent clay mineral present in the gneiss lens. Likewise, the presence of corrensite indicates a propylitic signature. Quartz are brecciated and show a clear undulatory extinction as well as newly formed grains (Figure6-14d). K-feldspars are brecciated but not altered. K-feldspar and quartz are crunched and got strung out creating sub-angular-angular to lenticular fragments representing less than 30% of the rock mass and are encompassed in illiticdolomitic material. Thus, the sample NH_43 and the gneissic zone of the sample NH_42 are considered as cataclasites. Gypsum was also identified.
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 6 14d) are observed. In the gouge CHAPTER 6 208 part (Figure6-14e-g), sub-angular fine-grained silica materials are embedded in a matrix rich in illite and dolomite (Figure6-14e) as in sample NH_41. Only few larger fragments occur isolated in the matrix. Indeed, these fragments show a lensoid shape with pressure shadows formed by pressure-solution mechanism[START_REF] Passchier | Microtectonics[END_REF], showing a dextral shear deformation (Figure6-14e-g). These pressure shadows are mostly made of illite (Figure6-14f) and sometimes contain kaolinite (Figure6-14g). As for sample NH_41, the grain size reduction and the foliated illite-dolomite matrix show a CPO (Figure6-14a,g). This fine grain phase is characterized as the same gouge as the NH_41.
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 6 Figure 6-14. (a) Microphotograph of the entire thin section from sample NH_42 in polarized-analyzed light. (b) Microphotograph in polarized-analyzed light showing the preserved texture of the gneiss which is highly altered. (c) Microphotograph zoom in polarized-analyzed light on the gneiss showing completely altered plagioclase into illite, altered biotite into illite following the initial foliation. (d) Microphotograph in polarizedanalyzed light of the transition between the gneiss (brecciated quartz) and the gouge (illite matrix embedding quartz clasts). In the gouge: (e) Microphotograph in polarized-analyzed light of the matrix made of dolomite and illite containing quartz sigmoid with its associated pressure shadow, (f) Microphotograph in polarizedanalyzed light of a quartz clast pressure shadow made of illite, and (g) Back-scattered image of a quartz clast with its associated pressure shadow made of illite and kaolinite in a clay rich matrix embedding dolomite and quartz clasts.

  performed on samples NH_40, NH_41, NH_43 and NH_45 in order

(

  LREE) relative to heavy rare earth elements (HREE). Likewise, all the samples present a slight negative anomaly in Eu. All the samples show a similar trend with no significant difference in element abundance between each sample. The primitive mantle-normalization multi-element diagram is characterized by (1) a clear depletion in Ba approaching the gouge (NH_41), (2) an enrichment in Cs, U and Sr approaching the gouge and (3) a lower abundance of Hf in NH_40 compared to the other samples.

Figure 6 -

 6  Chondrite-normalized (values from Boynton (1984)) rare earth elements (REE) patterns of samples from this study (colored lines) and fromKlee et al. (2021a) (grey area). (b) Primitive mantle-normalized (values from[START_REF] Mcdonough | Potassium, rubidium, and cesium in the Earth and Moon and the evolution of the mantle of the Earth[END_REF]'s slight revision of[START_REF] Sun | Chemical and isotopic systematics of oceanic basalts: implications for mantle composition and processes[END_REF]) multi-element diagram showing trace element pattern of samples from this study and fromKlee et al. (2021a).

1 .

 1 As described inKlee et al., 2021a, the fraction <2 µm is supposed to correspond to the youngest event which crystallized neoformed illite crystals. Whereas, the fraction 2-6 µm might represent inherited grains recrystallization into more developed illite crystals or a mix of detrital and neoformed illite. Through the KI, information about the degree of metamorphism is given for each fraction when possible. When the amount of illite was to low or the amount of biotite to high compare to the illite one (e.g. both fractions of NH_44 and fraction 2-6 µm for NH_45), the KI was not measured.
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 16 The fault gouge protolith Fieldwork observations have shown that the fault zone is related to SDVFZ activity overprinting previously stacked Mesozoic and Proterozoic sequences. This initial sedimentary stack has been pinched between the granite and the gneiss composing the walls of the fault core.Petrographic analyses associated to fieldwork have shown how heterogeneous the gouge is. However, geochemistry analyses showed a REE signature close to wall rocks REE signature CHAPTER Figure6-15a). The geochemical signature of Proterozoic sediments outside of the high strain zone here presented is not available and cannot be compared to the gouge geochemical signature. By considering both fieldwork observations and geochemical signal, we consider that the gouge present a mixed geochemical signal of Proterozoic sediments, basement and Mesozoic granite. Further analyses should be performed along the entire fault zone and on the Proterozoic sediments in order to know the proportion of each rocks crushed into the fault gouge.

Figure 6 -

 6 Figure 6-16. (a) The fault gouge outcrop showing the samples locations. The gouge being composed of two branches, it is considered that the left branch present equivalent values than NH_41 and thus marked by a dashed square. (b) Extrapolated evolution of the amount of illite in comparison to kaolinite. (c) Extrapolated evolution of the porosity, LOI and calcite content percentages through the fault zone. (d) KI values of the fraction <2 µm and 2-6 µm along the fault zone profile.

  -12f,h,i).[START_REF] Song | A microstructural study of the fault gouge in the granite, Yangbuk, Gyeongju, southeastern Korea, with implications for multiple faulting[END_REF] have shown that zones where quartz grains or fragments are dominant reveal the highest porosity values. Likewise, these authors showed that pores cannot be created where dense clay minerals are present. The strong heterogeneity of the fault gouge in terms of microstructure and mineralogical composition, partly due to a protolith different from the wall rocks, observed in the gouge explains the high porosity value obtained (Figure6-16b). Some of the porosity could have been also created by fracturing during the sample extraction and/or afterward during the sample preparation for porosity measurements.

Figure 6 -

 6  Markstein basin location in the URG modified after[START_REF] Edel | The Variscan tectonic inheritance of the Upper Rhine Graben: evidence of reactivations in the Lias, Late Eocene-Oligocene up to the recent[END_REF][START_REF] Ledésert | How Can Deep Geothermal Projects Provide Information on the Temperature Distribution in the Upper Rhine Graben? The Example of the Soultz-Sous-Forêts-Enhanced Geothermal System[END_REF]. (b) Geological map showing sediment slices pinched between blocks of granite due to shear displacement identified in the vicinity of the Markstein basin in the URG (infoterre).
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 618  Structural map of the European Cenozoic rift system showing the tectonic setting of the Upper Rhine Graben (URG in the rectangle) afterSchumacher (2002) 
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 6619  Location and simplified geological map of the Upper Rhine Graben modified after[START_REF] Ledésert | How Can Deep Geothermal Projects Provide Information on the Temperature Distribution in the Upper Rhine Graben? The Example of the Soultz-Sous-Forêts-Enhanced Geothermal System[END_REF] and[START_REF] Rotstein | Insight into the structure of the Upper Rhine Graben and its basement from a new compilation of Bouguer Gravity[END_REF] showing the location of the two investigated mines. LRG -Lower Rhine Graben, URG -Upper Rhine Graben and BG -Brest Graben.
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 6216622 Figure 6-21. Geological map of the Gabe Gottes mine with fault analysis data

Figure 6 -

 6 Figure 6-23. Development of euhedral quartz within the shear zone, showing no sign of deformation

  -25-d). Clay minerals and carbonates form layers presenting a crystallographic preferred orientation (CPO) and sigmoids interlayered with layers of quartz which have completely recrystallized according to grain boundary migrations and new formed grains. A new schistosity appears and mylonites can be sporadically recognized. In the core of the sheared zone, layers of clay-carbonates presenting a CPO and recrystallized quartz are visible (Figure6-25e, f). However, veins and veinlets of secondary quartz are identified showing straight boundaries and following the shistosity (Figure6-25e, f).

Figure 6 - 25 .

 625 Figure 6-25. Microphotographs under optical microscope of samples collected according to a profile through a shear fault zone with (a) the wall rock, (b-d) the outer zone of the fault core and (e-g) the fault core. (a) The surrounding rock highly altered with feldspar transformed into illite associated to carbonates, altered biotite into illite and oxides and unaltered quartz partially dynamically recrystallized (grain boundary migration) at the grain borders. (b,c) Highly deformed basement showing sigma clasts of illite and carbonates, layers of dynamically recrystallized quartz by grain boundary migration and illite-carbonate rich layers. (d) Layer of recrystallized quartz by grain boundary migration. (e,f) Veins of euhedral secondary quartz crosscutting highly deformed zones of illite and carbonates presenting a CPO. (g) Example of a geode filled by quartz observed in the core of the high strain zone.
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 6 It is proposed that the fluids circulating during the ore emplacement episode are deviated since fluid channeling along the planes of shistosity is easier then propagating a fracture across altered rocks.III.3. Black Forest -Schauinsland MineThe other place of interest which was investigated is the Schauinsland mine (10km SE of Freiburg im Breisgau, Germany), located in the Black Forest mountain. The Black Forest corresponds to the Eastern shoulder of the URG. Its western border is delimited by a major normal fault with a NNE-SSW orientation. The mountain is mostly made of crystalline granitic basement rock as in the Vosges Mountain. The structure is covered by
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 662666276628  Geological map of the Black Forest. In red the location of the detailed geological map of the Schauinsland area, translated after[START_REF] Wittenbrink | Diplomkartierung (Teil A) Petrographische und tektonische Kartierung des Zentralschwarzwälder Gneiskomplexes im Bereich der Blei -Zink -Lagerstätte Schauinsland bei Freiburg i[END_REF] 
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 630  Geological map of the gallery, the studied area corresponds to the red rectangle where the beginning of the gallery is on the left, modified and translated after[START_REF] Wittenbrink | Diplomkartierung (Teil A) Petrographische und tektonische Kartierung des Zentralschwarzwälder Gneiskomplexes im Bereich der Blei -Zink -Lagerstätte Schauinsland bei Freiburg i[END_REF].
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 6 Figure 6-31. (a) Photogrammetric model of the portion of the gallery showing the fault gouge. (b) Photo of a branch of the fault gouge showing flows of hydrozincite.
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 6 stress. Fluid overpressures combined to a critically loaded rocks induce rock fracturing by cross cutting the Mohr Coulomb failure envelope. Failure leads to void opening in a transtensile regime and formation of breccia (sometimes hydraulic breccia) can occur. The same coeval stress field being applied to a highly pre-structured shear zone rich in clay minerals (the SR zone) induces a drastically different mechanical response. Shearing is accommodated by plasticity, related to the increasing amount of inherited clay minerals. Clay plasticity driven mechanisms are progressively replacing brittle behavior when entering the inherited SR deformation zone. The brittle behavior is replaced due to inherited clay minerals and elastic stress can no longer be accumulated. Brittle failure of the host rock becomes more and more difficult. CHAPTER The onset of plasticity plays a crucial role in development of late fluid flow paths, hindering accumulation of elastic stresses. Under these mechanical conditions, vein opening by sudden rock failure becomes impossible and channeled brine circulation can be stopped as in Schauinsland or decreased and deviated as in Gabe Gottes.
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 632  Scheme of the extinction of the mineral vein when encountering the highly strained shear zone[START_REF] Werner | Die Erzlagerstätte Schauinsland bei Freiburg im Breisgau: Bergbau, Geologie, Hydrogeologie, Mineralogie, Geochemie, Tektonik und Lagerstättenentstehung[END_REF].
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 6 Figure 6-33. (a) Scheme of the interaction between the competent sheared zone and the vein observed in the Gabe-Gottes mine. (b) Scheme of the interaction between the sheared fault gouge and the vein observed in the Schauinsland mine.
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 71 Figure 7-1. (a) Geological sketch map of the western Variscides. (b) Geological sketch map derived from the processed gravity maps illustrating the sinistral strike-slip motions along the NE-SW faults, modified after Edel et al. (2007).

