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Abstract

We conducted a microstructural analysis of bedgagllel faults (BPFs) in Mesozoic clay-rich
layers of the Southeast Basin of France. Variougastructures are recognized in thin sections under
a petrographic microscope and by cathodoluminescefite microscale observations are combined
with outcrop observations from previous studiegpitovide insight into the origin of the BPFs and
their evolution during successive phases of defoomain a basin that had a polyphase tectonic
history. The BPFs have slipped while normal fawtsre formed during the Oligocene extension.
Then, another phase of slip occurred later dutvegoiasin inversion. These two phases of deformation
are expressed by recurrent crack-seal veins, palitareins and stylolites. In addition, calcitensei
with an elongate blocky morphology suggest an amemiormal to bedding before the reactivation.
The BPFs have initiated in clay layers that werallelv dipping. Such conditions may appear
mechanically unfavourable for an opening normabéaolding or a shearing parallel to bedding. We
suggest that the role of rock anisotropy is criti¢his study furthermore demonstrates that BPs ca

be long-lived brittle structures that may recordcassive tectonic events.



34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

1. Introduction

Bedding-parallel faults (BPFs) are shear planesghsub-parallel to bedding in multilayer
sequences. They are usually observed in sedimeb@sins in weak and compliant layers, and
particularly in clay-rich layers (e.gGale et al., 2014 Typically, the shearing component is
recognized through the presence of slickenlinethatoutcrop scaleT@nner, 1989; Evans, 1994;
Séjourné et al.,, 2005; Aydin and Engelder, 20a4) crack-seal veins at the microscopic scale
(Fowler et al., 1996; Koehn and Passchier, 2000gé&@ng and Byrnes, 2015The amount of
displacement that is accumulated on the BPFs iallysunknown because they lie parallel to bedding,
a configuration that precludes the occurrence spldced sedimentary interfaces. Nevertheless, few
studies describe BPFs offsetting other fractureghvprovide markers for measuring displacement
(Ferrill et al., 2000;Wibberley et al., 2007; Delogkos et al., 2017; 20B&ased on such cross-cutting
relationships,Delogkos et al(2018§ demonstrated that BPFs are segmented, displ@yadesment
gradients along their traces and die out at tif¥-8Bappear therefore to have similar charactesigtic
other types of faultswhich is why we refer to such structures as bedgemgllel faults, rather than
bedding-parallel slips or bedding-parallel veingtés commonly used in the litterature.

The presence of BPFs can influence fractures and flow in basins and can be of critical
importance in the frameworks of waste disposalssiteydrocarbon reservoirs, or fluid injection
operations. A variety of influences have been destrated. For example, BPFs can modify fault zone
structures due to the process of fault restric(i@Gnoss et al., 1997; Roche et al., 20lahd the
removal of wall rock asperitie®\aterson et al., 1998; Delogkos et al., 201BPFs can control the
segmentation of hydraulic fractures and the astmtianicroseismicity during fluid injection
operations in shaldR{tledge et al., 2015; Rutter and Mecklenburgh,72@tanek and Eisner, 2017
They can either act as a preferential fluid pathwbkopng the beds during dilatational movement or
inhibit flow across bedding due to their minerdfiza (Cox et al., 1991; Cosgrove, 1993; Sibson,
1996; Rutter and Mecklenburgh, 2Q1Finally, because they often occur as a set oérs¢ planes
(e.g., Tanner, 1989; Nicol and Nathan, 2001; Delogkos let 2018, BPFs can create a complex

permeable mesh in the rock medium and affect pdyitityaanisotropy.
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To evaluate the impacts of bedding-parallel faohidracturing and fluid flow throughout the
history of a basin, one is required to assess thegin and their subsequent evolution during
deformation history. However, this is not alwaysigthtforward because the BPFs can have various
origins. They may occur, for example, with flexuséip folding due to layer-parallel shortening or
thrusting (e.g.,Tanner, 1989; Fowler, 1996Koehn and Passchier, 2000in the rock volume
surrounding normal faults due to fault-related fiodd(e.g., Watterson et al., 1998; Ferrill et al., 2007;
Smart et al., 2009Delogkos et al., 2038&nd during gravity-driven deformations (e Alsop et al.,
2020.This diversity of context of formation raisestic@l questions concerning (i) the origin of BPFs
in areas of superimposed deformation stagesh@iyelative timing of BPFs and more steeply dipping

faults; and (iii) the evolution of the BPF interrsatuctures during deformation history.

In this paper, we describe BPFs in multilayereg/titaestone sequences from three different
areas. Previous outcrop observations from the sat®e have been detailed Roche et al. (2012a),
(2012b)and (2017) Here, we focus on the microstructures of the B&tesinterpret their kinematics
based on previous microscopic observations of Imgdparallel veins (e.gL.abaume et al., 1991
Fowler, 1996; Koehn and Passchier, 2000; Fageremgl 8yrnes, 2015nnd other veins (e.g.,
Passchier and Trouw, 2005; Bons et al., 20The studied areas lie in the Southeast Baskrarfice
which has a polyphase tectonic history. By comlgjrilre microscale and the outcrop observations, we

provide insight into the origin and evolution of Bduring a complex deformation history.

