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Abstract
Globally, the Paleogene period experienced several events marking the Paleocene-Eocene transition which is especially to one of the hottest periods that
the Earth has ever known (Paleocene-Eocene Thermal Maximum, PETM),
followed by the biological crisis that affected benthic foraminifera. The Bekrit
Syncline, subject of this study, shows three Formations of range from the
Cretaceous to the Eocene ages (the El Koubbat, Irbzer and Bekrit-Timahdite
Formations). Sedimentological, palynological and geochemical analyses of
collected samples, in the Bekrit syncline, were studied to determine the paleogeographic and paleoenvironmental conditions of the Middle Atlas. The
carbonate rocks were analyzed by microscopic study and geochemical analysis by X-ray Fluorescence (XF) and Inductively Coupled Plasma Spectrometry
(ICP). The results obtained highlight the sedimentary events that took place
during the Paleogene. Thus, the Maastrichtian is characterized by a closed
euxinic marine environment shared by a more open and oxidizing environment. On the other hand, the Paleocene was a restricted marine environment
with evaporitic sedimentation, while the Eocene sees the installation of a carbonate platform with a bioclastic Shoal.
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1. Introduction
The Meso-cenozoic deposits of the Moroccan Middle Atlas correspond to a
shallow shelf marine environment [1] [2]. Several periods with carbonate sedimentation have been recognized in the Middle Atlas and High Moulouya: at the
level of the Lower and Middle Lias in the Lower Toarcian-Bajocian, Lower Bathonian-Callovian, Upper Cretaceous and Eocene [3]-[12].
The Paleogene, the subject of this study, represented an important period of
geological history on the scale of the Earth. This period shelters the KT (Cretaceous-Tertiary) crisis and the climatic crisis of the Paleocene-Eocene transition.
The latter is responsible for global warming of the Earth (≈+5˚C), global change
in the ocean circulation pattern and also for the quick extinction of benthic Foraminifera [13]. This crisis is known among scientists by the name “PETM” (Paleocene Eocene Thermal Maximum).
The study of these events has awake the interest of the international scientific
community for several decades on the KT crisis [14] [15] [16] [17] [18], and the
work on the Paleocene-Eocene Thermal Maximum (PETM) [12] [19]-[24].
In Morocco, the late Cretaceous-Paleogene series are marked by the deposition of the most important phosphate basins in the world (Oulad Abdoun, El
Gantour, Meskala and Oued Dahab). The Mesetian phosphate basins as a whole
are characterized by the deposition of two bio-sedimentary systems with very distinct characteristics: a lower bio-sedimentary system of Campanian-Maastrichtian
age, and a higher bio-sedimentary system of Palaeogene area. They are separated
by a significant sedimentary boundary of regional extension of SB1 type [25]-[31].
Besides these phosphate basins, the Moroccan subsoil has other phosphate basins of lesser economic interest, such as the residual deposits of the Middle Atlas
and the High Atlas of Marrakech. On the northern slope of the High Atlas, the
sedimentary series of Late Cretaceous-Paleogene age are characterized by shallow
marine deposits, of marginal-littoral to epicontinental (subtidal to inter-supratidal)
type, which mainly carbonates (limestone, dolomites and marls) but also phosphates and detritus [27]. These series are subdivided into two sedimentary systems, separated by a sedimentary discontinuity (SB1 type sequence boundary)
that results in a hardened, karstified, locally silicified and perforated surface [25].
At the level of phosphate occurrences in the Middle Atlas, sequence stratigraphy has defined two sedimentary systems separated by a sedimentary boundary
of SB1, with supra-regional values identifiable at the Foum Khneeg region and
comparable to those of the Moroccan Meseta basins [31]. This series at the level
of the residual basins of the South-Western Middle Atlas reflect bitumino-phosphate and carbonate sedimentation very rich in fauna, flora and consequent
geological events [31] [32].
The objective of this study is to define all the stages of phosphate, bituminous
and carbonate sedimentation of the Bekrit syncline (El Koubbat syncline); to
provide the main features of all the paleogeographic and paleoclimatic events at
the Cretaceous-Tertiary (K-T) and PETM transitions, on the basis of geochemiDOI: 10.4236/ojg.2021.113005
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cal, sedimentological and Palynological analyses.