Figure 7 -

 7 Figure 7-2. (a) Schematic large-scale W-E cross-section of the URG with interpretation of the fault orders from Bertrand et al. (2018). (b) Conceptual scheme presenting the spatial arrangement of the NH fracture network at (1) regional scale, (2) NH scale, (3) outcrop scale fromChabani et al. (2021).

  domains (Figure7-2b2), each domain showing its own internal organization. One main deformation phase related to SDVFZ activity played a key role in the NH structuration. NW/SE trending fractures are found in the whole NH and dominates its geometry (Figure7-2b2). The second main deformation episode consists in GFZ system trending E/W likely responsible for E/W fracturing episode and then controlled the NH geometry mostly in its internal part and the southeastern end(Chabani et al., 2021) (Figure 7-2b2).

7 -

 7 2b3). The fractures striking NW/SE (SDVFZ direction) affects the whole range, and represent the dominant structure in terms of length and density. They play a key role in the internal NH structuration. The fracture striking E-W, related to the GFZ direction, is the second main shear (sinistral) deformation episode controlling the NH geometry mainly in the southeastern part. Moreover, Chabani et al., (under review) highlighted fracture density ranges from 0.65 to 42.1 fracs/m at outcrop and NH scales, and from 8.4 to 31.8 fracs/m from field scanlines located in the central and southeastern domains. The fracture densities highlighted from NH range are in some cases equivalent and in other ones much higher than from the deepest boreholes of SsF and RTH geothermal sites. It seems to be related to bias in fractures sampling at depth because only imagery is available and direct observation is impossible. Most of the time, only the borehole logging data can help to quantify the fracturing and give an approximation of the fracture distribution variability in the reservoir. However, at SsF, the shallow EPS-1 borehole CHAPTER 7 243

Figure 7 - 3 .

 73 Figure 7-3. Scheme of a crystalline basement outcrop in the internal part of a 3 rd -4 th order structural block with the fault core (FC), the damage zone (DZ) and the intra-block fracturing corridor from Bertrand, 2017.

Figure 7 - 4 .

 74 Figure 7-4. Fault zone architecture in sandstone, weathered top basement, hydrothermally altered granite and deep granite identified at Soultz-sous-Forêts in Vidal and Genter, 2018. FZ-Fault Zone, FC-Fault Core, DZ-Damage Zone However, Glaas et al. (2021) have shown that, on the new geothermal site at Illkirch, moderately

(

  opening mode), fractures filled by different mineralizations are considered as paleo-permeable zones, which allow the fluid to circulate at present only on each side of the sealed fracture. Indeed, when fractures are completely sealed, only the open fractures present in the damage zone can act as fluid pathways (Figure 7-5). Glaas et al. (2019) also argue that in the case of an open fracture, the fluid is mainly channeled in the core fault and partially in the surrounding host rock.
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 75 Figure 7-5. Block diagram fromGlaas et al. (2019) representing the fluid circulation in a complex system of fracture zones. Three zones are distinguished: (a) the fault core, which can be a pathway for fluid if illite and quartz veins do not totally seal the zone, (b) the damage zone, which can be sealed or opened with smallscale fractures that act as fluid pathways, and (c) the unaltered granite, which generally shows very low matrix and fracture permeability.
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 76 Figure 7-6. (a) Examples of mineralogical assemblages of the granitic basement observed in SsF cores (middle) and in RTH cuttings (right); these assemblages define the different hydrothermal alteration grades (left). GRAN: unaltered granite; HLOW: low hydrothermal alteration; HMOD: moderate hydrothermal alteration; HHIG: high hydrothermal alteration; HEXT: extreme hydrothermal alteration; VEIN: secondary drusy quartz vein from Glaas et al. (2019). (b) Examples of mineralogical assemblages of the granitic basement observed in the NH (right) defining different hydrothermal alteration grades (left).
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 7  Scan of a core (laid flat and doubled) of a major permeable fracture zone from EPS-1 well at SsF with the original scan and the zones characterizing the core (modified afterVidal and Genter (2018). (b) Photo and respective digitization of the sample NH_31 showing the different zones characterizing the
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 78  Cross-section of the Soultz-sous-Forêts geothermal system showing the different boreholes (EPS1, GPK1, GPK2, GPK3 and GPK4) from[START_REF] Ledésert | How Can Deep Geothermal Projects Provide Information on the Temperature Distribution in the Upper Rhine Graben? The Example of the Soultz-Sous-Forêts-Enhanced Geothermal System[END_REF] 
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 79 Figure 7-9. (a) Photographs of a longitudinal core section of a sheared and sealed fracture from EPS-1 well at SsF showing the different zonation characterizing the core. HG-Hydrothermalized granite; MQ-Mylonitic quartz as relicts; MOC-Mylonitic oxides and clays. (b) Photograph of an outcrop in the NH showing a high strain zone characterized as a fault gouge. (c) Photogrammetric model of a fault gouge from the Schauinsland mine in the Black Forest.This deformation zone is considered as non-permeable for geothermal fluids as it is totally sealed by a large variety of dynamically recrystallized and newly-formed fine-grained minerals.Likewise, fieldwork in the Schauinsland mine in the Black Forest has shown an anastomosed clay-rich fault gouge formed from a unique protolith around 2 m wide (Figure7-9b), in which later ore veins are abruptly stopped, not being able to develop within it (see Chapter 6) (Figure

  contains a lot of illitic material (Figure7-12). Such structures were not identified in the different wells in the SsF-RTH reservoir.

Figure 7 -

 7 Figure 7-10. Fault gouge outcrop from in the Noble Hills range.
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 7711 Figure 7-11. Geodic vein intersecting a shear zone by using weakness planes in the Gabe-Gottes mine (Vosges Mountains) VI. CONCLUSION TO CHAPTER 7

  by acting as barriers. In the URG, fault zones/gouges are mainly formed from a unique protolith. The NH has shown that fault gouges can be formed from an inherited stacking of basement and sediments, which change drastically the fault core properties allowing it to act as a drain.

Figure 7 -

 7 Figure 7-12. A synthetic scheme showing what might be the complexity of a granitic geothermal reservoir by representing the different types of fault zones and fractures that might exist, modified and enhanced after Glaas et al. (2019). Three zones are visible: (1) fault cores, which can be open or sealed by secondary minerals, (2) the damage zone which can be sealed or opened with small-scale fractures acting as fluid pathways, and (3) the unaltered granite showing generally a very low matrix and fracture porosity and permeability.
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 2 This research work aims to provide new insights on the influence on fluid flow of strike-slip faults within crystalline basement rocks affected by varying amounts of deformation. Such structures are poorly studied in exploited geothermal as that they are considered most of the time as barriers to fluid flow. Investigations dedicated to strike slip deformation zones are needed as they participate to the Upper Rhine Graben (URG) structuration where the Soultzsous-Forêts (SsF) demonstration site is located. The accessibility to the reservoir being limited on exploited sites, relevant naturally exhumed granitic reservoirs considered as analogues are studied. The chosen far-field analogue consists in a portion of the southern the Southern Death Valley Fault Zone (Noble Hills, CA, USA). The near-field analogues is located in the URG shoulders within abandoned mines of Vosges and Black Forest massifs. I. MAJOR OUTCOMES FOR RESEARCH I.1. Hydrothermal alteration and its indicators The NH range shows the following alteration stages: • The propylitic alteration, considered as an earlier pervasive alteration stage, takes place at the end of the cooling and the crystallization of the granite. It results mainly in the partial recrystalliszation of primary biotite and plagioclase in secondary propylitic assemblage. This assemblage consists in: illite, epidote, corrensite (a chlorite/trioctahedral smectite mixed-layer) and calcite. Epidote and corrensite are the main indicators of the propylitic alteration. Calcite is only filling few microcracks or occurs at grain boundaries without interacting with the surrounding rock. • The argillic alteration is considered as a localized alteration which overprints the propylitic alteration. Argilic alteration occurs in the vicinity of fractures where fluids have circulated. This alteration consists into the chemical leaching and clay enrichment processes produced at lower temperature (130-200°C). The newly formed mineral assemblage consists in illite, kaolinite, illite/smectite mixed-layer, calcite and oxide due to the complete alteration of plagioclase and biotite. Weathering evidences (Montmorillonite and Vermiculite) were identified. Weathering evidences are scarce and considered negligible. The propylitic and argillic mineral assemblages are comparable to those identified at SsF and Rittershoffen (RTH). Approaching fracture zones, the alteration is more pronounced, a fact confirmed by the Loss of Ignition values increase. The fluid-rock interactions being more significant near fractures, argillic alteration is predominant and have almost completely overprinted the propylitic alteration. The similar observation has been done in the case of the SsF and RTH granites. Kaolinite is generally the dominant clay mineral near fracture zones, indicating either an important leaching or the circulation of an acidic fluid. KI values show a crystallization of illitic material at temperature around 200°C, confirming the predominance of the argillic alteration. A multi-stage paleo-fluid circulation was put in evidence in the NH granite due to the various kinds of secondary minerals that precipitate in the fractures as quartz, illite, carbonates (calcite, dolomite, ankerite) and oxides. The source of Ca is interpreted to partly derive from plagioclase alteration and from Proterozoic dolomite. The calcite content has been measured and show an increase towards the fracture zones. I.2. Relation between amount of deformation and fluid circulation Bringing together the main findings from the NH range, the URG shoulders and data from the SsF and RTH granitic reservoirs, a synthetic scheme is proposed, summarizing (1) the evolution of strike-slip structure according to a gradient of deformation and (2) illustrating the relation between inherited shear zones and later fluid circulation (Figure 8-1). Fracturing is initiated during the cooling of the granite which was pervasively affected by the propylitic alteration (Figure 8-1a). Under low to moderate strain, fractures open letting a fluid circulate. Two cases are to be considered: 1. In the case of a very low fluid/rock ratio, the fluid can circulate through the fracture network and secondary minerals can precipitate in the fracture producing a slight alteration of the granite (Figure 8-1b,c). In the case of high fluid/rock ratio, the fluid circulates through the fractures affecting their walls and developing a gradient of alteration (Figure 8-1d). Through time, secondary minerals can precipitate from saturated brines, (e.g. quartz) and seal the fractures while increasing the alteration gradient (Figure 8-1e,f). Likewise, successive fault reactivations rework the initial vein content and further alter the host rocks. Depending on new fluid chemical composition, secondary minerals further develop in the host rock (here carbonates). Combined to the host grain size reduction, the amount of these new minerals increases drastically through time. The newly formed rock presents a much lower competence compared to the initial protolith and promotes at first the development of a schistosity (Figure 8-1g) and finally the onset from creep deformation mechanism (Figure 8-1h).
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 81 Figure 8-1. Synthetic scheme showi ng the interaction between the flui d and the granite at different amount of strai n. (a) Initiation of a fracture in a granite affected by propylitic alteration. (b) Open fractures with an inci pient alteration of the surrounding rock. (c) Brecciated zones with a carbonated matrix and no change of alteration degree.(d) An open fracture with an inci pient alteration gradient at the border. (e) Mi neral crystallization at the border of the vei n. (f) A sealed fracture with a slight alteration gradient. (g) A brecciated vei n induced from fracture reactivation and showi ng an alteration gradient but no fracturing gradient. (h) A myl onite made of carbonates and granitic lenses showi ng an alteration gradi ent and a fracturing gradient. (g) and (h) show a si milar fracture density (Fd). (i) A fault gouge resulted into the deformation of inherited pi nchedProterozoic basement and sedi ments. (j) Gabe-Gottes mi ne case, devi ation of the vei n with the shear zone. (k) Schaui nsland case, the vei n is stopped by the clay gouge. No scale is given for this scheme, because it can represent fracture zones of several order of magnitude. The supposed geothermal expl oitation potential is indicated by smileys of different col ors.

