Journal of African Earth Sciences 196 (2022) 104697

Contents lists available at ScienceDirect

Journal of African Earth Sciences

journal homepage: www.elsevier.com/locate/jafrearsci

ELSEVIER

Check for

Karstic geomorphology of carbonate Ouarsenis Piedmont (Boukadir region, "
Chelif) in Algeria: The role of the Messinian Salinity Crisis

Meriem L. Moulana ™™, Aurélia Hubert-Ferrari ?, Mostefa Guendouz ”, Sébastien Doutreloup ,

Sarah Robinet”, Bernard Collignon ¢, Camille Ek ©

& Department of Geography, University of Liege, Clos Mercator 3, 4000, Liege, Belgium

Y Faculty of Earth Sciences, Geographical and Territorial Planning, University of Science and Technology Houari Boumediene, (USTHB), El Alia, BP 32, Bab Ezzouar,
16111, Algiers, Algeria

¢ Laboratory of Climatology, Départment of Geography, UR SPHERES, University of Liege, 4000, Liege, Belgium

d Hydroconseil, 198, chemin d’Avignon, 84 470, Chateauneuf de Gadagne, France

¢ Department of Geology, University of Liege, 4000, Liege, Belgium

ARTICLE INFO ABSTRACT

Keywords: Algeria displays various karst landscapes due to its diversity in lithology, relief, age and climate. On 16th June

Karst 1988, in the northwest of Algeria, a 60 m wide sudden collapse occurred in the Chelif Basin about 1 km north of a

N_Ieis}inia" marginal carbonate platform. Despite this large event and visible karst dissolutions in the platform, this region

i/}n d‘to es has not been classified among the karst areas of Algeria yet. Our study focuses on this Messinian carbonates that
editerranean . _ . .

Carbonate form the northern piedmont of the Ouarsenis Mountain range and are covered to the north by Plio-Quaternary

deposits. The geological and geomorphological data that we collected reveal that the present-day karstification is
limited at the outcropping surface. Present-day carbonate dissolution is impeded by the absence of a topsoil
supplying CO5 and by the presence of a calcrete improving the drainage. Although dissolution at depth is
generally diffuse due to the porous and friable nature of the carbonates, two factors can, on the contrary,
concentrate water infiltration: the presence of a network of more or less subvertical fractures and, occasionally,
at the surface, the absence of calcrete, independently of the fracturing nodes There are few ponors and sinkholes
present. The endokarst is still present as evidenced by rare caves. In epikarst, solution pipes and shelter caves are
prevalent. The later results from differential weathering in relation with the carbonate facies and the progressive
calcrete cementation in valleys and slopes during river incision. Near valley bottom, shelters are arranged in
steps like terraces. This morphology is related to base-level lowering in relation with the deformation and uplift
of the Ouarsenis piedmont. Near the southern edge of the Chelif Basin, deep (>55m) karstic voids are present and
associated with paleo-valley incision presently burried by Plio-Quaternary deposits. We interpreted the large
1988 collapse in relation with this paleokarst and propose that its triggering was partly induced by a lowering of
the aquifers due to a deficit of precipitation. The deep paleokarst formation and the buried river incision are
attributed to the low base-level during the Messinian Salinity Crisis (5.97-5.33 Ma). We evidenced an upper
karstic dissolution level filled that is attributed to a per ascendum evolution of the karstic phreatic network in
relation with the following Pliocene aggradation.

1. Introduction

Karst development is strongly influenced by climate and relief
(Woodward and Lewin, 2009). These natural parameters display large
variations in Algeria (Collignon, 1991, 2022). Another most important
parameter is the lithology and the carbonate formations in Algeria cover
a variety of geological times from the Carboniferous, Triassic, Jurassic,

Cretaceous to the Miocene post-nappe (Collignon, 1991; Moulana, 2022)
(Fig. 1). .

The geoscientific litterature about karst landscapes in Algeria is
restricted, though their study is important for at least two main reasons.
First, karstic terrains are often the main useable aquifer formation in
Algeria like in other Mediterranean countries (Hamed et al. 2018; Nek-
koub et al. 2020; Besser et al. 2021). Indeed, these terrains represent
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strategic water reserves, which are a crucial issue for populations and
farming, as in the study area (Bakalowicz, 2018; Brahmi et al. 2021).
Superficial and underground drainage networks are connected, and
their study is important to prevent pollution (Hamad et al. 2021; Ncibi
et al. 2021). Water is poorly filtered in karstic rocks due to their high
fracture permeability. Thus, the risk of water contamination is impor-
tant (Ek et al.,, 1999). Second, karst areas represent a collapse risk, thus
creating a serious human and socio-economic damage (Mouici et al.
2017). Karst can thus induce important constraints in land management
(Ek et al., 1997).

This study focuses on the marginal Messinian carbonate platform in
the northern piedmont of the Ouarsenis mountains that has been only
recently classified among the karstic areas of Algeria yet (Moulana et al.,
2021). It is located in the Boukadir region on the southern edge of the 20
km wide lower Chelif basin crossed by the Chelif River (Fig. 2). There is a
lack of knowledge in karst geomorphology about this carbonate plat-
form even if there is a large collapse sinkhole called Bir Djeneb or « le
puits du Diable » (Birebent, 1947a). In addition, on 16" June 1988, a
huge collapse pit occurred about 1 km north of the platform, in the
Chelif Basin (Ourabia and Benallal, 1989). It broke the national road RN4
that connects the capital Algiers to the city of Oran in the west. Thus, the
study aims to unravel processes that lead to the formation of deep shafts
in the area, the climatic conditions in 1988, a potential trigger of the
collapse pit, and more generally to provide new insight regarding the
karstification of the area in relation with faulting and base-level
changes.

2. General seeting

The study area comprises the Ouarsenis piedmont to the south and
the Chelif Basin to the north. The Ouarsenis piedmont is composed of 3
main geological units. The basal up to 500 m thick Tortonian to Mes-

sinian blue marls (blue in Fig. 3-A) are overlain by two Messinian
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bioclastic carbonate units (grouped in orange in Fig. 3-A) with low dips
(Neurdin- Trescartes, 1992; Moulana et al., 2021). The lower bioclastic
carbonate unit is ~70 m thick and the upper lithothamnium carbonate
unit is ~80 m thick. The top of the carbonate platform forms the pied-
mont of the Ouarsenis mountains. The 1988 large shaft that opened in
the middle of National 4 highway between Oued Sly and Boukadir, is
located 1.5 km north of the outcropping carbonate piedmont in the
Chelif Basin. It is filled with Cenozoic marine and continental sediments
that started to be deposited during the Langhian and Serravalian. The
most recent sediments comprise thick Quaternary alluvium deposited by
the Chelif River (Fig. 3-A) above continental Pliocene (Villafranchian)
and marine Pliocene (Plaisancian-Astian) outcropping north and
northeast of the Chelif Basin. This Basin is presently occupied by the
Chelif River that runs from north-east to south-west. Its tributaries from
the Ouarsenis Range runs from the south to the north, the main ones in
the study area being from West to East, Oued Rhiou, Oued Touchait,
Oued Taflout and Oued Sly (Fig. 3).