2. Geological Setting
The Middle Atlas is a mountain chain oriented NE-SW, stretching over more
than 400 km from the central high Atlas in the south to the first hills of the Rifain region in the north (Figure 1). It is boarded the east by the eastern Moroccan Meseta, and the west by the western Moroccan Meseta. The Middle Atlas is
subdivided into two sub-domains separated by Oued Srou: the Northern Middle
Atlas to the NE and the Southern Middle Atlas to the SW [33] which is adjacent
to the Central High Atlas with which is structurally inseparable [34].

Figure 1. Geographical location from Morocco to the African continent (A), the location of the Middle Atlas in
the Moroccan Atlas domain (B), Geological map of the folded Middle Atlas according to Mountaj et al. (2019)
(C) [38].
DOI: 10.4236/ojg.2021.113005
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The work conducted by Termier (1936) [35] in the Middle Atlas permits to
subdivide it into two sub-domains separated by the North Middle Atlas Fault
Zone (NMAFZ); the Middle Atlas Causse in the North-West and the Folded
Middle Atlas in the South-East. The NMAFZ corresponds to the first anticline
ride of Colo (1961-1964) [36]. It is underlined by a sinuous crest line, oriented
approximately NE-SW. from the North-East to the South-West we distinguish:
Jbel Tajda, Jbel Ben Ij, Jbel Tisdadine, Foum Khneeg and Jbel Hayane. Its most
obvious materialization is of a morphological order [8] [37]:
- The Middle Atlas Causse, or tabular Middle Atlas, with altitudes ranging
from 1400 to 2000 meters in the form of plateaus cut into fault blocks along
several north-east facing faults. This sub-domain is formed by Liasic carbonate cobred by Plio-quaternary basalt flows from many volcans [38] [39] [40]
[41] [42].
- The folded Middle Atlas corresponds to the reliefs forming High Mountain
exceeding 3340 m in altitude. Structurally, it is marked by the existence of
anticline Colo wrinkles [36], which form the main relief lines. These anticline
wrinkles are separated by large synclines of Bekrit-Timahdite, BouAnguer,
Ain Nokra and Odikssou, home to a thick Jurassic sedimentation, covered by
the Cretaceous-Paleogene sedimentation (Figure 2).
- Most of the Middle Atlas is covered by carbonate sedimentation of limestone,
marls and marine dolomites from the Lower and Middle Jurassic which cover
red Permian and Triasic detritic sedimentation. Deposits from the shallow
continental sea layers were deposited during the Cretaceous to the Tertiary
[37].
Since the beginning of the Mesozoic, the structural history of the Middle Atlas
has been determined by a network of pre-existing faults that have been reactivated on various occasions and in various ways (Figure 1). This network of
faults is characterized by a main direction from 35˚ to 45˚ [43] [44].
Meso-cenozoic sedimentation deposited without major discontinuity in the
history of the Middle Atlas [4].
The Mesozoic of the Middle Atlas outcrops in the residual basins. It begins
with red detritus deposits with evaporitic interleavings accompanied by the establishment of a fissured and explosive volcanism of the Triassic [5] [45]. The
latter is covered by carbonate deposits recognized in the residual basins as a
platform deposit materialized by dolomitic deposits of Sebkha in the lower Lias,
followed by a carbonate deposit that evolves from a closed environment to an
open environment in the upper Lias. The Dogger rests in concordance on the
Lias is marked by deposits of reef limestones following the grey marls, covered
by red marls topped by deposits of clay and evaporite marls that evolve to a terrific sedimentation [2] [10] [37] [46].
The Cretaceous is based in discordance on the terrific sedimentation of the
Dogger. It begins with carbonate sedimentation, followed by conglomerates covered with limestone and marl and ends with conglomerates from the Oued EL
DOI: 10.4236/ojg.2021.113005
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Atchane of the lower Cretaceous [5]. The Upper Cretaceous is marked by bituminous and phosphate sedimentation in the El Koubbat Formation, followed by
red sandstones of Ait Hamza and marls of Tighboula, surmounted by marl limestone deposits and limited by gypsum marls [1] [2] [4] [37] [47] [48].
The Cenozoic has red sandstones in the basal area and red marls with evaporitic interleaved marls delivering Feistiella Charophytaes indicate a Maastrichtian-Paleocene age that is located in the Bekrit-Timahdite residual basin (Irbzer
Formation), Ain Nokra, Oudikessou and BouAnguer, surmounted by bioclastic
limestones of the Bekrit-Timahdite Formation, pink, yellow to white, shallow sea
of middle Eocene age. These limestones are overcome by a regressive series of
post-Lutetian gypsum red marls from the Feleddi Formation, a Oligocene age
continental sandstone conglomerate series and Miocene lake deposits [2] [3]
[49].
During the Plio-quaternary period, the Middle Atlas was the site of alkaline
magmatic activity (Figure 1). They recognized two alkaline series of Middle Miocene and Middle Quaternary ages [39] [40] [41] [42].
The Late Cretaceous-Paleogene Formations range laterally across the four synclines (Figure 2). In the Bekrit syncline, the Paleogene deposits lie concordantly
on the Upper Cretaceous. The Upper Cretaceous consists of five Formations, of
which the El Koubbat Formation is represented only in the Bekrit Syncline. On
the other hand, the Bou Angueur Syncline represents Cretaceous and Paleogene
deposits beginning with the Foum Kheneg Formation, which lies in angular discordance on Middle Jurassic limestone and dolomite limestone. This Formation
represents the equivalent of the Irbzer Formation which is not outcropping in the
Bou Angueur Syncline. It is surmounted by the Bekrit-Timahdite, Felledi and Oudiksou Formations.