2. Geological setting and methodol ogy
2.1. Geological setting

The 40 000 krhSoutheast Basin of France (Fig. 1) developed dMasozoic time due to the
opening of the western Tethys (or Ligurian Tethyajth up to 10 km thick sediment infill
accumulated in the basiBbois and Delfaud, 1989Extension began in the Early Triassic and lasted
until the Mid Cretaceous, with a main rifting phaseEarly—Mid Jurassic time, followed by several
minor extensional periods (e.@pebrand-Passard et al., 1984; Dubois and DelfaugB4; Homberg

et al.,, 2013).Folding and thrusting occurred during the Pyrenaad Alpine orogenies, with a
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paroxysm during Late Cretaceous-Eocene and Miotieres, respectivelyHord and Stahel, 1995
The contractional deformations were interruptedinduithe Upper Eocene-Oligocene by a major
rifting event that developed widely in Western Epgd@Bergerat, 198Y. The Valence Graben near the
studied areas (Fig. 1) is an example of a rift ssgrformed during this perio&éranne, 1999

The BPFs have been studied in three sites, refaweds Saint-Didier, Trescléoux and
Espréaux. The sites are located in the western img&gint-Didier) and the Vocontian trough
(Trescléoux and Espréaux), a sub-basin of the $asthBasin of France (Fig. 1). The host rocks
consist of alternating clay-rich layers and limestdayers of Late Oxfordian age in Saint-Didier and
Trescléoux sites and Hauterivian age in Espréatex $he layers are shallow dippinga(l0°) in
Trescléoux and Saint-Didier and have been tilteBspréaux da. 60° dipping) (Figs. 2 and 3). The
BPFs are observed in the clay-rich layers and ifiesit as thin but continuous calcite veins
(millimetres thick), with a length that is limitezhly by the size of the outcrops (tens of meteng)o
The angles between the BPF and the sedimentanfaicés do not exceed a few degrees. The BPF
bear slickenlines indicating a shear movement §siesection 2.2), but the amount of displacement
has not been established due to the lack of disglatarkers. The clay-rich layers hosting the BPFs
are referred to below as clay layers, they are @D-<n thick and containa. 65% carbonate in the
Late Oxfordian sequence and. 48% in the Hauterivian sequence. The limestonertagre 20-70 cm

thick and contairca. 80% of calcium carbonat®¢che et al., 2014).

2.2. Previous outcrop observations of bedding-gdatdults and other faults

In each site, other types of faults, including nakifaults and strike-slip faults, are observed
adjacent to the BPFs. Analyses of these structamestheir interactions with the BPFs have been
presented in a series of previous publicatiddasche et al., 2012a; 2012b, 201%elected results of
these studies that constrain the kinematics andoagiee movements on the BPFs are summarized
below. The normal faults that are adjacent to tR&8strike NE-SW (Fig. 3). They predate the bed-
tilting in Espréaux site and have a few centimetoes few decimetres throw (Figs. 2 and 3). They ar
attributed to the Oligocene extension for two megasons: (i) they offset Late Jurassic and Early

Cretaceous sequences that post-date the majorsexiahEarly Jurassic deformations (Fig. 1) and (ii
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the direction of the computed minimum principaless ¢3) responsible for the normal faulting is
consistent with the extension direction during kgocene, i.e., WNW-ESE in Saint-Didier and
Trescléoux and NW-SE in Espréaux (Figs. 1 and 3).

A set of slickenlines found on the BPFs strikes WENE in Saint-Didier and NW-SE in
Trescléoux and Espréaux (Fig. 3). These directavassub-parallel to the extension direction during
the Oligocene (blue slickenlines on the stereogmaptine BPFs in Fig. 3), implying that the BPFs
were active at that time. Further outcrop analygate normal faults indicate that the BPFs actd a
restrictors for the vertical propagation of themal faults in Trescléoux and Saint-Didier (Fig. 2ral
). This restriction is evidenced, for example,noymal faults abutting the BPF, folding of the BPF
ahead of the normal fault tips, and an increasaear-tip displacement gradient with increasing
maximum displacement (s&oche et al., 2012b; 20X6r details). In Espréaux, the BPFs connect the
steeper dipping normal fault segments (Fig. 2Battng complex coherent fault zoné®¢he et al.,
20123. Together, these observations suggest that thes PRedated the normal faults, but that both
the BPFs and the normal faults were active durirgg @ligocene. The burial depth at that time is
unknown, but it is less than the maximum buriat thecurred during the Mesozoic, i.e., 3000—-6000 m
at Trescléoux and Espréaux and 1600-2700 m at-Bali@r (Roche et al., 201@nd references
therein).

