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Abstract

Most carbonates have a dual porosity and permeability (matrix and fracture). As fractures are
preferential conduits for fluid flows, fracture networks strongly impact reservoir hydraulic
properties. Two fracture patterns can affect reservoirs: random background fractures in the
host rock and damage zone clustered fractures in fault zones. This study identifies the
structural and diagenetic attributes of both fracture patterns and determined their respective
impact on reservoir properties. The study focuses on the East part of La Fare Anticlinal (SE
France). Lower Cretaceous, Urgonian facies carbonates underwent a polyphase tectonic
history. Faults were set up as normal and were later reactivated as strike-slip. We made a
290m scan-line along the outcrop to characterize fracture network in and outside the fault
zones. The diagenetic analysis on 45 thin sections in Polarized Light Microscopy, with SEM
and cathodoluminescence evidenced 3 cementation phases and 2 micrite recrystallization
phases. This study shows that fault zone structural properties and deformation are dependent
of initial host rock background fractures network. Fault zone structure with damage zone
fracture network encouraged the fluid to flow and the cementation of S2 phase. This fluid
flow, absent in the host rock strongly modified the reservoir properties of the studied zone.

Natural fracture networks impact the underground reservoir properties especially in
carbonates (Philip et al. 2005; Gale et al. 2010; Lamarche et al. 2012; Lavenu et al. 2013).
Carbonates represent ~60% of the world hydrocarbon reservoirs. Therefore, characterizing
and understanding the genesis of fracture networks and their impact on permeability is a
major challenge for hydrocarbon exploration and production. The majority of fractures
affecting reservoirs can be considered as background fractures randomly distributed
throughout the rock mass (Vitale et al. 2012; Lavenu et al. 2013). Unlike background
fractures, fault related fractures are discontinuously distributed in the host rock but are
clustered along fault zones. Faults are 3D complex zones classically divided into three
structural domains: the undeformed protolith (so-called ‘host-rock’ in the present paper), the
damage zone and the fault core, along which most of the displacement is accommodated
(Chester & Logan 1986, 1987; Caine et al. 1996; Hammond & Evans 2003). Depending on
the fault architecture and diagenetic history, fault zones can be conduits (Evans et al. 1997;
Reches & Dewers 2005; Agosta et al. 2007, 2008, 2012; Molli et al. 2010; Delle Piane et al.
2016; Huisman 2016; Sinisi et al. 2016), seals (Tondi 2007; Agosta et al. 2010) or mixed
zones (Matonti et al. 2012). In most fault zones, the fracture network in the damage zone
form an effective fluid pathway and constitutes the structural unit with the highest
permeability (Evans et al. 1997; Reches & Dewers 2005; Agosta et al. 2007, 2008, 2012;
Molli et al. 2010; Delle Piane et al. 2016; Sinisi et al. 2016). Background fractures in the host
rock either form effective fluid pathways or barriers (Larsen et al. 2010; Lamarche et al.
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2012). Indeed, structural and diagenetic properties of fractures are the result of poly-phase
tectonics (e.g. burial, tectonic stresses) and mechanical evolution. In carbonates, the latter
strongly depends on facies, diagenesis and pre-existing fracture network (Laubach et al.
2009; Lamarche et al. 2012; Lavenu et al. 2014; Lavenu & Lamarche 2018). The poly-phase
evolution induces multiple modifications of the fluid flow pathways and thus the strong
alteration of reservoir properties, enhanced by carbonates sensitivity to diagenetic processes.
In fact, carbonate petrological and petrophysical properties tend to change easily over time
(Lambert et al. 2006; Fournier & Borgomano 2009; Deville de Periere et al. 2017) and this
sensitivity is coupled with fractures occurrence (Billi et al. 2003; Carpentier et al. 2015).
Fractures are an important factor in the modifications of carbonate diagenetic properties and
have a strong impact on reservoir properties (Laubach et al. 2018). Hence, it is important to
characterize fracture-induced diagenetic events, with coupled structural and diagenetic
approaches in order to determine the reservoir properties evolution trough time. The aim of
this study is to (1) identify the influence of pre-existing background fractures on fault zones
formation and (2) determine the impact of background and fault-related fractures on reservoir
petrophysical properties by defining their respective structural and diagenetic attributes. We
conducted a high resolution structural survey of an outcrop in order to discriminate the
respective properties of fault zone versus background fractures. To determine the diagenetic
impact of fractures on carbonate reservoir properties, we performed a detailed petrophysical
and petrological analysis coupled with isotopic measurements.