Figure 2. Schematic map of the south-western part of the Middle Atlas. Bekrit Syncline
(El Koubbat Syncline) (1), Bou Anguer Syncline (2), Timahdite Syncline (3), Ain Nokra
Syncline (4), Oudiksou Syncline (5), Felledi Fault (FF), Northern Middle Atlas Fault
(NMAF), Middle Atlas Fault (MAF), Southern Middle Atlas Fault (SMAF).
DOI: 10.4236/ojg.2021.113005
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The reactivation of major faults plays a very important role in the Tertiary sedimentation identifying a different stratigraphy on either side of the fault. It separates a domain with a Cretaceous series and a domain devoid of the Cretaceous series [1] [2] [4] [8] [38] [50] [51].

3. Materials and Methods
This study is based on a set of carbonate, phosphate and bituminous rock samples that were collected in the Tasemakt section, on the northeast flank of the
Bekrit syncline (EL Koubbat syncline). The selected samples underwent a thinsection petrographic study using a Nikon polarizing microscope at a magnification ranging from 40 µm to 400 µm and microphotographs were taken with a
Canon camera. For the description of thin sections and the identification of microfacies the following books have been used: Flügel (2010) [52]. The classification used is that of Dunham (1962) [53] completed by Embry & Klovan (1972)
[54].
Geochemical analyses focused on a set of representative carbonate samples
from the Tasemakt section (Bekrit Syncline). The geochemical analyses, carried
out by inductively coupled plasma spectrometry (ICP) and X-ray fluorescence,
mainly concerned carbonate facies of Eocene age at the National Center for
Scientific and Technical Research (N.C.S.T.R) and Sedimentary Basins Dynamics
and Geological Correlations Laboratory, Faculty of Sciences Ben M’Sik, Casablanca).
For X-ray fluorescence, the wavelength dispersion spectrometer—type Axios
is used. The pastil (PROT-ELE03-v01) and the bead (PROT-ELE02-v01) are
used by ignition measured by heating the samples to 1000C˚ in porcelain crucibles.
The statistical study by principal component analysis (PCR) was carried out
on a table of Individuals according to 10 variables. The variables used are: Iron,
Chromium, Potassium, Magnesium, Manganese, Sodium, Nickel, Phosphorus,
Strontium and Zinc.
The palynological analysis adopted is the one used to process Tertiary age
samples (Slimani, unpublished report). The protocol used for palynological analysis
corresponds to an optimized extraction of Dinokysts and pollen grains on the
sedimentary fraction < 250 µm. The aim of palynological attack is to free organic
matter from the mineral matrix that surrounds it. The samples represent clays,
sandstone clays, sandstones, marls and carbonates. This technique is carried out
in the laboratory of sedimentary basin dynamics and geological correlations.