The Chelif Basin is also part of the Tellian atlas domain where
compressional tectonic structures are predominant (Meghraoui, 1988;
Meghraoui et al., 1996; Yelles-Chaouche et al., 2006; Aifa and Zaagane,
2015). This region is characterized by shallow seismicity and active
faulting (Beldjoudi et al., 2012). In the study area, geological formations
are cut by the Relizane left lateral strike slip fault and the Boukadir
thrust fault (Fig. 3) (Meghraoui, 1988; Meghraoui et al., 1996). The
Boukadir thrust crosses the Chelif Basin and ends near the Relizane Fault
at the base of the Ouarsenis Piedmont. It strikes N50°E and bounds the
Boukadir anticlinal structure (Fig. 3). In the Chelif Basin, this structure
forms at the surface the El Kherba hill along which continental Pliocene
siltstones, sandstones and conglomerates crop out as well as older Ma-
rine Pliocene sandstone on its southern edge (Moulana et al., 2021).

The study area is also characterized by a semi-arid continental type
of climate famous for its harshness, despite the proximity of the sea, with
very hot and clear summers and long, chilly and partly cloudy winters
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Fig. 1. Location of the study area in the karstic regions of Algeria. Repartition of rainfall in color. The karst areas comes from online arcgis data and the annual

precipitation comes from WorldClim, CIAT.
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Fig. 2. A: Hillshade topographic map with locations of Ouarsenis Mountain range, Messinian carbonate platforms (in pink), main rivers (in blue) and local faults
(black line) affecting the study area delimited by a red line. B: Geological cross section showing the geological organization of the study area.

(Scet—Argi, 1985). The Chelif Basin in summer is called “tell furnace” or
“portion of Sahara lost in the tell”, because the heat is exceptional
compared to neighboring regions (Yacono, 1955; Boulaine, 1957). The
Chelif valley is located south of the Dahra Mountains that form a barrier
isolating the basin from the regulatory influence of the Mediterranean
Sea (Fig. 2). The average temperature in Boukadir is 19.8 °C (Bettahar,
2012), during the year, the temperature generally varies from 6 °C to
39 °C and is rarely below 3 °C or above 43 °C. Rainfall averages 361.5
mm/yr (Bettahar, 2012).

3. Material and methods

We used different approaches and methods to understand and
characterize karstic features in the Messinian Ouarsenis piedmont.

First, we used the geological analysis previously published in Mou-
lana et al. (2021) to better understand the influence of lithological

characteristics on the karst landforms and we present complementary
data based on thin sections, geological field work and geological sections
made at the level of the Boukadir quarry (Fig. 5). We analysed 7 thin
sections taken in the indurated surface carbonate at the top of the
Boukadir Quarry compare them to 12 thin section sampling carbonate at
depth inside quarries. Dissolution features were also investigated in
three quarries exploiting the carbonates (Oued Sly quarry in the east,
Boukadir quarry and Sidi Abed quarry in the west (see locations in
Fig. 3-A, appendix).

Second, we exploited unpublished drill hole data, section and electric
profiles carried out by the general company of Geophysics (C.G.G) in
1966 existing in unpublished reports of the Algerian Ministry of Public
Works. All data coordinates can be found in the appendix as well as the
references to the reports. To investigate the site of the 1988 collapse
sinkhole, we used the 150 m deep S1 drill core located 500 m to the
south (Fig. 4). To document the carbonate platform geometry and the
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Fig. 3. Geological and hypsometric maps of the study area with key data used. A: Geology modified from geological map N°105 CHARON at 1/50 000 (Brives and
Ferrand, 1912), with the location of thin section samples (blue dots), quarries studied (brown polygons), caves and the location of the aerial photograph used. B:
Hypsometric map with the location of two major sinkholes (1988 RN4 and Bir Djeneb), electrical profiles location (purple line), main rivers, main drillholes used in
this research (green dots) and caves. Spatial reference:WGS_1984_UTM_Zone_31N (Please add the spatial reference of the map).
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stratigraphy at depth below the Plio-Quaternary cover, we used west of
Boukadir, drill holes kh5 and kh6, and between Boukadir and Oued Sly,
electric profiles (see location in Fig. 3-B). We displayed in Fig. 9 a
representative electric profile, as all others show similar geometry
except two electric profiles in Oued Sly River showing a different li-
thology. To provide information about the karstic dissolution of the
Messinian carbonates at depth near the quarry locations, we revised a
NW-SW section based on six ~100 m drill holes, used additional drill
holes (AEP Bouachria, 111 m long, Site Sonalgaz O. Sly, 150 m long).

Third, to verify the influence of the fracture network in the genesis of
karst landscapes in the field, we mapped the fracture network (Fig. 12-A,
C, D and E) and completed it using the satellite imagery (Google Earth
Images) (Fig. 10) and aerial photographs. Aerial photographs cover a
restricted area located north of the piedmont between the cities of
Boukadir and Oued Sly (Fig. 3-A and 15).

Fourth, our speleological analysis combined Birebent’s work (1947 a
and b; 1948) as well as additional field work.

Fifth, our geomorphological analysis was based on the observations
of the different forms of dissolution on the ground, as well as on the
cartography of the different karstic forms identified on satellite imagery
(Google Earth images) and aerial photographs.

Finally, the climate analysis aimed to identify the triggering of the
1988 collapse and was based on two datasets. The first one is precipi-
tation and evapotranspiration data from the “Climate Research Unit”
(CRU; Harris et al., 2020). The CRU dataset (version 4) provides gridded
monthly precipitation and evapotranspiration from 1901 to present with
a spatial resolution of 0.5°. The CRU collects and interpolates weather
observations and aims to obtain continuous spatio-temporal weather
variables. Its main disadvantage is its coarse spatial resolution. The
second exploited data is precipitation observations from four weather
stations of ANRH: Oued Sly, Merdja, Ouarizane and Sidi Lakhdar
(Fig. 6). Firstly, we analysed the change in precipitation using the CRU
data as they are continuous over the period 1901-2019 and provide an
overview of the rainfall conditions in this region. We also computed the
aridity index as defined by Salem (FAO, 1989). This index is defined as
PPP/ETP where PPP is the precipitation and ETP the potential evapo-
transpiration, calculated based on the method of Penman (1948) which
takes into account atmospheric humidity, solar radiation, and wind.
Secondly, we analysed the meteorological data coming from the weather
stations to determine if they are consistent with the CRU data. Data are

Carbonate
unit

Fig. 5. Two types of carbonates evidenced: indurated compact one at the top (calcrete) and porous one (tufa) visible in the south side of the Boukadir quarry (A) and
in thin sections (B & C). B- thin section in the calcrete. C- thin section in friable carbonate (tufa).
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available on the period 1966-2005 for Oued Sly, Sidi Lakhdar et Merdja
and 1971-2005 for Ouarizane. In addition, data include errors or lack of
recording: 6% for Oued Sly, 9.6% for Sidi Lakhdar, 22.3% for Merdja,
and 4.8% for Ouarizane. For these two different datasets, we analysed
the annual precipitation amounts and their evolution focusing on the
year 1988. We tried to answer the question: What was the rainfall
pattern years prior to 1988?