  decimetric barite veins, oblique to the NH orientation, were identified as a result of this change of stress in the NH. These barite veins were not identified in the whole range certainly due to the influence of the transverse clay-rich fault zones which can stop or deviate the circulation.Preliminary investigations performed in the mines in the URG shoulders have shown the important influence of the structural heritage on later fluid circulation. The Schauinsland mine in the Black Forest has shown that an inherited clay-rich gouge resulting into the deformation of a unique protolith act as a barrier. Clay material hindering the stress to accumulate, the gouge rapidly stopped the development of a vein. On the other side of the graben, in the Vosges Mountains, the Gabe-Gottes mine presents inherited shear zones in the basement rock through which veins can propagate by using the shistosity. Fluid circulation gets deviated by using the preferential orientation of inherited high strain zone schistosity. Such inherited structures identified in the URG shoulders must be consider when simulating fluid flow inside a geothermal reservoir.Analogues allowed to show the real complexity of a geothermal reservoir which is most of the time underestimated. High strain zones can present different behaviors which influence directly the fluid circulation through the reservoir.

  movements along the strike-slip structures oriented N309 during stimulations[START_REF] Eost | Permeability of fault-related rocks, and implications for hydraulic structure of fault zones[END_REF].The understanding through time of a reservoir needs to be considered by the industrials. The model of fracture evolution presented above (Figure8-1) according to amounts of accumulated strain is directly related to reservoir evolution through geological time. Thus, a given reservoir commercially exploitable at a given time might not have been exploitable if missing one tectonic episode. At the opposite, one additional tectonic episode might prevent further exploitation of an reservoir active in the past. There is therefore, a geothermal exploitation time window where commercial exploitation is possible in the geological history of a reservoir. These geothermal windows providing a sustainable exploitation is represented by green smileys on Figure8-1, which consist into fully open fractures. Orange smileys show the geothermal windows where exploitation is possible but will probably need some stimulation. Red smileys represent structural settings not compatible with geothermal exploitation.

Figure 1 .

 1 Figure 1. (a,b) Location and geological setting of DV, NDVFZ: Northern Death Valley Fault Zone, SDVFZ: Southern Death Valley Fault Zone; (c) Structural scheme of the NH range built using high-resolution digital mapping techniques modified after[START_REF] Klee | Petrographic Analyzes of Fractured Granites Used as An Analogue of the Soultz-Sous-Forêts Geothermal Reservoir[END_REF][START_REF] Niles | Post-Middle Pliocene Tectonic Development of the Noble Hills, Southern Death Valley, California[END_REF]. Additional digitized fractures were performed using orthophotos. The aerial picture in (b) was extracted from Google Earth ® . The samples location was reported in the structural scheme. FM: fracture map.

Figure 2 .

 2 Figure 2. Fracture traces, orientation, and boxplot distributions from (a) DV geological map and (b) NH range map (in red rectangle for large scale location).The order of fractures magnitude were referred to the classification detailed in[START_REF] Morellato | On the Number and Spacing of Faults[END_REF]. The first order referred to the faults larger 100 km length is not detected in this study. Each fracture map dataset is expressed in histogram for orientation distribution, and into boxplot for length distribution, according to the fracture orientations. Two scanlines (SL) were taken for every map.

Figure 3 .

 3 Figure 3. Fracture traces from the NH range divided into 3 domains. (a) NH domains: A, B, and C, (b) orientation distributions, and (c) boxplot of length distributions according to the fracture orientations. Two scanlines (SL) were taken for every domain. For boxplot and orientation distribution legend, see Figure 2.
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 4 Figure 4. Fracture traces, orientation, boxplot length distributions from (a) drone model 1 and (b) drone model 2. Each fracture map data is expressed into histogram for orientation distribution, boxplot of length distribution according to the fracture orientations, and cumulative distribution function (CDF) of lengths. Two scanlines (SL) were taken along the left and the right side of the canyon. For the boxplots and orientation distributions legend, see Figure 2.
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 5 Figure 5. Fracture traces, orientation, boxplot length distributions from drone model 3. Different Datasets are expressed into histogram for orientation distribution, boxplot of length distribution according to the fracture orientations, and cumulative distribution function (CDF) of lengths. Two scanlines (SL) were taken along the left and the right side of the canyon. For Boxplot and orientation distribution legend, see Figure 2.
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 6 Figure 6. Fracture traces, orientation and length distributions from fracture map 1. Different datasets are expressed into histogram for orientations distribution, and into cumulative distribution function (CDF) of lengths. Two scanlines (SL) were taken for every domain. For orientation distribution legend, see Figure 2.

Figure 7 .

 7 Figure 7. Fracture traces, orientation and length distributions from (a) sample 1-1, (b) thin section 1-1, and (c) thin section 1-2 sampled from fracture map 1. Different datasets are expressed into histograms for orientations distribution, and into cumulative distribution function (CDF) of lengths. Two scanlines (SL) were taken for each map. For orientation distribution legend, see Figure 2.
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 8 Figure 8. Fracture traces, orientation, and length distributions from (a) fracture map 2, (b) sample 2-1, and (c) thin section 2-1, located in sample 2-1. Different datasets are expressed into histogram for orientations distribution, and into cumulative distribution function (CDF) of lengths. Two scanlines (SL) were taken for each map. For orientation distribution legend, see Figure 2.
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 9 Figure 9. Fracture traces, orientation and length distributions from fracture map 3. The computed dataset is expressed into histogram for orientations distribution, and into cumulative distribution function (CDF) of lengths. Two scanlines (SL) were taken. For orientation distribution legend, see Figure 2.
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 10 Figure 10. Fracture length distribution from (a) DV geological map, (b) NH range, (c) NH map domain A, (d) NH map domain B, and (e) NH map domain C, and (f) Multiscale length distribution obtained from the combination of the whole data. DV regional map exponent is quite low, around α = -1.40, and gradually increase to around α = -1.62 in NH map (Figure 10a,b). The division of the NH into 3 domains according to the facies variability and the change in range trend orientation showed a disparity in power law exponent values. Indeed, the exponent α = -0.83 in the domain A (values ranging from 21 m to 230 m), while α = -1.42 (values ranging from 25 m to 1283 m) and α = -1.52 (values ranging from 70 m to 1500 m) respectively in domain B and C (Figure10c-e). The lowest α value in domain A can be explained by the dependence of fracture lengths on scale of observation for fractures ranging from 5 m to 870 m. In addition, the domain A is composed of granitic rocks and Crystal Spring sedimentary series with carbonates and quartzites (Figure1), meaning that the sedimentary rocks can

Figure 11 .

 11 Figure 11.Orientation plot representing mean orientation of each fracture set from DV regional map, NH regional map, NH domains and drone models at outcrop scale. Each arrow corresponds to the mean orientation. The length of each arrow corresponds to the fracture set abundance. The horizontal line above each arrow corresponds to the fracture set standard deviation within an interval of confidence of 75% (see[START_REF] Chabani | Semi-Automated Component Identification of a Complex Fracture Network Using a Mixture of von Mises Distributions: Application to the Ardeche Margin (South-East France)[END_REF] for more explanations). Each color arrow corresponds to fracture set: Blue arrow corresponds to NNE/SSW fracture set, red arrow corresponds to the NE/SW fracture set, green arrow corresponds to the E/W fracture set, yellow arrow corresponds to the NNW/SSE fracture set, purple arrow corresponds to the NW/SE fracture set, and marron arrow corresponds to the N/S fracture set.

Figure 12 .

 12 Figure 12. Conceptual scheme presenting the spatial arrangement of the NH fracture network at (a) regional scale, (b) NH scale, and (c) outcrop scale. The organization is based on scale orders referring to the[START_REF] Bertrand | A Multiscale Analysis of a Fracture Pattern in Granite: A Case Study of the Tamariu Granite, Catalunya, Spain[END_REF][START_REF] Bertrand | Structural Heritage, Reactivation and Distribution of Fault and Fracture Network in a Rifting Context: Case Study of the Western Shoulder of the Upper Rhine Graben[END_REF][START_REF] Garzic | Scaling and Geometric Properties of Extensional Fracture Systems in the Proterozoic Basement of Yemen. Tectonic Interpretation and Fluid Flow Implications[END_REF][START_REF] Morellato | On the Number and Spacing of Faults[END_REF] classification, and their associated spacing characteristics referring to[START_REF] Garzic | Scaling and Geometric Properties of Extensional Fracture Systems in the Proterozoic Basement of Yemen. Tectonic Interpretation and Fluid Flow Implications[END_REF][START_REF] Morellato | On the Number and Spacing of Faults[END_REF]. The picture presented in (c) is provided by GoogleEarth ® .

Figure 1 :

 1 Figure 1: Schematic overview of the four representative European Variscan geotectonic settings including the demonstration sites, the analogue sites and the investigation methods according to (Trullenque et al., 2018). Our case study is framed in red.The MEET project has a demonstration site each of these contexts (Figure1)(Trullenque et al., 2018):Variscan metamorphic (metasedimentary and metavolcanic) successions overprinted by younger (mostly Cenozoic) extensional tectonics (rift system): demonstration site University of Göttingen (Germany)  Variscan metamorphic (metasedimentary and metavolcanic) successions not overprinted by younger extensional tectonics: demonstration site Havelange (Belgium)  Variscan crystalline basement overprinted by post-variscan extensional faults: demonstration site Soultz-sous-Forêts (France), which is our study (fig. 1)  Variscan basement not overprinted by younger extensional faults: demonstration site Redruth (United Kingdom) 3. PRESENTATION OF THE DEMONSTRATION AND ANALOGUE SITES 3.1. Demonstration site: Soultz-sous-Forêts 3.1.1. Geological context The SsF site is located within the Upper Rhine Graben (URG), which forms the central most conspicuous segment of the European Cenozoic Rift System(Ziegler, 1992), near its major western boundary fault (Figure2a).