The BPF bear a second set of slickenlines in Esgraad Trescléoux (red slickenlines on the
stereograph of the BPFs in Fig. 3) that is obligguthe Oligocene extension direction described apov
i.e., NE-SW in Espréaux and NNE-SSW in TresclédmEspréaux, this direction is slightly oblique
to the fold hinge trend (N170) and compatible witte ENE-WSW orientation of the Alpine
compression inferred from strike-slip faults instkite, taking into account the tilting of the fdiohge
(Fig. 3b). In Trescléoux, the NNE-SSW slickenlinms the BPF are parallel to the compression
direction deduced from strike-slip faults that newe occurred either during the Pyrenean or Alpine
phases, considering the regional stress calend@gr I): In Saint-Didier, no reactivation of the BPF

and no strike-slip faults are observed at the optscale.

2.3. Microscopic analysis
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Oriented rock samples were collected in each obthdied sites for prepararing thin sections
(Tab. 1 and Fig. 2). The clay layers can be sulifesevere surface alterations and pristine samples
were drilled at a depth of 10-20 cm with a 5 cm &l cm plug. Drilling frequently resulted in
destroying the samples and the procedure was Bxpsateral times to recover samples of a suitable
size for the thin section preparation. In Espréauxifferent BPFs were targeted, but only 12 thin
sections from 2 BPFs were successfully retrievedb(T1). In Trescléoux and Saint-Didier
respectively, 7 and 3 thin sections of a unique BFRFe retrieved (Tab. 1). All the thin sections are
cut perpendicular to the BPF planes and paralleh&oaverage directions of the extension-related
striation. Each thin section was observed undpeteographic microscope in optics. Selected areas
were further investigated with CL images obtainéthwa cold cathode of type Cathodyne-OPEA, 15—
20 kV and 200 to 400 pA nfnunder a pressure of 0.05 Torr. A numerical NikorO¥800 ASA)

camera was used for the acquisition of the lumielese images.

3. Description of microstructures

The BPFs show a laminated aspect at the microsedle stacked and millimetres thick sub-
parallel sheets of calcite separated by wall-rdates (Fig. 4). In the following sub-sections we
combine observations from the different sites arebent the main microstructures of the BPFs that

have been observed recurrently in the differemt $leictions (Tab. 1).

3.1. Bedding-parallel calcite veins and satellitgns

In the three sites the BPFs consist of beddingHeanaineralized veins which are tens of
millimetres thick and continuous across the thictisaes. These veins are filled with calcite crystal
and are referred to below as calcite veins (e@.Y.}) in Fig. 4). Their infilling consists of large
crystals with a blocky to elongate blocky morphglddrigs. 4 and 5a). The elongate crystals are
several micrometres to millimetres long and orthm@ddo the edges of the veins (syntaxial vein, see
Bons et al., 2012 In all sites, most crystals are twinned and amntany solid inclusions giving
them a characteristic “dirty” aspect (Fig. 4). Tdadcite crystals, the traces of solid inclusiond Hre

clays in the wall rocks have a similar dark orawmgéour in CL images, indicating an equilibrium
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between the host rock and the veins (Fig. 6). intdaidier and Espréaux, the veins are sealed by th
elongate crystals, whereas cavities are obseni@geba the crystals in Trescléoux (e.g., (Cav.)i;m F
4c ). The cavities are elongate and partly filldthvguccessive layers of crystal that display imaér
zoning. The first layer from the elongate crystedsisists of very thin, concentric and untwinned
“clean” calcite crystals, appearing orange witherlative brightness in CL images (Fig. 6d). This
alternation is interpreted as an overgrowth, wittefiruption of the fluid flow marked by toothless,
dissolved crystals. The second layer corresponas tioon oxide filling that appears yellow in plane
polarized light. Finally, the last layer before apeavities is made of fibrous crystals that are not
luminescent in CL (Fig. 6d). In addition to theaitd veins described above, narrow veins, refetwed
as satellite veins, have also been observed (gv,.) in Fig. 4). In Espréaux, these veins are
composed of small or large calcite crystals thatférous with fibres that are perpendicular to the

vein margins, and thus to bedding (e.g., Fig. 4e).

3.2. Crack-seal veins and pull-apart veins

In the three studied sites the BPFs also consish c&feries of successiven échelon
mineralized veinlets that are separated by thin-wak slices (e.g., (C.S.) in Fig.4). These stuoes
are interpreted to result from a crack-seal meamaniAccordingly, the veinlets are considered as
opening fractures that formed between overstepph@ar planes (microfaults) and due to periodic
fracturing and sealing during slip increments (eRamsay, 1980; Gaviglio, 1986; Labaume et al.,
1991; Fowler, 1996Renard et al., 2005The array of successive veinlets and wall-rdides (crack-
seal bands) together compose a vein, referred tocaack-seal vein, that is parallel to beddinge Th
microfaults bounding the crack-seal veins are glallel to bedding implying a bedding-parallel
shear. In Espréaux several crack-seal veins tleamdlimetres thick are juxtaposed on top of each
other (Figs. 4e and 5d). The individual veinletshim the crack-seal veins are closely spaced gnd di
to the west at a mean 35° to 60° angle to bed@ome veinlets are curved, which may be due to
deflected stresses and/or rotations produced byshiear movement. In Trescléoux, the crack-seal
veins are typically located at the edge of theiteaheins and are bound by slip surfaces that ate n

well-preserved ((C.S.) in Figs. 4c and 6c¢). Thenksts are observed between well-develloped wall
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rock slices, are more spaced than in Espréaux.aamieuous, and dip at 45° to bedding. In Saint-
Didier, the crack-seal veins are thinner (infraliniétric). The veinlets have a shallower dip ane ar
filled with calcite crystals (<50um) with a blockgxture ((C.S.) in Figs. 4a and 6a).