4. Results

4.1. Geological characteristics of the carbonate platform and its
deformation

In the study area, the Messinian carbonates were deposited before
the Messinian Salinity Crisis (Moulana et al., 2021). They consist in
bedded bioclastic carbonates, with a sharp contrast between the two
units. The upper Lithothamnium unit outcrops at the top of the platform
and is composed of very homogeneous red algae carbonate beds with a
variable thickness. Along the piedmont, this formation shows a thick-
ness of at least 80 m (Moulana et al., 2021) and a consistent nearly
homoclinal ~ 5° dip. The lower bioclastic carbonate unit below is het-
erogeneous: bed thickness and facies display frequent lateral and ver-
tical changes. This unit is also sometimes marly, with variable levels of
cementation and characterized by burrows and serpulas of centimetric
size. In the landscape, these two carbonate formations form staircases
with marked discontinuities at bedding surfaces (Neurdin-Trescartes,

1992; Moulana et al., 2021). Electrical profiles and boreholes show that
the platform extends north under the Plio-Quaternary cover over ~5 km
(Fig. 9).

Fieldwork in quarries along the Boukadir piedmont showed that the
carbonates are friable in the mass (tufa) and covered by a layer of
indurated carbonates (Fig. 4-A). Microscopic thin sections analysis
revealed that the tufa is a packstone unit deposited in a high energy
environment, composed of more than 95% of calcite with few traces of
quartz (Moulana et al., 2021). These carbonates are characterized by a
microsparitic matrix, a very well preserved primary sedimentation, and
a large primary porosity. In the top indurated carbonates, thin sections
show a well-developed cement, sometimes recrystallized, that is absent
in the friable carbonates at depth (Moulana et al., 2021) (Fig. 5-B). At
the quarry top, the indurated carbonates are ~4 m thick (Fig. 5-A and
B). These indurated carbonates are systematically present at the surface
of the carbonate range, but this layer is much thinner (decimetric) along
the valley walls.

The carbonate platform was uplifted and deformed by the left-lateral
Relizane strike-slip Fault that follows the southern edge of the Chelif
Basin. This transpressive fault strikes N70°E, a direction identical to the
strike of the Chelif Basin. It runs over 150 km from the city of Chelif to
the city of Relizane (Meghraoui et al., 1986; Derder et al., 2011). How-
ever, its small-scale morphological expression in the Chelif Basin was
not evidenced in remote-sensing data or in the field, suggesting very low
present-day activity. The carbonate platform deformation still shows the
following characteristics. First, deformation is changing along the fault
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strike. Borehole data show that the depth of the carbonate platform
below the Chelif Basin is changing at the location of the kh5 and kh6
boreholes the top of the carbonate platform lies at the depth of 126 m for
kh5 and 175 m for kh6, which is different from what happens at S1
location (61 m). Second, the carbonate platform shows a changing tilt
along the fault strike. The platform reaches the maximum elevation of
675 m to the west and 395 m to the east (Fig. 3-B) whereas the carbonate
deposits show little change in thickness and facies. The platform was
originally deposited at similar water depth (Moulana et al., 2021). The
change in relief is thus interpreted as a post-Messinian tilt and uplift of
the platform in relation with the Relizane Fault activity. The main in-
crease in relief occurs just after the intersection between the Relizane
Fault and the Boukadir thrust fault and is interpreted as differential
uplift at the fault junction. In addition, the outcropping carbonate
platform is highly fractured (Fig. 10). Our satellite mapping evidences
that the main fracture network has a NE-SW strike, subparallel to the
orientation of the Chelif Basin. Fractures affecting the platform at the
location of its highest elevation show significant vertical offsets
(Fig. 10-B2). Few fractures have a south-north strike. Field work
revealed a larger diversity of fault strike and dip than that evidenced by
satellite imagery. The highlighting of these fractures in remote sensing
data is linked to the fact that these subverticales fractures have an
increased dissolution.

4.2. Characteristics of the karstic dissolution: the prevalence of solution
pipes and deep karstification

Quarries were investigated to characterize macroscopic karstic
dissolution. The following observations were made along quarry walls
extending over more than 100 m. At the centric scale, the weathering is
widespread, and there are frequent centimetric concretions of calcite
resulting from its dissolution and recrystallization (Fig. 7-A) as well as
centimetric pockets of dissolution (Fig. 7-B). In Oued Sly and Boukadir
quarries, pluricentimetric horizontal cavities were quite frequently
observed in tufa (Fig. 8-C). They are mostly independent of faulting.
Finally, a single trace of a plurimetric cave, with stalagmites, stalactites
and columns was observed in Oued Sly quarry (Fig. 7-C).

At the top quarries, there are vertical swallow holes (Fig. 11-A) dug
in hard and compact carbonate. They are centimetric in size, with an

Journal of African Earth Sciences 196 (2022) 104697

elliptic to round shape and were found every 30-40 m. We thus infer
that such small swallow holes must be frequent on the relief top. We
interpret them as solution pipes. We evidenced one of these pipes in
cross-section in the Sidi Abed quarry. It was located above a sinkhole,
about 10 m in diameter and about 7 m deep (Fig. 11-B). Its top was in
indurated carbonates, and below in the porous carbonate, the dissolved
underlying conduit was filled with clay. In the valley walls of Oued
Taflout, solution pipes filled with clays were also present (Fig. 12-B). No
clear relation with faulting was evidenced. Small solution pipes related
to faulting were evidenced only in relation with subvertical faults. These
faults correspond to the ones mapped with the satellite imagery
(Fig. 10). Inclined fractures were usually closed without macroscopic
dissolution (Fig. 12-A, D and E). The origin of clay infilling solution
pipes needs to be addressed. The Lithothamium carbonates are made of
95-98% of calcite (Moulana et al., 2021), so the clay is infilling ihe pipes
does not result from carbonate dissolution. The top of the quarries and
most of carbonate platform are covered by a bare calcrete without any
significant present-day soil. We thus inferred that the clay comes from
an former, presently eroded, soil. Such a soil still exists and is visible on
GE satellite images at the southern end of the carbonate platform, but it
was not easely accessible and could not be investigated in the field.

In contrast to the low karstification inside quarries in the top 10 m,
two boreholes near the piedmont close to the quarries evidenced that the
~150m thick carbonates are more strongly weathered at depth (Fig. 8-
A). At the depths of 24 and 19m below a top carbonate tufa layer, a first
karstic dissolution level is evidenced by a 15-30 m thick brown to red
clay layer with calcareous gravels. At the depths of 54 and 59 m, a
second karstic dissolution level is revealed by the absence of recovery in
the drill holes. Similarly, in the cross-section based on 6 mechanical drill
cores (Fig. 8-B), two wells between Oued Taflout and Oued Sly
encounter the same first layer of karstic dissolution filled by 23-25 m
thick red clay with carbonate gravels (reinterpreted from Scet — Argi,
1985).