Figure 2 :

 2 Figure 2: Figures presenting a) A: the location of the EGS Soultz-sous-Forêts site and geology of the URG and B: a local map of the Soultz-sous-Forêts site with the well trajectories. According to (Dezayes et al., 2004) and b) a simplified geological cross section and isotherms across Soultz-sous-Forêts and Rittershoffen geothermal plants (Vidal and Genter, 2018)

Figure 3 :

 3 Figure 3: Block diagram from Glaas et al. (2019) representing the fluid circulation in a complex system of fault zones

Figure 4 :

 4 Figure 4: Sample SsF1. Scan of a core (laid flat and doubled) of major permeable fracture zones from EPS1 well at Soultzsous-Forêts with a) the original scan and b) the different zonation characterizing the core. QV: Quartz vein; CG: Cataclased granite; HG: Hydrothermalized granite; PG: Porphyritic granite (modified after Vidal and Genter, 2018).

Figure 5 :

 5 Figure 5: Sample SsF2. Picture of a longitudinal core cut section of a sheared and sealed fracture from EPS1 well at Soultzsous-Forêts with a) the original picture, b) the different zonation characterizing the core and c) a zoom on the core. HG: Hydrothermalized granite; MQ: Mylonitic quartz as relicts; MOC: Mylonitic oxides and clays.
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 2 Analogue site: Noble Hills 3.2.1. Death Valley geological context The Death Valley region is located in the southwestern part of the Basin and Range province of southeastern California and southern Nevada (Figure 6) and is bounded on the west by the Panamint Range and the south by the Providence Mountains. The Death Valley region is one of the youngest regions of large-scale crustal extension within the Basin and Range province. This extension occurred from the Miocene to the Holocene. Normal and associated strike-slip faulting accompanied by the extensional basin formation began < 15 Ma and continuous today

Figure 6 :

 6 Figure 6: Location of Death Valley and tectonic domains modified after ((Burchfiel and Stewart, 1966; Norton, 2011) NDVFZ -Northern Death Valley Fault Zone; SDVFZ -Southern Death Valley Fault ZoneThe Southern Death Valley Fault Zone (SDVFZ) is part of the northwest-trending, right-lateral, strike-slip system of faults located in southern Death Valley. Along with the Northern Death Valley-Furnace Creek Fault Zone (NDVFZ), the SDVFZ appears to be related to extension within the southern Basin and Range province(Stewart, 1983) and so makes up the southern component of the Death Valley fault system (DVFS)(Machette et al., 2001). Near its southern end, the fault zone intersects the east-trending, leftlateral Garlock fault which is linked to the San Andreas Fault(Calzia and Rämö, 2000). A right-lateral offset of ~35 km has been defined, based on matching offset alluvial fan ravel with its source area. It refined earlier estimates of 8 to 80 km of movement for the SDVFZ(Butler et al., 1988) and is consistent with the geometry of a pull-apart basin model for central Death Valley defined by Burchfiel and Stewart, 1966. Recently, (Pavlis and Trullenque, Submitted) have proposed a net amount of 40 to 41 km strike-slip along the SDVFZ based on correlation of a set of geological markers between the Owlshead and the southern termination of the Noble Hills.

  and is consistent with the geometry of a pull-apart basin model for central Death Valley defined by Burchfiel and Stewart, 1966. Recently, (Pavlis and Trullenque, Submitted) have proposed a net amount of 40 to 41 km strike-slip along the SDVFZ based on correlation of a set of geological markers between the Owlshead and the southern termination of the Noble Hills.

Figure 7 :

 7 Figure 7: Geological map of the Noble Hills range realized from field investigations (ongoing work) and after Niles (2016) compared to a scheme of a shear zone (https://slideplayer.com/slide/3405849). A, B and C correspond to samples collected along the deformation gradient.

Figure 8 :

 8 Figure 8: Images a) of altered plagioclases under optical microscope in polarized and analyzed light, b) of the same plagioclases than a) under cathodoluminescence presenting the calcite in red, in pink-green the plagioclases with a blueish albite rim and also in blue the K-feldspars, c) kaolinite and illite as plagioclase pseudomorphosis products under optical

Figure 9 :

 9 Figure 9: Images of kaolinite of the same sample under SEM of a) the thin section and b) a piece of the sample

Figure 10 :

 10 Figure 10: Images of slightly altered biotite, a) under polarized and analyzed light and b) under SEM

Figure 11 :

 11 Figure 11: Pictures from zone A presenting a) an altered granite rich in carbonates veins and b) a fracture filled by automorphy barite

Figure 12 :

 12 Figure 12: Pictures from zone B of a quartz vein slice from Death Valley with a) the original picture and b) the different zones characterizing the slice. QB: Quartz blocks; COC: Cataclastic oxides/clays layer; CG: Cataclased granite; HG: Hydrothermalized granite; PG: Porphyritic granite

Figure 13 :

 13 Figure 13: Picture from zone C of a sample from a clay gouge presenting signs of a high amount of dextral shear deformation

  ) la succession d'événements orogéniques post-hercyniens et (3) la forte anisotropie des roches métamorphiques. Le domaine hercynien affleure largement en Europe et n'est pas encore reconnu pour son potentiel géothermique important. Afin de structurer l'approche du projet, le domaine hercynien a été divisé en quatre parties principales dépendant de la nature des roches rencontrées (Figure A) :

Figure A .

 A Figure A. Aperçu schématique des quatre contextes géotectoniques européens représentatifs du Varisque, y compris les sites de démonstration, les sites analogues et les méthodes d'investigation selon(Trullenque et al., 2018). Notre étude de cas est encadrée en rouge.Une approche multidisciplinaire est choisie et les géologues de réservoir jouent ici un rôle de la plus grande importance. Les plus grandes difficultés pour eux résident dans le manque d'affleurements à grande échelle puisque les informations sont réduites aux données de forages et aux méthodes géophysiques, indirectes. Malgré plusieurs décennies d'efforts de recherche et de développement, la structure à grande échelle des réservoirs géothermiques n'est pas encore totalement comprise à l'heure actuelle.

