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Abstract

Bedding-parallel veins, ‘BPV’, are widespread worldwide especially within sediments of
low permeability such as mudstones, marls and evaporitic formations. Gypsum, calcite or
quartz fibrous minerals compose these geological features as well as less common
components such as bitumen. These structures are heavily studied as they provide significant
information about the paleo-stress states, host rock deformation and fluid flow. In the
Bouhedma Formation, Northern Chotts Range, Southern Tunisia, although gypsum BPV are
clearly observed there is particularly a dearth of published data concerning their
characterization. Petrographic examination, tectonic and micro-tectonic analysis of both of
the BPV and host rocks were conducted to determine their origin and the formation

mechanism of the bedding-parallel fibrous gypsum veins in the Bouhedma Formation.

Field studies indicate that the host rocks for the BPV are mostly mudstones and
evaporites. The BPV are especially localized within the lower part of the Bouhedma
Formation, at boundaries between these sedimentary beds. The deformed gypsum and
anhydrite fibers composing the BPV indicate vein growth during the shortening of the basin
from the Miocene through Villafranchian times. We argue that the BPV are the result of fluid
overpressure and natural hydraulic fracturing in low-permeable sediments due to

mineralogical transformations and tectonic compression.

Key words: Bedding parallel veins, “beef”, gypsum, fluid overpressures, lower Cretaceous,

Tunisia.
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1. Introduction

Natural hydraulic fractures are common in sedimentary basins worldwide, especially
within strata of low-permeability (Cobbold et al., 2013; Gale et al., 2014; Zanella et al., 2020).
In many cases, bedding-parallel veins ‘BPV’, also called ‘beef veins’ (Buckland & De la Beche,
1835), represent this natural hydraulic fracture process (Philipp, 2008). The BPV are known to
be composed of fibrous minerals containing either quartz, calcite or gypsum for the most
common ones (Cobbold et al., 2013). Given their role in the potential fluid redistribution in
sedimentary basins, the BPV have been heavily studied during the last two decades, especially
those of calcite composition in basins related to hydrocarbon resources (e.g. Rodrigues et al.,
2009; Meng et al., 2017a; Weger et al., 2018; Ukar et al.,, 2020), and those of gypsum
composition especially in evaporitic sediments (Shearman et al.,, 1972; Machel, 1985;
Gustavson et al., 1994; El Tabakh et al., 1998; Cosgrove, 2001; Philipp, 2008; Cobbold et al.,

2013; Rustichelli et al., 2016; Meng et al., 2017b, 2017c, 2019).

Veins are categorized into three kinds based on the direction of crystal growth, crystal
shape, and the number of growth generation: stretched vein, syntaxial vein, and antitaxial
vein (Durney and Ramsay, 1973; Bons and Montenari, 2005; Bons et al., 2012). Ramsay
(1980), Hilgers and Urai (2002), and Bons et al. (2012) argue that stretched veins are
produced by numerous crack-seal events, and that the crystals in stretched veins typically
have serrated boundaries or radiator structures owing to the opening in different positions of
veins. In syntaxial veins, minerals grow from both sides to the centre of the veins. Thus,
minerals fill space created by a cracking event (Wilson 1994; Bons et al.,, 2012). Antitaxial
veins are characterized by a mineral growth from the centre toward both sides of the veins.

The formation of antitaxial veins are still debated. Indeed, several key mechanisms seem to
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be involved and widely studied as the natural hydraulic fracturing, the force of crystallisation,

the tectonic stresses, and the pression dissolution (Bons et al., 2012; Zanella, 2013).

Because of the special crystal morphology, the formation mechanism of antitaxial
veins have been extensively discussed in terms of formation and growth process (Durney and
Ramsay, 1973; Ramsay, 1980; Cox, 1987; Urai et al., 1991; Passchier and Trouw, 1996; Means
and li, 2001; Bons and Montenari, 2005; Rodrigues et al., 2009; Bons et al.,2012; Cobbold et
al., 2013; Meng et al., 2017a, 2017b, 2017c, 2018a; Luan et al., 2019; Zhao et al., 2020) and
Larmier et al. (2021) showed that BPV are complex and record many structural events during
their growth. The published data agreed that the hydraulic fracture caused by fluid
overpressure is most likely the cause of the BPV formation (Sherman et al., 1972; Stoneley et
al., 1983; Cosgrove t al., 2001; Philipp, 2008; Rodrigues et al., 2009; Li et al., 2013; Cobbold et
al., 2013; Zanella et al., 2014, 2015a, 2015b; Meng et al., 2017a, 2017b; Wang et al., 2018).
Several key parameters are furthermore involved in the formation of the BPV such as the fluid
overpressure (e.g. Mourgues & Cobbold, 2003; Cobbold & Rodrigues, 2007; Zanella et al.,
2014, 2015a, 2015b; Meng et al., 2017a, 2017b; Wang et al.,, 2018), the generation of
hydrocarbons (Zanella et al., 2014, 2015a, 2015b), the force of crystallization (Keulen et al.,
2001; Means and Li, 2001; Barker et al., 2006; Nollet et al., 2009; Bons et al. 2012; Wang et
al., 2018; Meng et al., 2018b, 2019) and the tectonic stresses (Meng et al., 2017b; Ukar et al.,
2020; Zanella et al., 2020).