I.  Geological context

The studied faults are located in South-East Basin (SE France) and affect Barremian,
Urgonian facies carbonates. The present-day basin architecture results from a long-lasting
succession of tectonic events affecting the basin development. During Jurassic and lower
cretaceous, the opening of the Tethys Ocean led to carbonate platform deposition (Dercourt
2000; Léonide et al. 2007). During Late Hauterivian—Early Aptian time-interval, the
Urgonian platform of Provence developed (Léonide et al. 2014). Subsequently, during the
Albian, a regional uplift so-called “Durancian uplift” led to E-W faults (Masse & Philip
1976; Guyonnet-Benaize et al. 2010) and to erosion of Early Barremian rocks, inducing an
important stratigraphic hiatus of about 39My. The return to platform deposit conditions
during late Cretaceous led to of transgressive rudist platforms (Philip 1970). Thereafter, still
during late cretaceous (from ~80My to =~40My ; Molliex (2009); Bestani (2015)) the basin
located in the foreland of Pyreneo-Provencal orogeny, underwent a tectonic inversion. The N-
S shortening gave rise to E-W to NE-SW-trending thrust faults and ramp folds (Guieu 1967;
Tempier 1987; Guyonnet-Benaize et al. 2010; Molliex et al. 2011; Lavenu et al. 2013) and
transpressional reactivation of the earlier faults (Champion et al. 2000). During Oligo-
Miocene times, the tectonic context turned to extension as the area was located in the
Ligurian back-arc basin (Lacombe & Jolivet 2005). Lastly, the far field Alpine NW-SE to N-
S stress dimly reactivated Pyreneo-Provencal structures (Champion et al. 2000; Guyonnet-
Benaize et al. 2010) from Miocene-Pliocene (=14My; Champagnac et al. (2004); Delacou et
al. (2004); Cushing et al. (2008)).
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The studied outcrop is located on the southern limb of the E-W-trending La Fare Anticline
(Roche 2008; Fig. 1) affected by an E-W and NE-SW-trending fault network (Roche 2008;
Matonti et al. 2012). Faults affect the upper Hauterivian, the lower Barremian and the
Santonian units dipping 25°S (Fig. 1A). Upper Hauterivian unit is composed of marly
external plateform carbonates topped by decametric marly limestones bearing chert (Masse
1976). The Lower Barremian unit (Urgonian facies) is composed of infra- to supra-littoral
platform carbonates made of thin to coarse bioclastic calcarenites (Roche 2008). The lower
Barremian is truncated by the Durancian erosion surface and is uncomfortably covered by
Santonian coarse rudist limestones (Fig 1.B). A highway road-cut across the fold exhibits a
fresh Barremian calcarenite section where we observe background fractures interfering with a
complex fault zone including five polyphase faults (Fig. 1.C).

II. Methods

The goal of this study is to identify the influence of pre-existing background fractures on fault
zones formation and to determine the impact of background fractures and fault-related
fractures on reservoir properties through time. To this purpose we conducted structural and
petrophysical analyses of faults and fractures in carbonates and a stratigraphic log after
Dunham classification (Dunham 1962). In this study, the term “fracture” refers to mode I
discontinuities (opening mode, (Aydin 2000; Gudmundsson 2004), including joints and
veins.

A. Field data

We performed a SSE-NNW, 250 meters long 1-D scanline sampling nine parameters on each
single fracture: strike, dip, type (joint, stylolithes, vein, fault), graduation, spacing with
fracture of the same set, visible height, aperture, fill (calcite, barren, oxydes), cross-cutting
relationship between fractures. SSE-NNW outcrop orientation can induce a bias on fracture
measurement. Along the outcrop, within fault zones and host rock we measured 1650 of
fractures, veins and styloliths. Stereographic projections and rose diagrams have been
realized in order to sort fractures by strike. After sorting, we calculated fracture type
proportions within 2m windows along scanlines, continuously in the fault zone and every 5
meters in the host rock. To image fractures in the fault zone, fractures have been drawn on
pictures to emphasize the architecture and structural characteristics of each single fault and of
the whole fault zone.

B. Laboratory analyses
We collected 44 samples to measure porosity and analyze the diagenetic sequence on thin-
sections. 30 of the samples were systematically collected every 2 meters along section. In
addition, we collected 14 samples in peculiarly interesting places around faults. 44 samples
were re-plugged (2.54X2.54cm cylindric dry plugs) in the laboratory and in order to
performed porosity measurements with a Micromeritics AccuPyc 1330 helium pycnometer.
The pycnometer measured macroporosity (>30um) and microporosity (<10 um) after the
equation:
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¢ = ((Vb—Vg)/Vb) x 100

Where ¢ is the porosity in percent, Vg is the matrix volume of the plug and Vb is the bulk
volume of the sample. The sample bulk volume was determined by immersion of the sample
in a known volume of water.