  Le concept d'analogue peut donc avoir différentes approches. L'accent est mis ici sur la définition adoptée pour un analogue, comme étant un site permettant la compréhension de l'évolution de processus-clés en profondeur pour certains types de structures géologiques. Il est envisagé que l'un de ces processus est relatif aux interactions fluide-roche et leur évolution en fonction de la quantité de déformation dans les structures décrochantes affectant le socle cristallin. Selon un tel concept, les sites "de démonstration" et "analogues" n'ont pas besoin d'être directement comparables en termes de paramètres géologiques spécifiques tels que la période des événements tectoniques considérés ou la quantité de déformation. L'étude n'a jamais eu pour objectif d'établir une comparaison directe entre deux objets à l'échelle régionale.
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 312 Permettre l'accès à des conditions d'affleurement de bonne/excellent qualité dans lesquelles les gradients de déformation et les processus d'interaction fluide-roche sont particulièrement bien développés et préservés. Le réservoir géothermique de Soultz-sous-Forêts (SsF, Alsace, GRS, France) est considéré dans cette étude comme le site de démonstration localisé dans un socle granitique ayant subi une extension tectonique postérieure (Figure A, ancadré rouge). La chaîne des Noble Hills (NH), localisée le long d'une portion de la zone de faille sud de la Vallée de la Mort (Southern Death Valley Fault Zone, SDVFZ, Californie, USA) a été choisie comme analogue principal. L'objectif est d'établir un modèle montrant l'évolution des structures cisaillantes en termes d'interactions fluide-roche et de quantité de déformation en tenant compte de l'héritage géologique et structural. Connaissant la présence de failles cisaillantes dans les épaules du GRS, il est très probable que ces structures se trouvent dans le graben même. Ainsi, les mines existantes dans les épaulements du GRS (Vosges et Forêt Noire) ont fait l'objet d'une étude préliminaire afin de transposer les observations faites dans les NH. II. CHAPITRE 2 : CONTEXTE GEOLOGIQUE Ce chapitre présente les fondements du contexte géologique d'un part de la Vallée de la Mort (Death Valley, DV) avec l'accent mis sur (1) la faille cisaillante sud de la Vallée de la Mort qui a permis la formation du pull-apart de la Vallée de la Mort et (2) sur la chaîne des Noble Hills (NH) qui s'est formée le long de cette zone de faille. D'autre part, il présente un résumé du contexte géologique du graben du Rhin supérieur (GRS), avec quelques précisions sur le réservoir géothermique de Soultz-sous-Forêts (SsF). III. CHAPITRE 3 : ETAT DE L'ART Le chapitre 3 présente un aperçu général (1) des mécanismes de déformation dans le domaine cassant et le domaine ductile, (2) de la composition d'une zone de faille avec un accent sur les zones cisaillantes et les débris de roches broyés par l'action mécanique dans le plan de faille, (3) des interactions fluide-roche en milieu granitique et (4) des propriétés pétrophysiques des zones de failles. IV. CHAPITRE 4 : INTERACTIONS FLUIDE-ROCHE DANS UN RESERVOIR PALEO-GEOTHERMIQUE (GRANITE DE NOBLE HILLS, CALIFORNIE, USA). PARTIE 1 : PROCESSUS D'ALTERATION GENERALISEE DU GRANITE LOIN DES ZONES DE FRACTURES Ce chapitre présente des processus d'interaction fluide-roche qui ont eu lieu à distance des zones de fractures dans le granite des NH. Une description est donnée de (1) la pétrogenèse et les paragenèses d'altération du granite des NH par comparaison au protolithe non déformé trouvé dans les Owlshead plus au nord et (2) des effets de l'altération sur son comportement pétrographique et pétrophysique. Les réultats montrent deux types d'altérations hydrothermales du granite ont été identifiées : une altération propylitique pervasive et une altération argillique locale qui surimpose l'altération propylitique. Des signes d'altérations météorique ont été identifiés mais considérés comme négligeable. Ces altérations se traduisent par la transformation de minéraux primaires en minéraux secondaires via le transfert d'éléments chimiques, ainsi que par l'augmentation du pourcentage de la perte au feu. Le gradient de température dans le corps granitique est établi. Cela a permis de définir le granite des NH comme un paléo réservoir géothermique. Ce chapitre est une contribution publiée en premier auteur dans le volume spécial du journal Geosciences intitulé « Les systèmes géothermaux stimulés et autres applications géothermales profondes en Europe : le projet MEET » ("Enhanced Geothermal Systems and other Deep Geothermal Applications throughout Europe : The MEET Project"). Le titre de cette contribution est : « Fluid-Rock Interactions in a Paleo-Geothermal Reservoir (Noble Hills Granite, California, USA). Part 1: Granite Pervasive Alteration Processes away from Fracture Zones ». V. CHAPITRE 5 : INTERACTIONS FLUIDE-ROCHE DANS UN RESERVOIR PALEO-GEOTHERMIQUE (GRANITE DE NOBLE HILLS, CALIFORNIE, USA). PARTIE 2 : L'INFLUENCE DE LA FRACTURATION SUR LES PROCESSUS D'ALTERATION DU GRANITE ET LA CIRCULATION DES FLUIDES A UNE DEFORMATION REGIONALE FAIBLE A MODEREE Ce chapitre donne un aperçu de la structure des NH et étudie l'influence des zones de fractures à déformation faible voire modérée sur les circulations de fluides et les interactions fluide-roche au travers des NH. Dans ce chapitre, un accent particulier est mis sur (1) les relations entre densité de fractures, processus d'altération et circulations de fluides et (2) les implications en termes de réservoir géothermique. Les résultats montrent des signes de circulation de plusieurs générations de fluides dans le granite des NH de part la présence de veines de différentes natures. De plus, à l'approche des zones de fractures, l'interaction fluide-roche est beaucoup plus importante, ainsi l'altération argillique est dominante. La relation circulation de fluide, altération et fracturation est visible à différentes échelles, à l'échelle de l'affleurement et celle de l'échantillon. Une augmentation de la densité de fracture s'accompagne souvent d'une altération prononcée, mais des exceptions ont été observées. Ainsi, le taux d'altération ne dépend pas toujours du gradient de déformation ou de la densité de fractures. Ce chapitre est publié sous la forme d'un deuxième article en premier auteur dans le volume spécial du journal Geosciences. Son titre est : « Fluid-Rock Interactions in a Paleo-Geothermal Reservoir (Noble Hills Granite, California, USA). Part 2: The Influence of Fracturing on Granite Alteration Processes and Fluid Circulation at Low to Moderate Regional Strain ». VI. CHAPITRE 6 : LE ROLE DE LA STRUCTURATION HERITEE SUR LA CIRCULATION DES FLUIDES A DANS UN RESERVOIR PRE-STRUCTURE SOUS FORTE CONTRAINTE. Ce chapitre est relatif à l'impact des zones de forte déformation et l'influence des structures héritées sur les circulations de fluides dans un réservoir en termes de circulation de fluides et de connectivité. Cette étude est basée sur deux études de cas d'affleurement : (1) dans les NH et (2) dans des mines localisées dans les épaules du GRS. L'étude réalisée dans les mines est principalement basée sur la littérature et est complétée par une étude préliminaire de terrain et des analyses pétrographiques. La partie dédiée aux investigations d'un affleurement situé dans les NH est en préparation pour une future publication dans un journal international à comité de lecture. VII. CHAPITRE 7 : LE GRANITE DE NOBLE HILLS ET LE SOCLE CRISTALLIN DES EPAULES DU FOSSE DU RHIN SUPERIEUR : DES ANALOGUES DU RESERVOIR GEOTHERMIQUE DE SOULTZ-SOUS-FORETS Ce chapitre présente une synthèse des principaux résultats de cette étude sur les NH et les compare aux données disponibles dans la littérature sur le réservoir géothermique de SsF et de Rittershoffen (RTH) situé à quelques kilomètres de SsF. Dans cette discussion, l'accent est mis sur l'importance de la connectivité des fractures et sur la complexité des réservoirs au travers de (1) l'analyse géométrique de réseaux de fractures, (2) les produits d'altération hydrothermale et leur influence sur les propriétés des zones de fracture présentant des quantités différentes de déformation, et (3) l'influence de l'héritage structural. Ce chapitre amène à la compréhension des réservoirs granitiques en régime de trans-tension, dans un but d'explorations géothermiques futures. Un effort particulier est porté pour inclure les donnée nouvelles représentant la complexité d'un réservoir dans un modèle conceptuel actualisé. VIII. CHAPITRE 8 : CONCLUSIONS ET PERSPECTIVES Ce chapitre présente les principales conclusions de ce travail de recherche afin d'apporter une nouvelle connaissance de l'influence des décrochements sur la circulation des fluides en milieu granitique affecté par des niveaux de déformation variés. De telles structures sont peu étudiées dans les réservoirs géothermaux granitiques car elles sont généralement considérées comme des barrières aux écoulements de fluides. Or ces failles participent à la structuration du GRS où se situe de site de démonstration de SsF qui produit de l'électricité à partir d'un EGS. L'accès au réservoir y est limité aux forages, si bien qu'il a paru judicieux d'étudier des analogues naturels de surface. L'analogue lointain (du point de vue géographique) est situé en Californie (USA) le long de la SDVFZ, dans la chaîne des NH. Les analogues proches géographiquement sont situés dans des mines localisées dans les épaules du GRS, dans les massifs des Vosges (France) et de la Forêt Noire (Allemagne). Il s'agit de mines dont l'exploitation est arrêtée. Ce travail apporte des résultats majeurs pour la recherche mais aussi pour l'industrie : VIII.1. Résultats majeurs pour la recherche VIII.1.1. Les altérations hydrothermales et leurs indicateurs dans les NH Les NH montrent plusieurs types d'altération successives : • L'altération propylitique est considérée comme une altération précoce et pervasive, prenant place à la fin du refroidissement et de la cristallisation du granite. Elle résulte principalement d'une transformation partielle des biotites et plagioclases primaires en un assemblage d'illite, épidote, corrensite (minéraux interstratifiés chlorite/smectite trioctaédrique) et calcite. Epidote et corrensite sont les témoins les plus caractéristiques de l'altération propylitique. La calcite est seulement trouvée en remplissage de fissures et de joints de grains, sans interaction avec la roche encaissante. • L'altération argillique, ou filonienne, se superpose localement à l'altération propylitique. Elle intervient à proximité de fractures dans lesquelles des fluides hydrothermaux ont circulé. Cette altération consiste en une hydrolyse des minéraux et la cristallisation massive de minéraux argileux, à température plus faible (130-200°C) que dans le stade propylitique. Les produits d'altération consistent en assemblages minéraux néoformés d'illite, kaolinite, interstratifies illite/smectite, calcite and oxydes et résultent de l'altération totale des biotites et plagioclases. • De rares signes d'altération météorique (Montmorillonite and Vermiculite) ont été observés et sont considérés comme étant négligeables. Les assemblages minéralogiques des épisodes propylitique et argillique sont comparables à ceux identifiés à SsF et RTH. En s'approchant des zones de fractures, l'altération devient plus intense, ainsi que le montre l'augmentation des valeurs de perte au feu (LOI, Loss On Ignition). Les interactions fluide-roche étant plus prononcées à proximité des factures, l'altération argillique y oblitère presque complètement l'altération propylitique. Ce phénomène a également été observé à SsF et RTH. La kaolinite est généralement le minéral argileux dominant près des zones de fractures, indiquant un lessivage important ou la circulation d'un fluide acide. Les valeurs d'indice de Kübler (KI) montre une température de cristallisation de l'illite proche de 200°C. Une circulation de paléo-fluides hydrothermaux polyphasée a été mise en évidence dans les NH du fait des minéraux néoformés variés qui ont précipité dans les fractures (quartz, illite, carbonates tels que calcite, dolomite, et ankérite and oxydes). La quantité de calcite a été estimée : elle augmente en se rapprochant des fractures. VIII.1.2. Relation entre la quantité de déformation et les circulations de fluides Lorsque les données relatives aux NH, aux épaules du GRS et à SsF et RTH sont réunies, il est possible de présenter un schéma synthétique qui (1) résume l'évolution de la structure décrochante selon un gradient de déformation et (2) illustre la relation entre zone de cisaillement héritée et circulation de fluide postérieure (Figure B). La fracturation est initiée durant le refroidissement du granite alors affecté par l'altération propylitique pervasive (Figure Ba). Sous une déformation faible à modérée, les fractures s'ouvrent et laissent circuler un fluide. Deux cas doivent être considérés : Dans le cas d'un très faible ratio fluide/roche, le fluide circule dans le réseau de fractures et des minéraux secondaires y précipitent, induisant une faible altération du granite (Figureb et c). Dans le cas d'un fort ratio fluide/roche, le fluide circule dans le réseau de fractures, affecte leurs épontes et développe un halo d'altération montrant un gradient (Figure Bd). Avec le temps, des minéraux secondaires précipitent depuis la saumure saturée (quartz, par exemple) et scellent les fractures pendant que le gradient d'altération s'intensifie (Figure Be et f). Des réactivations de failles successives mobilisent et modifient les dépôts de veine et amplifient l'altération de la roche encaissante. En fonction de la nature des nouveaux fluides, de nouveaux minéraux secondaires peuvent se former, tels des carbonates. Combiné à la réduction de taille des grains de la roche hôte du fait du cisaillement, la quantité de ces minéraux néoformés augmente de façon importante au cours du temps. La nouvelle roche ainsi obtenue montre une compétence diminuée par rapport au protolithe et le développement d'une schistosité est initié (Figure Bg) qui mène à un mécanisme de fluage (Figure Bh).

Figure B .

 B Figure B. Schéma synthétique montrant l'interaction entre le fluide et le granite à différents niveaux de déformati on. (a) Initiation d' une fracture dans un granite affecté par une altération propylitique. (b) Fractures ouvertes avec une altération argillique naissante de la roche environnante.(c) Zones bréchifiées avec une matrice carbonatée et aucun changement du degré d' altération. (d) Une fracture ouverte avec un gradient d' altération naissant à la li mite. (e) Cristallisation mi nérale à la li mite de la vei ne. (f) Une fracture fermée avec un léger gradient d' altération. (g) Une vei ne bréchifiée issue de la réactivation d' une fracture et présentant un gradi ent d' altération mais pas de gradient de fracturation. (h) Une myl onite constituée de carbonates et de lentilles granitiques présentant un gradient d' altération et un gradient de fracturation. (g) et (h) présentent une densité de fractures (Fd) si milaire. (i) Une gouge de faille a entraî né la déformati on du socle protérozoïque et des sédi ments pincés hérités. (j) Casde la mi ne de Gabe-Gottes, dévi ation de la vei ne avec la zone de cisaillement. (k) Cas de Schaui nsland, la vei ne est arrêtée par la gouge argileuse. Aucune échelle n' est donnée pour ce schéma, car il peut représenter des zones de fractures de pl usieurs ordres de grandeur. Le potentiel supposé d' expl oitation géothermi que est indiqué par des smileys de différentes couleurs.