Gypsum BPV have been extensively studied and often associated with hydraulic
fracturing process (Shearman et al., 1972; Machel, 1985; Gustavson et al., 1994; El Tabakh et
al., 1998; Cosgrove, 2001; Ahmadi, 2006; Philipp, 2008; Cobbold et al., 2013; Rustichelli et al.,
2016; Meng et al.,, 2017b, 2017c, 2019; De Toffoli et al., 2020; Zhao et al., 2020). Thus,

anhydrite hydration to gypsum with volume increase and injection of external fluid are

4
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considered as the origin of fluid overpressure which leads to the formation of these BPV
(Philipp, 2008). However, Machel (1985) argued that the hydration of anhydrite is not
perquisite for the formation of fibrous gypsum veins, which may result from overpressure or
tectonic compression, or a combination of both processes. Meng et al. (2017b) and Berthelon
et al. (2021) have recently demonstrated that the occurrence of fluid overpressure can be a
consequence of tectonic compression during basin inversion. Osborne et Swarbrick (1997)
and Cosgrove (2001) also supported this point and argued that fluid overpressure may be
sufficiently high to form horizontal BPV during basin inversion. In addition, halite dissolution
and sediments exhumation were also proposed to be the origin of gypsum BPV (Gustavson et
al., 1994; El Tabakh et al., 1998). In a recent review, Zanella et al. (2020) demonstrated that a
compressive tectonic activity is required to generate BPV and highlighted the importance of

the force of crystallization during such geological processes.

The study of the BPV, especially gypsum BPV, is not well developed in the northern
part of Africa. There is a dearth of published data about these BPV structures (Ahmadi, 2006;
Akrout et al.,, 2011a). In the Ghdames Basin, southern Tunisia, a significant overpressure
interval was highlighted and well characterized by Akrout (2012) and gypsum BPV are

identified in the Liassic sediments especially in the Zmilet Haber Fm.

In this contribution, we combine structural and petrographic analysis on gypsum BPV,
host mudstones and evaporites from the Bouhedma Formation exposed in the ZBAS (Zemlet
El Beidha Anticline Structures), Southern Tunisian Atlas (Fig. 1) in order to investigate

distribution and timing of generation of such BPV.
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2. Geological setting

2.1. Tectonic setting

The tectonic evolution of the African and Eurasian plates during the Meso-Cenozoic
Era has appeared with the creation of distinct structural domains with several fault and
anticlines (Philip, 1987; Chihi and Philip, 1999; Bouaziz et al., 2002) (Fig. 1A). From north to
south, three domains are identified in Tunisia, Northern part of the African plate (Fig. 1A): the
Tellian domain, the fold Atlasic domain (including the Northern Tunisian Atlas, The Middle
Tunisian Atlas and the Southern Tunisian Atlas) and the Saharian platform (Fig. 1A). In the
south, the southern Tunisian Atlas fold-and-thrust belt (Fig. 1A) is limited by two major NW
trending faults systems: the Gafsa fault system and the Negrine-Tozeur fault system (Zargouni
et al., 1985; Abbeés and Zargouni, 1986; Burollet, 1991; Abbes et al.,, 1994; Zouari, 1995;
Zouari; 1999; Hlaiem, 1998, 1999; Bédir, 2001; Gharbi et al., 2014) (Fig. 1). The Gafsa fault
system (N140°) affects the Bou Ramli, the Ben Younes and the Orbata anticlines in the
northern part and the Zemlet el Beidha (our area of study) and the Koudiat Hammamet
anticlines in the southern part (Zargouni, 1984; Zargouni et al., 1985; Abbes and Zargouni,
1986; Burollet, 1991; Abbes et al., 1994; Boutib and Zargouni, 1998; Hlaiem,1999). The
Negrine-Tozeur fault system, which borders the west of the Gafsa-Metlaoui basin, is parallel

to the Gafsa fault system (Zargouni, 1984; Zargouni et al., 1985) (Fig. 1).

“Figure 1 here”

Our area of study, the Zemlet el Beidha Anticline Structure ZBAS, belongs to the
southern Atlasic front of Tunisia in the eastern part of the E-W trending northern Chotts
range, is oriented NO60° to NO30° (Figs. 1). Based on the previous tectonic study in Tunisia we

identified two major tectonic phases which are responsible for the growth and deformation
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of the majority of anticline due to compressive tectonic stresses occurring from the Neogene
to current times. A tectonic phases characterized by the NW - SW shortening direction is
attributed to the serravalian-Tortonian age, and another phases characterized by NNW-SSE to
N-S shortening direction is attributed to post-villafranchian age (Fig. 2). This area consists of a
south-verging asymmetrical anticline with a curved axis, which curves from E-W to NE-SW
orientation (Abdeljouad and Zargouni, 1981; Zargouni and Ruhland, 1981; Zargouni et al.,
1985; Gharbi et al., 2013). The southern forelimb of the ZBAS commonly displays subvertical
faults, previously interpreted by several authors as strike-slip faults (Abdeljouad and Zargouni,
1981; Zargouni et al., 1985; Abbes et al., 1994; Gharbi et al., 2013; Haji et al., 2020). The ZBAS
rests between the Southern Atlasic fold-and thrust belt to the north and the little deformed
Saharan Platform to the south (Zargouni, 1984; Ben Ferjani et al., 1990; Burollet, 1991;
Hlaiem, 1999; Bouaziz et al., 2002) (Fig. 1B). The ZBAS is affected by E-W fault trend
southward and by N-S fault trend northward (Louhaichi and Tlig, 1993). Thus, in this area, the
Miocene and the Quaternary are considered as the major compressive phases in Atlasic areas
in Tunisia, in particular in the Chotts range (Fig. 2) (Ahmadi, 2006; Ouali, 2007; Ahmadi et al.,

2019; Khalfi et al., 2019).

