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Understanding the impact of fault zones on reservoir trap properties is a major challenge for a variety of geological resources applications. Fault zones in cohesive rocks are complex structures, composed of 3 components: rock matrix, damage zone fractures and fault core rock. Despite the diversity of methods to estimate fault zone permeability/drain properties, up to date none of them integrate simultaneously all three components, nor their evolution with time. In this paper, we present a ternary plot that characterizes the fault zones permeability as well as the drainage properties. The ternary plot aims at characterizing the fault zone permeability between the three vertices (matrix, fractures and fault core permeability) and at defining the drain properties among 4 possible hydraulic systems: (I) good horizontal and vertical, fault-perpendicular and -parallel; (II) moderate parallel fluid pathway; (III) good parallel fault-core and (IV) good parallel fractures. The ternary plot method is valid for 3 or 2 components fault zones. The application to the Castellas Fault field case study (SE France) shows the simplicity and efficiency of the plot for studying underground as well as cropping out active and/or fossil, simple or polyphase faults in reservoirs with complete or limited permeability data.

Introduction

Understanding the impact of fault zones on reservoir trap properties is a major challenge for a variety of applications such as hydrocarbon exploration and production, hydro-geology, geothermal exploitation, CO2 sequestration, and nuclear waste isolation. It is commonly accepted that fault zones are either barriers [START_REF] Tondi | Nucleation, development and petrophysical properties of faults in carbonate grainstones: evidence from the San Vito Lo Capo peninsula (Sicily, Italy)[END_REF][START_REF] Agosta | From fractures to flow: a field-based quantitative analysis of an outcropping carbonate reservoir[END_REF] enhancing reservoir sealing, or drains [START_REF] Walker | Fault zone permeability structure evolution in basalts[END_REF][START_REF] Huisman | Toward the Creation of Models to Predict Static and Dynamic Fault-Seal Potential in Carbonates[END_REF][START_REF] Sinisi | Contrasting fault fluids along high-angle faults: a case study from Southern Apennines (Italy)[END_REF][START_REF] Debenham | Spatial distribution of micrometre-scale porosity and permeability across the damage zone of a reverse-reactivated normal fault in a tight sandstone: insights from the Otway Basin, SE Australia[END_REF] breaching the reservoir seals. Recent studies demonstrated that faults zones may be both barrier and drains in space [START_REF] Matonti | Structural and petrophysical characterization of mixed conduit/seal fault zones in carbonates: example from the Castellas fault (SE France)[END_REF][START_REF] Haines | Permeability evolution across carbonate hosted normal fault zones[END_REF] and time [START_REF] Aubert | Deciphering background fractures from damage fractures in fault zones and their effect on reservoir properties in microporous carbonates (Urgonian limestones, SE France)[END_REF][START_REF] Aubert | Diagenetic evolution of fault zones in Urgonian microporous carbonates, impact on reservoir properties (Provence southeast France)[END_REF]. Hence, to quantify the impact of fault zones on reservoir fluid dynamics through geological time, it is important to decipher the fault zone hydraulic properties.

Fault zones in cohesive rocks are complex structures, typically composed of two separate domains of deformed rock volumes, namely the fault core and the damage zone (e.g. [START_REF] Caine | Fault zone architechture and permeability structure[END_REF][START_REF] Chester | Composite planar fabric of gouge from the Punchbowl Fault, California[END_REF][START_REF] Ferraro | Structural diagenesis of carbonate fault rocks exhumed from shallow crustal depths: an example from the central-southern Apennines, Italy[END_REF][START_REF] Mayolle | Scaling of fault damage zones in carbonate rocks[END_REF]. Most of the deformation is accommodated inside the fault core by the development of fault rocks [START_REF] Hammond | Geochemistry , mineralization , structure , and permeability of a normal-fault zone , Casino mine[END_REF][START_REF] Agosta | Architecture and deformation mechanism of a basinbounding normal fault in Mesozoic platform carbonates, central Italy[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][START_REF] Michie | Influence of host lithofacies on fault rock variation in carbonate fault zones: a case study from the Island of Malta[END_REF], while the damage zone fracture networks display a density that commonly increases toward fault core [START_REF] Caine | Fault Zone Architecture and Fluid Flow: Insights from Field Data and Numerical Modeling[END_REF][START_REF] Gudmundsson | Effects of Young's modulus on fault displacement[END_REF][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].