The characterization of microfacies of rock samples has been performed on 45 thin sections
impregnated with a blue-epoxy resin to highlight the porosity. Thin sections were observed
with the cathodoluminescence technics using a Technosyn Cold Cathode Luminescence
Model 8200 Mk II coupled to an Olympus_ BH2 microscope and to a Zeiss_ MRcS. It
highlighted the diagenetic phases (cement, dissolution, recrystallization...). Stable carbon and
oxygen isotopes (8"°C and 3'®0) were measured to determine the paleo-fluid nature. To this
purpose, 59 microsamples were micro-drilled from polished thin sections with an 80 pm
diameter microsampler (Merkantec Micromill) at the VU University (Amsterdam,
Netherlands). Carbon and oxygen values were obtained with the Gasbench II and the
Finnigan DeltaPlus IRMS. Values are reported in PDB (Vienna PEE Dee Belemnite).
Reproducibility was +0.02 for carbon isotopes and +0.05% for oxygen isotopes.
Characterization of major element compositions and morphologies of micrite crystals were
determined on thin sections and on freshly broken surfaces with Scanning electron
microscopy (SEM) using PHILIPS XL30 ESEM with a current set at 20kV at Aix-Marseille
University (France).

III. Structural analysis of fault zone and background fractures

The outcrop is a 250m-long vertical road-cut with an average bedding striking N045° and
dipping 25° to the south. The outcrop includes: (i) a 50m-long fault zone comprising 5
polyphase sub-vertical faults (F1 to F5 from south to north), (ii) a 200m-long un-faulted zone,
so-called ‘host rock’ in this paper, bearing background fractures (Fig. 2A, 2B). All fractures
affecting both zones are bed-perpendicular. They are sorted into 5 sets (Fig. 2 C, 2D): two
major sets trending NO30° and N120° and 3 minor sets trending NOOO°, N060° and N0O90°.
On the outcrop, we do not observe cross-cutting relationships allowing to decipher the timing
for fracture chronology.

A.  Fault zone architecture

Faults are NNE-SSW- to NE-SW-trending (Fig. 2A& 2D). The details of their attitude are
given in table 1. Fault displacement is not discernible due to the monotony of the sedimentary
units (calcarenites).We have measured 870 fractures in the damage zones comprising 863
joints and 7 veins. Veins are located close to F2 and F3, were karstic filling is also observed
(Fig. 2A). Fractures are distributed in the five sets as follows: 14% of N000°, 33.5% of
NO030°, 11% of N060°, 10.5% of N090° and 31% of N120°. Fracture heights range from
30cm to 500cm with an average of 51.5cm (SD: 61cm), with 82% of fractures smaller than
80cm (Fig. 2D). .
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In the fault cores we discriminate two fault rocks (Fig. 2B): fault rock A (FRA) is composed
of a cohesive breccia with rounded clasts from the damage zone and a white cemented
matrix. It is linked to first activation of faults. Fault rock B (FRB) results from the faults
reactivation. It is composed of angular to sub-angular clasts of FRA, of clasts of the damage
zone surrounding FRA and of a non-cemented orange/oxided matrix (<20%). Clasts of FRA
are included in FRB.

The 5 faults are bordered by asymmetrical damage zones which are described, from south to
north, as follows (Fig. 2A, 2B):

F1- The southern damage zone of F1 is made of an 18m-wide low fractured damage zone
(fracture density 6.1m™). Fractures are parallel to the fault plane. The N060° and N090°
fracture sets are absent in the first two meters, then largely occur (N090°: 19.5% and NO60°:
20.5%). The F1 fault core is 20cm-width and bear FRA. North of F1, a 7m-long damage zone
with a fracture density of 7.7m™ is made of fractures conjugate to the fault plane, including
23.4% of N0O00°, 40% of N030°, 23.5% of N060°, 11% of N120° and only 1.5% of N0O90°.
F2- The southern damage zone of F2 is 6m-wide. It is sparsely fractured with a high fracture
density of 11.7 m™' composed mostly of N0O60° and N090° sets (respectively 27.5% and
20.1%). An increase of these two sets is noticed 2m on side of the F2 fault plane. F2 fault
core is 10 to 15 cm-thick and is formed by FRB. Centimetric to metric paleo-karst occur
along beds and joints (Fig. 2A, 2B).

F3- The northern damage zone of F2 is the southern damage zone of F3. The F3 core
thickness varies between 0 and 15cm and is made of FRB. North to F3 a 2m-wide dimly
fractured damaged zone comprises 50% of N060°, 33.3% of N030° and 16.7% of NOOO°®.