An additional characteristic of the carbonates in the piedmont is
their deep incision along the Taflout and Oued Sly rivers. The incision
was plugged by later Plio-Quaternary deposits concealing it. It is evi-
denced in boreholes and electric profiles. The cross section based on drill
holes in Fig. 8-B shows a 70 m deep incision in the carbonate at the
location of the present Oued Taflout. The incision is filled with a basal

Fig. 7. Dissolution features within the carbonate
massif at different scales visible in quarries. A.
Typical centimetric scale dissolution and recrystalli-
zation in the tufas showing that the carbonate is
deeply weathered (sampled from the base of Boukadir
quarry). B. Layer with centimetric horizontal pipes
filled by red clays (up to 17 cm in diameter) probably
indicating a former phreatic level at the foot of the
southern slope of the Boukadir quarry. C. Remains of
a meter-scale cavity showing stalagmites in Oued Sly
quarry. Quarries are located in Fig. 3-A.
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35 m thick light brown clay unit with some gravels, then by a 30 m thick
alluvium composed of pebbles and clayed gravels. The electric profiles
at the location of the Oued Sly evidence the local absence at depth of the
carbonates that are systematically present in other electric profiles to the
west along the piedmont (Fig. 9).

Large karstic dissolution features father north inside the carbonate
Ouarsenis are rare, but five sets of caves were described by Birebent
(1947a) (see coordinates in Appendix). The two large ones called Bir
Djeneb and Ghar Bou Baara are located in the lower bioclastic unit. The
others are located in the upper Lithothamnium carbonate unit. We
describe their characteristics in the following.

The most considerable karstic feature, the Bir Djeneb or « le puit du
Diable», is located 5.5 km SW of Boukadir (Fig. 3). The opening is a wide
circular depression in the eastern flank of Oued Touchait forming a
cylindrical pit with vertical walls about 20 m in diameter and 63 m deep
(Fig. 13-right). The morphology of the Bir Djeneb is thus similar to the
RN4 pit. The former is dug mostly in unconsolidated sediments. At the
top, the pit walls are colluvium deposits made of pebbles with little or no
matrix. Below, they are more clay-rich sediments. In the bottom, a
narrow conduit about 3 m in diameter goes down in the carbonate with a
low slope to reach 73 m deep. This narrow conduit is inclined by 45°.
The bottom of the main shaft is made of scree, as well as the floor of the
small conduit. The latter ends in a second cave, smaller than the main
pit, 5 m deep and 3 m in diameter (Birebent, 1947a) (Fig. 14-C). The
second large cave, Ghar Bou Baara, is located on the western side of the
valley of Oued Touchait (Fig. 3). It is ~2 m high and 76 m long

subhorizontal cave (Fig. 14 A, A’ & C). The main passage displays a
rather constant width and a meandering course oriented N-NE. The
slope is gentle, parallel to the dip of the carbonate formation. At the
upper end, the passage is partly filled with sediments. The meandering
morphology of this cave suggests an ancient underground river. The
entrance of the cave is probably an ancient resurgence (Birebent, 1947a).
Other caves are smaller, horizontal and narrow. Fig. 14-C’ displays the
cave morphology of Ghar Seffah and Ghar Zeboudja caves closely
located (Birebent, 1947 a). The Ghar Seffah cave is a subhorizontal cave
about 15 m long. The low slope of the gallery indicates that this conduit
was formed by water seepage from the ceiling. The Ghar Zeboudja cave
is about 13 m long and results from carbonate dissolution along a large
joint separating strata. Both conduits drain the Boukadir Massif.

4.3. The 1988 collapse pit

The 1988 collapse opened in the middle of National 4 highway be-
tween Oued Sly and Boukadir, 1.5 km north of the outcropping car-
bonate piedmont. It is 60 m in diameter and 35 m deep with vertical
walls (Fig. 13-left). The corresponding volume is about 95 000 cubic
meters. This volume implies the presence of a huge underground void
before the collapse. Concentric cracks appeared all around the sinkhole
over a radius of about 250 m, affecting the surrounding dwellings. The
hole was rapidly filled with water (up to 12 m below the ground level).
Measurements by the civil protection service and the scuba diving team
show that the average water depth was 23 m. As the hole opens at an
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Fig. 9. Electrical profiles extending northward from
the piedmont where carbonates outcrop (modified

from C.G.G, 1966). Profile G is a typical profile,
identical to others between Oued Sly and Oued Tafl-
out. Profiles B and C show a deep erosion of the
carbonates at the location of the Sly Valley filled by
marly sediments. This incision is interpreted to be
related to the Messinian salinity crisis. Value number
s indicate resistivity. Electrical profiles location is
indicated Fig. 2-B. (modified from C.G.G, 1966).
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altitude of about 90 m asl and is 35 m deep, the floor of the void must be
much lower than 55 m above sea level (asl).

The stratigraphy at the location of the collapse was investigated
thanks to the nearby borehole S1 (Fig. 4) to identify the location of the
initial void. The top unit is a 22.5 m thick alluvial formation. It is
composed of clayey, silty and sandy conglomerates, and corresponds to
the Plio-Quaternary surface aquifer systematically present in the west-
ern Middle Chelif Basin (Perrodon, 1957; Mattauer, 1958; Bettahar et al.,
2008). The underlying 26.2 m thick unit 2 composed of brown clay is
interpreted to be a lacustrine deposit and an aquiclude. Below this layer,
the 11 m thick continental unit 3 is composed of a basal coarse alluvial
level overlain by a sandy layer. Then from the depth of 61 m to at least
150 m, unit 4 shows chalky white tufas. It corresponds to the carbonate
platform outcropping to the south, and forms an aquifer that have a
different hydrogeological potential compared to the upper one (Bettahar
et al., 2008). The carbonates are friable and contain ~90% or more of
CaCO3. They are thus similar to the Messinian carbonate packstones we
sampled in the quarries. Given the observed stratigraphy, we infer that
the initial void responsible for the collapse was located in the
carbonates.

4.4. Geomorphology

The Messinian carbonate platform looks like a slow dipping slab
ending abruptly to the southeast with a nearly vertical scarp at the
contact with the more erodible Blue Marl Formation forming a cuesta
(Fig. 15). It is incised by a very well developed dendritic hydrographic
network. It is thus similar to a dissected pediment.

The geomorphological analysis based on field work, aerial photog-
raphy and imagery allows identifying different karstic phenomena:
shelter caves, small sinkholes, swallow holes (ponors), and resurgences.

The most frequent surface karstic dissolution features are shelter
caves (Fig. 14-B). Field work shows that they are mostly metric in size
and can be found on every valley wall. Their interior is composed of
pinkish white tufas, and their external roof consists in a thin layer of
hard and indurated carbonates similar to the one at the quarry tops

(Fig. 5-A). The floors and tops of most shelter caves are mainly located
along bedding joints, which are preferential paths for the underground
water flow because of their high permeability. Some of these are asso-
ciated with a phreatic network as assumed in the Bou Baara cave
(Fig. 14-A and A’). Satellite images shows that close to fractures, the
shelter cave morphology turns into a ruiniform landscape due to
enhanced dissolution. Their frequency seems to be independent of the
relief, the valley size and the upstream drainage, but a function of li-
thology. In the lower bioclastic carbonate unit that has more permeable
beds favouring dissolution, they are more frequent. Independently of
lithology, satellite images show an additional specificity regarding their
spatial distributions (Fig. 18). They are nearly systematically present
close to present-day carbonate river beds not covered by sediments.
Above river beds, some are aligned at similar elevation, and forms
successive steps, a characteristic reminiscent of bedrock terraces.