In the literature, the hydraulic behavior of fault zones is considered to be the result of the fracture network in the damage zone and the fault core [START_REF] Agosta | Physical properties of carbonate fault rocks, Fucino Basin (Central Italy): implications for fault seal in platform carbonates[END_REF][START_REF] Agosta | Geochemical traces of CO2-rich fluid flow along normal faults in central Italy[END_REF][START_REF] Delle Piane | Frictional and hydraulic behaviour of carbonate fault gouge during fault reactivation. An experimental study[END_REF][START_REF] Sinisi | Contrasting fault fluids along high-angle faults: a case study from Southern Apennines (Italy)[END_REF][START_REF] Debenham | Spatial distribution of micrometre-scale porosity and permeability across the damage zone of a reverse-reactivated normal fault in a tight sandstone: insights from the Otway Basin, SE Australia[END_REF]. The role of matrix within the fault zone is underestimated. Yet, the bulk permeability depends of 3 permeability components: rock matrix, damage zone fracture network, and fault rock; as well as their spatial arrangements in three dimensions [START_REF] Caine | Fault Zone Architecture and Fluid Flow: Insights from Field Data and Numerical Modeling[END_REF]. Hence, they must be taken into account to have a nearreality understanding of the fault zones hydraulic properties. The characteristics of these units differ and depend on mechanical, petrological and chemical aspects, which are described below (Fig. 1).

(1) The fault core: The fault cores are commonly composed of breccias, gouges and other cataclastic rocks with lenses of the surrounding damage zone [START_REF] Billi | The damage zone-fault core transition in carbonate rocks: implications for fault growth, structure and permeability[END_REF][START_REF] Gudmundsson | Effects of Young's modulus on fault displacement[END_REF][START_REF] Bastesen | Extensional faults in fine grained carbonates -analysis of fault core lithology and thickness-displacement relationships[END_REF][START_REF] Billi | Microtectonics of low-P low-T carbonate fault rocks[END_REF][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]. The permeability in the fault core depends on the degree of cataclastic processes, the nature of the matrix, and the fault rock
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cementation (Fig. 1B; [START_REF] Aubert | Deciphering background fractures from damage fractures in fault zones and their effect on reservoir properties in microporous carbonates (Urgonian limestones, SE France)[END_REF][START_REF] Billi | Microtectonics of low-P low-T carbonate fault rocks[END_REF][START_REF] Evans | Permeability of fault-related rocks, and implications for hydraulic structure of fault zones[END_REF][START_REF] Fisher | The permeability of faults within siliciclastic petroleum reservoirs of the North Sea and Norwegian Continental Shelf[END_REF][START_REF] Lockner | Geometry of the Nojima fault at Nojima-Hirabayashi, Japan -I. A simple damage structure inferred from borehole core permeability[END_REF][START_REF] Storti | Particle size distributions in natural carbonate fault rocks: insights for non-self-similar cataclasis[END_REF].

(2) The matrix: The matrix permeability is dependent on the intrinsic rock porosity which does not include fracture porosity (Fig. 1C). There are several porosity types depending on rock type, pore size and diagenesis [START_REF] Choquette | Geologic nomenclature and classification of porosity in sedimentary carbonates[END_REF].

(3) The fractures: In the damage zone, the fracture density is higher than in the host rock [START_REF] Caine | Fault Zone Architecture and Fluid Flow: Insights from Field Data and Numerical Modeling[END_REF][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] and their frequency commonly increases toward the fault plane [START_REF] Gudmundsson | Effects of Young's modulus on fault displacement[END_REF]. The fracture network permeability depends on fracture properties including aperture, connectivity, and cementation (Fig. 1D)).