Slip along the BPFs is further demonstrated in &spx by mineralized pull-apart veins of
various sizes (up to a centimetre long) that displdozenge shape (rhomboid) (e.g., Figs. 5e and 6f
These pull-apart veins sometimes superpose onftepah other forming a composite pull-apart vein
(e.g., Figs. 5e and 6f). The crystals within thesms are often elongated in the direction parael
the BPF, the vein walls are west-dipping (e.qg., Biy and crack-seal morphologies are sometimes
present on the vein walls (Fig. 5e). These pulHapains are interpreted as having formed in
extensional stepovers between microfault segmengs Peacock et al., 1995The opening direction
is sub-parallel to bedding and the shear sensami¢as to that responsible of the crack-seal veins

described above.

3.3. Breccia

In Saint-Didier, the BPF appears locally as a zohbreccia ((Br.) in Fig.4 a and b). Calcite
crystals of the calcite veins are sometimes preseon the rim of the BPF, whereas the BPF is filled
with microbreccia in the centre. The microbrecsianade up of angular clasts of calcite and walkroc
fragments (less than a few mm) floating within aycnatrix (Fig. 4 a and b). CL analysis shows that
the calcite crystals in the microbreccia have ghigar orange colour than the calcite crystals & th
calcite veins (Fig. 6b), indicating the presencaiv fluid. The breccia also contains broken cigsta
(0.25 mm) from the former calcite veins. No brecara observed in Trescléoux and Espréaux thin
sections, but we recognize zones of significanashg in Espréaux. These zones are described in the

next sub-section.

3.4.Stylolites and other calcite-filled features
In the three sites, the calcite veins, satellitemsjecrack-seal veins, and pull-apart veins are
most often separated from each other or from thatirg clays by well defined straight surfaces.

However, some veins are bounded by stylolite pldhasoccur at the clay/calcite boundary ((St.) in
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Fig. 4). Such planes are also observed within #hete veins. Like the calcite veins, the stylditre
sub-parallel to BPF. The amount of dissolution asged with these stylolites is difficult to estitea
and may be significant. Stylolite planes appeararicequently in Espréaux and Saint-Didier than in
Trescléoux, which may indicate that pressure smius more pronounced in these sites.

Other mineralized structures are observed in Esgré@g. 7). Despite the uncertainty in their
interpretation, two microstructures that suggestasing are worth mentioning. The first one
corresponds to rectangular and discontinuous Vdied with large crystals (Fig. 7 a and b). These
angular structures are interpreted as broken fratgwd the calcite veins which have been toggletl an
rotated within a clay-rich matrix. Finally, smallntension (tens of micrometres) and mineralized
structures with fuzzy boundaries are observed\{(Jrin Figs. 7e and f ). These structures seem to
have aren échelorarrangement, which can be used as a shear seisgandThe kinematics of these

structures are discussed further in sub-section 4.3

4. Microgtructuresinter pretations and kinematics

4.1. Saint-Didier

The microstructures described in Section 3 sugipstdifferent movements occurred along
the BPF plane (Tab. 1). The calcite veins with giin-blocky crystals are interpreted as syntaxial
veins, with an opening direction normal to beddiBgns et al., 2012 CL images show that the solid
inclusions observed within the calcite veins aegfnents of the wall rock and that the fluid thied
the BPFs and the hosting rock were in equilibrititme crack-seal veins indicate a shear operiax (
et al., 1983; Cox, 1987; Labaume et al.,, 19%behn and Passchier, 2000They are parallel to
bedding with internal veinlets that are westwangpiig, suggesting a movement parallel to bedding
and with a top-to-the-west shear sense. The ndaunlb are mostly dipping west and also have a top-
to-the-west movement (Figs. 2 and 3). The BPF &edrntormal faults have therefore a synthetic
movement. We have not found any direct microscepidence to constrain the chronology between
opening and shearing, but CL images indicate tmaffluids that circulated during these two events

were in equilibrium. The stylolites are sub-pafatie the BPF. They affect the calcite veins and
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therefore the dissolution postdated the openinggallyi, the microbreccia is composed of clasts from
the calcite veins and is associated with a differmid. These observations suggest that the
microbreccia also postdated both the opening aedrsiy event. This microbreccia is thought to
result from seismic cataclastic evenBoqgllier et al., 2004 but the absence of markers prevents

determining the shear sense.

