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Abstract

Microfacies, fossil macroinvertebrates and microfossil assemblages (foraminifera and ostracods) and 8'3C from the Rhound-
jaia Formation (Ksour Mountains, Western Saharan Atlas, Algeria) were studied. During the Late Cenomanian—Early Turo-
nian, the Ksour Basin was an isolated platform at mid to outer shelf depths. The neritic conditions were interrupted by pelagic
conditions in transgressive intervals. This deepening of the palacoenvironment is reflected by changes in the foraminiferal
assemblages. The composition of benthic and planktic foraminiferal assemblages, characterized by low diversity and abun-
dance of low oxygen tolerant species, reflects a carbonate platform with biotic stress conditions (oxygen and nutrient fluctua-
tions and sea-level changes). Planktic foraminiferal assemblages are dominated by opportunists such as Muricohedbergella
and Planoheterohelix, which colonized new ecospace on the shelf during the transgression. The Oceanic Anoxic Event 2
(OAE2) is not represented by organic rich facies but does coincide with the successive proliferation of different opportunist
organisms such as microgastropods and small echinoid (hemiasterids) and the heterohelicid shift. The continuous presence
of trace fossils (Thalassinoides and Planolites-like) and benthic macroinvertebrates allows us to exclude anoxic conditions
during the Whiteinella archaeocretacea Zone. The proliferation of Planoheterohelix indicates the record of eutrophic con-
ditions and the transition from oxygenated to poorly oxygenated waters during stratified open marine settings at the time
of maximum flooding. The subsequent increase in thin-shelled bivalves and cytherellid ostracods would confirm the stress
conditions at the time of the 8'*C isotopic excursion in the upper part of the W. archaeocretacea Zone. The Lower Turonian
is represented by a shallowing upward trend in the Ksour Basin. Comparison of the taxonomic composition of the planktic
foraminiferal assemblages (phenogram and class diagram) indicates the high degree of relationship of the Ksour Basin
with the Northeast Sicily Basin, Central Tunisia Basin and Egypt. This work sheds light on the impact of the OAE2-related
environmental perturbation in environments where anoxic conditions were not reached, as well as the response of the fossil
assemblages to the biotic crisis.
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Resumen

Se han estudiado las microfacies, las asociaciones de macroinvertebrados fosiles y microfésiles (foraminiferos y ostracodos) y
el 3C en la Formacién Rhoundjaia (Montes Ksour, Atlas Sahariano Occidental, Argelia). Durante el Cenomaniense superior-
Turoniense temprano, la Cuenca de Ksour fue una plataforma relativamente aislada con unas caracteristicas entre plataforma
media y externa. Las condiciones neriticas cambiaron a condiciones pelagicas durante los intervalos transgresivos. La pro-
fundizacion de los paleoambientes queda registrada por cambios en las asociaciones de foraminiferos. La composicion de
las asociaciones de foraminiferos benténicos y planctdnicos caracterizada por baja diversidad y por la abundancia de species
tolerantes de baja oxigenacidn, refleja una plataforma cabonatada con condiciones de estrés bioldgico (variaciones en el grado
de oxigenacidn, contenido en nutrientes y nivel del mar). Las asociaciones de foraminiferos plancténicos estan dominadas
por oportunistas tales como Muricohedbergella y Planoheterohelix, que colonizaron el incremento de ecoespacio creado en
la plataforma durante la transgresion. El evento andxico oceanico 2 (Oceanic Anoxic Event 2, OAE2) no esté representado
por facies ricas en materia organica sino que coincide con la sucesivas etapas de proliferacion de diferentes grupos de opor-
tunistas como microgasterépodos y pequefios equinoideos (hemiastéridos) y la proliferacion de heterohelicidos. El registro
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continuado de trazas f6siles (Thalassinoides y posibles Planolites) y de macroinvertebrados bentdnicos permite excluir la
existencia de condiciones plenamente anéxicas durante la Zona de Whiteinella archaeocretacea Zone. La proliferacién de
Planoheterohelix indica el registro de condiciones eutrdficas y y el empobrecimiento en oxigeno de las aguas, posiblemente
relacionado con una estratificacioén en la columna de agua durante la fase de maxima inundacién. El posterior incremento
en pequefios bivalvos de concha fina (filamentos) y ostrdcodos citherellidos confirmaria las condiciones de estrés ambiental
al tiempo que se produciala excrusion isotépica del '3C en la parte superior de la Zona de Whiteinella archaeocretacea. El
Turoniense inferior esta representado por una secuencia de somerizacién en la Cuenca de Ksour. La comparacién de la com-
posicién taxondémica de las asociaciones de foraminiferos planctonicos (fenogramas y diagramas de clases) indica un alto
grado de relacién entre las asociaciones de la Cuenca de Ksour con el Noreste de la Cuenca de Sicilia, la Cuenca Central de
Ttnez y Egipto. Este trabajo muestra un ejemplo del impacto de las perturbaciones que acompafiaron al OAE en ambientes
donde no se desarrollaron condiciones andxicas asi como la respuesta de las asociaciones fosiles a esta crisis bioldgica.

Palabras clave Microfacies - foraminiferos - ostrdcodos - oportunistas - crisis bioldgica - Paleomargen septemtrional de

Gondwana

1 Introduction

The Cenomanian—Turonian transition is related to a global
oceanic anoxic event known as Oceanic Anoxic Event 2
(OAE2) (Schlanger and Jenkyns 1976; Arthur and Schlanger
1979; Jenkyns 1980; Jarvis et al. 1988; Robaszynski 1989;
Erbacher and Thurow 1997; Friedrich et al. 2006; Turgeon
and Creaser, 2008; Voigt et al. 2008; Gebhardt et al. 2010;
Uchman et al. 2013; Elderbak et al. 2014; Reolid et al. 2015,
2016). This anoxic event is associated with climatic and
palaeogeographic changes including greenhouse warming
(e.g. Huber et al. 2002; Bornemann et al. 2008; Monteiro
et al. 2012), a sea-level rise (Arthur et al. 1987; Jones and
Jenkyns 2001; Smith et al. 2001; Lowery et al. 2017) and
a global positive 8'>C excursion (Pratt and Threlkeld 1984;
Hilbrecht and Hoefs 1986; Accarie et al. 1996; Keller et al.
2004; Tsikos et al. 2004; Prokoph et al. 2013). Scaife et al.
(2017) propose a magmatic pulse at the onset of OAE2,
probably related to the emplacement of a Large Igneous
Province (LIP) in the Pacific Ocean (Caribbean LIP and
Ontong Java LIP), Indian Ocean (Madagascar LIP) and/or
the High Arctic.