To determine the fault zone permeability/drain properties several methods have been developed, that can be sorted into 3 approaches: (i) The fault properties (fractures, porosity and permeability) are measured and modeled in each fault zone parts [START_REF] Jourde | Computing permeability of fault zones in eolian sandstone from outcrop measurements[END_REF][START_REF] Shipton | Structural heterogeneity and permeability in faulted eolian sandstone: implications for subsurface modeling of faults[END_REF][START_REF] Odling | Permeability scaling properties of fault damage zones in siliclastic rocks[END_REF][START_REF] Kitagawa | Temporal change in permeability of the Nojima fault zone by repeated water injection experiments[END_REF][START_REF] Mitchell | Towards quantifying the matrix permeability of fault damage zones in low porosity rocks[END_REF]. These methods require the definition of structural properties (e.g. strike, aperture, density, connectivity, …), the discrimination of diagenetic modifications (cementation and dissolution), and the measurement of porosity/permeability values. These methods are possible only if the fault zones are accessible (outcrops, cores) to perform fracture measurements and samplings. (ii) The second approach determines the fault drain properties through lithologic juxtapositions (self-juxtaposed and self-separated reservoirs, [START_REF] Faerseth | Methodology for risking fault seal capacity: implications of fault zone architecture[END_REF]. The fault juxtaposition is evaluated using several methods [START_REF] Yielding | Fault seal calibration: a brief review[END_REF]: the Allan diagram [START_REF] Allan | Model for hydrocarbon migration and entrapment within faulted structures[END_REF], the fault plane maps, or the 3D topology of reservoir connections. However, these approaches do not take into account the inner structures of fault zones which, in some cases, have a great importance on their sealing properties. (iii) The third approach uses algorithms to determine the fault zone seal properties [START_REF] Yielding | Quantitative fault seal prediction[END_REF][START_REF] Freeman | Fault seal prediction: the gouge ratio method[END_REF][START_REF] Harris | Using Shale gouge ratio (SGR) to model faults as transmissibility barriers in reservoirs: an example from the strathspey field, north sea[END_REF][START_REF] Mohamdally | Fault leakage assessment using the capacitance model[END_REF]. These algorithms predict fault zones properties considering the role of clays (mixing/smearing) and/or the fault rock composition in the fault core [START_REF] Yielding | Quantitative fault seal prediction[END_REF][START_REF] Van Der Zee | Lateral clay injection into normal faults[END_REF][START_REF] Yielding | Fault seal calibration: a brief review[END_REF][START_REF] Vrolijk | Clay smear: review of mechanisms and applications[END_REF]). These are for example -among others-the Shale Gouge Ratio (SGR), the Clay Smear Potential (CSP), and the Shale Smear Factor (SSF).

Despite the diversity of methods defining fault zone permeability/ drain properties, up to date none of them integrate simultaneously the 3 components: fracture, fault core and matrix permeabilities and their evolution with time. In order to overcome this lack, we present a ternary plot that allows the determination of the fault zones permeability. This straightforward tool improves the description and understanding of the fault zones hydraulic properties in sedimentary basins and reservoirs. The first section of this paper presents how the ternary plot allows to characterize fault zone permeability and drain properties. The second section is the application of the ternary plot on the field case study of Castellas polyphased fault (SE Provence, France) in order to propose the evolution of fault permeability and drain properties with time.

Ternary plot: the way it works

Operating principle

This method aims at characterizing the fault zone permeability through a ternary plot. The fault zone permeability depends on its three end members: the fault core permeability, the fracture permeability and the matrix permeability. These are the three vertices of the ternary diagram (Fig. 2). The ternary plot can be used qualitatively and/or quantitatively. The contribution percentage of one element against the other ones can be estimated by geologists or quantified if possible by dynamic data (i.e. relative or absolute value). At the vertex, the permeability is 100% due to the concerned end member, at the opposite side the permeability is 0% due to the end member. The concept and geometry of the diagram do not allow to define the characteristics of completely tight fault zones (Mx K 0%, FC K 0% and fracture K 0%).

As an example, at the matrix vertex (Mx K, point 1, Fig. 2), the permeability in the fault zone is 100% provided by rock matrix in the damage zone. On the opposite edge of the triangle, the permeability in the fault zone which is provided by rock matrix in the damage zone is 0%. The horizontal red dashed-lines mark the decreasing contribution of matrix in the over whole fault zone permeability from 100% to 0%, respectively from vertex to opposite side. The operating principle is the same in the case of the other two vertices. At the fracture end member 7) and ( 8) are examples of incomplete fault zone internal structures, composed of only 2 components: (7) fault core is absent: the permeability is 60-80% due to the matrix and 20-40% to fractures; (8) fracture damage zone is absent: the permeability is 95% due to the matrix and 5% to the fault core. Note that 7 and 8, as they have only two components, are plotted as separate linear axes outside the main triangle to distinguish them from cases where the third component is present but tight.

(Frac K, point 2, Fig. 2) the permeability is 100% related to the fractures in damage zone. At the opposite side the permeability is 0% related to the damage zone fractures. At the fault core vertex (FC K, point 3, Fig. 2), the permeability is 100% related to the fault core. At the opposite side the permeability is 0% related to the fault core. At any point of the ternary plot the permeability is due to a specific combination of the three end members in the fault zone (points 4,5,6, Fig. 2). Throughout the geological history of a fault, the rock matrix always existed, it is not necessarily the case for the fault core and damage zone. They develop -or not-depending on geological conditions and mechanical properties of the host strata, the fault plane geometry, and the fault "maturity" as displacement accumulates. Hence, the fault zone may be restricted to either matrix and damage zone, or matrix and fault core. In some cases, the fault zone is alternatively composed of 2-3 end members along the fault zone. To characterize local or temporary binary fault systems, we drew two binary axes Mx K-FC K and Mx K -Frac K adjacent to the ternary diagram (Fig. 2). Noting that no binary axis for zero rock matrix presence is needed, as there will always be one.