F4- The damage zone South of F4 is highly fractured (15.3m™) along 8m. It is made of
conjugated-to- and parallel-to-fault fractures. The southern part of F4 is peculiar because it
contains very few N060° and NO90° fractures, respectively 4% and 2.4%. The core of F4 is
20cm-wide, made of FRA and FRB. Fractures are parallel to F4 in the 4m aside from the
fault plane. The damage zone between F4 and F5 is characterized by a “close to breccia”
fracture pattern of NO60° and N0O90°.

F5- The F5 fault core is composed of FRB with a thickness ranging from 50cm to 1m. North
of it, the 2m-wide damage zone is sparsely fractured by N030° (27.7%) and N120° (61%)
fracture sets.

Except between F4 and F5, the stratigraphic bedding is still visible in all damage zones.

B. Background fracture pattern

From the north of fault FS we can consider that we measured background fractures in the host
rock. The so-called host rock is marked by a consequent increase of N120° (40%) and N030°
(45%) fractures and a reduction of NOOO°® (8.5%), NN0O60° (4.5%) and N090° (2%) ones (Fig.
2C, 2D). Background fractures in the host rock are not filled by any cement. The fracture
height is 80cm in average (SD 99cm). Some fractures of the NOOO°® set are highly persistent
(> 6m, Fig. 2Da). The average fracture density is 7.43m™ in average, reaching 11.71 m™
between 110 and 115m on the measured scan-line.

Fault zone and host rock present close fracture density values (average of respectively 9.45m-
1 and 7.43m-1). Hence, differentiating both zones with this criterion is tricky. However, the
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NO090° set mainly occur close to fault planes. Hundred meters apart from F5 the N090°
frequency is <2%, while it is >10% close to the fault. Inferred from this, we place the fault
zone boundary 15m apart from F5, where the NO90° set frequency is <2%.

IV. Petrophysical and diagenetic evolution

The matrix porosity decreases from > 16% in the host rock to an average of 3.5% in the fault
zone. The lowest values are systematically observed in 2 meters-wide zones south of each
single fault, as well as between F4 and F5 (Fig. 3A, 3B). The high values are observed north
of F1, F3 and F5. Hence, the porosity decrease is asymmetrical and disharmonic in the fault
zone. The porosity analysis with blue-epoxy resin on 45 thin-sections highlights the porous
rock-type (¢ > 15%) in the host rock affected by background fractures and the tight rock -type
(¢ < 5%) near the faults (Fig. 3C). The porous rock-type enclose two types of porosity: a
micro-porosity in the micrite and a macro-porosity in moldic pores linked to micritic

dissolution. In the tight facies the reduced porosity is mostly located in barren styloliths (Fig.
30).

The porosity evolution in both background fractures and fault zone has been compared with
the diagenetic evidence on thin sections. Three cementation phases (SO, S1 and S2) and 2
types of micrite microfabrics (MF1 and MF3 sensu Fournier et al. 2014 and Léonide at al.,
2014) have been identified (Fig. 3D). Both fault zones and host rock are affected by SO and
S1. The first cement SO is a non-luminescent isopachous cement growing with equal
thickness (=<10pum) around all micritized grains during the early diagenesis. The second
cement S1 can be divided in 2 sub-phases: Sla in intergranular spaces composed of a sparitic
non-luminescent calcite and S1b with a bright luminescence covering Sla and filling micro-
porosity in micritized grains (Fig. 3D). Both cements occur in the entire outcrop, are not
specific to the fault zone and do not filled fractures. The cement S1 (eq. to C1 in Aubert et al.
2018) is related to the Durancian uplift.

The S2 cement is a blocky calcite occurring in veins, in matrix of FRA and in intergranular
and moldic pores of fault zone (Fig. 3D). It is absent in the host rock. This cement exhibits
zones of non-luminescent and bright luminescent bands. It can be divided into two sub-
phases: S2a is non-luminescent with some highly luminescent band, and S2b is bright
luminescent with some non-luminescent bands. Isotopic values of S2 show a mix between the
two sub-zones S2a and S2b and range from -4.09 to +0.39%o for "°C and from -8.09 to -
4.77%o for 8'°0. The FRA matrix has isotopic values ranging from —7.1 to -6.7 %o for 8'°0
and from 4.0 to -1.1 %o for 8"°C (Fig. 3E). As S2 is present in FRA matrix as well as in fault
zone veins, we deduce that it is synchronous to first fault activity during the Pyrenean
shortening.

A micritisation phase (M1) affected all grains (bioclasts, ooids and peloids) during the early
diagenesis (Purser 1980; Samankassou et al. 2005; Vincent et al. 2007; Léonide et al. 2014).
This phase can be linked to micro-bores organisms at the sediment-water interface. Within
the micritised grain, we observed two micrite micro-fabrics with SEM according to Fournier
et al. (2011) taking into account the crystals shape and contacts. In the host rock, the micrite
is loosely packed and coalescent with puntic subrounded, anhedral /subhedral crystals (MF3,
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Fig. 3F). Within the fault zone, the micrite is tight with compact subhedral mosaic crystals
(MF1,Fig. 3G). The fault zone micro-fabric MF1 has low porosity values of < 5% while the
MEFE3 micro-fabric in host rock is associated to porosity values >15%.