The OAE2 constitutes an extinction episode for marine
ecosystems and marks a decreased diversity of foraminifera,
radiolarians and calcareous nannoplankton (Robaszynski
and Caron 1995; Jarvis et al. 1988; Harries and Kauffman
1990; Harries 1993; Harries and Little 1999; Leckie et al.
2002; Caron et al. 2006; Pearce et al. 2009; Aguado et al.
2016), as well as a period of expansion and homogeniza-
tion of ammonite fauna on the South Tethyan carbonate
platforms (Meister et al. 1992; Courville et al. 1991, 1998;
Courville 2007). The OAE2 is typically related to organic-
rich facies, locally identified as black shales (Arthur and
Schlanger 1979; Arthur et al. 1987; Jarvis et al. 1988;
Robaszynski et al. 1993a, b; Rhalmi et al. 2000; Liining
et al. 2004; Ettachfini et al. 2005; Shahin 2007; Scopelliti
et al. 2008; Pearce et al. 2009; Westermann et al. 2010;
Robaszynski et al. 2010; Yilmaz et al. 2010; Hetzel et al.
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2011; Pavlishina and Wagreich 2012; Reolid et al. 2015).
Possible causes of the OAE2 are increased productivity, the
shallowing of the oxygen minimum zone (OMZ) and water
stagnation (Busson and Cornée 1996; Hardas and Mutterlose
2007; Jarvis et al. 2011; Ruault-Djerrab et al. 2014). Other
models indicate that water stagnation is unlikely during
OAE2 because a consistent flux of nutrients is required to
sustain high productivity for ~500 kyr (Trabucho-Alexandre
et al. 2010; Topper et al. 2011; Monteiro et al. 2012). The
hypothesis of global tectonic pulses related to volcanism
has also been put forward (Kuroda et al. 2007; Turgeon and
Creaser 2008).

In the North Gondwana palaecomargin, the Cenoma-
nian—Turonian transition as well as the related OAE2 have
been studied previously in Morocco (Rhalmi et al. 2000;
Andreu 2002; Meister and Rhalmi 2002; Gebhardt et al.
2004, 2010; Ettachfini and Andreu 2005; Ettachfini et al.
2005; Kolonic et al. 2005; Kunht et al. 2005; Jati et al. 2010;
Lézin et al. 2012; Prauss 2012; Andreu et al. 2013; Aquit
et al. 2013), in Tunisia (Robaszynski et al. 1990, 1993a,
b, ¢, 2010; Accarie et al. 1996, 2000; Caron et al. 1999,
2006; Nederbragt and Fiorentino 1999; Amédro et al. 2005;
Meister and Abdallah 2005; Soua et al. 2006, 2011; Zagrarni
et al. 2008; Negra et al. 2011; Grosheny et al. 2013; Zaghbib-
Turki and Soua 2013; Reolid et al. 2015; Aguado et al. 2016)
and in Egypt (Liining et al. 1998; Aly and Abdel-Gawad
2001; Bauer et al. 2002; Shahin 2007; Gertsch et al. 2008;
Wanas 2008; Ismail et al. 2009; Nagm 2015; El-Sabbagh
et al. 2011; Ayoub-Hannaa et al. 2013; Shahin and Elbaz
2013; Wilmsen and Nagm 2013). In Algeria, however, works
on the Cenomanian—Turonian transition are comparatively
scarce (Naili et al. 1995; Busson et al. 1999; Harket and
Delfaud 2000; Grosheny et al. 2008, 2013; Chikhi-Aouimeur
et al. 2010; Ruault-Djerrab et al. 2012, 2014; Benyoucef
et al. 2017; Ferré et al. 2017; Zaoui et al. 2017).

The aim of this contribution is to characterize the
Cenomanian—Turonian transition in view of a representative
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Fig. 1 Geological sketch. a Location map of the Western Saharan Atlas (Ksour Mountains). b Geological map of the area studied

well-exposed section from the Ksour Mountains in the west-
ern part of the Saharan Atlas. The studied area is relevant
because it is located at the northern end of the Trans-Saha-
ran-Seaway (Moody and Sutcliffe 1991). The Trans-Saharan-
Seaway connected the Western Tethys and the South Atlan-
tic in a period with limited palaeogeographic connections
between South and North Atlantic (Scotese 2011). Unlike
many other regional OAE2 sections, such as the Tunisian
Oued Bahloul section, which were deposited in deeper envi-
ronments, the studied Rhoundjaia section never became
anoxic during the Cenomanian—Turonian transition and it
is thus an important record of the shallow water response
to a major anoxic event. The work is focused on analyses of
the microfacies, microfossil assemblages (foraminifera and

ostracods) and the C stable isotopes. The results lead us to
interpret the prevailing palacoenvironmental conditions as
well as to infer the palaeogeographic evolution of this part
of the carbonate platform in the context of the Maghrebian
Atlasic System of the Gondwana Palacomargin. In addition,
the record of planktic foraminifera of the W. archaeocreta-
cea Zone invites discussion about the connections between
North Gondwanan basins and European basins.
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Fig.2 Outcrop view and lithofacies. a, b Studied section with loca-
tion of the Cenomanian/Turonian boundary. ¢ Densely bioturbated
limestone with Thalassinoides (bed RH 10a). d Densely bioturbated

2 Geographical and geological setting

The Ksour Mountains, located in the western part of the
Saharan Atlas, are part of the Maghrebian Atlasic System

@ Springer

limestone with Thalassinoides (bed RH 16). e Abundant gastropods
from RH 30" (Tylostoma). £ Large Thalassinoides in the lower Turo-
nian commonly affected by recrystallization (bed RH 14)

(from West to East): High Atlas, of Morocco, Saharan
Atlas, and the Aures and Tunisian Atlas. The Ksour Moun-
tains are limited to the North by the Oran High Plain,
to the South by the Saharan Platform, to the East by the
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Central Saharan Atlas (Djebel Amour) and to the West by
the High Atlas of Morocco (Fig. 1a). This folded mountain
belt developed in a subsiding intra-plate basin (Ait Ouali
and Delfaud 1995). The folded mountain belt comprises
of long, narrow anticlines composed of Triassic deposits
(Germanic Facies) and Jurassic carbonates that constitute
long and narrow anticlines. The anticlines are separated by
large synclinals composed of well-preserved Cretaceous
limestones and marls. The Cretaceous rocks are mainly
constituted by siliciclastic successions (fluvio-deltaic
deposits) of the Lower Cretaceous and marine carbonates
of the Upper Cretaceous. During the Late Cenomanian a
main transgression occurred in the Saharan Atlas (Bus-
son et al. 1999; Grosheny et al. 2008, 2013). There are
two main depositional sequences in the Saharan Atlas:
CI (Cenomanian—Turonian) and CII (Santonian—Maas-
trichtian) (Delfaud 1986; Harket and Delfaud 2000). The
Cenomanian—Turonian deposits constitute the upper part
of the Mesozoic folded succession.

The Rhoundjaia section (RH) is located 60 km East of
Ain Séfra, close to the road to Ain Ouarka (Fig. 1b). The
55.15 m-thick Rhoundjaia Formation is well-exposed at a
cliff (Fig. 2a, b) and overlying by the M’Daouer Forma-
tion (claystones, gypsum, limestones, and dolostones). The
present research focuses mainly on the upper 32.3 m of
the Rhoundjaia Formation in order to study the Cenoma-
nian—Turonian transition.