They quantify the matrix/fracture or matrix/fault core partitioning of permeability contributions. At each axis tip, the permeability is 100% due to the end member and 0% on the opposite tip. For instance, at the matrix tip of both axes, the fault zone permeability is 100% due to the matrix. At the opposite tips, the fault zone permeability is not related to the matrix but 100% to the fractures (Frac K tip) or to the fault core (FC K tip). In this way, the use of binary axes at the sides of the ternary plot allows the distinction between whether the fault zone component is not contributing to fault zone permeability because it is tight or because it is absent. The horizontal red dashed-lines show the decreasing contribution of matrix in the over whole fault zone permeability.

Characterisation of fault zone permeability

Fig. 2 shows theoretical cases of fault zones, both in the ternary plot and along binary axes. We demonstrate that the ternary plot is efficient not only with single component permeability in fault zones (examples 1, 2 and 3; Fig. 2), but also with multi components (examples 4, 5 and 6; Fig. 2). In the later cases, the permeability may be partitioned between 2 or 3 end-members. In example 4, although fractures occur, the fault zone permeability is 50% related to the matrix and 50% to the fault core. In the example 5, the permeability is 60% related to the damage zone fractures and 40% to the matrix. The permeability in the example 6 depends on 3 end-members partitioned into 60% fractures, 20% fault core and 20% matrix. For fault zones missing a fault core, or a damage zone, the permeability components are read along Mx K -Frac K and Mx K-FC K axes, respectively. Example 7 is a fault zone without core, with 20% of permeability resulting from the matrix and 80% from the barren fractures of the damage zone. Example 8 is a fault zone without damage zone, with a matrix accounting for 95% of the permeability and the fault core for 5%.

Table 1 shows the characteristics of eight fault zones described in the literature. These faults with normal or strike-slip kinematics, affect sandstones [START_REF] Balsamo | Structural and petrophysical evolution of extensional fault zones in low-porosity, poorly lithified sandstones of the Barreiras Formation, NE Brazil[END_REF][START_REF] Laubach | Fault core and damage zone fracture attributes vary along strike owing to interaction of fracture growth, quartz accumulation, and differing sandstone composition[END_REF], carbonates [START_REF] Agosta | Inner structure and deformation mechanisms of normal faults in conglomerates and carbonate grainstones (Granada Basin, Betic Cordillera, Spain): inferences on fault permeability[END_REF][START_REF] Haines | Permeability evolution across carbonate hosted normal fault zones[END_REF][START_REF] Tondi | Hydraulic properties of fault zones in porous carbonates, examples from central and southern Italy[END_REF][START_REF] Aubert | Deciphering background fractures from damage fractures in fault zones and their effect on reservoir properties in microporous carbonates (Urgonian limestones, SE France)[END_REF], or crystalline rocks [START_REF] Walter | Réservoirs de socle en contexte extensif : genèse[END_REF]. In these papers, the faults zone are variably described, either in terms of porosity, or permeability, or quantitatively (fracture network geometry, Table 1). Consequently, based on these data, we have estimated the permeability of the fault zone components (matrix, fracture and fault core). This allows to plot these eight examples in the ternary plot and to compare with the theoretical examples of Fig. 2. The faults of Tablate [START_REF] Agosta | Inner structure and deformation mechanisms of normal faults in conglomerates and carbonate grainstones (Granada Basin, Betic Cordillera, Spain): inferences on fault permeability[END_REF] and of Ras ir Raheb & Victoria Lines [START_REF] Haines | Permeability evolution across carbonate hosted normal fault zones[END_REF] affect carbonates. The Applecross faults [START_REF] Laubach | Fault core and damage zone fracture attributes vary along strike owing to interaction of fracture growth, quartz accumulation, and differing sandstone composition[END_REF] affect sandstones. The Lake Albert rift faults [START_REF] Walter | Réservoirs de socle en contexte extensif : genèse[END_REF] affect crystalline rocks. These four faults have almost tight to fully tight matrix (Mx K 0%), a tight fault core (FC K 0%), and a mature barren fracture network (Frac K 100%). They are plot on point 2 of Fig. 2. The Eriboll faults [START_REF] Laubach | Fault core and damage zone fracture attributes vary along strike owing to interaction of fracture growth, quartz accumulation, and differing sandstone composition[END_REF], in low porosity sandstones (Φ<1%; Mx K 0%), show quartz-sealed fractures in the damage zone (Frac K 0%) and a porous fault core (FC K 100%). These faults plot on the point 3 of Fig. 2. The faults of Barreiras formation in sandstones [START_REF] Balsamo | Structural and petrophysical evolution of extensional fault zones in low-porosity, poorly lithified sandstones of the Barreiras Formation, NE Brazil[END_REF] present intergranular fractures and dilation bands leading to a strong increase of macro-porosity and pore connectivity in the damage zone. The fault core permeability is reduced by mechanical compaction. We attributed permeabilities as follows: Frac K 60%, Mx K 40% and FC K 0%, plotted at point 5 of Fig. 2. The D19 fault affecting carbonates [START_REF] Aubert | Deciphering background fractures from damage fractures in fault zones and their effect on reservoir properties in microporous carbonates (Urgonian limestones, SE France)[END_REF], presents a low porosity matrix (Φ<5%; Mx K 20%), a barren fracture network in the damage zone (Frac K 60%), and a partly cemented fault core (FC K 20%). It plots at point 6 of Fig. 2. The Favignata strike-slip faults [START_REF] Tondi | Hydraulic properties of fault zones in porous carbonates, examples from central and southern Italy[END_REF], affecting carbonates, present no brittle damage zone, a low fault core porosity Φ<1% (FC K 0%) and a matrix porosity <7% (Mx K 100%). These faults plot on the point 8 of Fig. 2.