4. Results and Discussions
4.1. Sedimentological Analysis
4.1.1. Sedimentary Corteges
The raised sections are located on the northwestern flank of the El Koubbat syncline in the vicinity of the Tasemakt oil shale heat treatment pilot plant. The seDOI: 10.4236/ojg.2021.113005
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dimentological and sequences interpretation allow the definition of five deposit
sequences (Figure 3 & Figure 4).
The Deposit Sequence A, of Maastrichtian area, begins with an alternation of
20 meters of bedded and indurate marls in fine platelets evolving into bituminous,
very oily and dolomitic black shells. The thin limestones are Wackstone/Packstone textures with benthic Foraminifera, rare phosphate grains, rare quartz
grains and dolomicrite to dolomicrosparite matrix. This succession is surmounted
by alternating brown marly limestones with phosphate bioclasts.

Figure 3. Sequence cutting of the Late Cretaceous-Paleogene series of the Tasemakt section, Bekrit syncline, Middle Atlas (Morocco).
DOI: 10.4236/ojg.2021.113005
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Figure 4. Elementary parasequence of gypsum facies, in the Irbzer Formation, Middle
Atlas (Morocco).

The Deposit sequence B, which is Maastrichtian-Paleocene age, is formed
globally by two facies sequences. The base of the sequence is underlined by brown
micritic siliceous limestones and greenish bituminous marls with phosphate debris.
The Deposit Sequence C, which Paleocene area, consists more than 50 meters
thick facies sequences interpreting a transgression cortege. The latter represents
an alternation of yellow marls with calcitic concretions and green marls slightly
gypsum. The high sea level deposits are 58 meters thick and mark a global trend
of relative sea level decrease. These deposits are composed of a succession of
elementary parasequences reflecting an alternation of clay and gypsum facies
that characterizes an accumulation of marine floods of low water level (Figure
4). The regressive trend is marked by the stratocrogression of gypsum facies in
privilege of clay facies.
The deposit sequence D, which Lowers Paleocene-Eocene age, is heralded by a
transgressive surface represented by lightly phosphated limestones with distinct
bioturbation. The set of facies sequences records a thickness of about 200 meters
and translates into a remarkable similarity and stability of sedimentation rhythms.
Such a scenario underlines an aggrading sedimentary dynamic despite the low
water levels and the influence of continental inputs of the Paleocene period. The
maximum flooding surfaces (MFS) are underlined by some levels of blackish
marls that do not exceed 0.5 meters in thickness.
DOI: 10.4236/ojg.2021.113005
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The deposit sequence E, of Lower Eocene-Upper Eocene age, is expressed by
consolidated marls and yellow limestones. It heralds the installation of a carbonate sedimentation platform increasingly rich in marine fauna and marine flora
(Figure 5).
4.1.2. Microfacies Analysis
The microfacies family’s found in the two sections of the El Koubbat syncline are
compiled into four microfacies families (Figure 5 & Figure 6):
- Microfacies family I: This family is marked by the richness of the bioclasts
and lithoclasts which plunge into a micritic matrix. This is the complex of
biomicritical limestones that have a Packstone texture. Sometimes, some microfacies show binder heterogeneity with the appearance of sparite or microsparite patches that herald secondary recrystallization. This family is characterized by a varied faunal assemblage, one site in order of importance:
Bryozoans, Green Algae, Gastropods, Annelids and Milliolids.

Figure 5. The Tassemakt section shows the alternation of calcareous (light) and bituminous
(dark) banks (A), the passage between the alternation of marls and gypsum at the base
and the alternation of red clay and massive gypsum levels in the Irbzer Formation (B); the
Bekrit Formation is characterized by the alternation of massive limestone at the top and
nodular at the base (C), Fossiliferous limestone rich in Gastropods (D), Fossiliferous limestone rich in oyster (E).
DOI: 10.4236/ojg.2021.113005
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Figure 6. Carbonate microfacies of Eocene age of the Bekrit Formation, Biomicrite with
packstone texture rich in Serpulidae (A), Biomicrite with wackstone texture rich in biogenic debris and crinoid plates (B), Biomicrite with packstone texture showing bryozoan
incrustations (C), Reworked microfacies rich in detrital inputs and fractured bioclast debris (D), Packstone-textured biosparite with abundance of green algae (Halimeda) (E),
Packstone-textured biomicrite rich in biogenic debris (F). Serpulidae (An); Green algae
(Al); Bryozoaire (Br); Crinoid (Cr); Bioclasts (B).