3 Materials and methods

Analyses of microfacies, microfossils and geochemistry were
conducted across the upper Cenomanian—Lower Turonian at
the Rhoundjiia section, mainly composed by limestones and
marly interlayers. A total of 67 limestone samples were stud-
ied in thin section for microfacies analysis. Differentiation
of microfacies and proportions of different bioclasts have
been based on a detailed point-count using a two-dimen-
sional grid with a fine mesh-light with 1.5-mm opening.
Additionally, 10 samples from marly interlayers (500 g per
sample) were washed in water on a stainless sieve column
(250, 125 and 63 um) and picked for retrieving microfossils
(foraminifera and ostracods). In these samples, at least 200
microfossils were picked. The classification of microfossils
is based on Bassoullet and Damotte (1969), Tronchetti and
Grosheny (1991), Okosun (1992), Andreu et al. (2013) and
Haynes et al. (2015). Gold-coated specimens of microfossils
from sieved samples were analysed under scanning electron
microscopy (SEM); images were produced with a Merlin
Carl Zeiss SEM in the Centro de Instrumentacion Cientifico-
Técnica of the Universidad de Jaén.

The taxonomic composition of the planktic foraminiferal
assemblages was compared with data from previous studies

of North African basins, as well as from European basins.
The software BG-Index 1.1 p (Escarguel 2001) was used
to process data, and the Simpson Coefficient indicates the
degree of relationship. The results are represented as phe-
nograms transformed to Class Diagrams.

For 8'3C and 8'%0 analyses, and after roasting, the 21
samples were reacted at 73 °C in an automated carbonate
reaction system (Kiel-IV) coupled directly to the inlet of a
Finnigan MAT 253 gas ratio mass spectrometer at the Lab-
oratory of Stable Isotopes of the University of Michigan.
Isotopic ratios were corrected for !’O contribution and are
reported in per mil notation relative to the VPDB standard.
Values were calibrated using NBS 19 as the primary stand-
ard, and analytical precision was monitored by daily analy-
ses of NBS-powered carbonate standards. The measured
precision was maintained above 0.02%o for !°C and 8'%0.

4 Results
4.1 Lithofacies and microfacies

The studied interval comprises 56.2 m of limestones with
some marly interlayers in the upper part of the section
(Fig. 2). The lithostratigraphic succession is divided in six
stratigraphic intervals:

e Stratigraphic interval I (RH 1 to RH 9, 7.2 m): massive
limestones in an upward-thinning sequence. The lower
part of the section begins with wackestone—packstones
of ostracods and foraminifera (mainly miliolids and tex-
tulariids, Fig. 3a, b). They change to mudstones-wacke-
stones of planktic foraminifera (Fig. 3c, d), though they
are mainly unkeeled trochospiral forms with globular
chambers —hedbergellids (mainly Muricohedbergella
delrioensis). From bed RH 3 trochospiral forms with
strongly keeled high (planoconvex shape) chambers
are also recorded, corresponding to Dicarinella sp. The
weakly keeled forms with high chambers would be Hel-
vetoglobotruncana praehelvetica. Finally, less common
forms are represented by trochospiral shells featuring
keeled low chambers interpreted as Rotalipora spp.

e Stratigraphic interval IT (RH 10 to RH 14, 16.7 m): mas-
sive limestones with abundant trace fossils (Thalassi-
noides and Planolites-like, Fig. 2c). They correspond
to wackestone to packstones of bioclasts rich in echino-
derms (echinoids and ophiuroids; ~10-20%), bivalves,
gastropods, ostracods and agglutinated benthic foraminif-
era (Fig. 3e-h). The top of bed RH 10 presents a high
concentration of bivalve shells (infaunal and epifaunal
ones, such as ostreids and pectinids). Planktic foraminif-
era are very scarce. They newly appear at the top (RH
14), as unkeeled trochospiral forms with globular cham-
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«Fig. 3 Microfacies rich in bioclasts. a Packstone of milolids and
disarticulated ostracods from bed RH 1. b Biserial agglutinated
foraminifera from bed RH 5. ¢ Wackestone of planktic foraminif-
era from bed RH 6. d Wackestone of planktic foraminifera from bed
RH 7. e Wackestone of bioclasts with echinoderms (Echi), benthic
foraminifera (Bf) and ostracods (Ost) from bed RH 10. f Wackestone—
packstone of bioclasts with fragments of bivalves (Biv), gastropods
(Gast) and echinoderms (Echi) from bed RH 14. g, h Serpulids in a
peloidal microbialite from bed RH 14

bers. Gastropods and serpulids are locally very common
in the top of this stratigraphic interval (Fig. 3g, h).

e Stratigraphic interval III (RH 14’ to RH 19, 5.4 m):
alternation of white limestones and marls with lumpy
interlayers rich in echinoids (mainly Mecaster pseudo-
fournelli and Hemiaster syriacus, and minority Hirudo-
cidaris uniformis), ammonites (Vascoceras gamai and
Vascoceras sp.) and gastropods. The top of RH 14’ pre-
sents a very high abundance of M. pseudofournelli. In
the microfacies, the gastropods and serpulids are locally
very common, together with encrusting foraminifera
(Placopsilina) and dark microbial crusts (beds RH 14’
and 15, Fig. 4a). The calcareous beds are usually biotur-
bated (small Thalassinoides and Planolites, Fig. 2d) and
correspond to bioclastic wackestones to packstones with
foraminifera (20-30% of bioclasts), mollusc fragments
(15-30%) and echinoderm fragments (Diadema type,
5-10%) (Fig. 2a, b). The gastropods are very common
in RH 17" (Tylostoma, Fig. 2e). Planktic foraminifera
with biserial arrangement of chambers are very common
(heterohelicids; > 55%, mainly Planoheterohelix reussi,
Fig. 5).

e Stratigraphic interval IV (RH 20 to RH 22, 0.7 m): It is
composed by three calcareous beds with chert nodules.
They are bioclastic packstones of foraminifera (30-60%
of bioclasts), ostracods (3-5%), bivalve fragments
(5-15%) and echinoderm plates (5%, mainly echinoids
and ophiuroids; Fig. 2c, d).

e Stratigraphic interval V (RH 22’ to RH 29, 11.8 m):
alternation of decimetric marls and limestone beds. The
upper part of the marls presents a lumpy appearance and
abundance of poorly-preserved fossil macroinvertebrates
(echinoids, ammonites and gastropods). The calcareous
beds are packstones rich in peloids and bioclasts (mainly
small benthic foraminifera, 40-50%; ostracods, 10-15%,
fragments of bivalves, 10-15%; echinoderms, 2-5%;
and algae). This stratigraphic interval is also character-
ized by a record of thin-shelled bivalves (filaments s.
Robaszynski et al. 1993b) oriented parallel to bedding
with increasing values toward the top (5-10%) (Fig. 4c,
d). Locally (bed RH 25’), heterohelicids and serpulids are
very common (Fig. 4e). Trace fossils are frequent in the
upper part of this stratigraphic interval.

e Stratigraphic interval VI (RH 29’ to RH 36, 14.4 m):
Alternating marls and limestones with a thickening
upward trend finishing with massive banks of limestones
containing bioclasts and densely bioturbated (Fig. 2a, b).
The base of the RH 29’ is characterized by high amount
of the gastropod Tylostoma (Fig. 2e). They are wack-
stones to packstones with benthic foraminifera (5-40%),
ostracods (2-10%), mollusc fragments (5-30%), echino-
derm fragments (2-10%) and scarce filaments. The trace
fossils, corresponding to Thalassinoides, increase toward
the top of this stratigraphic interval (Fig. 2f). These
Thalassinoides have a yellow infilling and they are from
16 to 25 mm in diameter. The carbonate banks at the top
appear to maintain the thickness, creating a continuous
cliff which spans ~ 15 km in the northwest face of the
Djebel Rhoundjata.