From permeability to drain properties

When the fault zone permeability characteristics are defined, its hydraulic system can be inferred (Fig. 3). The fault hydraulic system depends on the ability of the 3 components to drain fluids, parallel and/ or perpendicular to the fault (Fig. 3; [START_REF] Caine | Fault zone architechture and permeability structure[END_REF][START_REF] Bense | Fault zone hydrogeology[END_REF]. The fault-perpendicular (i.e. fault-crossing through) flows are strongly dependent on the fault core permeability while the faultparallel flows mainly depend on the fracture network in the = Table 1 Characteristics of fault zones from the literature and their position in the ternary plot. From left to right: fault zones name and location; referred paper, fault kinematics, fault throw when known, characteristics of the matrix, damage zone and fault core, example number in the ternary plot. A fault zone can be an intermediate type between these end members. Close to a vertices, the permeability is mostly influenced by the end-member, with variable contribution of the other two end-members. The resulting hydraulic system depends on the distance to the vertices. When the point falls further away from two end members, the hydraulic system is a mix of them (see examples on Fig. 4A).

Name

The point a is close to the fault core vertices. In this case, fractures and matrix enhance the fault-perpendicular flows but the drainage is mostly fault core driven, and therefore fault-parallel.

The point b between type II and type IV is located at equal distance between fracture and matrix end members. The permeability is equally linked to matrix and fractures and the fault core is tight. The fault zone forms a barrier for fault-perpendicular flow while the damage zone drives fluids parallel to the fault.

At point c between type II and type III, the permeability is equally induced by the fault core and the matrix, while the fracture network is tight. The permeable fault core is surrounded by permeable matrix that allows for reduced fault perpendicular flow. The limitation of the flow may be due to the 3D architecture of the tight fractures.

At point d between type III and type IV, the permeability is variably influenced by the fault core and the damage zone fractures. The permeable fault core connected to permeable fractures forms a good fault-perpendicular and fault-parallel drain.

On sides of the ternary plot, both binary axes of incomplete fault zones can be divided into coloured areas reflecting the types of hydraulic systems in fault zones (Fig. 4A). Close to type II, the permeability is only provided by the matrix. On the Mx K -Frac K (right-hand) binary axis, the fractures are tight. The permeability is only related to the matrix and the tight fracture network highly reduces the flows. On the Mx K-FC K (left-hand) binary axis, the fault core is tight. The fault zone permeability is only related to the matrix and forms a moderate parallel to fault fluid pathway.

At the lowest extremity of the Mx K -Frac K axis, the permeability is only related to the fracture network, and the matrix is tight. The fault zone with no fault core forms a good parallel and perpendicular to fault fluid pathway depending on fracture aperture and connectivity.

At the bottom of the Mx K-FC K axis the permeability is only related to the fault core, and the matrix is tight. The fault zone forms a good parallel to fault fluid pathway limited to the fault core.

Between axes tips, the fault zone properties result from a combination of both components.

Application to a case study: the castellas fault zone, Urgonian carbonates from SE France

We quantify the hydraulic properties of a fault zone affecting carbonate rocks and illustrate how the ternary plot can be used to capture the evolution of the fault zone through times. A recent structural and diagenetic study of the Castellas fault-zone has shown that the fault has polyphase structural evolution and underwent a long-lasting complex diagenetic history [START_REF] Aubert | Diagenetic evolution of fault zones in Urgonian microporous carbonates, impact on reservoir properties (Provence southeast France)[END_REF]. The structural, diagenetic, and geochemical evolution with time of the fault has been deciphered and plotted on the ternary plot. We unraveled the history of hydraulic properties of the fault zone during ~100 million years.