On the aerial photography, we identify one ponor, distinguished
when the secondary stream suddenly end. We also mapped four circulars
depressions on the bare carbonates.

On the field, we observed very few large resurgences. According to
Birebent (1947b), the main ones feed the Merdja (Fig. 15), which is a
marshland 6 km long and up to 2 km wide in front of the carbonate
piedmont, south of the Chelif river. Farther west, there is another much
smaller resurgence, located in the weathered carbonate of the lower
carbonate unit, near the road leading to Gargar hydraulic dam (Fig. 15).

4.5. Climatological analysis

The long-term precipitation evolution was analysed. Fig. 16-A shows
the fluctuations in CRU precipitation around the 1960-1989 mean (435
mm), from 1901 to the end of the 1970s. From 1977 to the early 2000s,
the 10-year running mean was below the 1960-1989 average indicating
a period with a precipitation deficit. During this period, some years
present precipitation values below the 1960-1989 mean minus one
standard deviation (435-93 = 342 mm). These years indicate a signifi-
cant precipitation deficit: 1977, 1981, 1983, 1987 and 1988 with
respectively 327 mm, 299 mm, 252 mm, 338 mm, and 335 mm. After the
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Fig. 10. A. Google Earth Image showing the fracture network parallel to the Relizane Fault. B. Details of the fracture network mapped using very high-resolution
satellite images from Google Earth.

Fig. 11. Exokarst on the top of the carbonate massif at different scale. A. decimetric solution pipe (top of Boukadir quarry) quite frequent in the area. B. Remains of a
solution pipe that became a sinkhole (Sidi Abed quarry). C. Decimetric horizontal solution pipes observed on the top of the Boukadir quarry.

early 2000s, precipitation appears to increase again, ending this pre- Materials & Methods; Salem (1989)). The aridity index supports the
cipitation deficit period.

results obtained with the precipitation only (Fig. 16-A). Indeed, this

Fig. 16-B shows the FAO aridity index calculated on CRU data (see index oscillates around the 1960-1989 mean before the 1970s, then it

10
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Fig. 12. Fractures (f) and solution pipes (sp) some independent of fractures. A and B. Solution pipes mainly filled with clay and oblique fractures without filling
(Oued Taflout). C. Subvertical fault underlined by red clays (SE slope of the Boukadir quarry). D. SE-NW inclined fault without filling (SW slope of the Boukadir
quarry). E. Inclined SW-NE fault without filling (SW side of the Oued Sly quarry).

160 m diameter

Fig. 13. The 2 major sinkholes in the study area. Left. The 1988 RN4 sinkhole in the Chelif Basin, 500 m from the carbonate piedmont (Photo taken by Pr. Mostefa
GUENDOUZ on 16/06/1988). Water table is 12 m below the level of the road. Right. The Bir Djeneb in the carbonate Ouarsenis Mts.

decreases during the 1970s and remains below the 1960-1989 mean
until the early 2000s when it increases again. During the whole period
(1901-2019), the aridity index remains constantly within the semi-arid
range (Salem, 1989). However, this aridity index approaches the arid
zone threshold of 0.2 during certain years including 1987 and 1988 with
an index of 0.27, and more strongly in 1981 and 1983 which have an
index of 0.24 and 0.20 respectively.

Finally, the year 1988 occurred at the beginning of the deficit pre-
cipitation period but 1988 was not the first driest year. During previous
years, 1977, 1981, 1983 and 1987, there was also a high precipitation
deficit according to the CRU precipitation data.

Using the weather station, precipitation evolution in the study area
was confirmed. As mentioned in the Material and Method section,
weather station observations are recorded over different time periods
and contain missing data (Fig. 6 A to D). Therefore, the analysis cannot
be complete and must be carried out with the usual precautions. As
shown by Fig. 6, although the four weather stations did not record the
same amount of precipitation every year, they show some similarities.
First, the year 1988 corresponds to a low amount of precipitation over
the considered period. Second, the year 1985 (and/or 1986) corre-
sponds to a maximum of precipitation over the considered period. Third,
between 1985 and 1988, precipitation decreased. Finally, the years
1987 and 1988 are below the mean precipitation over the considered
periods. Fig. 6-E, which represents precipitation data from the CRU over
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the same period, corroborates the results.
5. Interpretation and discussion
5.1. Present-day karst

The geological and the geomorphological results show that the cur-
rent surface weathering is weak (rare sinkholes and ponors) and the
extent of the currently active karstification is limited, in accordance with
the studies of Birebent (1947a,b, and 1948). Inside the massif, the
dissolution is mainly active in the multiple sub-vertical fractures map-
ped (Fig. 12) and in the frequent small shallow solution pipes evidenced
(Figs. 11 and 12-A) allowing rainwater to infiltrate. Solution pipes in-
dependent of the fracturing are one of the main component of the exo-
karst. For Lipar et al. (2015), solution pipes are vertical tubular karst
voids formed in carbonate rocks with matrix porosity, reported and
described worldwide. Willems et al. (2007, 2018) show that vertical
solution pipes can indeed be related to punctual infiltration of water in
terrains overlying hardened carbonates (calcarenites), without any
subvertical fracturations. We found a similar situation in the karst of
Boukadir.

This atypical karst area is also characterized by a well-developed
surface hydrographic network (Fig. 15). It is an uncommon feature,
because the carving of the dendritic stream network implies the
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Fig. 14. A & A’. Ghar Bou Baara in the carbonate Ouarsenis Mts (photo taken by a caver Abdelaaziz SABER). B. Shelter caves (epikarstic semi-horizontal dissolution
forms) between carbonate beds near the Taflout River, eastern part of the study area. C and C’. Maps and cross-sections of four caves (Bir Djeneb, Ghar Bou Baara,
Ghar Seffah and Ghar Zeboudja) of the northern Ouarsenis piedmont modified from Birebent (1947a).
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Fig. 15. Geomorphological sketch of the study area. Inside the red rectangle, a ponor, circular depressions and a sinkhole were mapped based on an aerial

photography. Caves location come from Birebent (1947a a).