“Figure 2 here”

2.2. Sedimentary setting

Lithostratigraphic sequences in Tunisia’s southern Atlas are characterized by
significant lateral variations in thickness and facies based on outcrops data (Gharbi, 2013).
The Lower Cretaceous series contain a siliciclastic, clay, dolomites and sandstones layers.
From bottom to top, the following formations are described (Figs. 1C and 3): the Bouhedma

Fm. (400 to 2000 m thick carbonates-clays-evaporites sequence (Hauterivian), Abdeljouad
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and Zargouni, 1981; Lazzez and Ben Youssef, 2008), The Sidi Aich Fm. (200 m thick sequence
of shaly sandstones and ferruginous sandstones (Barremian), Abbes and Tlig, 1991; Louhaichi
and Tlig, 1993; Ben Youssef and Peybernes, 1993; Chaabani and Razgallah, 2006; Gharbi,
2013; Boukhalfa 2015: Li et al., 2017), Orbata Fm. (dolomites, marls and sandstones (Aptian),
Ben Youssef and Peybernes, 1993), Zebbag Fm. (marls, dolomites, evaporites (Albian-
Turonian), Aleg Fm. (marls, limestones and evaporites (Turonian-Early Campanian). The Segui
Fm, interpreted as syntectonic deposits acknowledged to be the product of erosion of the
uplifted structures during Cenozoic compressional events, rest unconformably over the

Neogene and Cretaceous Formations (Gharbi, 2013).

The sedimentary rocks crop out well in the ZBAS area, especially those of lower
Cretaceous to late Miocene ages (Figs. 1C and 3). The lithostratigraphic chart of the
Cretaceous series shows three principal formations, in ascending order (Figs. 3 and 4)
(Abdeljouad and Zargouni, 1981; M'Rabet, 1981; Abbées and Zargouni, 1986; Gharbi et al,,
2013; Boukhalfa et al., 2015): The Bouhedma Formation, was introduced by Burollet (1956)
and M’Rabet (1981) at the locality type of Jebel Bouhedma in the south of Tunisia. In the ZBAS
area, about 70 km to the south of the type locality, the Bouhedma Formation is described as a
thick succession (120-900m) of limestones, dolomites, evaporites and sandstones
(Abdeljouad and Zargouni, 1981; Gharbi et al., 2013; Boukhalfa et al., 2015). The exact age of
the formation is still debated (Fig. 3C). M’Rabet (1981) assigned the Bouhedma Formation at
the Gafsa Basin (Jebel Sidi Aich) to the Barremian. Damotte et al., (1987) attributed the
fossiliferous (ostracods and echinoids) claystones (equivalent lower part of the Bouhedma
Formation at Jebel Mrhila, central Tunisia), to the upper Hauterivian, based on ostracods
assemblage while Chakhma et al., (1990) proposed a Hauterivian—upper Barremian age based

on the fossiliferous claystones (Fig.1C and 3).
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“Figure 3 here”

The Bouhedma Formation is overlain by the shale-rich sands and ferruginous
sandstones of the Sidi Aich Formation. Being 70 m thick, this formation was introduced by
Burollet (1956) from the typical locality at Jebel Sidi Aich in southwestern Tunisia (Boukhalfa,
2015) (Fig. 1C and 3). The massive dolomites of the Orbata Formation (lower Aptian) overlain
the Sidi Aich (Ben Youssef and Peybernes, 1993; Chaabani and Razgallah, 2006; Gharbi et al.,
2013). The Upper Albian deposits are rarely exposed in the ZBAS. They are dominated by
dolomitic sandstones, marls, limestones and argillaceous limestones. The Coniacian-Santonian
series of the Aleg Formation unconformably overlie the previous series, by a thick sequence
of dolomitic sandstones at the base, green marls and bioclastic limestones (Abbés and Tlig,
1991; Louhaichi and Tlig, 1993; Gharbi, 2013). The Abiod Formation conformably overlies the
Aleg Formation and consists of limestone banks with intercalations of thin clay layers
(Abdeljaouad and Zargouni, 1981; Louhaichi and Tlig, 1993; Gharbi, 2013), (Fig. 3). The
Cenozoic series of the studied area are composed by thin Palaesocene marine marls covered

by Paleogene and Neogene continental sediments.

3. Method

In order to investigate the distribution and the timing of formation of the BPV in the
Bouhedma Formation (Southern Tunisia), we performed a structural analysis on the BPV and
host rocks from the Zemlet el Beidha Anticline Structure ZBAS with field work over about 8
weeks (Fig. 1C). All our data come from the ZBAS but we paid particular attention to the
‘Khanguet Aicha’ cross-section located in the southern-eastern part of our area of study ([A-
A’] on Figs. 1C and 4). First, we established a sedimentological log from field observations

along the ‘Khanguet Aicha’ stratigraphic log to be able to study the BPV distribution in the
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sedimentary sequence. Regarding the BPV, we have been focussing on their distribution, their
size (continuous or discontinuous), internal structures (fibre morphology) and spatial
orientation. Because of the complexity of the BPV shape, we established a continuity criterion
as following: “continuous” BPV refers to the BPV with a total length greater than 1 m and
“discontinuous” BPV refers to BPV with a total length up to 1 m. All data from the BPV

measurements are synthetized on Figure 4 and Table 1.