4.2 Microfossil assemblages

The biostratigraphy of the Cenomanian—Turonian transition
in the Eastern Saharan Atlas is poorly studied. Bassoullet
and Damotte (1969), report foraminifera and ostracods of
limited biostratigraphic interest. For biostratigraphic assign-
ments, we follow the planktic foraminiferal biozones pro-
posed by Robaszynski and Caron (1995) for the Cretaceous
of the Tethys. According to the definition of the Global
Stratotype Section and Point (GSSP) for the base of the
Turonian stage (Kennedy et al. 2005), the C/T boundary is
near the top of the W. archaeocretacea Biozone. Analysis of
foraminifera and ostracods from the upper part of the sec-
tion (RH 14-RH 36) from sieved samples reveals relevant
biostratigraphic microfauna for correlation at regional and
global scales (Fig. 5).

4.2.1 Foraminifera

4.2.1.1 Planktic foraminiferal distribution From the lower
part of the section (RH 1-RH 14), only thin sections were
analysed (no marly layers are present), showing a record of
both unkeeled trochospiral forms with globular chambers
(hedbergellids, mainly M. delrioensis and less common
Muricohedbergella planispira) and strongly keeled tro-
chospiral forms (planoconvex shape) with high chambers
(H. praehelvetica and Dicarinella sp.) (Fig. 6). Very scarce
trochospiral keeled forms correspond to Rotalipora spp.
(Fig. 6j, k). The last occurrence of Rotalipora would indi-
cate the potential top of the Rotalipora cushmani Zone at the
top of bed RH 6 (Fig. 5). The beginning of the W. archae-
ocretacea Zone is signalled in the studied section by the
absence of R. cushmani and the record of H. praehelvetica
in bed RH 6. From RH 10 to RH 14 planktic foraminifera
are absent (Fig. 5). According to the Robaszynski and Caron
(1995) the base of the W. archaeocretacea Zone is defined
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Fig.4 Microfacies. a Detail of encrusting foraminifera from bed RH
14. b Wackestone with echinoderms and benthic foraminifera from
bed RH 17. ¢ Wackestone—packstone of bioclasts, mainly thin shelled
bivalves (Biv) also called filaments and some ostracods (Ost) from

by the last occurrence of R. cushmani and the top is marked

by the first occurrence of Helvetoglobotruncana helvetica.
At the top of RH 14, the unkeeled trochospiral forms

with globular chambers are again registered. Planktic

@ Springer

bed RH 23. d Wackestone rich in filaments (Fil) from bed RH 24.
e Packstone with abundant serpulids (Sp) from bed RH 25. f Pack-
stone of bioclasts rich in fragments of gastropods and bivalves from
bed RH 26

foraminifera showing a biserial arrangement of chambers
are very common from sample RH 16 corresponding to
heterohelicids. Analyses of the planktic foraminifera from
sieved samples (RH 17-RH 24') pertaining to the upper
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part of the Rhoundjaia section point to a lowly diversified
assemblage with only six species recorded. They correspond
to biserial forms (Planoheterohelix), triserial forms (Guem-
belitria) and unkeeled trochospiral forms (Muricohedber-
gella). The recorded species are Guembelitria cenomana
(Fig. 7a), Guembelitria cretacea, M. planispira, M. delri-
oensis (Fig. 7b), Planoheterohelix moremani (Fig. 7c, d) and
P. reussi (Fig. 7e). The record of these taxa is not indica-
tive of the Cenomanian—Turonian boundary; rather, they
range from the R. cushmani Biozone (Upper Cenomanian)
to H. helvetica Biozone (Lower Turonian) as reported in the
Oued Bahloul section, a section of reference for studies of
the North African palacomargin (e.g. Reolid et al. 2015).
Planoheterohelix reaches over 90% of the planktic foraminif-
eral assemblage from RH 17 to RH 24'. In the uppermost
stratigraphic interval of Rhoundjaia section (RH 25 to RH
36), planktic foraminifera are almost absent. Such a bloom
of the heterohelicids has been reported in the lower half of
the W. archaeocretacea Zone in other sections, including
the Oued Bahloul section from the Central Tunisian Basin
(Reolid et al. 2015), the Eastbourne section from South Eng-
land (Keller et al. 2001) and Pueblo section from the West-
ern Interior Basin (Leckie et al. 1998; Caron et al. 2006).

4.2.1.2 Benthic foraminiferal distribution The benthic
foraminifera are numerous and diversified, yet they are not
relevant for biostratigraphic purposes (Fig. 5). They are
dominated by the agglutinated forms of the Family Lituoli-
dae. Forms with calcitic shell are represented mainly by the
Family Bolivinidae, characteristic of the Lower Turonian.
Four main foraminiferal assemblages could be differenti-
ated:

e The first benthic foraminiferal assemblage is recorded
in the lowermost part of the section and is dominated
by miliolids (Quinqueloculina sp.), and secondarily by
textulariids (Figs. 3a, b, 6a—d).

e The second benthic foraminiferal assemblage is domi-
nated by Ammobaculites. A total of 12 taxa were
identified: Ammobaculites benuensis, Ammobaculites
coprolithiformis (Fig. 71, g), Ammobaculites turonicus,
Ammobaculites sp., Ammobaculites impescus (Fig. 7Th),
Ammobaculites subcretacea (Fig. 71, j), Ammotium cf.
nwalium, Ammotium sp., Lingulogavelinella sp., Gav-
elinopsis sp., Bolivina sp., and Haplophragmoides cf.
saheliense. This assemblage is recorded in the lower
part of the section (from bed RH 17 to RH 23, Upper
Cenomanian).

e The third benthic foraminiferal assemblage presents a
total of seven recognized taxa: Ammobaculites sp., A.
impescus, Bolivina incrassata (Fig. 7k), Bolivina plaita
(Fig. 71), Bolivina sp. (Fig. 7Tm), H. cf. saheliense, and
Placopsilina sp. The assemblage is recorded from bed

RH 24 to RH 28 and coincides with the bloom of the
heterohelicids.

e The fourth benthic foraminiferal assemblage (from bed
RH 29’ to RH 31) is characterized by the first record
of Gabonita levis (Fig. 7n, o). This assemblage pre-
sents a total of 12 species: A. impescus, A. subcretacea,
Ammobaculites bauchensis, Ammobaculites stephensonis
(Fig. 7p), Ammobaculites fragmentarius (Fig. 7q), B. inc-
rassata, B. plaita, G. levis, Gavelinella sp. (Fig. 7r), H.
ctf. saheliense, Haplophragmoides sp., and Tritascilina
sp. The record of G. levis indicates Lower Turonian.
Together with this assemblage, some specimens of plank-
tic foraminifera have been recorded (mainly P. moremani
and P. reussi).