- Microfacies family II: This family includes biomicrite-like microfacies with
bioclastic debris and Wackstone texture. It is characterized by a faunal assemblage of the type: Bryozoans, fragments of Lamellibranches (sometimes ornamented), Crinoids and small biogenic debris.
- Microfacies family III: This family is represented by microfacies with a sparite binding phase and skeletal figurative elements such as green algae, bryozoans and gastropods. They are Biosparits with Grainstone texture.
- Microfacies family IV: This association reflects the sparitic microfacies with
dominance of bioclasts and/or intraclasts. These are microfacies characterized
by reworked elements and bioclastic debris of large size broken and reworking indices. The wildlife content includes the following bioclasts: fragments
of Bryozoans, Lamellibranchs, Gastropods and Crinoids.
DOI: 10.4236/ojg.2021.113005
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4.2. Paleodepositional Model of the Bekrit Syncline
The study of the carbonate facies of the Bekrit Syncline revealed four family’s of
microfacies. The general distribution of these carbonate facies is characterized
by a zone ranging from coastal to high barrier energy environments. Figure 7
interprets the location of all the microfacies families inventoried according to
their textures and faunal and floral associations.

4.3. Palynofacies of Bekrit Syncline
The Irbzer Formation is characterized by the abundance of amorphous organic
matter (80%), the absence of palynomorphs of continental origin with rare
dinoflagellate cysts (Figure 8). This absence testifies to a frank marine environment slightly influenced by fine terrigenous inputs. This rarity is probably
due to a reduction in photosynthesis in relation to low primary productivity due
to poor light penetration, or to physico-chemical, sedimentological and diagenetic conditions that do not allow the development and conservation of dinoflagellates.
The Bekrit-Timahdite Formation is distinguished by a richer and more diversified Palynofacies with the presence of a Palynomorph of continental origin (Spores
and Pollens: Cyathidites sp., Pinus sp., Podocarpidites sp.). The presence of woody
organic matter and gymnosperms spores indicate some humidity of the climate
and the proximity of the continent to the sedimentation environment (proximal
environment).
The palynofacies of the two samples K5 and K7 from the El Koubbat Formation
revealed the presence, nevertheless rare, of dinoflagellate cysts. Only the cyst Cf.
Isabelidinium cooksoniae [55] [56], is identifiable in sample K5, which would
attribute the latter to Maastrichtian [57] (Figure 8).

Figure 7. Depositional model showing the organization of the platform and the distribution of Microfacies Family’S (MF) identified in the Eocene.
DOI: 10.4236/ojg.2021.113005
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Figure 8. Carpatella cornuta (Grigorovich, 1969a), sample K7, ×400(A). Areoligera senonensis (Lejeune-Carpentier,
1938a), sample K7, ×400 (B). Cerodinium sp, sample K7, ×400 (C). Podocarpidites sp., sample K7, ×400 (D). Pinus sp.,
K7 sample, ×400 (E). Cyathidites sp., K7 sample, × 400 (F). Plant organic matter; sample K5, ×400 (G). Amorphous organic matter, sample K7, ×400 (H). Organic matter and amorphous organic matter in sample K5, ×400 (I).

Despite the rather poor state of preservation of the dinoflagellate cysts contained in sample K7: Areoligera sp., Cerodinium sp. Carpatella cornuta has been
identified [58] [59] and is considered a good stratigraphic marker of the Danian
[60] [61].