occurrence of significant recurrent surface runoffs and concentrated
flows. The high drainage density observed may be related to the 4-5 m
thick layer of indurated carbonates with a low porosity covering the top
of the Ouarsenis carbonate massif (Fig. 5-A). The thick induration is
interpreted to be similar to a calcrete. It would have progressively
decreased the infiltration and would have led to a reduction in disso-
lution in the massif. Calcretes are the product of weathering predomi-
nantly in arid and semi-arid regions (Goudie, 1983; Esteban and Klappa,
1983. Wright and Tucker, 1991). In the thin sections sampling the
indurated carbonates, we observed a widespread micritic calcite matrix
which is precipitated within the intergranular pores of the
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Lithothamnium carbonate packstones, and a mosaic of calcite crystals of
different sizes (Fig. 5B and C). These characteristics are typical of cal-
cretes (Esteban and Klappa, 1983; Wright and Tucker, 1991). Their origin
is related to the dissolution of CaCOs during rainfall and its later pre-
cipitation during intense evaporation in the dry season (Gocke et al.,
2012). In addition, the Boukadir area is highly favourable to calcrete
formation. Indeed, it is a semi-arid region with a strong seasonality: the
dry season lasts from May to August, and a more humid period from
September to April (=53 mm). The calcrete thickness is greatest at the
top of the carbonate outcrop, but calcrete is widely present on all car-
bonate surfaces and particularly at valley bottom not covered by
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Precipitation (mm)

Fig. 16. Annual CRU amount of precipitation (top)
and aridity index (bottom) from 1900 to 2019 extract
from the nearest grid point of Boukadir (see extent on
Fig. 6-E). A/B: amount of precipitation (in mm/year)/
aridity index in solid black line, 10-year running
mean of precipitation/aridity index in bold dashed
red line, 1960-1989 mean precipitation/aridity index
in solid straight red line, + 1 standard deviation in
dashed straight red lines and the 1988 precipitation
amount/aridity index in solid blue line.

Aridity

sediments.

In addition to the calcrete that reduced dissolution in the massif,
several other factors explain the current low degree of karstification.
First, the present semi-arid conditions in the study area do not favour an
intensive dissolution. This semi-arid climate has frequently been pre-
dominant since the Pliocene (Ballais and Cohen, 1981), but glacial pe-
riods were more humid. Second, the lack of a humic-rich soil and of an
abundant vegetation implies a low biogenic pCO5 that is necessary for an
efficient dissolution of calcium carbonate bedrock. Third, the high
porosity of the carbonate platform in the form of packstones (Moulana
et al., 2021) visible in the quarries allows a high diffuse infiltration.
Karst is generally less developed in poorly consolidated rocks where
infiltration is diffuse than in compact limestones where infiltrated water
is concentrated along fissures (EK, 1976).

Another specificity of the studied karst is its shelter caves. They have
a complex development. As their interior is easily hollowed out, human
dug these sites to enlarge them to house sheeps, and, in some places, to
extract phosphorite to improve the arable soil (Birebent, 1947 a).
Regarding their natural development, shelter caves in karst terrains are
generally remnants of old caves reworked by surface processes or cave
springs that were left high and dry by the downcutting of river valleys
and the lowering of the water table (Shelter type 1 or 2 in Fig. 18). This is
the case of the shelter caves associated with the Bou Baara, Ghar Seffah
and Ghar Zeboudja caves (Fig. 14-A, C and C’). However, shelter genesis
in Boukadir is not generally interpreted as resulting from the erosion of
phreatic caves, because shelter frequency is much larger than the
documented caves. We infer that most shelter caves are epikarstic,
through some may be related to former phreatic levels. We interpret
them as a product of differential weathering in relation with calcrete
cementation or with change in carbonate lithology, because they
develop in crumbly weathered carbonates with a roof in more cemented
and cohesive carbonates (Shelter type 3 in Fig. 18). Regarding the later
case, fracturing and initial difference in carbonate facies lead to the
occurrence of more porous and soft carbonates and of more consolidated
ones. For example, the upper carbonates at the top of the Ouarsenis
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Massif are, in general, more resistant and homogeneous than the lower
bioclastic carbonates. The upper carbonates are dominantly composed
of Lithothamnium, an encrusting red-algae with numerous thin films
that play an important role in the early internal cementation of reefs and
algal crusts in the marine environment (Alexandersson, 1974). We infer
that the difference in carbonate facies influence the geometry, occur-
rence and morphology of the shelter caves, because they are more
frequent and have different sizes according to carbonate lithology.
However, independently of the initial erodibility of the carbonate facies,
we consider that the most important factor regarding the origin of
shelter caves is calcrete outcropping on all carbonate surfaces in the
Ouarsenis Piedmont. Indeed, rooftops at the shelter entrance are made
systematically of more indurated carbonates, i.e. calcrete, than inside
made of porous carbonates, i.e. tufa (Fig. 18). As a consequence, the
shelter size depends on the thickness of the calcrete and the strength of
the carbonate tufa. Calcrete cementation is a current process in its river
valleys because calcium carbonate is preferentially dissolved at the
mountain top and is then precipitated in the bedrock river below given
the current climate (Ek et al., 1981; Mathieu et al., 1983). The
present-day bedrock riverbanks in the southern part of the carbonate
piedmont are the place where the relationship between shelter caves and
calcrete is best evidenced. There, shelters are often located along riv-
erbanks and as well as above the river beds at different elevation in
valley flanks (Fig. 18). This stepped shelters landscape is interpreted to
result of the incision and the lateral erosion of rivers. To summarize the
different possible origins of shelter caves, a schematic representation of
their different type are presented in Fig. 18 (top).

In Boukadir, the Quaternary karstification is thus mostly character-
ized by the precipitation of carbonates, isovolumetric weathering and
solution piping independent or along fractures. Active dissolution fea-
tures forming large phreatic caves are not predominant during this
period.
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5.2. Origin of the deep karstification in the uplifted ouarsenis carbonates

In the carbonate piedmont, we documented the occurrence of rare
caves. The first one, Bir Djeneb (Birebent, 1947a,b, 1948). We ques-
tioned the following assumption: the hole is far from the talweg of the
Oued Touchait and considering how similar this shaft is to the 1988 pit
of the RN4, we infered that Bir Djeneb is a collapse pit open by the
breakdown of the roof of a deep cave in the bioclastic carbonates. This
deep cave as well as the other phreatic caves in the OQuarsenis carbonate
piedmont like the Bou Baara cave (Fig. 14-A and A’) are interpreted in
relation with the progressive uplift of the platform during the
Plio-Quaternary induced by the transpressive motion (Meghraoui, 1988).
The uplift triggered a progressive drop in the local river base level, and
successive abandonment of former phreatic levels in the massif, a
mechanism that also explain the occurrence of shelter caves at different
levels along river valleys (Fig. 18-top). This is a classical example in
karstology.