The Castellas fault (Provence, SE France) affects early Barremian calcarenites of La Fare anticline southern flank, dipping 25 • S (Fig. 5A). These Barremian calcarenites deposited on the Urgonian platform [START_REF] Masse | Les calcaires urgoniens de Provence (Valanginien-Aptien Inférieur) -Stratigraphie, paléontologie, paléoenvironnements et leur évolution[END_REF]. Several geodynamic events impacted La Fare area since Barremian times. The main ones are:

-From Albian to Cenomanian, the Durancian uplift led to the exhumation of the Barremian carbonates, and to the onset of extensional faults [START_REF] Guyonnet-Benaize | 3D structural modelling of small-deformations in poly-phase faults pattern. Application to the Mid-Cretaceous Durance uplift, Provence (SE France)[END_REF][START_REF] Léonide | Diagenetic patterns and pore space distribution along a platform to outer-shelf transect (Urgonian limestone, Barremian-Aptian, SE France)[END_REF]. -During the Late Cretaceous, the Pyrenean shortening triggered E-W thrust faults and ramp folds [START_REF] Bestani | Reconstruction of the provence chain evolution, southeastern France[END_REF]. -The Alpine shortening dimly reactivated some of the Pyrenean structures [START_REF] Champion | La déformation post-miocène en provence occidentale[END_REF][START_REF] Molliex | Tectonic and sedimentary inheritance on the structural framework of Provence (SE France): importance of the Salon-Cavaillon fault[END_REF][START_REF] Bestani | Géométrie et cinématique de l'avant-pays provençal : Modélisation par coupes équilibrées dans une zone à tectonique polyphasée[END_REF].

The Castellas fault initiated during the mid-Cretaceous Durancian uplift as a normal south-dipping fault. During the Pyrenean shortening, the La Fare anticline formed. The Castellas fault was reactivated as sinistral strike-slip and was tilted within the southern limb of the fold. This led to the present-day fault attitude: ~70 • north-dipping, striking N070 • with an apparent reverse throw (Fig. 5B; [START_REF] Matonti | Structural and petrophysical characterization of mixed conduit/seal fault zones in carbonates: example from the Castellas fault (SE France)[END_REF][START_REF] Aubert | Diagenetic evolution of fault zones in Urgonian microporous carbonates, impact on reservoir properties (Provence southeast France)[END_REF]. Over the basin evolution, the fault zone observed in Barremian carbonates, buried at a maximum of ~550m from Barremian to Albian times (Fig. 5D; [START_REF] Aubert | Diagenetic evolution of fault zones in Urgonian microporous carbonates, impact on reservoir properties (Provence southeast France)[END_REF]. During the Durancian uplift the Barremian rocks were uplifted of 450m and rose to aerial exposure by continental erosion. From Santonian to Maastrichtian the fault has been buried again at depth of 600m (Fig. 5D; [START_REF] Aubert | Diagenetic evolution of fault zones in Urgonian microporous carbonates, impact on reservoir properties (Provence southeast France)[END_REF]. The final uplift occurred from Maastrichtian to Eocene times.

The fault zone is composed of a damage zone and a fault core which are irregularly distributed along the ~2 km of exposure (Fig. 5C). The detailed description of the structural lateral variation can be found in [START_REF] Matonti | Structural and petrophysical characterization of mixed conduit/seal fault zones in carbonates: example from the Castellas fault (SE France)[END_REF], [START_REF] Aubert | Fault Zone Structural and Diagenetic Evolution in Carbonates -Impact on Reservoir Properties (Urgonian Case Study[END_REF] and [START_REF] Aubert | Diagenetic evolution of fault zones in Urgonian microporous carbonates, impact on reservoir properties (Provence southeast France)[END_REF]. The damage zone is composed of anastomosed fault planes. The individual segments are in order of ~200m in length on average and ranging in strike from N047 • to N078 • . Fractures in the damage zone can be characterized in two main sets striking at N160 • and N060 • . Faults and fractures are partially cemented. Five types of cements have been discriminated (Fig. 5E). Their description combined with isotopic measurements ( 18 O and 13 C) allowed to decipher the fault zone paragenetic sequence (Fig. 5E) described in detail in [START_REF] Aubert | Diagenetic evolution of fault zones in Urgonian microporous carbonates, impact on reservoir properties (Provence southeast France)[END_REF] and resumed as follows, with four cements (C1 to C4) and one dolomite: We restored the structural and diagenetic history of the fault. Combined with the diagenetic sequence, we speculated the partitioned contribution of matrix, damage zone fractures and fault core in the fault permeability. From the rock emplacement in Barremian times to the present-day, the diagenesis and tectonics have resulted into 4 hydraulic systems (Aubert et al., 2020, Fig. 6).