4.2.2 Ostracods

The ostracods of the Cenomanian—Turonian transition of
the Eastern Saharan Atlas have been described and figured
only by Bassoullet and Damotte (1969), and they remain in
consideration as endemic species. From the biostratigraphic
point of view, two ostracod assemblages can be identified
in the upper part of the Rhoundjaia section from sieved
samples.

e The first assemblage is very diverse, made up of 13 spe-
cies: Cytherella gr. ovata (Fig. 8a—c), Cytherella gr. par-
allela, Cytherella sp.1 (Fig. 8d, e), Paracypris dubertreti
(Fig. 8f), Paracypris mdaourensis (Fig. 8g, h), Bytho-
cypris sp. (Fig. 81), Macrocypris sp. (Fig. 8j), Bairdia
sp.1 (Fig. 8k), Bairdia sp.2 (Fig. 81), Cythereis ziregensis,
Cythereis morsottensis, Cythereis mdaourensis (Fig. 8m—
0), and Cythereis sp. 1. This assemblage indicates the
Upper Cenomanian. In Northern Africa the assemblage
has been identified in the Eastern Saharan Atlas as cor-
responding to the Cythereis algeriana Zone, defined in
Tunisia (Bismuth et al. 1981) and Egypt (Ismail 2001),
or the Cythereis sp. assemblage Zone cited by Shahin
(1991) in Egypt.

e The second ostracod assemblage is less diverse, featur-
ing only seven species: Bythocypris sp., Cytherella sp. 2
(Fig. 8p), C. mdaourensis, Cythereis magnei (Fig. 8q),
Cytherelloidea sp. (Fig. 8r), Macrocypris sp. and P.
mdaourensis. This assemblage is recorded from sampling
level RH 29 and corresponds to the C. mdaourensis Zone
(Bismuth et al. 1981) which is located in the base of the
Lower Turonian.

4.3 Bioevents
The Cenomanian—Turonian transition in the Rhoundjaia For-

mation is marked by biologic events related to palaeoen-
vironmental and palacoceanographic changes at the local
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«Fig.5 The Rhoundajia section and the planktic foraminiferal bio-
zones with the stratigraphic distribution of planktic and benthic
foraminifera, ostracods and the 8'3C curve from bulk carbonate

and global scale. The stratigraphic position of each event is
discussed here, in the overall context of other regions.

4.3.1 The Planoheterohelix shift

Atop the Upper Cenomanian, a first biologic event is
recorded by a peak of abundance of heterohelicids, mainly
P. moremani. This event entails biostratigraphic value, cor-
responding to the so-called “Heterohelix shift Zone” of
Leckie (1985). Still, we prefer to call it the Planohetero-
helix shift after Haynes et al. (2015). This significant event
has been identified worldwide: in eastern Algeria (Ruault-
Djerrab et al. 2012, 2014), Morocco (Ettachfini and Andreu
2005; Ettachfini et al. 2005; Lézin et al. 2012), in Tunisia
(Robaszynski et al. 1990, 2010; Nederbragt and Fiorentino
1999; Caron et al. 1999, 2006; Soua 2011, 2013; Zagrarni
et al. 2008; Zaghbib-Turki and Soua 2013; Reolid et al.
2015), in France (Takashima et al. 2009), in Switzerland
(Westermann et al. 2010), in Spain (Nederbragt et al. 1998),
in England (Keller et al. 2001), in North America (Leckie
et al. 1998; Keller and Pardo 2004a), in Venezuela (Ned-
erbragt et al. 1998) and in Mexico (Aguilera-Franco and
Allison 2004). In the Rhoundjata Formation of the Ksour
Mountains, a proliferation of small biserial globular forms
(P. moremani and P. reussi) is recorded in beds RH 16 to
RH 24), reaching 91-98% of the planktic foraminifera. This
bloom of heterohelicids in the Ksour Basin is not related
to local palaeoecological conditions, but is instead related
to global environmental changes affecting the Tethyan and
Pacific domains.

4.3.2 The cytherellid event

This biotic event corresponds to a bloom of ostracods (from
bed RH 24’ to RH 29’, Lower Turonian), mainly smooth
forms represented by the species C. gr. ovata. These speci-
mens are also characterized by small size (ranging from 470
to 400 um). At a local scale this event coincides with the
appearance of filaments and the disappearance of planktic
foraminifera. A similar increase in cytherellids has been
reported in Spain (Barroso-Barcenilla et al. 2011) and Egypt
(Shahin and Elbaz 2013). After the sample RH 29’ the com-
position of the ostracod assemblage change and C. gr. ovata
disappear.

4.3.3 Filament event

The term “filaments” designates juvenile forms of thin-
shelled bivalves (e.g. Robaszynski et al. 1993b; Caron

et al. 2006). These small bivalves, which proliferate in
nutrient-rich waters, have mass mortality when they reach
anoxic waters (e.g. Jefferies and Milton 1965). In the North
African palaecomargin a filament event has been associ-
ated with organic-rich facies in the Bahloul Formation of
Tunisia (Maamouri et al. 1994; Nederbragt and Fiorentino
1999; Amédro et al. 2005; Caron et al. 2006; Robaszynski
et al. 1994, 2010; Zagrarni et al. 2008; Soua 2011; Negra
et al. 2011; Zaghbib-Turki and Soua 2013), in northeast-
ern Algeria (Bahloul Formation; Naili et al. 1995; Ruault-
Djerrab et al. 2012) and Morocco (Ben Cherrou Formation;
Ettachfini et al. 2005). This event was also reported in the
reference section at Pueblo (Colorado, USA; Caron et al.
2006) and the Eagle Ford Group (Texas, USA; Denne et al.
2014).

In the Ksour Basin, in the interval from beds RH 24 to
RH 29 of the Rhoundjaia Formation, filaments are recorded
for the first time, after the “Planoheterohelix shift” event.
These filaments are observed in the wackestones-packstones
related to bivalve bioclasts and benthic foraminifera. Fila-
ments are progressively more abundant upwards just to the
proposed Cenomanian—Turonian boundary (bed RH 29).
This record makes it possible to confirm the spatial repar-
tition of the filament event at the scale of the Atlas, from
eastern Tunisia to western Morocco (Negra et al. 2011).
However, the abundance of filaments in the studied section
is lower than in the Bahloul Formation.

4.4 Carbon isotopic values

In the Rhoundjaia section the 8'*C data range from —2.83 to
5.03%o (Fig. 5). The isotopic curve shows an average value
of 2.89%o in the lower part of the section and a successively
increasing trend from bed RH 26’ (4.37%o) that reaches max-
imum values in bed RH 27 (5.03%o). A subsequent decrease
of values is recorded from beds RH 26" to RH 31, showing
a negative isotopic excursion (reaching —2.83%o). In the
Cenomanian—Turonian transition, the §'>C show high values
coinciding with the filament and cytherellids bioevents.

Previous 8'3C data have been published for the Eastern
Saharan Atlas (Ouled Nail and Aurés Mountains; Chikhi-
Aouimeur et al. 2010) and the Saharan Platform (Grosheny
et al. 2013).

5 Interpretation
5.1 Correlations and discussion

The bioevents, as well as the isotopic curves, are compared
below with other basins for the W. archaeocretacea Zone.