5.3. Origin of the 1988 collapse shaft and adjacent deep karstic
dissolutions: the base level drop during the Messinian Salinity Crisis

As shown on Fig. 13-A, the 35 m deep 1988 collapse occurred
through a thick pile of sediments that comprise 22.50 m thick Quater-
nary alluvium and 27 m thick Pliocene clay deposits. The collapse was
associated with circular fissures up to 250 m from the center of the shaft.
Even if the upper terrain is composed of unconsolidated and relatively
insoluble material, we infer that the collapse is due to breaking down of
an underlying cave roof. This process is thus karstic. Messinian car-
bonates, that outcrop 1.5 km to the south, lie at 61 m depth and a huge
void should have existed in this formation to let the place for a collapse
volume of at least 95 000 cubic meters. Such a phenomenon is similar to
features observed for example in Belgium. In this country, collapses have
occurred since 1910 in the Scheldt valley which is filled by 50 m of
sedimentary cover (Derijcke, 1979; Delattre, 1985), and some show
circular fissures extending to about 250 m of the collapse center like in
our case study. These collapses were related to heavy industrial pumping
which lowered the aquifer level in caves formed in Carboniferous
limestone 50 m below the surface. The lowering of the carbonate aquifer
caused the replacement of water by air whose lower density did not
support the weight of the cave roofs, causing their collapse. The falling
of the cave ceiling spread to the upper formations. Like in Belgium, a
lowering of the acquifers in the Boukadir region may be one factor of the
1988 collapse. Our climatic analysis showed that very dry years
occurred in 1977, 1981, 1983 and 1987 leading to a high precipitation
deficit before 1988 (Figs. 6 and 16). In addition, this period of precipi-
tation deficit extended over the whole Maghreb (Sebbar et al. (2011) in
Morocco, Kingumbi et al. (2009) in Central Tunisia, and Meddi et al.
(2014) in northern Algeria). The Chelif plain recorded the highest pre-
cipitation deficit, i.e., 56% (Meddi et al., 2014). As mentioned by
Kingumbi et al. (2009), this deficit was probably influenced by the ENSO
oscillation. The collapse sinkhole in 1988 was thus probably associated
with a progressive drop in the upper alluvial and deeper karstic aquifers.
Tighilt (1990) measured a drop in the alluvial aquifer from 8 m in
October 1983 to 12 m in March 1989 near the collapse. However, the
connectivity between the aquifers is uncertain. The case is not classical
because of the unclear role of the Relizane fault and associated defor-
mation. So, an in-depth understanding of the 1988 collapse requires a
modelling of the functioning of the upper and deep aquifers and of the
Relizane Fault.

Imprints of two deep karstification levels in the Boukadir piedmont
1.5 km south of the 1988 collapse were also evidenced (Figs. 8 and 9),
the upper level is filled by red clays with few carbonate pebbles, the
lower one is at least 55 m below the surface and open. The deepest voids
are at an elevation similar to the deep incision in the carbonates at the
level of the Taflout and Oued Sly Rivers (Figs. 8 and 9). They are at
higher elevation than the deep cavity related to the 1988 collapse, but it
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could be related to fault motion. The 1988 collapse is located north of
the transpressive Relizane fault, which have slightly uplifted the
southern side of the Ouarsenis Mountains with respect to the Chelif
Basin. The deep voids near Boukadir town below 55 m south of the fault
documented in boreholes (Fig. 8-A) and below 62 m north of the fault
evidenced in the collapsed sinkhole could have been originally at the
same level, and later vertically offset by fault motion. Their origin can be
similar.

These deep cavities as well as the 1988 deep void are not inferred to
have an hypogene origin. Indeed, the morphology of hypogenous caves
is characterized by an absence of configuration with the topography
(Mylroie et al., 2017), and do not present either ponors or connections to
the surface (Osborne, 2017). On the contrary, in Boukadir, the deep
aquifer is directly connected to the outcropping carbonate platform
(Blanc, 1984). Moreover, the presence of pollutant (e.g., nitrates) in the
deep aquifer coming from agriculture is also a proof of this connection
(Bouchenouk, 2013). Finally, the thick layer of Tortonian blue marls
below the carbonates forms a thick impermeable barrier to deep hy-
drothermal waters preventing hypogenous processes.

Deep open cavities in Boukadir piedmont and the 1988 one must
have developed in the vadose zone at the top of the aquifer where
running water presents a velocity high enough to drain the insoluble
minerals. These deep karstic levels took place when the water table was
much lower than today, probably simultaneously with the deep cutting
of the Taflout and Oued Sly Rivers (Fig. 8-A and 9). We infer that this
lowstand is related to Messinian drop affecting the Mediterranean Sea
level. The 1988 cavity is located north of the Relizane Fault Zone; the
other close deep voids and the buried carbonate incision along rivers are
located south of the Relizane Fault, and the low base level responsible
for their common formation cannot be attributed to tectonics.

5.4. Synthesis model for the different karstification levels in the ouarsenis

We propose here a model to explain the different karstification levels
in the Ouarsenis in relation with base-level changes affecting the Med-
iterranean area since the Messinian. This schematic evolution of the
karst is summarized in Fig. 17. We use the sea level reconstruction of
Mocochain et al. (2006a,b, 2009) affecting the Ardeche platform in
Southern France. They highlight that since the Messinian, the most
significant base-level drop was induced by the Messinian Salinity Crisis
(MSC) from ~5.97 to 5.32 Ma (Krijgsman et al., 1999; Lozar et al., 2018;
Hoffmann et al., 2020; Costa et al., 2021). During the MSC, the gateway
between the Atlantic Ocean and the Mediterranean suddenly closed (Hsii
et al., 1972; Audra et al., 2004). This triggered the most dramatic crisis
the Mediterranean Sea has ever known: a sea level drop of about —1500
m (Ryan, 1976). Around the Mediterranean Sea, rivers strongly incised
forming deep canyons to adapt to the base level fall (Clauzon, 1982;
Julian and Nicod, 1984 Bini, 1994; Bourillot et al., 2010; Krijgsman et al.,
2018). During MSC, Algerian rivers must have been strongly impacted
by the sea level drop because the Algerian coastline is located near the
steepest slopes of the Alboran Sea. According to Rubino et al. (2010),
two river canyons formed, one related to Chelif River and the other one
to the Algiers system. During the MSC, the Chelif Basin which was
previously occupied by a marginal sea was disconnected from the
Mediterranean Sea, and filled with gypsum rich sediments (Roveri et al.,
2014; Naimi et al., 2020; Moulana et al., 2021). The large deep under-
ground voids along the southern margin of the Chelif Basin and the deep
down cutting of the Messinian platform by the Taflout and Oued Sly
Rivers are considered here to form during this low base level, like in
other areas around the Mediterranean Sea (Bini, 1994; Audra et al.,
2004; Mocochain et al., 2006a,b, 2009). In association with the low river
base-level, a low karstic phreatic level developed during that time at
similar elevation. We see this imprint in the Boukadir piedmont.