4.2. Trescléoux

The microstructures observed in Trescléoux suggashing, shearing and pressure solution,
like in Saint-Didier site (Tab. 1). The elongatedky morphology of the crystals in the calcite wein
suggest an opening normal to the BPF, i.e., aningeubperpendicular to bedding. The geometry of
the crack-seal veins and associated veinlets iteica movement parallel to bedding and top-to-the-
west, which is synthetic to the movement of themadrfaults. The crack-seal veins are located at the
edges of the calcite veins. According to the CLge® the crystals in the calcite veins and thekerac
seal veins were derived from the same fluid thainigquilibrium with the hosting rock (Fig. 6).
Stylolitisation of the calcite veins and probablytlee crack seal veins indicate a dissolution ghhi
angle to bedding that appears to be the last pifasdeformation. Further crystallisations are obedrv
around cavities within the calcite veins. Crystaining by optic and catodoluminescence and
crystallisations that isopachously follow the inbggities of the cavity walls are indicative of gt
into cavities. The CL images indicate that thegestats were derived from another fluid during an

across-strata or larger scale fluid circulation.

4.3. Espréaux

The calcite veins, crack-seal veins and stylolibglicate opening, shearing and stylolitization
along the BPFs, like for the two other sites (T&h.Crystals in the calcite veins are occasionally
elongate with a direction of maximum extension pergpcular to the BPFs, implying an opening
perpendicular to bedding. This opening directiorcémfirmed by the fibrous morphology of the

crystals in the satellite veins, considering that fibres that are oriented normal to bedding feltbe
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opening trajectory. The geometry of the crack-sexhs indicates a movement parallel to bedding
with a top-to-the-west shear sense. This sheaeserfsirther confirmed by the pull-apart veins that
have west-dipping walls. Contrary to the otherssitthis movement is not synthetic to that of the
normal faults, implying that it does not origindtem the same phase of extension but from another
tectonic event (see sub-section 5.1). The CL imaghsate that the sealing of the pull-apart veths,
calcite veins and the crack-seals veins were deffivem a fluid in equilibrium with the host rock.

The kinematics of the small dimension mineralizédicsures (Fig. 7f) are difficult to
characterize due to their fuzzy aspect. We receghémen échelorpattern with an east-dipping trend.
We tentatively infer a top-to-the-east shear movemaith development of T or R Riedel fractures.
These fractures may attest for a first movementh&fit to that of the normal faults. Later slidimg
the opposite direction then stretched these frastufinally, the rectangular mineralized elemenrgs a
interpreted as broken segments of the calcite eimnsing imbricated structures in clay due to a-top
to-the-west shear movement (Fig.7c¢). This movermestdates the opening event and is in agreement
with the sliding episode that produced the subifgrsets ofen échelorcrack-seal bands in this site.
Alternatively, the observed arrangement may refsoith a clockwise rotation of the broken pieces of

the calcite veins during a shear movement syntheticat of the normal faults (Fig. 7d).

5. Discussion

The microstructures of the bedding-parallel fagB®Fs) observed in clay-rich layers of the
Southeast Basin of France, reflect a complex dedftian history with a range of movements that
includes bedding-normal opening, bedding-paralelasing and pressure solution. In the next sub-
sections, we combine the microstructural infornmatiith the outcrop observations to discuss the

possible origins, mechanisms of formation and ggold settings of BPFs in general.

5.1. BPFs and regional tectonic history
Bedding-parallel shear movements are associatédongick-seal bands on the studied BPFs,
which is consistent with previous observations theo areasKowler, 1996; Koehn and Passchier,

2000; Fagereng and Byrnes, 2015 he orientations of the slikenlines on the BRteicate that the
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shear movements likely occurred during the Oligecertension and the Pyrenean and/or Alpine
orogenies (Figs. 1 and 2). The BPFs also contalititeaseins with elongate blocky textures and
fibrous crystals, which are interpreted to be poaaliby bedding-parallel openind3ans et. al, 2012
Finally, bedding-parallel stylolites are recognized the three studied sites, implying pressure
solutions. The stylolites postdate the openinghef ¢talcite veins and probably also the crack-seal
veins. Breccia, “broken veins” and imbricate staues are also observed in a few thin sections and
these could be associated with an increase in gganude of the shear movements and/or in the fluid

pressure.

The absolute age of the microstructures are pruo@dertainties but the relative chronologies
described above help to constrain potential modéldormation and evolution of BPFs in the
geological context of the Southeast Basin of FrgRag 8). The different models presented in Figure
8 are intended to provide insight into the rangeaiential movements and associated microstructures
of BPFs during a polyphase deformation history émeyal. The mechanical conditions required for
these models are discussed further in sub-sectibn 5

In Model 1, all the microstructures are formed dgrithe Oligocene, i.e., monophase
deformation (Fig. 8). Calcite veins and crack-segihs can be due to a succession of alternating
opening and shearing, which can potentially be @ated with a “crack-seal/slip” modePétit et al.,
1999. Stylolites can then dissolve the calcite veirthvan orientation that is compatible with the
vertical direction of the maximum principal stre®¥ghile this scenario can eventually apply in Saint-
Didier site where there is no evidence of readtvatit is unlikely in Espréaux and Trescléoux wher

the BPFs bear slikenlines with two radically distiorientations.