  déformés et du socle dans le coeur de la faille, (2) sa porosité élevée dans le coeur de la faille,[START_REF] Berkowitz | Characterizing Flow and Transport in Fractured Geological Media: A Review[END_REF] sa teneur élevée en calcite qui peut provenir d'une circulation de fluide qui précipite les carbonates et[START_REF] Odling | Variations in Fracture System Geometry and Their Implications for Fluid Flow in Fractured Hydrocarbon Reservoirs[END_REF] une altération prononcée. Il est suggéré que ce type de structure dans la zone divise le réservoir en blocs relativement peu déformés qui glissent les uns par rapport aux autres sans accumuler eux-mêmes de forte déformation élastique. Cela peut expliquer pourquoi dans la zone, les larges veines, correspondant à des fractures paléo-perméables, sont extrêmement rares. Ainsi, même si le réseau de fractures dans le NH est hydrauliquement connecté, il pourrait ne pas être commercialement exploitable en raison de ce système de blocs. Cependant, en considérant le changement du champ de contrainte, comme la compression des Montagnes Avawatz contre le NH, ces blocs faiblement déformés ne sont plus dans la configuration de glissement mais la contrainte peut être accumulée et, par conséquent, fracturer les blocs. Ainsi, des veines de barytine pluri décimétriques, obliques par rapport à l'orientation des NH, ont été identifiées suite à ce changement de contrainte dans le NH. Ces veines de barytine n'ont pas été identifiées dans l'ensemble du massif certainement en raison de l'influence des zones de failles transversales riches en argile qui peuvent arrêter ou dévier la circulation.Des études préliminaires réalisées dans les mines des épaules du GRSont montré l'influence importante de l'héritage structurel sur la circulation ultérieure des fluides. La mine de Schauinsland dans la Forêt Noire a montré qu'une gouge riche en argile héritée de la déformation d'un protolithe unique agit comme une barrière. Le matériau argileux empêchant l'accumulation des contraintes, la gouge a rapidement arrêté le développement d'une ouverture par fracturation et donc d'un filon exploitable. De l'autre côté du graben, dans les Vosges, la mine de Gabe-Gottes présente des zones de cisaillement héritées dans le socle rocheux à travers lesquelles les veines peuvent se propager en utilisant la shistosité. La circulation des fluides est déviée en utilisant l'orientation préférentielle de la schistosité héritée des zones de forte déformation. Ces structures héritées identifiées dans les épaules du GRS doivent être prises en compte lors de la simulation de l'écoulement des fluides dans un réservoir géothermique. Les analogues ont permis de montrer la complexité réelle d'un réservoir géothermique qui est la plupart du temps sous-estimée. Les zones de faille intensément déformées peuvent présenter différents comportements qui influencent directement la circulation des fluides dans le réservoir. Les structures décrochantes ne sont pas seulement importantes pour la connectivité du réservoir, mais on peut également mentionner que ces structures (1) peuvent perturber la stabilité du forage en raison de leur compétence lorsqu'elles sont constituées de gouge d'argile molle et (2) sont soumises à une réactivation pendant les opérations de stimulation. En effet, les récents événements sismiques qui se sont produits en Alsace à proximité de Strasbourg étaient dus à des mouvements le long des structures décrochantes orientées N309 pendant les stimulations (EOST and CNRS, 2021). La compréhension de l'évolution d'un réservoir dans le temps doit être prise en compte par les industriels. Le modèle d'évolution des fractures présenté ci-dessus (Figure B) en fonction des quantités de déformation accumulées est directement lié à l'évolution du réservoir à travers les temps géologiques. Ainsi, un réservoir commercialement exploitable à un moment donné pourrait ne pas l'être s'il manquait un épisode tectonique. À l'inverse, un épisode tectonique supplémentaire pourrait empêcher l'exploitation d'un réservoir actif avant cet épisode. Il existe donc une fenêtre temporelle d'exploitation géothermique où l'exploitation commerciale est possible dans l'histoire géologique d'un réservoir. Ces fenêtres géothermiques permettant une exploitation durable sont représentées par des smileys verts sur la Figure B, qui correspondent à des fractures totalement ouvertes. Les smileys oranges montrent les fenêtres géothermiques où l'exploitation est possible mais nécessitera probablement une stimulation. Les smileys rouges représentent les contextes structuraux non compatibles avec une exploitation géothermique. VIII.3. Perspectives Le chapitre 6 propose des perspectives de recherche qui pourraient permettre d'améliorer encore la connaissance des réservoirs géothermiques en milieu granitique. VIII.3.1. Caractérisation approfondie des zones de forte déformation Ces travaux mettent en évidence le rôle majeur que jouent les zones de cisaillement fortement déformées dans la connectivité et la productivité des réservoirs. Cependant, des caractérisations plus spécifiques sont nécessaires pour comprendre leur comportement mécanique et pétrophysique.
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1. Summary by region and continent of direct-use geothermal data worldwide in 2019 after

  3. Deep geothermal development in Europe

	In Europe, 257 geothermal district heating systems with total installed capacity of 4.6 GWt are
	present and the total installed capacity for geothermal electricity was about 2.2 GWe,
	generated by 84 power plants. The total installed capacity could increase to reach 1,400
	TWh/year by 2050, half of it being produced by EGS plants (European Commission, 2016). To
	make possible enhancement of deep geothermal development in Europe, a SET-Plan (Strategic
	Energy Technology Plan) has been created by the European Commission (2016) presenting 6
	main strategic targets:
	1. Increase reservoir performance resulting in power demand of reservoir pumps to below
	10% of gross energy generation and in sustainable yield predicted for at least 30 years
	by 2030.

2. Improve the overall conversion efficiency, including bottoming cycle, of geothermal installations at different thermodynamic conditions by 10% in 2030 and 20% in 2050 3. Reduce production costs of geothermal energy (including from unconventional resources, EGS, and/or from hybrid solutions which couple geothermal with other renewable energy sources) below 10 €ct/kWhe for electricity and 5 €ct/kWhth for heat by 2025. 4. Reduce the exploration costs by 25% in 2025, and by 50% in 2050 compared to 2015 5. Reduce the unit cost of drilling (€/MWh) by 15% in 2020, 30% in 2030 and by 50% in 2050 compared to 2015. 6. Demonstrate the technical and economic feasibility of responding to commands from a grid operator, at any time, to increase or decrease output ramp up and down from 60% -110% of nominal power. The European Union pays special attention to geothermal energy in respect to the Paris Agreement (COP 21, 2015). Within the Horizon 2020 Framework Program, about €90 million worth were funded by the European Commission, granted for Research and Development on geothermal technology during the period 2014-2020

  Europe is sleeping over a giant but largely underused source of geothermal energy. The consequent amount of natural heat coming from Earth is underground, below the European citizen's feet. To boost the market penetration of geothermal power in Europe, the MEET project (Multidisciplinary and multi-context demonstration of EGS exploration and Exploitation

	Techniques and potentials) (https://www.meet-h2020.com). It received funding from the
	European Union's Horizon 2020 research and innovation program under grant agreement No.
	792037 and brings together 16 partners (universities and industries) from France, Germany,
	Belgium, Croatia and Iceland. The MEET project was created with the main goal of
	demonstrating the viability of Enhanced Geothermal Systems (EGS) with electrical and thermal
	power generation in all main kinds of Variscan geological settings (volcanic, metamorphic,

sedimentary and crystalline). The concept of the EGS approach is to exploit the heat which is trapped in any geological settings (different tectonic setting, stress field and rock composition)

  Rock Interactions in a Paleo-Geothermal Reservoir (Noble Hills Granite, California, USA). Part 1: Granite Pervasive Alteration Processes away from Fracture Zones Johanne Klee 1, *, Sébastien Potel 1 , Béatrice A. Ledésert 2 , Ronan L. Hébert 2 , Arezki Chabani 1 , Pascal Barrier 1 and Ghislain Trullenque 1
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1. Metamorphic zone boundaries

Table 4 -

 4 4. Major elements of the Owlshead and Noble Hills granites.

	Sample ID	OM_3	NH_10	NH_1	NH_2	NH_3
	Oxides (weight %)					
	SiO2	74.65	68.54	69.56	68.69	68.78
	Al2O3	12.90	15.36	14.93	14.53	14.99
	Fe2O3	1.83	3.02	2.83	4.29	2.95
	MgO	0.31	0.57	0.56	1.15	0.78
	CaO	1.09	2.62	2.20	2.50	1.99
	Na2O	3.51	3.31	3.42	3.19	2.78
	K2O	4.43	4.31	4.10	3.60	4.22
	TiO2	0.20	0.29	0.26	0.46	0.28
	P2O5	0.07	0.14	0.13	0.20	0.14
	MnO	0.08	0.09	0.08	0.12	0.08

Table 4 -

 4 5) and the LOI values, we note that a low LOI corresponds to a slight alteration, e.g.

	CHAPTER 4

,

OM_3 or NH_2 and a high LOI corresponds to a more pronounced alteration, e.g., NH_3.

Table 4 -

 4 5. Loss on ignition values compared to the alteration degree of plagioclase and biotite estimated under optical microscope.

	Sample ID	OM_3	NH_10 NH_1	NH_2	NH_3
	Loss on ignition (LOI) (wt.%) 0.7	1.5	1.7	1.1	2.8
	Alteration degree (%)	2	10	9	4	18
	Plagioclase alteration (%)	5	20	20	10	40
	Biotite alteration (%)	0	15	10	0	20
	In diagrams representing selected major elements versus the LOI (Figure 4-13), LOI values of
	NH samples show a positive correlation with K2O and a negative correlation with Na2O and
	CaO. SiO2 and Al2O3 contents are approximately constant, 68.54-69.56 wt.% and 14.53-15.36

wt.% respectively. MgO content varies a lot (0.56-1.15 wt.%) showing no clear correlation with

Table 4 -

 4 6. Trace elements chemical composition of the Owlshead and Noble Hills granites. present enriched samples in light rare earth elements (LREE) relative to heavy rare earth elements (HREE) in both granites. However, the OW granite shows a higher abundance of LREE and a stronger negative Eu anomaly than the NH samples. In spite of different degrees of mineral alteration, all the NH samples follow the same trend. The primitive mantle-normalized multi-element diagram (Figure4-14b) is characterized by distinct negative anomalies for Nb and Sr and high Th and U contents, typical for upper crustal composition

	Sample ID	OM_3	NH_10	NH_1	NH_2	NH_3
	Trace elements (ppm)					
	Be	2	2	2	3	2
	Co	1.5	4.2	2.9	6.4	3.5
	Cs	1.6	2.4	1.1	3.4	1.8
	Ga	15.6	16.7	16.0	17.2	14.1
	Hf	4.3	3.6	4.1	4.6	4.6
	Nb	22.3	13.8	11.4	18.9	10.5
	Rb	154.7	144.9	103.0	139.9	115.7
	Sn	2	1	<1	2	<1
	Sr	116.2	275.2	237.5	268.2	182.7
	Ta	1.6	0.9	0.7	1.3	0.6
	Th	19.3	11.4	10.2	9.0	11.0
	U	1.8	2.2	1.5	1.4	1.5
	V	16	33	22	40	25
	W	<0.5	<0.5	0.7	<0.5	<0.5
	Zr	139.8	134.2	156.6	180.6	159.0
	Y	19.7	22.5	17.5	21.4	17.0
	Ba	554	1009	845	704	772
	Ni	<20	<20	<20	<20	<20
	Sc	4	5	4	8	4
	Cr2O3	<0.002	<0.002	<0.002	<0.002	<0.002
	Be	2	2	2	3	2
	Rare Earth Elements (ppm)				
	La	52.1	28.3	26.2	21.7	26.8
	Ce	97.0	53.0	48.1	40.8	52.2
	Pr	9.97	5.93	5.31	4.59	5.62
	Nd	31.7	20.6	18.8	16.6	19.5
	Sm	5.29	3.82	3.51	3.56	3.48
	Eu	0.53	0.89	0.89	0.81	0.81
	Gd	4.24	3.66	3.14	3.60	3.22
	Tb	0.65	0.59	0.51	0.59	0.51
	Dy	3.66	3.63	3.05	3.65	2.96
	Ho	0.69	0.78	0.62	0.73	0.59
	Er	2.05	2.25	1.87	2.18	1.81
	Tm	0.30	0.33	0.28	0.33	0.27
	Yb	2.08	2.32	1.77	2.16	1.86
	Lu	0.33	0.37	0.28	0.36	0.28
	TOT/C	0.02	0.14	0.21	0.04	0.26
	TOT/S	<0.02	<0.02	<0.02	<0.02	<0.02

  ) field observations: no veins were observed at outcrop scale and macro-scale and the granite appears

competent, (2) thin-section analyzes: no veins or veinlets, calcite crystallizations are only present at grain boundaries, and (3) geochemical analyzes, which indicate a very low LOI (0.7 wt.%). No vein was observed at any scale and secondary minerals are all characteristic of propylitic alteration. Those data show that the Mnt cannot result from argillic alteration. In the case of the OM granite, the Mnt is interpreted as a signature of weathering. As its amount is low (15% of the clay fraction), the global alteration of the granite is considered as being dominated by the propylitic alteration. With the OM being considered as the protolith, weathering can be considered negligible in both OM and NH granites.
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 5 2. Spatial fractures analysis. Scanline length: total length of each scanline; Fracture number, Mean spacing, P10 and Cv value by scanline and fracture distribution tendency by scanline.