After the MSC, a transgression characterizing the beginning of Plio-
cene occurred (Mocochain et al., 2006a,b 2009). The Chelif Basin was
reconnected to the Mediterranean Sea allowing the deposition of more
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Fig. 17. Drawing of the northern piedmont of the
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Salinity Crisis (MSC) and development of deep cav-
ities. 2. Valley aggradation, upper karstic network
formation (e.g., chimney-shaft), soil development
with solution piping and cavity partial cavity infill
during the Pliocene transgression. 3. Quaternary
incision due to a drop in the base level and uplift
linked to the Relizane Fault. New karstic resurgence
near the present base level is possible. SP: solution
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than 1000 m of Zanclean marls with Mediterranean fauna (Belhadji
et al., 2008; Atif et al. 2008; Arab et al., 2015). These transgressive
marine clays are paired with thick deposits of Pliocene sandstones and
conglomerates (gilbert delta) around the basin margins, and thus must
have been associated with large river aggradation on the basin margins
(Rouchy et al., 2007, Belhadji et al., 2008; Atif et al. 2008; Zhang and
Jiang, 2011; Arab et al., 2015) (Fig. 17). This Pliocene river infilling is
evidenced in the Taflout River whose valley was first filled by 35 m of
clayey sediments, then by 30 m of Plio-Quaternary alluvium (Fig. 8-B).
This base level rise would also have triggered a per ascensum adaptation
of the Messinian karst drainages and the formation of a higher upper
karstic phreatic level (Mocochain et al., 2006a,b, 2009). Indeed, the
lower part of the karstic network was completely drowned. Thus, water
looking for an outlet is forced to flow up in chimney-shafts before
creating a resurgence in the valley (Mocochain et al., 2006a,b). We
observed such resurgence near Oued Rhiou and the Merdja (Fig. 15). In
addition, the karstic network was partly infilled with fluvial processes.
This mechanism would explain the infilling of red clay with carbonate
gravels for the shallower kartic level evidenced in drillholes (Fig. 8-B).
At that time, a paleosoil developed on the carbonate platform, which
remains are visible at the southern extremity of the carbonate platform
and in pipes in its central and northern parts. This paleosol favored the
development of solution pipes.

Then, during the Quaternary, large variations in base level with a
downward trend occurred linked to tectonic motion and to glacial-
interglacial cycles (Mocochain et al., 2006a,b, 2009). So, the aggrada-
tion should have mostly stopped except in tectonically subsiding basins.
The tectonic uplift of the Carbonate Ouarsenis piedmont north of the
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Relizane Fault would have generated new downcutting of the rivers in
several steps (Mocochain et al., 2006a,b). This mechanism would have
stripped the sediments previously deposited in the valleys and at the top
of the plarform, allowing the widespread outcropping of carbonates. The
top soil remained only at the southern end of the platform. Calcrete
development took place at its top as well as in the incising valleys. The
progressive uplift would also have generated a deepening of the river
base level and triggered the lowering of phreatic levels evidenced by the
caves. This classical process can explain the occurrence of the Ghar
Seffah and Ghar Zeboudja caves both located along the same river val-
ley, the later on 450 m above the riverbed and the former one 530 m, as
well as the Ghar Bou Baara located 173 m higher than the adjacent Oued
Touchait (Figs. 3 and 14 A and C). The stepped shelter cave morphology
would also be related to river incision. However, the low phreatic level
responsible for the deep void in relation with the Bir Djeneb is still
debatable, and requires further investigation.

5.5. Models for the two sinkholes associated with the boukadir carbonates

There are two possible models for the formation of 1988 and Bir
Djeneb sinkholes taking into account the characteristics of the karst
presented. The first model is the case of a sinkhole formed in interaction
with faults or factures and its interaction with a deep cave, also cut by
this fault (SK1 model in Fig. 18 top). This is the classical formation of
cavities in karstology. We infer that it is the case of the 1988 collapse
sinkhole, located close to Relizane zone fault. The second model is the
case of a collapse due to the emptying of a solution pipe crossing a
deeper cave (SK2 model in Fig. 18 top). It may be the case of Bir Djeneb
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Fig. 18. Top: Drawing showing development processes of shelter caves in the carbonate Ouarsenis covered by a layer of calcrete. 1. Collapse of old caves. 2. Valley
incision exposing former caves. 3. Formation of shelters due to the river incision by lateral erosion and slope retreat forming a stepped morphology. Differential
weathering between different carbonate facies must also play a role. Bottom: Satellite images showing these processes in the field. The mapping of the different

shelter caves illustrates the former riverbed position.

(Fig. 13-right). In that case, the pit attests to the development of an
exokarst that intersects an older and deeper endokarst which could also
have taken place during the Messinian Salinity Crisis.

6. Conclusion

Karst features in the Boukadir area are characterized by a low
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present-day activity related to low regional rainfall and the occurrence
of a calcrete covering the carbonate range, which decreases the infil-
tration and increases surface runoff leading to a well-developed surface
drainage. Frequent solution pipes and very well-developed fracturing
network, parallel to the major Relizane Fault, are the main paths for
infiltration. The solution pipe network was probably partly inherited
from a period during which a top soil was covening the platform. In
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addition, the carbonate facies (tufas) favour a diffuse infiltration, which
reduced localized dissolution and flow at depth, and prevented the
development of large caves. The endokarst is thus poorly developed and
is represented by a few rare collapse sinkholes and a few caves, whereas
the epikarst is prevalent and characterized by shelter caves with a
complex origin, mainly related to the calcrete covering the carbonate
platform at the surface. The regional uplift is a major control for the
development of the shelter caves in association with progressive river
incision. Finally, major deep paleokarst features were documented in
the Boukadir piedmont close to the Relizane fault. The deepest karstic
dissolution level is associated with paleo-river incisions, and thus
attributed to the low base level during the Messinian Salinity Crisis
(MSC). The MSC would thus be responsible for the large deep voids
underlying the 1988 RN4 collapse as well as potentially the Bir Djeneb
one. The following Pliocene aggradation buried all the MSC imprints
filling the previous river incisions and flooding the MSC paleokarst.
Beside this study that evidenced for the first time the imprint of the MSC
low base level in Algeria, further researches are necessary to document
and understand its extend and importance.
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Appendix. Coordinate of quarries boreholes and collapse sinkholes (WGS 84, UTM 31N)

Nom latitude longitude Source

RN4 collapse sinkhole 36° 4'58.61"N 1°10'2.24"E LTPC (1989)

Bir Djeneb 36° 1'2.97"N 1° 6/35.37"E Birebent (1947a)
ANRH

Ghar Bou Baara 36° 1'58.62"N 1° 5'54.86"E Birebent (1947a)
ANRH

Ghar Seffah 35°59'4.12"N 1° 3/32.38"E Birebent (1947a)
ANRH

Ghar Zeboudja 35°59'2.80"N 1° 3'20.63'E Birebent (1947a)
ANRH

Oued Sly quarry 36° 5'26.43'N 1°14'8.33'E Filled trip

Boukadir quarry 36° 3'17.66"N 1° 8'33.56"E Filled trip

Sidi Abed quarry 35°59'35.68"N 1° 0'8.89'E Filled trip

S1 drill core 36° 4'53.06" 1°10'19.92'E LTCP

36°4'32.3739" N
36°5'18.9682" N
36° 2'40.72'N
36° 2'48.09'N

AEP Bouachria

Site Sonalgaz O. Sly
kh5

kh6é

1°10'15.0516" E
1°11'46.1326" E
1° 5'36.58"E
1° 5'14.20"E

BURGAP (2004) (ANRH)
BURGAP (2004) (ANRH)
BURGAP (2004) (ANRH)
BURGAP (2004) (ANRH)

Coordinate of quarries, boreholes and collapse (WGS 84, UTM 31N).
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