In the two other models presented in Figure 8 BREs result from a polyphase deformation.
In Model 3, the calcite veins have formed before @ligocene extension and the associated normal
faults. They may have opened due to fluid overpmess which have hydraulically jacked apart near-
horizontal bedding planes during the Mesozoic Ibdmistory. Altenatively, they may have formed as
tectonic fractures opening perpendicularly to theximal principal stress direction during the

Pyrenean orogeny. In Model 2, the calcite veinsnémt during the Alpine orogeny. Thus, depending



339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

on the age of the calcite veins, the BPFs eithee lditiated as shear planes in low dipping segegnc
during the Oligocene extension (Model 2) or haaetigated previous opening structures (Model 3).
In addition, three possible origins can be propdeethe stylolites, based on models which havenbee
described in the literatureNitecki, 1962, Toussaint et al., 2018hey may have originated (1) as
sedimentary stylolites during the Mezosoic buridtdry, (2) as tectonic stylolite planes oriented
perpendicularly to the direction of maximal priraiigtress during the Oligocene extension, andg3) a
slickolites in restraining steps due to the slipstloe BPFs. In Model 2, the opening occurred late i
the BPF history, the stylolites that postdate thening have therefore a tectonic nature (origirBy).
contrast, if the opening occurred early, then tired origins described above (origins 1-3) may yappl

in the studied sites (Model 3).

The models in Figure 8 illustrate that BPFs campdlgphase structures that are active during
successive deformational events. This concurs théHfindings ofSéjourné et al. (20Q3hat describe
five different senses of slip motion on a seriesB&fFs in the Saint-Dominique carbonate slice
(southern Quebec Appalachian structural front),clwhare consistent with folding, thrusting, strike-
slip faulting and normal faulting. The existencdmig-lived BPFs has the following implications) (1
BPFs can be used as a marker of past deformatimtseto reconstruct complex deformation history,
(2) BPFs can appear as relatively simple plangbetmacroscale, despite a complex deformation

history, and (3) BPFs can be considered as a plaweakness in the geological medium.

5.2. Mechanical insight into bedding-parallel fan{j in sedimentary rocks

Microstructural and outcrop observations indicdtattshearing (and eventually opening)
occurred along the BPFs during normal faulting batbre folding. This is in line with the results of
recent publications that describe BPFs associaitd mormal faults in shallow dipping sequences
(<10°; Delogkos et al., 2017; Alsop et al., 2028hearing in such conditions appear mechanically
unfavourable and can be related to several drivechamisms. First, the mechanical anisotropy of the

clay-rich rocks can promote failure and slip, eifghe foliation is not optimally orientedCobbold et



365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

al., 2013;Fagereng et al., 20)0Second, even at low magnitudes, a local tilohthe bedding could
enhance shearing along the foliation. Finally, dlgressure may have a role, but the BPFs in the
studied areas have a relatively small thickness {hiok), which may suggest a limited pore pressure.
Concerning the opening of the BPFs, it is expedteadccur under low differential stress. Such
conditons are generally encountered at low depthalso exist at a more significant depth in claip r
rocks with a very low stiffnesdMarpinski and Teufel, 199br in relations with ductile flow in the
clay (Cornet and Roéckel, 20)2

There is a widespread occurrence of crack-seakvadsociated with shear opening on the
studied BPFs and on BPFs from other aréamvier, 1996; Koehn and Passchier, 2000; Fagereng
and Byrnes, 2015 Considering that these crack-seals are formeaxiensional stepovers, this
suggests that the BPFs are segmented by natuependently of their origin. Moreover, the crack-
seal veins indicate that the displacement is acaosabed by small increments. The slippage is
therefore expected to be associated with a seiaaticity of low magnitudeKagereng et al., 2010)
Nevertheless, more significant seismic activitiesuld potentially occur and be marked by
microstructures like breccia and imbricate struesuas those observed in the studied sites.

The repeated activity of the BPFs during successigmnic phases lead us to consider these
structures as planes of weakness in the geologiedium. However, the calcite mineralizations that
filled the BPFs are probably “stronger” than thereunding clays. This inconsistency demonstrates
that the process of reactivation is not necessasbiociated with intrinsically weak planes. On the
contrary, we propose that reactivation is promatedoundaries between materials of different nature
or inherited mechanical heterogeneities, i.e.v#hin/clay edges in this study. A similar processuns
for dyke walls that are often the locus of faultingsolcanic areas (e.g<arson et al., 2018 It is also
in agreement with the idea that preferential growthfault is not positively correlated with the
intrinsic weakness properties of fauld#/dlsh et al., 2001 This process of ‘forced slip’ is likely
driven by stress concentrations that occur in bgemeous medium (e.gGudmundsson and
Homberg, 1999; Gunzberger and Cornet, 20M®dt the geological conditions where forced shigy

control the fault pattern and slip accumulatiorotigh time are still to be investigated.
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5.3. Driving mechanisms behind BPF formation atrégional scale

The studied BPFs show shear movement during amsgteal regime in all the studied sites,
as well as shear movement during a compressiogimheein two of the studied sites. The compression
related-slip can be attributed to a flexural slipamanism during layer-parallel folding (e.§anner,
1989; Fowler, 1996; Koehn and Passchier, 2000; Fagg et al., 2010 However, while flexural slip
can be important in Espréaux where the BPF lieherlimb of a tight fold, it is likely less importaim
Trescléoux where the bedding is sub-horizontal.