Isotopic measurements conducted on bulk rock gave values ranging from -8.1 to -5.2%o for
8'80 and -3.4 to +1.1%o for '°C (Fig. 3E). Most values plot outside the “Barremian sea water
calcite box” which ranges from +1.00 to +3.00%o for 8'°C and from -1.00 to -4.00%o for 8'°0
(Moss & Tucker 1995; Godet et al. 2006). This indicates that bulk rock values have been
strongly impacted by secondary diagenetic processes. The measurements in the host rock
have less negative 8'°C isotopic values (mean of -5.9%o for 8'*0 and -0.97%. for '°C) than
the rock within fault zone (mean of -6.7%o for 80 and -1.7%o for 8'*C). In addition to the
diagenetic modifications, we also observed the occurrence of karsts near F2, particularly
south of it. These karsts have sedimentary, laminar infill composed of micrite, calcite clast
and oxides. The karstic infill has isotopic values like S2 of -7.43%o for 880 and -2.23%o for
8'"°C (Fig. 3E)

V. Discussion

The description of macro- and micro-structures associated to faults compared to the host rock
background fractures, as well as the isotopic results on host rocks and fractures described
above, allows to discuss the inheritance of background fractures when faults formed, and
their respective consequences on reservoir properties of carbonates for million years with
respect to the geodynamic history of the basin.

A.  Structural evolution
All faults observed in the fault zones and the host rocks have specific relationships and
geometry that can be interpreted in terms of relative timing and geodynamics. The N030° and
N120° fracture sets occur along the entire outcrop with a constant frequency. Their relative
frequency does not increase in the fault zone. As they show no sensitivity to the fault zone, it
means that they predate the fault zone formation. Concerning the geodynamic conditions of
their setting, two hypotheses are to be considered:

(1) Lamarche et al. (2012) have reported the occurrence of these two sets apart from faults
over a regional area and around the study outcrop. These authors linked their occurrence to an
early burial loading, giving rise to two perpendicular, bed-normal fracture sets.

(2) these fractures cross-cut the cement S1 which formed during the early stage of the
regional Durancian uplift (Aubert et al. 2018). They formed prior to faults which originated
during Pyrenean shortening. Implicitly, the fractures might be linked to a late stage of the
Mid-Cretaceous Durancian uplift (Fig.4A).

The faults striking N030° (F1, F2 & F5) are parallel to early NO30° fractures. We can deduce
that these faults were reactivated fractures of this set. As the F3 and F4 are not parallel to
NO030° or N120° fracture sets they are considered as neo-formed.
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The N090° and NO60° fracture sets occur mainly in the fault zones (average frequency of
respectively 11% and 12%) and less within host rock (average frequency of respectively
4.5% and 2%). They can be linked to the NO30° faults activity which is attributed to the
Pyrenean shortening (Aubert et al. 2018). The NOOO® set occurs along the entire outcrop, but
its frequency is higher in the fault zone (14%, Fig. 2Db) than in the host rock (8, 5%, Fig.
2Dc). This set strikes parallel to the Pyrenean maximum horizontal stress direction oriented
NOO00° to N170° (Guieu 1967; Tempier 1987; Le Pichon et al. 1988; Champion et al. 2000;
Ford et al. 2006; Pichon et al. 2010; Molliex et al. 2011; Espurt et al. 2012). Thus, it can be
associated to the event leading to the fold setting and bedding & faults tilting of 25° towards
the South.

The fault rocks present within fault core are markers of faults activities. Using inclusion
principles is it possible to determine that FRA pre-date PRB. Hence, FRA is associated to
first fault activity and FRB to the second.

B. Inheritance of background fractures on fault zone development

What was the impact of the background fracture network on fault formation during Pyrenean
shortening? After Mohr-Coulomb theory, the compressive paleo-stress conditions linked to
the Pyrenean event in Provence is favorable for reactivating the NO30° fractures as sinistral
faults, and the N120° fractures in a dextral kinematics. Consequently, the studied faults
striking NO30° are due to the strike-slip reactivation of these pre-existing fractures (Fig. 4B).
There is evidence for neither NO30° nor N120° fracture reactivation elsewhere within the
outcrop. The localized reactivation of NO30° fractures as faults inhibits further strain
accommodation elsewhere in the host rock. Despite the strain localization, the bulk fracture
density in the damage zone is only slightly higher (mean of 9.45m-1) than in the host rock
(mean of 7.43 m™). The N060°- and N090°-striking fracture sets related to fault activity
constitute only 11% and 10.5%, respectively, of fractures in the fault zone. This relatively
small fracture increase can have four origins:

(1) The maximum damage zone along faults may be only localized at their tip (Cowie &
Scholz 1992; Vermilye & Scholz 1999; d’Alessio & Martel 2004; Kim et al. 2004).
Consequently, it is possible that the road-cut has intersected faults in their central part,
where the fault planes localized the deformation, explaining the reduced fracture
density in the damage zone.