Step 0

This step corresponds to the poorly cemented host rock. The permeability is 100% related to the host rock, composed of microporous calcarenites. The fault does not exist yet, so the point 0 has been placed on side of the ternary plot (Fig. 6).

Step 1

The fault nucleated during the Durancian uplift. The gentle normal displacement in the poorly cemented granular calcarenites gave rise to dilation bands in the location of the future fault core. The fault zone sensu stricto, composed of a damage zone and a core zone, does not exist yet. The proto fault zone permeability was related to 50% to the proto fault core (dilation bands) and to 50% to the matrix. At this step, we can consider the proto fault zone to be centred on the Mx K-FC K axis (point 1; Fig. 6). The localized increased permeability enabled fluids to flow. The fluids further cemented the micritised grains. The fault zone binary hydraulic system was between Type II and III. This led to a strong porosity decrease and to the rock embrittlement in and around the dilation bands.

Step 2

Still during the Durancian uplift, the rock embrittlement of stage 1 in the area of the future fault zone allowed the formation of the damage zone. At this step, we can consider that the fault zone sensu stricto exist, with a damage zone and an immature fault core. The contribution of fractures in the fault zone permeability raised to ~40%. The remaining permeability was 40% due to the fault core and 20% due to the matrix. The fault zone is close to be type I (point 2; Fig. 6). The fractures of the damage zone enhanced the fluid drainage that led to further cementation of the matrix in the fault zone. Consequently, the matrix contribution in the fault zone permeability decreased to 0%.

Step 3

A last event of normal faulting during the Durancian uplift formed a permeable breccia in the fault core while the matrix and fractures of the damage zone were tight. As a result, the fault permeability was 100% due to the fault core (point 3; Fig. 6). The fault zone was a type III hydraulic system that formed a vertical drain localized in the fault core. The surrounding tight damage zone formed a barrier to perpendicular flows. The next major tectonic event occurs ~30Ma later. During this time laps, no obvious tectonic and diagenetic event was recorded in the fault zone. At the onset of step 4, Mg-rich up-welled fluids induced dolomitization in the fault core.

Step 4

During the Pyrenean shortening, the Castellas fault was reactivated in a sinistral strike-slip mode. This triggered the emergence of new fault planes and new fractures in the damage zone, and of a new fault rock. These brittle structures increased the contribution of damage zone fractures in the fault zone permeability to 90%. Conversely, the fault core contribution was minimized to 10%. The fault zone turned to type IV (point 4; Fig. 6). The good fracture connection in the damage zone formed a fault-parallel drain for fluids, which could hardly flow across the poorly permeable fault core.

The ternary plot showed that the permeability of the Castellas fault has drastically changed with time, depth, tectonics and diagenesis. Taking these four cursors simultaneously into account demonstrated that the fault zone evolution is not straight and one-way. From initiation to maturity and reactivation, the permeability has evolved from one type to another one, with intermediate mixed types. Induced, the faultperpendicular and -parallel drainage has been unstable through time. The normal faulting resulted in a fault-parallel and fault-perpendicular drainage. After the strike-slip reactivation, the fault zone became a fault-parallel fractured drain. This non-linear Castellas fault evolution allows to stress that the connection two of permeability dots to make a pathway will add uncertainties to the model.

Conclusions

In this paper, we presented an innovative method to describe the permeability in fault zones as well as their drain properties. This tool is a ternary plot integrating the 3 prime components of a fault zone which are the fault core, the fractures in the damage zone and the rock matrix. They are used as the three vertices of the ternary plot. Despite the diversity of methods from the existing literature, up to date none of them simultaneously integrated these 3 permeability components. The present ternary plot is also useable for fault zones composed of only two components.

The ternary plot can be used qualitatively and/or quantitatively. To use it, one can measure or estimate permeability values of each component in a fault zone. The key parameter is the estimated proportion of each single component, i.e. their relative or absolute value.

Once the permeability is characterized on the ternary plot, the induced anisotropy of the fluid flow in the fault zone is defined either perpendicular or parallel to the fault zone, vertical or horizontal, and good or moderate. We deduced 4 possible hydraulic systems: (I) good horizontal and vertical, fault-perpendicular and -parallel; (II) moderate fault-parallel fluid pathway; (III) good fault-parallel in the fault-core and (IV) good fault-parallel in the damage zone fractures. The only impossible case is when fault zones are fully tight, because the concept of ternary diagram logically excludes the case where each component is 0%. In cases of asymmetric fault zones, the permeability might be characterized individually on both fault zone sides. This is particularly true when considering strong lithological and petrophysical variations in bedded sequences on sides of the fault. This is also the case when one need to upscale the local fault properties at kilometric scale. Another complex case is when permeability is not isotropic in any one component.