The shear movements during the extensional regonéirm other publications showing that
BPFs may form in such context for a limited lodling of the bedding (<10°)mart et al., 2009;
Delogkos et al., 2018; Alsop et al., 2020he movements on the BPFs could be attributed to
flexural slip mechanism due to normal fault-relatettling (Watterson et al., 1998; Ferrill et al.,
2007; Smart et al., 2009; Delogkos et al., 2008 to gravity-driven downslope deformations (e.g.
Alsop et al., 2020 The latter is unlikely in the studied areas, sidaring that the rocks have been
deeply buried before the formation of the BPF. Mgemerally, the exact origin of the extension-
related bedding-parallel shearing remains uncerfaim models can nevertheless be proposed, which
are differing in how the BPFs and the normal fatétate. In the first model (Fig. 9a), the mesoscal
normal faults are formed to accommodate the motioesveen overstepping BPFs. Equivalent
geometries, referred to dsamp-flat-ramp normal faults” and releasing relagnes, have been
described previously biyedrera et al. (2012 alternating sandy and silt layers of the Huéf@aéra
Basin and byDelogkos et al. (2018 intercalated lignites and alluvial deposits of fPwlemais
Basin, respectively. The orientation and displaggnoeé the normal faults are hereby governed by the
BPF motion. Alternatively, the BPFs and the norfaallts can be formed independently and express
different modes of brittle failure in multilayer tesials (Fig. 9b). Considering the large angle leetw
the far-field maximum principal stress and the BREn extensional regime, a failure along a BPF in
clay units does not fit the Anderson model, whilstoes along a high dipping normal fault. We refer
to this as “bi-modal” faulting, which can be a cheristic mode of deformation of anisotropic rocks

“Bi-modal” faulting is likely to develop in multilger sequences containing isotropic and anisotropic
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rocks, but its origin need to be investigated.He two models, BPFs and normal faults may strongly

interact at some evolved stages.

Conclusions

The microstructural descriptions of bedding-patdbeilts (BPFs) sampled in clay-rich layers of the
Southeast Basin of France evidenced that thesis fand composed of different microstructures. These
microstructures include subparallel calcite veiomck-seal veins, pull-appart veins, microfaults,
stylolites and breccia. Both opening and shearlmag tire perpendicular and parallel to bedding,
respectively result in fluid channelling in the BPErough repeated crack and seal events. The
observations support a complex deformation histdridPFs. Sliding occurred under an extensional
stress regime during the Oligocene and the BPBaglir interacted with surrounding normal faults.
The BPFs were also reactivated in an opposite sgunseg the basin inversion. This study highlights
that BPFs are relevant markers of past deformai@mts to reconstruct complex deformation history.
They can represent well developed brittle strugtuneshallow or highly dipping foliated rocks and

influence the growth of other fractures.
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Saint-Didier Trescléoux Espréaux
BPF Samples
Number of distinct BPFs 1 1 2
Number of thin sections 3 7 12
Types of microstructures Kinematics Number of thin sections
Calcite veins Opening m 3 7 12
Crack-seal veins Shearing ?! 1 SNF 1, SNF 2, ANF
Pull-aparts veins Shearing @ 1 ANF
Breccia Intense shearing(z) 3, US
Broken veins Intense shearing(z) 1, US
Fuzzy structures Shearing? 1, SNF
Stylolitized planes Dissolution 1 5 6

Tab. 1: Type and interpretation of microstructures obedrin thin sections.

Four bedding-parallel faults (BPFs) were targetedEspréaux, only two of them were successfully
retrieved. The numbers of thin sections showindhaatrostructure type is indicated in column for
each site. (1): Opening indicates an opening mowemerpendicular to the BPF. (2): SNF and ANF
denote shearing (i.e., sliding) with a shear se¢haeis synthetic (SNF) or antithetic (ANF) witheth
neighboring normal faults, i.e., movement in thensaropposite direction as that of the hanging wall

movement of the normal faults, respectively. USasing with unknown sense.

Fig. 1. Simplified geological map of the North West regiohtbe Southeast Basin of France
(modified fromRoche et al. (201%)and tectonic calendar of the basin. Tectonic esvare based on
analyses fronConstantin et al. (2012).amarche et al. (2012Jomberg et al. (2013nd references
therein. Light grey and dark grey indicate extenaloand compressive deformation phases,
respectively. The ages of the formations hostirghltbedding-parallel faults (BPFs) are indicated by a

black arrow. The BPFs are located in Saint-Didieescléoux and Espréaux sites.

Fig. 2. Context of bedding-parallel faults (BPFs) and damgpin Trescléoux (a), Espréaux (b) and
Saint-Didier (c). Normal faults (NF), offsettingethimestone and clay layers, and the bedding-grall
faults (BPFs) are indicated. The limestone and tdggrs are represented in light and dark grey,
respectively. The numbering indicates the locatadnthe BPF sampling for the thin sections.