(i1) Filbrandt et al. (2007) have shown that faults may have little damage zones close to
their initiation point while throwing. Indeed, once the failure is initiated in the rock,
no damage occurs any more but only slip. The pre-existing fractures would have
formed failure zones favoring slipping without damage rather than fracturing.

(iii)  The five faults are part of a larger fault zone. The faults would, consequently, form
sub-faults sharing the strain. The amount of strain accommodation distributed on each
sub-fault may be sufficient, what explains why damage zones are reduced.

(iv)  In damage zones of normal faults, fractures have strikes mechanically linked to the
main fault (Caine et al. 2010). In the studied fault zone where the major faults striking
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NO030°, reactivation of N030° fractures would have been privileged compared to

N060° and NO90° fracture sets.
In addition, the F3, N058°-striking and 80°-dipping, has even lower fracture density in its
damage zone. As F4, this fault makes an angle of ~60° with the Pyrenean oy. This is not fully
compatible to be neo-formed faults, and poorly favorable to be reactivated faults. Considering
their strikes, these faults do not reactivate NO30° joints like the other faults. These faults
exhibit no kinematic indicators. Moreover, F3 has a reduced and discontinuous fault core
with a maximum thickness of 15cm and thinly fractured damage zone. Therefore, F3 and F4
can be rejoining faults between F2 and F5.

C. Fault zones versus background fractures diagenesis, impact on reservoir
properties

The rocks exposed in the studied outcrop recorded two main diagenetic events which did not
similarly affect the host rock and the fault zone. Therefore, specific diagenetic events were
responsible for the rock-type differentiation, leading to a porous host rock and a tight fault
zone (fig. 4). These events are:
(1) the cementation phase S1 filling intergranular space and the micrite re-crystallization
(MF3; Ostwald ripening processes; Ostwald 1886; Volery et al. 2010a, b) leading to the
development of microporosity during the Durancian uplift (Fig. 4A, Léonide et al. 2014),
(2) The cementation phase S2 post-dating the faults setting. The S2 fluids flew through the
faults and the damage zone, leading to the cementation of veins, fault core and karstification
processes. Indeed, as described in the chapter “Petrophysical and diagenetic evolution”, the
karstic infill has isotopic values (-7.43%o for 5"%0 and -2.23%o for 8'*C) similar to S2 values
(from -4.09 to +0.39%o for 8'"°C and from -8.09 to -4.77%. for 8'*0). This similarity indicates
that the karstic sediments were carried by fluids similar to those of S2 cement.
Fault zone bulk values (mean of -6.7%o for 8'*0 and -1.7%. for 8'°C) are close to the cement
S2 isotopic values. This reveals that the bulk rock in fault zones have been largely saturated
by the fluids which gave rise to S2 cement. Considering that the bulk isotopic values are
impacted by micrite isotopy, the measured bulk values can be explained by micrite
cementation with S2. This micrite cementation led to a strong decrease of porosity in the fault
zone. Isotopic values of S2 (from -4.09 to +0.39%o for 3"°C and from -8.09 to -4.77%o for
8'80 ) highlight a strong influence of meteoric fluid during cementation process (Dickson &
Coleman 1980; Allan & Matthews 1982; Swart 2015)being responsible for the clogging of
fault zone porosity. The S2 cement is not observed in the host rock. This lack can be either
due to:

(1) the absence of S2 fluid flow in the host rock, or

(ii) the occurrence of S2 fluid flow but no cementation, or

(iii)  the occurrence of S2 fluid flow and cementation with later complete dissolution.