The ternary plot can be used to characterize fault zones in underground reservoirs as well as exposed fossil faults, in an efficient and simple way. The application on the case study of Castellas fault zone showed that the ternary plot is a good tool for presenting the history of hydraulic properties of fossil faults in carbonates. It was successfully used to illustrate the fault zone polyphase evolution through times for ~100 My. From initiation to today, the fault went through 5 diagenetic and tectonic stages that resulted in 4 successive hydraulic systems. At its onset in Mid-Cretaceous Uplift, the fault first displayed binary hydraulic system between Type II and III (stage 1), then a Type IV hydraulic system (stage 2), and finally, a type III hydraulic system during the last event of normal faulting (stage 3). Following the fault reactivation during Pyrenean shortening, the fault hydraulic system turned to type IV (stage 4).

This method might be a powerful tool to capture the predictions of complex hydraulic systems in faulted reservoirs modelling. Indeed, in most cases it is possible to know (or even predict) from outcrops and borehole data, the host rock diagenesis, the damage zone fracture abundance and the fault-core strain state. Further development of the ternary diagram might be focused on handling anisotropy of the permeability, lithology, up-scaling, and structure. Therefore, the systematic use of the proposed method allows a straightforward and useful comparison for faults in different reservoirs, countries, lithologies in a consistent diagram. This tool could be used notably in the cases of hydrocarbon and geothermal exploitation, hydro-geology, CO2 storage and nuclear waste isolation.
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 12 Fig. 1. Illustration of the 3 permeability end-members in fault zones. A: Normal fault zone composed of the damage zone and the fault core (FC), B: intergranular pore spaces in the rock matrix, C: fracture network porosity, D: porous components of the fault rock matrix.

Fig. 3 .

 3 Fig. 3. Diagram of permeability (K). Numbers 1 to 5 correspond to cases of fault zone with ternary hydraulic systems. (1) The fault permeability is only related to the matrix end-member. The fault zone forms a moderate fault-parallel fluid pathway. (2) The fault zone drain ability is only related to fault-parallel fluid pathway along fracture network.(3) The permeability is only related to the fault core end-member. The fault forms a good fault-parallel fluid pathway restrained to fault core (4) The fault core and matrix end-members are permeable, the fault forms a good fault-parallel fluid pathway but a moderate fault-perpendicular pathway. (5) The three end-members are permeable, the fault forms a good parallel and perpendicular to fault fluid pathway. Numbers 6 and 7 correspond to cases of fault zones with binary hydraulic systems. (6) The fault permeability is mainly realted to the fracture network (60%). The fault forms a good fault-parallel fluid pathway. The permeable matrix (20%) combined to the permeable fracture network forms a good fault-perpendicular pathway. (7) The low-permeability fault core inhibits fault-perpendicular flows. As the fault permeability is mainly related to the matrix endmember, the fault zone forms a moderate faultparallel fluid pathway.

Fig. 5 .

 5 Fig. 5. Castellas fault zone structural and diagenetic properties (modified from Aubert, 2020). A: Castellas fault geological map, B: interpreted picture of Castellas fault zone in cross section, C: Castellas fault aerial view and fault zone structure interpretation, D: Barremian host rock burial/uplift curve. The uplift parts of the curve are deduced from regional structural analysis. D: Diagenetic phases linked to geodynamic events. The point 0 to 4 correspond to step 0 to 5.
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  C1: it comprises 2 sub-phases (C1a & C1b). During the Durancian uplift, meteoric fluids triggered the development of micro-porosity and the growth of cement C1a which partly filled intergranular porosity in the host carbonates. The fault nucleation led to cement C1b growth within micritic grains, -C2 & C3: unconstrained fluids triggered the cementation of C3 in veins and available intergranular porosity, -Dolomite: upwelling fluids at the beginning of the Pyrenean shortening triggered the fault rock dolomitization, -C4: finally, dim meteoric fluids circulation triggered fracture cementation with C4.

Fig. 6 .

 6 Fig. 6. Ternary plot characterizing the permeability and drain properties of Castellas fault through time (K; steps 0 to 4; see text for description). 1: Fault zone permeability following fault nucleation, 2: Permeability related to the brittle deformation, 3: Permeability due to fracture cementation and fault rock development, 4: Current fault zone permeability triggered by the strike-slip brittle event.
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