The petrographic observations of the BPV have been performed on 18 thin sections
coming from samples located in the ZBAS. All these observations have been made with a
ZEISS AXIO Zoom V16. For accurate analysis of the relationships between BPV formation and
other tectonic structures, we have measured faults and folds geometries as well as non-
fibrous gypsum-filled fractures, we have used the WINTENSOR and STERONET software for

the stereographic projection of the fracture orientations (Faults and BPV).

4. Results

4.1.BPV distribution

Gypsum BPV are widespread in the whole ZBAS area (Fig. 1C). Due to the greater
exposure of the Bouhedma Fm. along the southern limb of the anticline, we observed more
BPV in this area compare to northern limb of the anticline. BPV exclusively occurred within
the Bouhedma Fm. from the base to the middle part (Fig. 4). They are not equally distributed
throughout the sedimentary sequence and are often concentrated around gypsum-bearing
layers, which concentrate 35% of the total amount of BPV levels (Figs.4 and 5). We also
observed that the BPV occur close to major tectonic discontinuities such as faults and
fractures (Fig. 4). No occurrence of the BPV has been observed in other sedimentary

formations.

10
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“Figure 4 here”

“Table 1 here”

The BPV are mainly parallel to the bedding but some of them seem to be more oblique
in particular those that are discontinuous (Figs. 5A, 5B and 6). Continuous BPV are more
present at the sedimentary interfaces. Indeed, the interface between mudstones and gypsum
layers is often marked by a BPV occurrence (Fig. 5B and D). Within gypsum layers, very thin
layers of mudstones are also marked by continuous BPV occurrences (Fig. 5F), which may also
occur within mudstones layers. In this case, they are mainly localized at the center of the
layer. Discontinuous BPV especially occur within strata of gypsum (Fig. 5C, 5E and 5F). They
consist of a stack of many BPV levels which is very dense, a few millimeters separating the
different BPV strands. In some cases, it is difficult to separate each of them (Fig. 5C and 5F).

As consequence, we noted this occurrence as one strand of BPV.

“Figure 5 here”

The thickness range for the BPV population is large, the continuous BPV thickness
varied from 2 cm up to 18 cm (e.g. sample KA39, Fig. 5D and 5C), while the discontinuous BPV

show a thickness range between 1 mm and 5 cm (Table 1).

4.2. BPV Morphology

BPV are mostly parallel to the bedding in the Bouhedma Formation. This is also the
case for the discontinuous BPV organized in several veins layers. ‘En-echelon’ structures are
common in such examples and the BPV seem to be all connected (Figs. 6 and 7). Some of the
lenticular fragments of the host rock can be embedded and integrated in the echelon veins,

creating oblique bridge frameworks towards the vein walls (Fig. 6C and 6C’). ‘En-echelon’

11
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structures seem to connect two or more BPV levels (Fig. 7B&D). There are especially present
at facies boundaries and close to folds. Most of the BPV exhibit the ‘typical’ internal
morphology. Thus, the BPV show a median line from which the minerals started to growth
toward the edges of the veins (Figs. 6A and 7C). The median line is located usually at the
middle of the vein but could be near the edges. The median line in marked by small fragments
of mudstones (Fig.8C and C’). In many cases, we did not observe a median line within BPV

(Fig. 6B and 6B’). In those BPV, gypsum fibers span the entire of the veins (Fig. 6B and 6B’).

“Figure 6 here”

Several BPV display a sigmoidal morphology and the fibers are, consequently, not
always perpendicular to the edges of the veins (Figs. 6, 7 and 10 C). The gypsum fibers,
irrespective of their location and curvatures, are all oriented 135° - 165° (trend line) (Fig.9). In
some cases, fibers are perpendicular to the median line at the middle of the vein and become
parallel toward the edges (Fig. 7F and 7G). For example, between sub vertical fibers and
gypsum veins walls of steep veins, an angle of 58° is indicating in figure 7E. Vein sizes vary
from 2 to 18 cm in thickness, and 5 cm to over tens meters in length in the Khanguet Aicha

section (Figs.4 and 5).

“Figure 7 here”

In the ZBAS, a high number of oblique gypsum veins are detected, especially near the
BPV (Figs. 6D, 7A and 7B). Adjacent BPV are usually connected by oblique veins, with
apparent interconnection and interaction (Fig. 7A and 7B). In some cases, there is relatively
closed spacing between adjacent veins (Figs. 5A , 5B and 7D). Furthermore, numerous
gypsum veins are mutually crosscutting and appear in a dense network without obvious

overprinting relationships (Figs. 5F, 6 and 7), suggesting that these veins were probably

12
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formed simultaneously as already show by Zhao et al. (2020). Such characteristics of gypsum
veins were also described by Philipp (2008) in the Bristol Channel Basin (Somerset, SW
England). In such veins, the gypsum fibers are all oriented in the same direction regardless of

their localities and veins wall curvature (Figs. 6, 7 and 8).

At the end of the veins, branching is commonly observed (Fig.6C and 6C’). The total
thickness of branching veins (sum of them) is approximately equal to the parent vein (Meng

et al.,, 2017b).

4.3. Petrography

The BPV of the Bouhedma Formation are mainly composed of fibrous gypsum (Fig. 8).
We also observed crystals of anhydrite especially in veins located close to gypsum layers (Fig.
8C and 8C’). Minerals seem to have grown continuously from the median line toward the
edges (Fig. 8D and 8D’). In some cases, several stages of growth can be noted (Fig. 8A, A" and
8B, B’) the median line, by various wall rock fragments (Fig. 8C and 8C’), related to crack-
sealing process. The median section, however, consists sometimes of single line without

crystals being filled (Fig. 8A and 8C).