Fluid flow in carbonates can lead to cementation and/or dissolution. Significant flows are
necessary to dissolve pre-existing cements. When important dissolution occur, dissolution
features can be observed such as vuggs cross-cutting cementation phases for example (Fliigel
2004). Since none of these features are noticed in the studied host rock, the hypothesis (ii1)
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cannot be considered. If the fracture network in the host rock was the path for fluids to flow,
the S2 cement would be observed in the host rock bearing background fractures. The fluids
giving rise to S2 are characterized by negative 8"°C values. The host rock 8'°C values are
higher (ranging from -1.3%o to -0.6%0 with a mean of -1.2%o) than fault zone bulk values
(ranging from -3.4%o to -1.4%o with a mean of -2.1%o). As the 8'°C values of the host rock are
less negative than in the fault rock, it indicates that S2 fluid flow did not impact the host rock
isotopic characteristics. The host rock bulk isotopic values are close to values measured in
another part of La Fare Anticlinal: In the Castellas Fault zone, bulk §'°C values range from -
1.4%0 to 0.5%0 with a mean of -0.6%o. This corresponds to values measured in C1 which is
linked to a fluid flow dated of the Mid-Cretaceous Durancian uplift (Aubert et al. 2018).
Consequently, the isotopic values and the lack of S2 cementation in the host rock show that
the host rock has not been impacted by S2 fluid flow. This invalidates the (ii) hypothesis and
confirms the hypothesis (i) which is absence of S2 fluid flow in the host rock. Thus, this
fluids only flew through the fault zone. This interpretation is surprising considering the
fracture arrangement. In the host rock, fracture NOOO°- and NO30°-trending are metric and
dense (average density of 7.43m™). They cross-cut each other with an angle of 30°, leading to
a well-connected fracture network (Fig. 4A). Besides, fractures have to be favorably oriented
to the regional constraint to be opened (Sibson 2000; Agosta et al. 2010; Caine et al. 2010).
In the studied outcrop, fractures were favorably oriented regarding the regional Pyrenean oy
to be open. Nevertheless, no S2 fluid flow occurred in the host rock. Hence, all fluids flew
through the fault zone. It could be due to structural and permeability properties of the fault
zone. In the study area, faults have decametric to kilometric dimension with a large drainage
area that induces a fault parallel flow (Matonti et al. 2012). The dense fracture network of the
damage zone of faults enhance and favor fluid circulations in fault damage zones (Caine et al.
1996; Sibson 2000; Walker et al. 2013; Rotevatn & Bastesen 2014; Dimmen et al. 2017;
Peacock et al. 2017). In the case of the studied fault zone, the S2 cements -and therefore the
fluid flow- is essentially localized very close to the fault planes (maximum 10m-wide),
meaning that the damage zone is less permeable than the fault core (Fig.4B). This differs
from most faults in carbonates, where the damage zone is the preferential fluid pathway,
whereas the fault core is a low-permeability wall (Evans et al. 1997; Reches & Dewers 2005;
Agosta et al. 2007, 2008, 2012; Molli et al. 2010; Delle Piane et al. 2016; Sinisi et al. 2016).
Why is it different in fault zones in carbonates of Provence? There, the fault cores are thin
and not cemented. They are composed of breccia with enhanced permeability. This fault core
style has been described in strike-slip and extensional faults affecting carbonate formations of
Apennines (Italy) by Billi et al. (2003) and Storti et al. (2003). As a result, fault cores formed
an across- and along-fault effective fluid pathway (Billi et al. 2008; Delle Piane et al. 2016).
Hence, the fault zone with decametric to kilometric slip surfaces associated with high
permeability breccia and a well-connected fracture network drained fluids with a meteoric
component.

D. Reservoir property evolution with time: towards a conceptual model
The structural and diagenetic evolution with time is different in the fault zone and in the host
rock. It led to reservoir compartmentalization and to the evolution of the reservoir from type
IV to type I (classes after Nelson 2001; Fig. 5) as follows:
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(1) During Barremian times andearly burial, the Urgonian carbonates reservoir properties
were due to the high porosity and permeability of the matrix, corresponding to a type IV
reservoir. Background fractures formed as orthogonal sets during early (~20Ma) and
shallow (~300-400m) burial and changed the reservoir from type IV to type III (Nelson
2001).

(2) The Durancian uplift led to the micro-porosity development through micrite
recrystallization MF3 within grains. Microporous limestones are known to have high
matrix porosity and low to moderate matrix permeability (Jack & Sun 2003; Deville de
Periere et al. 2011). In the case of the studied micro-porous Urgonian carbonates, the
permeability is essentially localized in the well-connected barren fracture network which
forms efficient flow pathways. Therefore, these rocks formed a type III reservoir with
matrix porosity and fracture permeability (Nelson 2001).

(3) The Pyrenean shortening led to well-connected, dense, non-cemented fractures in the
fault zones and to a breccia in the fault core (FRA). The fracture network in faults formed
an efficient fluid pathway, where fluids flew parallel to the fault plane. This drainage is
increased by the high permeability of the fault core (FRA), inducing an intense fluid
circulation during the early stages of fault activity. It led to micrite cementation (MF1)
and to a strong porosity decrease in the matrix (Fig. 5B). This modified initial reservoir
properties in the fault zone vicinity from type III to type I. The localized flow responsible
for S2 cementation did not affect the surrounding host rock what preserved the type I11
properties of host rock apart from faults. (Nelson 2001) (Fig. 5C).