	Sample name	Scale	Scanline name	Scanline length (cm)	Fracture number	Mean spacing (cm)	P10 (fracs/m)	Cv	Fracture Distribution
		Sample	SL1_NH_31 SL2_NH_31	13.51 16.44	111 144	0.12 0.11	829 882	0.67 0.60	Regular -Random Regular -Random
	NH_31	Thin sections	SL_NH_31_1 SL_NH_31_2 SL_NH_31_3	1.60 2.21 2.34	47 87 118	0.03 0.02 0.02	2997 3988 5084	1.03 1.07 Random -Clustered Random 1.11 Random -Clustered
		Samples	SL_NH_36	15.8	53	0.3	342	1.03	Random
			SLH_NH_36_1	2.87	153	0.02	4636	1.49	Clustered
	NH_36	Thin	SLV_NH_36_1	2.06	133	0.02	6312	1.01	Random
		sections	SLH_NH_36_2	3.35	184	0.02	5231	1.11 Random -Clustered
			SLV_NH_36_2	1.88	74	0.03	3930	0.92	Regular -Random
	NH_23	Sample Thin	SL1_NH_23 SL2_NH_23 SL_NH_23_1	14.33 12.93 2.48	197 170 117	0.07 0.07 0.02	1382 1322 4798	0.68 0.66 0.77	Regular -Random Regular -Random Regular -Random
		sections	SL_NH_23_2	2.37	91	0.02	3879	1.19 Random -Clustered
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 5 3. Major elements and loss on ignition (LOI) weight percentage (wt%) for the NH granite.

	Sample ID	NH_19	NH_23	NH_27	NH_31_3	NH_36
	SiO2	67.18	60.84	56.26	69.29	66.67
	Al2O3	15.03	17.31	14.05	15.42	15.30
	Fe2O3	2.93	4.61	3.17	2.69	3.65
	MgO	0.71	1.06	0.89	0.24	0.97
	CaO	1.81	2.83	9.10	2.34	3.80
	Na2O	2.20	2.45	0.27	2.89	3.12
	K2O	5.45	4.69	4.48	4.05	3.05
	TiO2	0.23	0.39	0.29	0.24	0.34
	P2O5	0.12	0.18	0.14	0.13	0.17
	MnO	0.11	0.23	0.23	0.06	0.12
	LOI	4.10	5.20	10.90	2.50	2.60
	Sum	99.91	99.88	99.90	99.88	99.87

The LOI ranges from 2.50 to 10.90 wt% with an average around 5 wt%. The LOI values show a negative correlation with Na2O and SiO2 and a positive one with K2O. The CaO content varies slightly between 1.81 wt% and 3.12 wt% except for the sample NH_27 which CaO content is about 9.10 wt%. Al2O3, MgO and Fe2O3 contents vary more widely in the ranges 14.05-17.31 wt%, 0.24-1.06 wt% and 2.69-4.61 wt%, respectively. However, a positive correlation is observed between Al2O3 and LOI if the sample NH_27 is rejected. These diagrams show that carbonate (represented by Ca and Mg) and oxide (represented by Fe) precipitations do not depend on the LOI. CHAPTER 5 164
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 5 4. Porosity values, recalculated bulk-rock major element weight percentage, altered rock density/fresh rock density ratio, volume factor (Fv) assuming the immobility of Al2O3 (XAl2O3 = 0).

	Sample ID	NH_2 1 NH_27 NH_31_3 NH_36
	Porosity (%)	2.29	10.1	10.1	11.5
	Oxides (weight %)			
	SiO2	69.57 63.3	71.18	68.6
	Al2O3	14.72 15.81 15.84	15.74
	Fe2O3	4.35	3.57	2.76	3.76
	MgO	1.16	1	0.25	1
	CaO	2.53	10.24 2.4	3.91
	Na2O	3.23	0.3	2.97	3.21
	K2O	3.65	5.04	4.16	3.14
	TiO2	0.47	0.33	0.25	0.35
	MnO	0.12	0.26	0.06	0.12
	Density	ratio			
	(dA/dF)		0.93	0.92	0.92
	Fv (XAl2O3 = 0)	1.00	1.00	1.01	1.02

1 Geochemical data recalculated from

Klee et al. (2021a) 
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 5 5. Results of mass-balance calculations assumingFv = 1.

	Sample ID	NH_27 NH_31_3 NH_36
	Absolute mobility (%)			
	SiO2	-10,39 -3,54	-5,32
	Al2O3	0,06	-0,18	-0,29
	Fe2O3	-1,01	-1,77	-0,82
	MgO	-0,23	-0,92	-0,22
	CaO	7,04	-0,30	1,10
	Na2O	-2,95	-0,47	-0,22
	K2O	1,06	0,20	-0,70
	TiO2	-0,16	-0,24	-0,14
	MnO	0,12	-0,06	-0,01
	V.7. Temperature Conditions			
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 5 

6. List of samples with their respective FWHM and Kübler Index (KI) values in air dried (AD) conditions

for the fractions < 2µm

and 2-6 µm. n.m. -not measured. 

Sample ID illite peak (10) < 2µm illite peak (10) 2-6µm

  

					CHAPTER 5
	KI values range from 1.32Δ°2θ to 0.29Δ°2θ for the <2 µm fraction and from 1.27Δ°2θ to
	0.21Δ°2θ for the 2-6 µm fraction (			
		FWHM AD	KI AD	FWHM AD	KI AD
	NH_16	0,62	0,97	0,43	0,65
	NH_17	n.m.		0,80	1,27
	NH_18	0.41	0.61	0.34	0.49
	NH_19	0,52	0,75	0,51	0,74
	NH_22	0,53	0,78	0,58	0,84
	NH_24	0,83	1,32	0,70	1,11
	NH_25	0,59	0,59	0,63	0,63
	NH_27	0,65	0,96	0,55	0,80
	NH_31_1_2 0,72	1,14	0,64	1,01
	NH_31_3	n.m.		0,34	0,50
	NH_32	0,29	0,29	0,21	0,21
	NH_34	n.m.		0,28	0,39
					168
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 5 [START_REF] Geiger | Non-Fourier Thermal Transport in Fractured Geological Media[END_REF]. The spatial distribution of the samples and their associated KI values are shown in

Table 5

 5 It is suggested that these depletions are linked to the alteration of biotite but they are compensated by their precipitation as oxides or in carbonates. Thus, it is likely that no Fe or Mg is exported out of the alteration zones. CaO and calcite content present no correlation

	confirmed by the loss of Na2O obtained by mass-balance calculation. Indeed, altered plagioclase
	are depleted in Na2O. No Na-bearing newly formed minerals (except little I/S and C/S) was
	encountered. It is likely that Na was exported out of the alteration zone. When the alteration
	of plagioclase is less pronounced, as in samples NH_31_3 and NH_36 (Table 5-3), the Na2O
	depletion is lower. However, a global enrichment of K2O is observed linked to illite
	crystallization. A positive correlation is observed between amount of alteration and illite
	formation. K-feldspar being rarely altered, chemical modelling would be necessary to determine

-5) using the

Gresens method Gresens (1967) 

to quantify the losses and gains of elements during hydrothermal alteration. To this end, data from this study and from

Klee et al. (2021a) 

were used. LOI has been defined as an indicator of the alteration degree

[START_REF] Chambefort | Petrology, geochemistry and U-Pb geochronology of magmatic rocks from the high-sulfidation epithermal Au-Cu Chelopech deposit, Srednogorie zone, Bulgaria[END_REF] Klee et al., 2021a;[START_REF] Liu | Breakup of the northern margin of Gondwana through lithospheric delamination: Evidence from the Tibetan Plateau[END_REF] 

supporting optical observations. In this study, LOI values range from 2.5% to 10.9% (Table

5

-3), whereas,

Klee et al. (2021a) 

obtained values from 1.1% to 2.8% for the protolith. These values confirm a more pronounced alteration of the granite in the vicinity of fracture zones.

Concerning element transfers, only minor variations of Al2O3 were observed compared to the LOI, also confirmed through mass-balance calculations. Al is thus considered as immobile. This study has shown a significant SiO2 negative correlation with LOI. This loss is confirmed by massbalance calculations. It indicates the partial silicate alteration, explaining the presence of quartz veins and veinlets through the granite. A negative correlation with LOI was observed for Na2O, whether the amount of K release by biotite alteration would be sufficient to allow the rather important formation of illite. MgO and Fe2O3 present no clear correlation with LOI. However, low depletion of Fe2O3 and MgO compared to the protolith were identified by mass-balance calculations.
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1. 
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 6 1. List of samples collected on the outcrop with their mineralogical composition and clay mineral composition for the fractions <2 µm and 2-6 µm determined after microscopic observations (OM and SEM-EDS) and XRD analyses (primary minerals and secondary minerals)

	Samples	Primary minerals	Secondary minerals	clay fraction < 2µm Ill/Ms Kln C/S Bt Ill/Ms Kln C/S Bt clay fraction 2-6µm
	NH_40	Qtz, Or, Ab, Bt, Ap	Kln, Ill, Cal, Hem	+	++	+		+	++	-	
	NH_41	Qtz, Or, Bt, Ap	Ill, Dol, Gp, Cal, Anh	++	--			++	-		
	NH_42	Qtz, Or, Mc, Bt, Ap	Ill, Kln, Cal, Dol, Gp				n.a.				
	NH_43	Qtz, Or, Mc, Ab, Bt, Ap	Kln, Ill, Cal, Gp		n.m.			+	++	+	-
	NH_44	Qtz, Or, Mc, Ab, Bt, Ap	Kln, Ill, Cal, Hem, Gp		n.m.			+	++	+	+
	NH_45	Qtz, Or, Mc, Olg, Bt, Ap	Kln, Ill, Cal, Hem	-	++	+	-	-	++	+	+
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 6 2. Loss on ignition values and major elements, trace elements and rare earth elements chemical composition.