@ Springer
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Fig.6 Foraminifera from thin sections. a, b Miliolids from bed RH
1. ¢ Ostracods and miliolids from RH 2. d Textularidae from RH
5. e Muricohedbergella delrioensis from RH 2. f Muricohedber-
gella planispira from RH 5. g Helvetoglobotruncana praehelvetica
from RH 5. h Section with shape close to Praeglobotruncana and
Dicarinella from RH 5. i Peripheric section of planktic foraminifera

5.1.1 Comparison of planktic foraminiferal assemblages

The taxonomic composition of the planktic foraminiferal
assemblages were compared with previous data from other
North African and European basins using the software BG-
Index 1.1 p (Escarguel 2001). The Simpson Index indicates
the degree of relationship. The nine basins compared with
the Ksour Basin are: Agadir Basin of Morocco (Jati et al.

@ Springer

with characteristic features of Rotalipora (probably brotzeni) from
bed RH 5. j Rotalipora from RH 5. k Umbilical section of Murico-
hedbergella planispira from bed RH 6. 1, m Planoheterohelix reussi
from bed RH 16. n Agglutinated foraminifera from RH 17. o Nezzaz-
atinella (?) from RH 28

2010), Central High Atlas of Morocco (Ettachfini et al.
2005), Tébessa Basin of Algeria (Ruault-Djerrab et al.
2012), Central Tunisia Basin (Soua 2011), Gabal Nez-
zazat, Egypt (Shahin 2007), NE Sicily, Italy (Scopelliti
et al. 2004, 2008), Vocontian Basin, SE France (Tronchetti
and Grosheny 1991), Iberian Basin (Barroso-Barcenilla
etal. 2011), and Eastbourne Basin, S England (Keller et al.
2001). In this analysis the uncertain taxonomic categories
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have been deleted (cf., gr. and aff.); it is finally constituted
by a list of 38 species of planktic foraminifera, represented
in a binary matrix of presence/absence (code 1: certified
presence; code O: probable absence). Based on the similarity
matrix and the distances obtained by means of the Simp-
son Index, the connection between different basins could be
derived using a Neighbour-Joining treatment. Three main
groups were thereby identified (Figs. 9, 10):

e A first group contains three basins, Vocontian Basin
(VB), Eastbourne Basin (EB) and Iberian Basin (IB).
A total of 11 planktic species are shared between these
three basins (28% of species): Dicarinella algeriana, D.
hagni, D. imbricata, M. delrioensis, M. planispira, W.
archaeocretacea, W. baltica, W. brittonensis, Praeglo-
botruncana aumalensis, P. gibba, and P. stephani. This
group of basins representing the South-Northwest Euro-
pean Platform constitutes the main area of diversity at the
specific level of planktic foraminifera.

e A second group corresponds to basins located in the
Atlas—the Tébessa Basin (TB), Agadir Basin (AB), and
Central High Atlas (CHA)— and shows a very similar
specific composition with seven species in common: M.
delrioensis, Planoheterohelix globulosa, W. archaeo-
cretacea, W. baltica, W. paradubia, P. gibba, and P.
stephani.

e The third group includes the eastern basins, that is,
Ksour Basin (KB), NE Sicily (NES), Central Tuni-
sia Basin (CTB) and Gabal Nezzazat, Egypt (SWS).
This group is isolated in the phenogram and the Class
Diagram. The analysis suggests a connection between
Central Tunisia Basin (CTB) and NE Sicily (NES)
in view of the diversified and homogeneous specific
composition they share (D. hagni, G. cenomana, M.
planispira, M. simplex, P. moremani, Pl. reussi, W.
aprica, W. archaeocretacea, W. aumalensis, W. bal-
tica, Globigerinelloides bentonensis, G. ultramicra,
and P. stephani). The other two basins, Ksour Basin
(KB) and Gabal Nezzazat, Egypt (SWS), both located
in the northern palacomargin of Africa, are completely
isolated. The composition of planktic foraminifera
is < 10% of the total list of species included in the
analysis. Only four species are shared (G. cenomana,
M. planispira, P. moremani, and PI. reussi), and keeled
morphotypes are absent.

The taxonomic data included in the software BG-Index
1.1 B (Escarguel 2001) show a biogeographic gradient from
groups I to III, passing through group II (Figs. 9, 10). There-
fore, during the W. archaeocretacea Zone there is a binary
similarity between the basins probably favoured by the con-
necting sea-ways and also similar environmental conditions
(e.g. oxygenation degree, nutrients availability, trophic

conditions, temperature or salinity). The microfaunal list
analysed points to both Tethyan and Atlantic influences. The
absence of keeled and globular forms from some basins is
remarkable, most likely related to local environmental con-
ditions. The planktic species recorded from basins such as
the Ksour Basin (KB) and the Gabal Nezzazat Basin, Egypt
(SWS) indicate similar environmental conditions as well as
connections between both areas of the North African pal-
aeomargin, may be related to distribution of currents (see
also Scotese 2011) advancing along the palaecomargin from
east-to-west with a clockwise sense (Poulsen et al. 2001;
Hay 2009).

5.1.2 Comparison of §'3C

The Cenomanian—Turonian transition (W. archaeocretacea
Zone) is recorded in other regions of the world by an impor-
tant carbon isotopic excursion (Jenkyns 1980; Hilbrecht and
Hoefs 1986; Jarvis et al. 1988; Peryt and Wyrwicka 1991;
Accarie et al. 1996; Hilbrecht et al. 1996; Hasegawa 1997;
Nederbragt and Fiorentino 1999; Amédro et al. 2005; Keller
et al. 2001, 2004; Caron et al. 2006; Grosheny et al. 2008,
2013; Karakitsios et al. 2007; Shahin 2007; Soua and Tri-
bovillard 2007; Luciani and Cobianchi 1999; Westermann
et al. 2010; Yilmaz et al. 2010; Hardas et al. 2012; Aquit
et al. 2013; Prokoph et al. 2013).

However, the maximum values of the positive carbon iso-
topic excursion are diachronous, located below the Cenoma-
nian—-Turonian boundary, probably related to the diachro-
nous record of planktic foraminifera (see Desmares et al.
2007; Mort et al. 2007; Paul and Lamolda 2009). The posi-
tion of the carbon isotopic excursion is variable with respect
to the anoxic interval. The W. archaeocretacea Zone is char-
acterized by relatively higher values than the R. cushmani
Zone both in the North African Margin and South European
Margin (Fig. 11). However, the maximum values in this
positive trend are recorded in variable position within the
W. archaeocretacea Zone. The upper part of the W. archae-
ocretacea, around to the Cenomanian—Turonian boundary
is characterized by a negative carbon isotopic excursion as
recorded in the Ait Lamine Fm (Agadir Basin, Morocco; Jati
et al. 2010), Tarfaya (Morocco, Tsikos et al. 2004), Oued
Bahloul Fm (Central Tunisian Atlas; Caron et al. 2006) and
Rhoundjaia Fm in the Ksour Basin (Algeria) as evidenced
in this study. Low values of 8'C are recorded also in South
European Margin, but they are not a peak (e.g. the Iberian
Basin, Barroso-Barcenilla et al. 2011; the Vocontian Basin
in France, Takashima et al. 2009; Umbria Marche in Italy,
Tsikos et al. 2004). In central Europe, the peak of the CIE
is more delayed with respect to the Cenomanian—Turonian
boundary, as seen for the Plenus Marls and Ballard Cliff
Member (Eastbourne; Keller et al. 2001).