“Figure 8 here”

44, Folds, faults and filled fractures

In the ZBAS area, tectonic activity has been recorded, since the Cenozoic times. We
identified many structures, such as folds and faults, related to these tectonic activities on the
filed (Figs. 9, 10 and 11). The analysis of the bedding planes shows that the major folded
structure affecting the ZBAS is an anticline fold (Fig. 9A). The anticline axis is oriented N 30°.

The dip of strata is higher in the southern limb (35-70° S) than the northern (4-12° N) limb

13
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showing an asymmetry of the fold geometry with a curved axis that changes from an E to NE
trend from W to E (Fig.1). Thus, the hinge plane of the fold dip northward and the fold are
characterized with an inclined horizontal morphology. The axis of the fold slightly plunges

toward the Southwest.

“Figure 9 here”

Many faults occur in the ZBAS (Fig. 9, 10 and 11). Numerous faults have affected the
whole sedimentary sequence at different scale from centimeters to multi-kilometers scale
(Fig. 1C and 11). Our measurements show two main groups of faults (Fig. 9). The first is
oriented 100° - 110° and consists mainly of reversed faults affecting the folds. Fore thrusts
and back thrusts compose this group of faults (Fig. 11). They affect the sedimentary rocks as
well as the BPV and other filled fractures. The second group of faults is characterized by a
range of orientations from N130° to N175°. Because they represent weakness zones and thus
encourage local erosion, these faults are related to the formation of several wadis as the
Khanget Alcha, Amor, Telmam or Dhaou (Fig. 3). This fault group is mainly composed of left-

lateral strike-slip faults, mostly sub-vertical.

“Figure 10 here”

We observed a large amount of oblique veins in the ZBAS. These fractures are mainly
oriented N125°-N170° (Fig.9) and do not cross-cut the whole Bouhedma Formation. They are
concentrated from the lower to the middle part of the sedimentary formation and seem to
preferentially affect mudstones and marls of the Bouhedma Fm (Figs. 4 and 11D). The
morphology of filled fractures are from decimeters to pluri decameters by length and from 1
to almost 30 cm in width (Table 1). Both gypsum and anhydrite crystals compose the fractures

(Fig. 8C and 8C’). Regarding the crystals shape, we observed several examples of fibrous
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minerals as well as non-fibrous. Nevertheless, we didn’t observe both fibrous and non-fibrous
crystals in a same vein. In outcrop we identified that the biggest oblique filled fractures are
composed by non-fibrous gypsum crystals. The relationship between the fibrous criterion and

the localization of the fractures is still unclear.

4.5. Relationship between folds, faults, BPV and filled fractures

From our observations and measurements, we managed to get some information
about the relationship between tectonic structures (folds, faults) and fluid assisted fractures
(filled fractures and BPV). Regarding the folding, it affects the sedimentary rocks as well as the
BPV. Curved fibers composing the BPV are good indicators to demonstrate the growth of the
mineral during the deformation. The formation of both ‘Z’(Fig. 11D). and ‘S’ (Fig. 11B). curved
fibers along a single folded structure indicates the synchronicity between the folding and the
BPV fibers growth (Fig. 11). Nevertheless, some of these the BPV don’t have curved fibers. We
observed many examples of reversed faults cross-cutting BPV as well as ‘en-échelon’ and

duplex structures in BPV (Figs. 10 and 11) with clear thickness variations for BPV.

“Figure 11 here”

The relationship between oblique filled fractures and the BPV is partially understood.
In fact, we observed three different interactions: i) the oblique fractures cross-cut the BPV, ii)
both filled fractures and BPV are connected and iii) BPV cross-cut oblique veins (Figs. 8 and
11). Oblique filled fractures cross-cut folded sedimentary rocks and the folding seems to not

affect their morphology.

5. Discussions
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Bedding-parallel veins are very common in sedimentary basins worldwide. Many
previous studies have demonstrated the great interest of the understanding of such
geological features to upgrade our knowledge on the fluid-rocks interactions and potential
allied resources (e.g. Cobbold et al. 2013; Gale et al. 2014; Ukar et al. 2020; Zanella et al.
2020). Nevertheless, in Tunisia and especially in the Zemlet El Beidha Anticline Structure
(ZBAS), published works report BPV occurrences (Ahmadi, 2006; Akrout et al., 2011). In our
detailed study, we demonstrate that the BPV are frequently observed in the ZBAS area and
more specifically within the lower Cretaceous strata of the Bouhedma Formation (Fig.1C).
They especially occur from the lower to the middle part of the Formation and exhibit gypsum
and anhydrite fibrous crystals (Figs. 4, 5 and 8C’). The composition of BPV is a key parameter
to understand the origin of the fluid responsible of their formation. In this context, previous
studies demonstrated the role of the generation of fluid by chemical reactions such as the
generation of hydrocarbons (Rodrigues et al. 2009; Cobbold et al. 2013; Zanella et al. 20154,
2015b) or mineralogical transformations (Sherman et al., 1972; Machel, 1985; Gustavson et
al., 1994; El Tabakh et al., 1998; Philipp, 2008). In the area of study, no potential source rock
for petroleum is present. The sedimentary rocks composing the Bouhedma Formation is
essentially made of a layering of mudstones, marls and gypsum strata with some occurrences
of sandstones in the upper part of the sequence. Due to this sedimentological composition,
we infer that both fluid production and fluid overpressure were driven by the mineralogical
transformations between anhydrite and gypsum. This idea is in accordance with numerous
previous studies focused on gypsum veins (Shearman et al., 1972; Machel, 1985; Gustavson
et al., 1994, El Tabakh et al., 1998; Cosgrove, 2001; Ahmadi, 2006; Philipp, 2008; Akrout et al.,
2011a; Cobbold et al., 2013; Rustichelli et al., 2016; Adouani et al., 2019; B De Toffoli et al.,