Examples of details of sampling are presentedarritiht panel.
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Fig. 3: Stereographic projections (lower-hemisphere, egued projection) for the Saint-Didier site
(a), the Trescléoux site (b) and the Espréaux(sjteData for the bedding-parallel faults (BPFhg t
normal faults and the strike-slip faults are battkd using the average tilting of the bedding.i&ol
circles: fracture planes. Small black dots and arahickenlinesn: the number of data. Stars with 5,
4, 3 branches: maximalo{), intermediatef,), and minimal §s) principal stress. Divergent and
convergent arrows: directions of the extensiog @nd compressiono(). Small blue and red dots:
slikenlines on the BPFs that are coherent withdihection of extension (blue) and the direction of

compression (red) found using the normal faultstaedstrike slip faults, respectively.

Fig. 4: Thin sections of bedding-parallel faults (BPF8). énd (b): Saint-Didier; (c): Trescléoux; (d)
and (e): Espréaux. (a-e). Different microstructuaes observed. C.V.: Calcite vein; Cl.: Clays (wall
rock); C.S.: Crack-seal vein; S.V.: Satellite veib;: Stylolite; Br.: Breccia; Cav.: Cavity. Locati of

details illustrated in Figures 5 and 6. So: Bedding

Fig. 5: Details of microstructures within bedding-parafietilts (BPFs). (a) Elongate blocky crystal
morphology in Saint Didier. (b) Shallow dipping mkdts in crack-seal veins indicating a top-to-the-
west movement in Saint Didier. West is to the rigb} Stylolite in calcite veins in Espréaux in iopt
and cathodoluminescence. (d) Supperposed crackveéad in Espréaux. (e) Pull-appart veins in
Espréaux. (a-e) C.V.: Calcite vein; CI.: Clays (watk); C.S.: Crack-seal vein; S.V.: Satellitervei

St.: Stylolite. So: Bedding.

Fig. 6: Details of the microstructures in transmitted fighd cathodoluminescence. (a) and (b): Saint
Didier (c-e): Trescléoux; (f) and (g): Espréaux. Badding veins and clays in wall rock display akda
orange colour. (b) Breccia with a brighter orargantthe calcite forming initially the BPF, indiaai

different fluid generations. (c¢) Caclite vein andak-seal veins. (d) Cavities infiling with various
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fluids. (e) Calcite veins and stylolites. (g) Paflart veins. (a-f) C.V.: Calcite vein; C.S.: Cradal

vein; S.V.: Satellite vein; St.: Stylolite; Br.: &cia; Cav.: Cavity. So: Bedding.

Fig. 7: (a) Complex zone of shearing in Espréaux showmgukar fragments of calcite veins in a
clay-rich matrix. (a) General view. (b) Detail viege) Model for the formation of the microstructsire

in (a) with imbrication. Shear movement of the diaya shear zone generates failure, imbrication and
rotation of the calcite vein fragments. (d) Alteime model for the formation of the microstructunes

(a) with rotations and fragmentation of the BPF.Eramples of complex microstructures observed at
Espréaux. (f) Detail of echelon fuzzy structuresd arack-seals. (a-f) C.V.: Calcite vein; Cl.: Wall
rock; C.S.: Crack-seal vein; S.V.: Satellite vest;: Stylolite; S.Z.: shear zone; F.V.:Fuzzy vebo.

Bedding.

Fig. 8. Models for bedding-parallel fault history. In mbéde bedding-parralel faults (BPFs) are

monophased and all microstructures formed duriegsdime tectonic event. In models 2 and 3, BPFs
are polyphase structures and were active duringesgove deformational events of the basin. In model
2, BPFs first slipped during the Oligocene extemaidectonics and were later reactivated during the
alpine inversion. In model 3, the BPFs initiatedogening fracture and were reactivated during all
subsequent tectonic events. Time uncertainrty pemong and pressure solution is indicated by grey
arrow. Each model reflects the successive movenaatgy the BPFs deduced from microstructures
and outcrop observations: shearing (blue duringresibnal tectonics and red during compressional
tectonics) and opening normal to bedding. See fiaxtmore details and mechanical implication.

Model 1 does not apply for the studied BPFs (exmaantually in Saint-Didier site), but may

represent other example of BPFs. Exemples fromsthidy support a long-lived history of BPFs.

Fig. 9: Cartoons illustrating two potential contexts ofrf@tion of bedding-parralel faults (BPF&)
A segmented BPF formed due to flexural slip medranio accommodate bed-parallel slip. Slip is
partitioned along different segments of the BPF aadnal faults occur in the releasing steps (e.g.,

Pedrera et al., 2012; Delogkos et al., 2D18rrows: shear sense. (b) Bi-modal faulting inltirayer
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rocks. Failure follows the Andersonian mode in thmestones (high dipping normal faults are
formed) whereas it does not in the clays (BFPS@raed). These two types of faults later propagate

and connect each other. Convergent and divergem&s compression and extension.
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