@ Springer



418 Journal of Iberian Geology (2018) 44:405-429

@ Springer



Journal of Iberian Geology (2018) 44:405-429

419

«Fig.7 SEM illustrations of planktonic and benthic foraminifera
from the Cenomanian and Turonian of the Rhoundjaia Formation. a
Guembelitria cenomana (RH 17'). b Muricohedbergella delrioensis
(RH 17'). ¢, d Planoheterohelix moremani (RH 17'). e Planohetero-
helix reussi (RH 24"). f, g Ammobaculites coprolithiformis (RH 17').
h Ammobaculites impescus (RH 30). i, j Ammobaculites subcretacea
(RH 31"). k Bolivina incrassata (RH 29'). 1 Bolivina plaita (RH 29’).
m Bolivina sp. (RH 29). n, o Gabonita levis (RH 29'). p Ammob-
aculites stephensonis (RH 30"). @ Ammobaculites fragmentarius (RH
31"). r Gavelinella sp. (RH 29’). Scalebar 100 um

Therefore, the positive carbon isotopic excursion recorded
in the Rhoundjaia Formation (Ksour basin) shows a strati-
graphic distribution that is similar to those of other Tethys
basins, especially in the North African palacomargin.

5.2 Palaeoenvironmental interpretation

Planktic and benthic foraminifera with assemblages consist-
ing of low diversity and low oxygen tolerant species reflect a
carbonate platform with nutrient-rich dysoxic conditions, but
not anoxic conditions. Planktic foraminiferal assemblages
are characterized by small simple morphologies (r-strate-
gists, Planoheterohelix and Guembelitria) that mainly lived
in the upper water column (Hart 1999; Price and Hart 2002;
Keller and Pardo 2004b; Gertsch et al. 2008). Most isotopic
data from Cenomanian—Turonian planktic foraminifera are
consistent with a shallow habitat for heterohelicids (e.g.
Corfield et al. 1990; Price et al. 1998; Price and Hart 2002).
Deep-dwellers opportunist Muricohedbergella, mainly M.
delrioensis, has been reported from oxygen depleted envi-
ronments (Coxall et al. 2007; Ando et al. 2010; Reolid et al.
2016). Hedbergellids were traditionally considered shallow-
water taxa but isotopic analyses indicate they were adapted
to a wide range of depth probably overlapping with rotali-
porids (Norris and Wilson 1998; Price et al. 1998). Keeled
forms were recorded only in the lower part of the section
represented by Rotalipora sp. and Dicarinella sp., both inter-
mediate to deep-dweller specialists (Keller et al. 2001; Coc-
cioni and Luciani 2004; Keller and Pardo 2004a, b). The low
oxygen tolerant heterohelicids and hedbergellids are the first
to colonize new seaways and ecospaces and among the last
to survive in shallow neritic environments (Keller and Pardo
2004a, b; Gertsch et al. 2008). These shallow environments
are often characterized by high nutrients due to terrigenous
input, and occasionally low salinity due to fresh water influx.

From the base of the Rhoundjaia section, different pal-
aeoenvironmental fluctuations can be recorded according to
the microfacies and microfossil assemblages (Fig. 12).

The lower part of the section (RH 1 to RH 9) with domi-
nant mudstones and wackestones rich in planktic foraminif-
era indicate a clear influence of offshore conditions. The
record of keeled forms of planktic foraminifera (Rotalipora,
Helvetoglobotruncana and Dicarinella) is indicative of

stable oligotrophic to mesotrophic conditions as well as the
presence of intermediate to surface-dweller specialists (see
Reolid et al. 2016). This is congruent with the assemblages
and the inferred environmental conditions of the Upper
Cenomanian recorded in the Betic Cordillera (Reolid et al.
2016).

The next stratigraphic interval (RH 10 to RH 14) is char-
acterized by a higher influence of benthic components in the
microfacies (bivalves, echinoids, foraminifera, gastropods,
ophiuroids, ostracods, serpulids and trace makers) and the
decrease of planktic foraminifera. These trends suggest a
relative drop in sea-level and a shift from open marine to
a middle neritic palacoenvironment. However, sedimentary
structures indicating high energy conditions are not recorded
and indicate a depth below storm wave base. The bloom of
small gastropods and serpulids, together with the presence
of sessile agglutinated foraminifera, at the top of this interval
may be related to changes in the cohesion degree of the sea
bottom and opportunist colonization. Planktic foraminif-
era are very scarce; they newly appear in the top (RH 14)
as unkeeled trochospiral forms with globular chambers, a
morphogroup probably corresponding to more opportunist
forms, that indicate relatively mesotrophic conditions (see
planktic foraminiferal morphogroups of Reolid et al. 2016).

The next stratigraphic interval shows successive blooms
(RH 14'-RH 22) of different benthic organisms such as small
echinoids M. pseudofournelli and gastropods. High contents
of gastropods and echinoids have been reported in conjunc-
tion with biotic stress during an initial phase of the OAE2
in the Sinai (Egypt) by Gertsch et al. (2008) related with
rising sea-level. Moreover, gastropods, serpulids, encrusting
foraminifera Placopsilina and microbialite are locally very
abundant (bed RH 15), indicating a higher degree of sea bot-
tom cohesion, a potential decrease in sedimentation rate and
the opportunist colonization of the sea bottom. This is con-
gruent with a transgressive trend (Fig. 12). In addition, the
pelagic influence is consistent with the record of ammonites
and planktic foraminifera. The record of biserial planktic
foraminifera (Planoheterohelix) would indicate eutrophic
conditions and the transition from oxygenated to poorly oxy-
genated waters (Reolid et al. 2015, 2016). Heterohelicids
may be interpreted as low oxygen tolerant, blooming in strat-
ified open marine settings (e.g. Keller et al. 2001; Coccioni
and Luciani 2004; Keller and Pardo 2004a; Reolid et al.
2016). However, this part of the section shows abundant
benthic fauna, and suboxic or anoxic conditions are excluded
in this sector. Still, the increase of heterohelicid tests in this
setting could indicate changes in the water column in distal
and more pelagic environments. The increase in heteroheli-
cids (Heterohelix shift) correlates with the abrupt increases
recorded in the lower part of the W. archaeocretacea Zone of
the Oued Bahloul section of Central Tunisia just before the

@ Springer
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Fig.8 SEM illustrations of ostracods from the Cenomanian and
Turonian of the Rhoundjaia Formation. a—c Cytherella gr. ovata in
right, dorsal and left views (RH 17’). d, e Cytherella sp.1. (RH 22’).
f Paracypris dubertreti (RH 17'), g, h Paracypris mdaourensis (RH
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29"). i Bythocypris sp. (RH 17'). j Macrocypris sp. (RH 17'). k Bair-
dia sp.1 (RH 17'). 1 Bairdia sp. 2 (RH 17'). m—o Cythereis mdaouer-
ensis in lateral and dorsal views (RH 29’). p Cythereis sp. (RH 31"). q
Cythereis magnei (RH 31"). r Cytherelloidea sp. (RH 17')
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Fig.9 Phenogram (tree of neighbour-joining) allowing the visualiza-
tion of the proximity relationships between basins. AB Agadir Basin,
CHA Central High Atlas, CTB Central Tunisia Basin, EB Eastbourne
Basin, /B Iberian Basin, KB Ksour Basin, NES North East Sicily,
SWS Jabal Nezzazat, TB Tébessa Basin, Vb Vocontian Basin
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Fig. 10 Class diagram between basins. AB Agadir Basin, CHA Cen-
tral High Atlas, CTB Central Tunisia Basin, £B Eastbourne Basin,
1B Iberian Basin, KB Ksour Basin, NES North East Sicily, SWS Jabal
Nezzazat, TB Tébessa Basin, Vb Vocontian Basin