2020). In such a context, reactions between gypsum and anhydrite can occur due to the burial
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of the basin and then during deformation and exhumation of sediments. Due to the very low
permeability of gypsum, marls and mudstones, the fluid contained within the strata is trapped
and thus localized within or at boundaries of gypsum levels (Fig.4). According to Larmier et al.
(2021), the composition and internal structures of the BPV are much complex than previously
described in the literature (Fig. 8). Indeed, the more continuous and thicker BPV are located
very close to gypsum beds (Figs. 4 and 5). As consequence and due to its sandy composition,
no BPV are noted in the upper part of the Bouhedma Formation. The localization of the BPV
at boundaries of gypsum beds can also be explained by a mechanical characteristic. In fact,
the boundaries between gypsum layers and other beds, such as marls and mudstones,
constitutes a mechanical discontinuity acting like a weak plane which can be a preferential
zone of fluid pathway and/or damage (Fig.4A and 4B). This particular transition of rheology
can be activated due to fluid overpressures related to anhydrite/gypsum reactions. Ravier et
al. (2020) and Larmier et al. (2021) demonstrated the role of such mechanical discontinuities
in the localization of BPV. These mechanical behaviors and in this case the generation of weak
planes, find its origins in the orbital parameters that drive the sedimentation (Ravier et al.
2020). One of our observations demonstrates the role of these discontinuities on the
localization of the BPV. In this study, we indicate that continuous BPV are more present than
discontinuous BPV at these discontinuities (Fig.4A and 4B). This selective difference may be
attributed to the higher permeability of the discontinuities compare to both sedimentological
edges. In consequence, overpressured fluids are concentrated in these particular levels and

are likely to migrate laterally and open filled fractures then forming more continuous veins.

The presence of much amount of oblique and sub-vertical filled fractures at different
scale in the ZBAS area complexifies the previous schematic representation of fluid migration
within the Bouhedma Formation (Figs. 10 and 11). Our observations confirm that the
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discernibility of these BPV depends on the presence of these filled fractures (Fig. 4). Even the
relationship between both oblique filled fractures and the BPV still misunderstood, we explain
this by the role of obligue veins on the migration of fluid through the sedimentary strata.
Thus, we suggest that both a part of the amount of the BPV and oblique filled fractures were
developed synchronously. (Fig.5 and Fig.6C & 6D) This is well demonstrated by the

connectivity between both features on Figure 11D.

The literature and our measurements demonstrate that the presence of filled
fractures, reverse faults and folds are the consequence of the shortening of the basin during
the Cenozoic (Zargouni, 1984; Ben Ferjani et al., 1990; Burollet, 1991; Chihi, 1992; Louhaichi
and Tlig, 1993; Hlaiem, 1999; Bouaziz et al., 2002; Ahmadi, 2006; Ouali, 2007; Gharbi, 2013;
Gharbi et al., 2013; Ahmadi et al., 2019; Khalfi et al., 2019, Haji et al., 2020; Abdelkader et al.,
2020) (Fig. 2). The orientations of the major fold axis (N30°), reverse faults (N120°-N175) and
filled sub-vertical fractures (N100°-N110°) argue in favor of two main deformation periods
(Fig.9). We attach the first tectonic event to the major compressive event of the Miocene.
Indeed, numerous of our observations argue in favor of the development of the BPV during a
compressive period (Figs. 10 and 11). This is in particular well illustrated with the BPV curved
fibers (e.g. Fig. 10). Nevertheless, many faults cross-cut the BPV explained by the generation
of faults and oblique structures during the second major compressive event during the post-
Villafranchian times (Fig. 10 and Fig.11). Thus, we infer that the BPV development took place

from the Miocene until the post-Villafranchian times.

Regarding the formation of the BPV in the ZBAS, we think that the BPV are only
present in the Bouhedma Formation because of its composition and the frequent presence of

gypsum beds. We identify from our observations 3 mains periods of formation for the BPV.
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Due to burial, chemical reactions affected the gypsum and reverse reaction of
dehydratation/hydratation of the gypsum leading to fluid overpressures and then natural fluid
assisted fracturing. As consequence, the first generation of localized, continuous and
discontinuous BPV occurred. This generation of BPV exhibits orthogonal and undeformed
fibers of gypsum. Then during the major tectonic compressive event, the overpressure rises
up and is generalized in the area creating new BPV, much continuous, as well as folds, faults
and some filled fractures. This generation of BPV shows curved fibers. Finally, during post-
Villafranchian times, other BPV, faults and filled oblique fractures are generated cross-cutting

the previous ones (Fig. 12).

Regarding the formation of Gypsum BPV in the Bouhedma Fm, there are two main
phases during the formation: (1) the initiation of the fracture, corresponding to the median
zone and (2) the filling of the fracture. As previously evocated in the literature, the initiation
of the fracture is related to several mechanisms as the fluid overpressure or the tectonic
stresses (Zhao et al. 2020; Zanella et al., 2021;). Regarding the filling of the BPV, previous
authors involved the mechanisms of the fluid overpressure, the force of crystallization and
the tectonic stresses. (Philipp, 2008 ; Ukar et al., 2017 ; Meng et al., 2018 ; Luan et al., 2019 ;

Meng et al., 2019 ; Zhao et al., 2020).