	Sample	NH_40	NH_41	NH_43	NH_45
	Major elements				
	LOI	4.5	9.4	7.9	5.9
	SiO2	65.45	63.05	62.97	62.71
	Al2O3	16.17	13.02	13.70	15.61
	Fe2O3	3.09	2.75	3.33	3.49
	MgO	0.74	1.83	1.84	0.92
	CaO	2.38	3.02	3.01	3.44
	Na2O	1.66	2.24	1.85	2.02
	K2O	5.17	3.95	4.69	5.08
	TiO2	0.32	0.33	0.26	0.33
	P2O5	0.16	0.12	0.14	0.20
	MnO	0.08	0.13	0.11	0.08
	Sum	99.89	99.86	99.88	99.88
	Trace elements				
	Be	3	4	2	2
	Co	3.8	5.1	4.0	3.6
	Cs	2.1	4.9	3.0	2.4
	Ga	14.4	14.5	13.5	14.6
	Hf	4.2	4.9	4.4	4.5
	Nb	11.5	11.1	10.4	12.1
	Rb	135.6	151.9	136.7	159.3
	Sn	1	2	<1	2
	Sr	166.1	319.8	256.7	202.0
	Ta	0.6	0.7	0.6	0.8
	Th	11.9	14.9	11.4	9.0
	U	1.3	4.1	2.9	2.1
	V	29	28	19	25
	W	<0.5	1.0	0.6	0.8
	Zr	153.6	175.4	151.1	154.6
	Y	18.3	24.2	18.5	25.0
	Ba	1303	320	624	1388
	Ni	<20	<20	<20	<20
	Sc	5	6	4	6
	Cr2O3	<0.002	0.002	<0.002	<0.002

Table 2 .

 2 Continued. 

	Sample	NH_40	NH_41	NH_43	NH_45
	Rare Earth Elements (REE)			
	La	28.6	33.9	30.8	26.3
	Ce	53.7	66.0	59.1	50.5
	Pr	6.11	7.45	6.49	5.58
	Nd	21.7	26.3	22.5	19.6
	Sm	3.92	4.89	3.85	3.65
	Eu	0.84	0.97	0.90	0.90
	Gd	3.67	4.54	3.49	3.73
	Tb	0.56	0.69	0.53	0.66
	Dy	3.19	4.06	3.19	4.01
	Ho	0.61	0.88	0.65	0.88
	Er	1.83	2.64	1.95	2.54
	Tm	0.28	0.36	0.30	0.36
	Yb	1.78	2.49	1.96	2.20
	Lu	0.31	0.38	0.31	0.36
	TOT/C	0.47	0.94	0.86	0.69
	TOT/S	0.02	0.64	0.65	0.20

Chondrite-normalized REE patterns present enriched samples in light rare earth elements

Table 6 -

 6 

	Samples	clay fraction < 2µm (AD) FWHM KI	clay fraction 2-6µm (AD) FWHM KI
	NH_40 NH_41 NH_43 NH_45	0,694 0,685 0,38	n.m.	1,02 1,01 0,54	0,741 0,661 0,43	n.m.	1,10 0,97 0,62
	KI values range from 0.54Δ°2θ to 1.02Δ°2θ for the <2 µm fraction and from 0.62Δ°2θ to
	1.10Δ°2θ for the 2-6 µm fraction					

3. List of samples with their respective FWHM and Kübler Index (KI) values in air dried (AD conditions

for the fraction <2 µm

and 2-6 µm. n.m.-not measured. 

Table 6

 6 

-3. They are almost equivalent in both fractions. All the samples show KI value corresponding to the diagenetic zone. The granite (NH_40) shows high KI values in both fractions with 1.02 Δ°2θ (< 2µm) and 1.10 Δ°2θ (2-6 µm). The gouge (NH_41) shows a similar KI, 1.01 Δ°2θ, in the fraction < 2µm to NH_40, whereas the KI measured in the fraction 2-6 µm is lower, 0.97 Δ°2θ. A lower KI value, 0.62 Δ°2θ was obtained for the fraction 2-6 µm of the gneiss lenses sample (NH_43). Finally, the fraction <2 µm of the gneiss in contact with the gouge (NH_45) shows the lowest KI value (0.54 Δ°2θ). The gneissic rocks show lower diagenetic grade KI values than the granite and the gouge.
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 7 1. Primary minerals, secondary minerals (from propylitic and argillic alterations) and fracture infills for both Upper Rhine Graben and Noble Hills range. Bold writing indicates the differences between SsF and NH.

		Upper Rhine Graben granite	Noble Hills granite
	Primary minerals composition	Quartz, perthitic K-feldspar, Plagioclase (oligoclase), Biotite, few Amphiboles	Quartz, perthitic K-feldspar, Plagioclase (oligoclase), Biotite
	Propylitic alteration	Illite, Corrensite, Epidote,	Illite, Corrensite, Epidote,
	secondary minerals	Carbonates, Chlorite	Carbonates
	Argillic alteration secondary minerals	Illite, Illite/Smectite, Carbonates, Oxides, Quartz, Tosudite	Illite, Illite/Smectite, Carbonates, Oxides Kaolinite

Table 2 .

 2 Spatial statistics of 2D samples acquired from outcrop scale (fracture maps) to thin section scale. Two Scanlines (SL) at least were generated for calculating the fracture density (P10); the length average is provided.

		Nb of Fractures	Mean Orientation	Average SL Length (m)/Area (m 2 )	Fracture Density (P10) (frac/m)	Fracture Density (P21) (m/m 2 )
	Fracture map 1	1133	N005 N083	3.1/7.94	12	12
			N018			
	Sample 1-1		N053 N090	15 × 10 -2 /2.2 × 10 -2	184	118
		51	N126			
			N018			
	Thin section 1-1		N053 N090	3 × 10 -2 /8 × 10 -4	5140	715
			N126			
			N020			
			N051			
	Thin section 1-2		N088	3 × 10 -2 /8 × 10 -4	4525	702
			N128			
			N162			
		36	N005			
		34	N038			
	Fracture map 2	98	N070	1.7/1.91	18	13
		32	N110			
		83	N145			

Table 2 .

 2 Cont. 

		Nb of Fractures	Mean Orientation	Average SL Length (m)/Area (m 2 )	Fracture Density (P10) (frac/m)	Fracture Density (P21) (m/m 2 )
		75	N017			
		145	N057			
	Sample 2-1	101	N092	10 -1 /10 -2	177	240
		116	N130			
		135	N157			
		201	N014			
	Thin section 2-1	213 170	N059 N097	3 × 10 -2 /8 × 10 -4	517	1064
		221	N140			
		149	N009			
		88	N033			
	Fracture map 3	119	N071	1.7/3	20	12
		70	N104			
		146	N149			
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APPENDIX 1

Original paper Les principaux objectifs du projet MEET sont :

Ainsi, trois sujets méritent d'être étudiés à l'avenir :

• La déformation expérimentale traitant des propriétés mécaniques des roches réservoirs en fonction de l'altération, y compris le suivi des émissions acoustiques. Ces expériences jouent un rôle clé lorsqu'il s'agit de relier le régime de contrainte et de déformation au degré d'altération de la roche et à l'occurrence potentielle d'un événement sismique,

• La cinétique des réactions d'interaction fluide-roche et la quantification des effets de la contrainte sur le taux de production de minéraux d'altération dans le temps,

• 

JOHANNE KLEE

Influence of fluid-rock interaction processes and strain on strike-slip zones properties: An analogue-based multidisciplinary approach. Fractured granitic geothermal reservoirs applications.

ABSTRACT

This contribution aims at a better understanding of basement rock petrophysical properties evolution affected by progressive deformation along strike slip structures. The chosen approach is based on analogue studies, an analogue being a geological object dedicated to the understanding processes of particular interest. We have chosen a portion of the Southern Death Valley Fault Zone (Noble Hills, CA, USA) as an analogue. A comparison to structures found within the Upper Rhine Graben area and Soultz-sous-Forêts demonstration site is proposed. Our findings indicate that two stages of alteration can affect granitic basement rocks. A pervasive propylitic alteration, affecting the whole granitic body is overprinted by an argillic alteration mainly concentrated in the vicinity of fracture zones. At low to moderate strain a progressive increase of alteration degree, porosity values and calcite content are observed. Interestingly, the degree of alteration is not directly linked to the fracture density. It is demonstrated that high strain zones can but do not necessarily represent a barrier to geothermal brines circulation. Mechanical properties of high strained fault rocks play a crucial role in hindering the development of openings necessary to channel the flow within the reservoir. These properties are involving in time and space depending on accumulated deformation and fluid-rock interaction processes. A conceptual model of fault zone evolution and reservoir architecture is proposed. Geothermal exploration and exploitation must consider the role of geological heritage in order to warranty sustainable and safe operations.

Keywords: Fractured granite, Fluid-rock interaction, Deformation gradient, Geothermal reservoirs, Analogue RÉSUMÉ Cette contribution a pour objectif de mieux comprendre l'évolution des propriétés pétrophysiques des roches de socles affectées par une déformation progressive le long de structures décrochantes. L'approche choisie est basée sur des études d'analogues, un analogue étant un objet géologique dédié à la compréhension de processus d'intérêt spécifique. Nous avons choisi pour analogue une portion de la partie sud de la zone faillée de la Vallée de la Mort (Noble Hills, CA, USA). Une comparaison avec les structures trouvées dans le graben du Rhin supérieur et au site de démonstration de Soultz-Sous-Forêts est proposée. Nos résultats indiquent que deux étapes d'altération peuvent affecter les roches du socle granitique. Une altération argillique principalement concentrée aux environs des zones de fractures se superpose à une altération propylitique pervasive affectant l'ensemble du corps granitique. Dans le cas de déformations de faible à moyenne intensité, une augmentation progressive du degré d'altération, de la porosité et de la teneur en calcite est observée. Curieusement, le degré d'altération n'est pas directement lié à la densité de fractures. Il est démontré que les zones de fortes déformations peuvent représenter une barrière à la circulation de saumures géothermales sans toutefois l'être nécessairement. Les propriétés mécaniques des roches faillées ayant accumulé une forte déformation ont un rôle crucial en empêchant le développement d'ouvertures nécessaires à l'écoulement dans le réservoir. Ces propriétés évoluent dans le temps et l'espace en fonction de la déformation accumulée et des processus d'interaction entre le fluide et la roche. Un modèle conceptuel de l'évolution d'une zone faillée et de l'architecture d'un réservoir est proposé. L'exploration et l'exploitation géothermiques doivent prendre en compte le rôle de l'héritage géologique afin de garantir des opérations sécurisées et durables.

Mots clés :

Granite fracturés, Interaction fluide-roche, Gradient de déformation, Réservoirs géothermiques, Analogue