(4) During final alpine exhumation, the reservoir properties of the host rock evolved with a
porosity increase link to micrite dissolution (Fig. 5B).

V1. Conclusion

In the present paper, we deciphered the structural and fluid interactions between host rock,

background fractures and fault zones in carbonates during the basin evolution lasting for 130
Ma.

- We unraveled two pre-fault, burial-induced perpendicular fracture sets (N0O30° and
N120°) and three fault-related fracture sets (NOOO°, NO60° and N090°), with their
relative proportions and intensity.

- Quantitative analysis of fracture sets along the scan line crossing the fault zone is an
efficient tool to differentiate early fractures from fault-induced fractures within the
fault zone.

- FI1, F2 and F5 result from the slip-reactivation of the N030° background fractures,
consequently, the fault zone structure is inherited from pre-existing background
fractures and the dim development of the NO60° and N090° fracture sets related to
faults in the damage zone. This structure can be explained by the concentration of
strain on pre-existing N030° background fractures; on secondary fault planes of a
larger fault zone) and/or to the preferential development of NO30° fractures.
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- Differential fluid flows along fault planes led to the cementation of micro-porosity,
fractures and intergranular porosity and thus to a strong decrease of the fault zone
porosity. Cementation phases modified initial reservoir properties in the fault zone
vicinity from type III to type I.

- Background fractures and fault relative fractures impacted differently the carbonate
reservoir properties and led to reservoir compartmentalization.

Our results emphasize that fault zone development & architecture depend on pre-existing
fracture networks and that diagenesis in fault zone strongly impact the carbonates reservoir
properties and modify the reservoir behavior vis-a-vis fluid flow. This multiple approach
combining structural, diagenetic and geochemical analyses is appropriate for a full
understanding of faulted and fractured carbonate reservoirs through time in underground
TEeServoirs.
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Figure Captions

Figure 1: Geological context of the study area. A: Simplified structural map with the location
of the studied road cut; B. Stratigraphic column of exposed cretaceous carbonates in La Fare
anticline (left, modified from Roche 2008) and along the studied cliff (right). C. Picture of a
part of the outcrop including the five faults F1 to F5.

Figure 2: A: Fracture mapping in the fault zone (left) and host-rock (right) and, localization of
the faults F1 to F5; B: pictures of the outcrop of fault rocks (a), of F2 & F3 (b), of F4 & F5 (c)
and of host rock (d, e) A; C. Normalized fracture frequency sorted after fracture strike along
the scan-line. Values are calculated continuously within 2m bins in the fault zone and every
10m in the host-rock; D. from left to right: fracture height histogram, stereographic
projections of poles to fractures (density contoured), bedding (dashed lines) and faults (red
points) using OSXStereonet 10.2.8 (Allmendinger et al. 2013; Cardozo & Allmendinger 2013)
and fracture strike pie chart of the fault zones and of the host rock with background
fractures.

Figure 3: A: overview picture of the fault zone. B: porosity values measured across the fault
zone; C: Pictures of the pore types in fault zone (a & b) and in the host rock (c); D. Pictures
of thin section cathodoluminescence showing SO, S1 & S2 cement and the MF1 micrite ; E.
Isotopic analysis of §13C and 6180) measured on bulk rock, cement phases, and on micrite.
Range values of “Urgonian marine box” have been determined from Moss & Tucker (1995)
and Godet et al. (2006); F: MEB pictures of microporosity (white arrow) linked to MF3
micrite micro-frabric; G: MEB picture of the tight MF1micrite micro-fabric.

Figure 4: Schematic evolution of multi-scale reservoir properties through time in the fault
zone and the host rock.

Figure 5: Conceptual evolution of the reservoir properties of the study area through 130 My.
A: Subsidence/uplift curve of Barremian basement (modified after Lamarche et al. 2012) and
main tectonic and diagenetic events from 1 to 4. B: relative porosity evolution of the host
rock and fault zone. C. Evolution of the reservoir types after Nelson 2001 during stages 1 to
4,

Table 1: different faults characteristics
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Breccia characteristics

. . . Dip pitch Fault Clast
Faille Direction Dip direction core Fault rock
striation  thickness type Clast clast size
morphology
- [
F1 030 56 w 20 FRA Sub-angular 4
to subrounded
F2 029 70 E 285 10to15 FRA?/FRB -ub@nsular .4 0
to subrounded
F3 056 80 N 0to 15 ND ND ND
FRA : Rounded <5cm
F4 042 70 W 20 FRA / FRB FRB : Angular <10 em
Sub-angular
F5 032 85 N 20 SW 50 to100 FRB to sub- <50cm

rounded
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