“Figure 12 here”

Conclusions

In this study, we demonstrate that bedding-parallel veins, BPV, are abundant and clearly
observed in the Bouhedma Formation, ZBAS (Northern Chotts range - Southern Tunisia). BPV
are not randomly distributed through the sedimentary rocks. They especially occur within the

lower part of the Formation and are mainly localized at boundaries between evaporitic beds
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and mudstones. BPV affect the whole ZBAS demonstrating the high continuity of the BPV
propagation. Thus, we infer that sedimentary discontinuities play a major role on the
formation of weakness plans that facilitate the formation and propagation of fluid-assisted
fractures. Gypsum and anhydrite compose the BPV. Gypsum is dominant in term of
occurrence but both, gypsum and anhydrite, exhibit fibrous minerals. We think that BPV
origin is linked with mineralogical transformations between gypsum and anhydrite during
burial and then exhumation of the Bouhedma Formation. Indeed, the BPV fibers are often
highly deformed and show sigmoid and ‘en-echelon’ structures, indicating a deformation
during the fiber growth. These transformations led to fluid overpressure in the very low
permeable rocks which has been reinforced by the shortening of the basin. As consequence,
we suggest that BPV are mainly formed by a combination of several mechanisms as the
natural hydraulic fracturing and tectonic stresses of the Bouhedma Formation. Based on our
measurements, we demonstrate that BPV were developed in several stages from Miocene to

Villafranchian times.
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Figure caption

Figure.1: (A) Simplified structural sketch of west Mediterranean region with the location of
the Southern Atlas Front of Tunisia (modified from Masrouhi et al.,2019). (B) Schematic Lower
Cretaceous stratigraphy of Tunisia from a southern, landward, position toward the marine

north, (C) Geological map of the ZBAS (Louhaichi and Tlig, 1993; Gharbi et al., 2013, Boukhalfa
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et al., 2015) showing the Cretaceous outcrops and particularly the location of the Barremian

biota site discovered in the Khanguet Aicha locality.

Figure. 2: Rose diagram synthesis of the compressive stress phases. Miocene and Quaternary
are considered as the major compressive phases in Central Tunisia and Gafsa basin (modified

from Ahmadi, 2006; Ouali, 2007; Ahmadi et al., 2019; Khalfi et al., 2019).

Figure. 3: The lithostratigraphical chart shows that the Bouhedma Formation is intercalated

between two main lower Cretaceous detrital deposits of the Continental Intercalaire.

Figure. 4: Photographs of the BPV distribution in the Bouhedma formation (A) Continuous
bedding-parallel veins in the Bouhedma Formation. (B) Discontinuous veins within gypsum
layers. (C) Very dense network of the BPV in gypsum layers. (D) Example of continuous BPV
developed within mudstones. G1: first generation & G2: second generation. The red lines
mark the boundaries between both generations. (E) Continuous BPV in gypsum layer. (F)

Dense gypsum fibres veins network.

Figure. 5: Detailed lithostratigraphic column of the Khanguet Aicha cross-section with
lithological description and the BPV distribution along the Bouhedma Formation. The sampled

BPV are highlighted by underlining a BPV numbers (from KAO1 to KA46).

Figure. 6: Photographs showing the common morphologies of gypsum BPV and oblique veins
in the Bouhedma Formation, ZBAS. (A). The BPV (12 cm thick) lining the central part of a
mudstones sequence in Oued Khanguet Amor. (B) and (B’). Continuous BPV (about 7 cm thick)
within mudstones located in Oued Khanguet Aicha. (C) and (C’). Complex of discontinuous
BPV localized in a level of mudstones in Oued Khanguet Amor. (D). Oblique gypsum veins and

BPV relationship in Oued Khanguet Dhaou.
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Figure. 7: Photographs showing the common morphologies of gypsum BPV and oblique veins
in the Bouhedma Formation, ZBAS. (A) and (B) Oblique veins developed between two BPV. (C)
Oblique fibers in a sub-horizontal gypsum veins. (D) Oblique fibres in a BPV (KA29). (E) Oblique
fibres in a sub-horizontal gypsum veins (KA14). (F and G) curved shape of the BPV indicating a

shear component.

Figure. 8: Petrographic characteristics of the BPV. The gypsum veins are symmetrical about
the median line. (A and A’) According to textures and orientations of gypsum fibres, the BPV
can be subdivided into 4 zone with the inclusion of the host rock. (B and B’) According to
textures and orientations of gypsum fibres, the BPV can be subdivided into 3 zone the
orientation of the gypsum fibres as resulting from a shear component. (C and C’) Curved
gypsum crystals showing optical continuity. (D and D’) Median zone without crystals filled and

the arrows indicate direction of gypsum fibres growth. (E and E’) BPV without median line.

Figure. 9: Stereographic projection of the fracture measurements (A) representation of the
traces of the anticline’s axis. (B) representation of faults affecting the studied area. (C)

representation of BPV plans and fiber orientation.

Figure.10: Evidence for shortening in BPV. (A and B) the BPV contains single thrust fault, fault
offsets inner zones, containing vertical fibers but not outer zone containing oblique fibers. (C
and D) Bedding parallel veins tend to be slightly en echelon (GPS: X: 34.04392, Y: 9.78606),

with sigmoidal tips provide evidence for linkage (GPS: 34.022231, 9.485914).