OAE?2 (Reolid et al. 2015). Yet depleted oxygen conditions
are not recorded in this part of the palacomargin. The low
oxygen tolerant heterohelicids (surface-dweller opportunists)
and hedbergellids (deep-dweller opportunists) colonized this
relatively shallow neritic environment characterized by high
nutrients due to terrigenous runoff and low salinity due to
fresh water influx. In the Ksour Mountains these conditions
are indicated not only by heterohelicids and hedbergellids,
but also by the presence of textulariina (Ammobaculites)
associated with hyaline species but without porcellaneous
forms (e.g. Barnard et al. 1981; Wu et al. 2015).

The next stratigraphic interval (RH 22-RH 29) is charac-
terized by a progressive diminution of heterohelicids (mainly
from sampling bed RH 25') and the increase of filaments
and cytherellid ostracods. Heterohelicids survived whereas
hedbergellids (deep-dwellers) disappeared. According to
Leckie et al. (1991, 1998) biserial heterohelicids also tend
to dominate marginal marine environments and they toler-
ated low salinity. Therefore, these trends may be related
to a relative sea-level fall (or an advanced highstand). The
record of well-preserved benthic macroinvertebrates such as
bivalves, echinoids and gastropods, and nektonic organisms
such as ammonites, confirm oxygenation at the sea bottom.
The filament event, likewise reported in other parts of the
Atlas from eastern Tunisia to western Morocco, has been
interpreted as related to hemipelagic conditions during the
maximum flooding (Zagrarni et al. 2008; Negra et al. 2011).
However, the amount of filaments in the studied section are
not comparable with examples from Tunisia and the context
is not compatible with the maximum flooding.

The disappearance of planktic foraminifera in the Lower
Turonian indicates particular palacogeographic conditions
of the Ksour Basin in comparison with the Tunisian Atlas
and the Moroccan High Atlas where a maximum flooding
and deepening (drowning phase) is recorded at the Cenoma-
nian—-Turonian boundary with black shales (Zagrarni et al.
2008; Negra et al. 2011; Reolid et al. 2015; Aguado et al.
2016). Only the record of ammonoids in the upper part of
the section is congruent with the sea-level rise registered in
the neighbouring regions.
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Fig. 11 Correlation of 8'*C isotope curve of the Rhoundjaia Fm with some basins of the North African palacomargin and basins of southern

European palacomargin

The uppermost part of the section (RH 29'-RH 36) shows
a shallowing upward trend with an absence of planktic
foraminifera and filaments, and an abundance of trace fos-
sils. The low diversity of the benthic foraminiferal assem-
blage—composed mainly by Gabonita and Gavelinella—
may be a relatively good indicator of shelf environments
(Gebhardt et al. 2004). G. levis is known as an indicator of
high flux of organic matter and related to oxygen depletion
in the Latest Cenomanian and Early Turonian (Gebhardt
et al. 2004). The extremely low diversity of Gabonita domi-
nated assemblages is congruent with restricted conditions.

Therefore, this part of the Atlasic Basin, with shallow
environments prone to major changes related to OAE2

@ Springer

related to nutrients availability and oxygenation throughout
the Cenomanian—Turonian boundary but the incidence was
lower than in neighbour areas of the Western Tethys. Typi-
cal open ocean sites such as Demerara Rise (Western South
Atlantic, Oued Bahloul (Southwestern Tethys) and Subbetic
(South Iberian Palaecomargin, Western Tethys) are affected
by expanded OMZ in the water column.

Bottom water oxygenation in the Rhoundjiia section was
controlled by a combination of water mass source and mix-
ing and sea-level changes. The shallow environments of this
area of the trans-Saharan seaway, flooded during sea-level
rise of the Cenomanian—Turonian transition and poorly oxy-
genated deep waters reach the carbonate platform favouring
the nutrification (upwelling) and proliferation of oppor-
tunists such as Planoheterohelix and Muricohedbergella.
The proposed model has coincidences with the Guerrero-
Morelos Platform (southern Mexico) where the Cenomanian
shallow platform setting was affected by expansion of the
OMZ during the sea-level rise of the Cenomanian/Turonian
transition (Hernandez-Romano et al. 1997). However, the
magnitude of the drowning in Guerrero-Morelos Platform
was higher than in the studied area of the Atlasic Basin and
oxygen-poor waters and increasing depth exterminate the
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benthic carbonate production. According to Herndndez-
Romano et al. (1997) subsidence had an important role in
this area.

This pattern is clearly different to the model proposed
by Elderbak et al. (2014) and Lowery et al. (2018) for the
Western Interior Basin, where deoxygenation in shallow
environments was controlled by estuarine-circulation in a
semi-restricted basin.

6 Conclusions

During the Late Cenomanian—Early Turonian, the Ksour
Basin constituted a mid to outer shelf environment where
relative sea-level changes were recorded in the faunal
assemblages by changes in the neritic/pelagic influence.
Benthic and planktic foraminiferal assemblages, consisting
of low diversity and low oxygen tolerant species, reflect a
carbonate platform with biotic stress conditions. During W.
archaeocretacea Zone, planktic foraminiferal assemblages

were dominated by opportunists such as Muricohedbergella
(deep-dweller), Planoheterohelix and Guembelitria (surface-
dwellers), which colonized new ecospace in the shelf when
the sea-level rose (heterohelicid shift). The OAE2 is not
reflected in the studied section by organic rich facies, yet its
impact can be also identified through the successive prolif-
eration of different organisms such as microgastropods and
echinoid hemiasterids just before the heterohelicid shift. The
continuous presence of trace fossils and benthic macroinver-
tebrates allows us to exclude oxygen depleted conditions.
The proliferation of Planoheterohelix in the W. archaeocre-
tacea Zone marks the record of eutrophic conditions and
the transition from oxygenated to poorly oxygenated waters
during stratified open marine settings that were favoured
by marine flooding. The subsequent increase in thin-shelled
bivalves and cytherellid ostracods confirm the stress condi-
tions at the time of the §'*C isotopic excursion. The onset of
the Turonian is accompanied by a shallowing upward trend
in the Ksour Basin, while neighbouring regions such as the
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Tunisian Atlas and Moroccan High Atlas record a maximum
flooding and deepening with black shales.

Comparison of the taxonomic composition of the planktic
foraminiferal assemblages (phenogram and class diagram)
points to a closer relationship between the Ksour Basin
and the Northeast Sicily Basin, Central Tunisia Basin and
Egypt, as opposed to other basins in southern Europe and in
Morocco. This context means potential geographic connec-
tion or similar environmental conditions. Notwithstanding,
the comparison indicates that the Ksour Basin was relatively
isolated with respect to surrounding basins.
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