4.4. Geochemistry of Bekrit-Timahdite Formation
Based on the Eocene formations, geochemical analyses show an enriching efDOI: 10.4236/ojg.2021.113005
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fect of Iron, Aluminium, Magnesium, Potassium and lower concentrations of
calcium. These geochemical characteristics reflect a slight drop in sea level.
The higher Iron and Manganese contents testify to a maximum of chemical detritism, characterising the proximity of the continent during this period [62]
[63] [64].
The increase in sea level is relatively materialized by the richness in Sr and the
stabilization of CaCO3 compared to Iron, Aluminum, Manganese, which is becoming very low, reflecting increasingly marine environments, far from continental influences. These high contents are considered by Pomerol (1976) (in
Pascal, 1985) [63] to be indirectly related to the transgression phases.
The principal component analysis allowed determining possible linkages between the samples and the chemical elements analyzed in order to facilitate the
interpretation of the paleoenvironments after the crisis of the Paleocene-Eocene
transition. The statistical study by principal component analysis was carried out
on a table of individuals according to 10 variables. The variables used are: Iron,
Chromium, Potassium, Magnesium, Manganese, Sodium, Nickel, Phosphorus,
Strontium and Zinc.
The final reconstitution of the distribution of the chemical elements allowed
us to define the factorial axes or factors responsible for this distribution and to
highlight the affinities between the different chemical elements. This study allowed
us to define three assemblies distributed in the factorial planes (F1*F2) (Figure
9):
- The first assembling, positively correlated with the factorial axes, includes
Magnesium; Strontium and Manganese.
- The second, positively-negatively correlated with the factor axes, includes
Iron, Chromium, Potassium and Zinc.
- The third, negatively-negatively correlated, combine’s Phosphorus and Sodium.
Then, the projection of the samples allowed the definition of several components that can be distinguished according to the presence or absence of affinity
between samples and assembly.
The projection of the samples allows the definition of several components
(Figure 10).
The Sample T10 represents affinities with the first assembling. The increase in
manganese, strontium and magnesium contents reflects a more open sea level.
Pomerol (1976 in Pascal, 1985) [63] proposes that high manganese values in
carbonates are indirectly related to transgression phases. Samples AG 16 and
AG18 represent affinities with assembly 2.
This assemblage reflects the decline of the water slice and indicates a very
proximal environment influenced by continental inputs. Samples T1A, AG13,
AG20b represent affinities with Assay 3 interpreting phosphorus and sodium
concentration. This configuration is probably related to a more open marine paleoenvironment.
DOI: 10.4236/ojg.2021.113005
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Figure 10. Affinities between samples and chemical elements analyzed.

5. Conclusions
The Tassemakt facies are structured into four depositional sequences and a single sedimentary cortege with a transgressive regime. These sequences are arranged on the three formations in this section (El Koubbat, Irbzer and BekritTimahdite Formations). During the Maastrichtian, bituminous facies reflect a
DOI: 10.4236/ojg.2021.113005
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subsident marine environment evolving to a more open and oxidizing environment at the end of the second sequence.
The results of the study of organic matter [31] [32] associated with the sedimentological setting, lead us to consider that the organic matter-phosphate/ oil
shale relationship is linked to a closed threshold paleogeographic system. The
emplacement of the phosphate and bituminous deposits occurred in tilted block
basins which underlines the importance of the Northern Middle Atlas Fault, the
Southern Middle Atlas Accident and their adjacent structures. The play of faults
and their associated structures delineated compartments and paleogeographic
motifs in thresholds that played a determining role in the establishment of the
phosphate and bituminous corteges.
The paleogeographic and geodynamic setting explains the difference between
phosphate and bituminous sedimentation in the other phosphate basins of the
Middle Atlas [2] [31] [32] [65]. It can be said that organic matter phosphate is
conditioned by a redox oxidation potential with regard to bituminous sedimentation, which is probably linked to the closure of the paleogeographic conditions
[12]. They suggested a stratification of the water taking into account the hydrogen peroxide and the minimum oxygen layer (O2/O2 minimum) as a favorable
zone for phosphate and the minimum oxygen zone as a favorable zone for bituminous deposits.
On the other hand, the Paleocene bears witness to a proximal marine environment with several continental episodes. The presence of woody organic matter
and gymnosperms spores testify to a certain humidity of the climate and the
proximity of the continent to the sedimentation environment.
The Eocene area marks the beginning of the installation of a carbonate barrier
platform. The study of Eocene microfacies revealed a recurrence of high energy
and low energy barrier zone media from the supratidal zone. These microfacies
families are characterized by a more diversified faunal association (Bryozoans,
Crinoids, Gastropods...). On the other hand, the geochemical study revealed several correlations, the most striking being the positive correlation of Magnesium;
Strontium and Manganese.
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