Figure. 11: (A) Anticline structure showing the relationship between BPV opening,
deformation and sigmoidal and en echelon structure formation. (B and C) the BPV contains

single thrust fault in the southern forelimb of the anticline structures. (D) BPV with a sigmoid
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shape in the northern forelimb of the anticline structure indicating the shortening direction

(E) BPV tend to be slightly en echelon, with sigmoidal tips provide evidence for linkage.

Figure. 12: Synthetic model of generation of BPV in the ZBAS area. 1. Initial stage of the
Bouhedma Formation. 2. Burial before Miocene: generation of continuous and discontinuous
BPV with orthogonal and undeformed fibers within or at boundaries of gypsum beds. 3.
Shortening during Miocene: generation of BPV with curved fibers, ‘en-échelon’ structures,
filled fractures, folds and faults. 4. Shortening during post-Villafranchian: generation of BPV

with curved fibers and oblique filled fractures cross-cutting the first stage.

Table 1: Synthesis of the sampled BPV in the ZBAS.
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1. Initial stage : depostion 2 .First generation of BPVs with undeformed fibres

o V.

| [ [ [ [ [ [ [ [ I .
Tl
gypsum
—dolomite i I | | | I I | I | I | I
3 . Shortening during Miocene: generation of BPVs with curved fibres, 4 . Folding during post-Villanfranchian : generation of BPVs with curved fibres
‘ en-échelon ’ structures, filled fractures, folds and faults. and oblique filled fractures corss-cutting the first stage
- _ Pid

igmoidal
fibres
(Fig. 1E)
DN
. "N
faulted BPV (Fig. 11B) )

Shortening deformation Shortening deformation

sigmoidal
fibres
(Fig. 11D)




Sample N°

Length (cm)

Width (m)

Ratio

Bedding plane (SO)

Host rock

GPS

) v
KA1 4 3 1,33 NOOO 00E Mudstones 9.863910° 34.067012°
KA2 5 5 1 - Mudstones 9.863931° 34.066976°
KA3 5 2 2,5 N180 17 E Mudstones 9.863965° 34.066962°
KA4 20 15 1,33 N186 22 E Evaporite 9.864273° 34.066813°
KAS5 2 2,5 0,8 N160 20 NE Mudstones 9.864374° 34.066804°
KA6 2 2 1 - Mudstones 9.864645° 34.066899°
KA7 25 26,3 0,95 N170 13 NE Evaporite 9.864980° 34.066723°
KA8 8 5 1,6 N155 20 NE Mudstones 9.864970° 34.066726°
KA9 15 35,7 0,43 N165 16 NE Evaporite 9.864970° 34.066726°
KA10 2 3,2 0,63 N110 20 NE Mudstones 9.864998° 34.066748°
KA11 2 2 1 N110 20 NE Mudstones 9.865051° 34.066744°
KA12 50 10 5 - Evaporite 9.865353° 34.066344°
KA13 50 2 25 - Mudstones 9.865404° 34.066291°
KA14 50 11 4,55 - Mudstones 9.865586° 34.066180°
KA15 50 7 7,15 - Mudstones 9.866027° 34.065691°
KA16 15 15 1 - Evaporite 9.866067° 34.065644°
KA17 20 2 10 N120 25 NE Mudstones 9.866065° 34.065632°
KA18 25 28 0,90 - Evaporite 9.866207° 34.065589°
KA19 50 4 12,5 - Mudstones 9.866319° 34.065573°
KA20 50 39,4 1,27 - Evaporite 9.866640° 34.065496°
KA21 50 11 4,55 - Mudstones 9.866608° 34.065495°
KA22 60 12 5 - Evaporite 9.866582° 34.065510°
KA23 80 2 40 N174 30E Mudstones 9.866544° 34.065513°
KA24 80 2 40 - Mudstones 9.866480° 34.065544°
KA25 60 3 20 N178 25 E Mudstones 9.866409° 34.065551°
KA26 80 2 40 - Mudstones 9.866319° 34.065573°
KA27 80 2 40 NOO5 72 E Mudstones 9.865660° 34.066263°
KA28 80 4 20 - Mudstones 9.865610° 34.066292°
KA29 40 3 13,33 Mudstones 9.865520° 34.066280°
KA30 80 28 2,86 N2522E Evaporite 9.865448° 34.066272°
KA31 80 12 6,67 - Mudstones 9.865772° 34.066052°
KA32 10 3 3,33 - Evaporite 9.865764° 34.066089°
KA33 50 2 25 - Mudstones 9.865713° 34.066120°
KA34 50 4 12,5 - Mudstones 9.865761° 34.066018°
KA35 40 9 4,44 - Evaporite 9.866766° 34.065487°
KA36 25 6 4,17 N175 25 NE Mudstones 9.866741° 34.065479°
KA37 80 22 3,64 N2037E Mudstones 9.866698° 34.065498°
KA38 100 18 5,56 - Mudstones 9.866674° 34.065512°
KA39 10 6 1,67 - Mudstones 9.866799° 34.065442°
KA40 80 15 5,33 - Evaporite 9.867314° 34.065454°
KA41 10 5 2 - Mudstones 9.867410° 34.065398°
KA42 12 12 1 - Evaporite 9.867532° 34.065329°
KA43 10 1,25 - Evaporite 9.867736° 34.065252°





