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Abstract

:

Microfacies studies were carried out on the Middle Miocene Marmarica Formation exposed at the Gabal Western Bahi El-Din and Gabal El-Najdeen, the Siwa Oasis, northwestern Desert (Egypt). It was distinguished into the lower, middle, and upper members. Eleven microfacies types were recognized, which include skeletal lime-mudstone, dolomitic lime-mudstone, intraclastic wackestone, bryozoan wackestone, foraminiferal wackestone, foraminiferal bryozoan packstone, glauconitic molluscan packstone, molluscan intraclastic packstone, pelletal peloidal skeletal packstone, dolostones, and claystone microfacies. This formation includes several types of emergence- meter-scale cycles (shallowing-upward). Field observations and petrographic analyses revealed that these cycles consist of pure carbonates and mixed siliciclastic carbonates. These cycles consist of four types of gradual cycles and six types of non-gradual cycles. The gradual emergence cycles indicate a balance between the rate of subsidence, sea level oscillations, and sedimentation rate. The non-gradual cycles indicate an irregular balance between sedimentation rate and subsidence rate. The non-gradual cycles denote high-frequency sea level variation and/or short-term sea level oscillations, which are associated with high carbonate formation. The depositional environments of the Marmarica Formation are restricted to lagoonal at the base, followed upward to open marine conditions. Both environments most probably characterize the platform setting.
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1. Introduction


The Middle Miocene (ca. 16–11.6 Ma) is one of the most interesting time intervals in Earth history regarding global climate change [1]. It witnessed two climatic and environmental shifts; the first is known as the Middle Miocene Climatic Optimum (MMCO), and the second (about 15–13 Ma) is called the Middle Miocene Climatic Transition (MMCT). During the MMCO, warm conditions prevailed and perhaps lasted as long as the present day during the whole period of the Middle Miocene [1,2]. A transition to global cooling, the expansion of Antarctic ice sheets [3,4,5], and eustatic sea level fall [6,7,8] were noted during the MMCT. The Miocene carbonates cover most of the Mediterranean regions [9,10,11]. Remarkably homogeneous shallow-marine carbonates were deposited along the southeast Mediterranean Sea coast throughout much of the northern western Desert of Egypt [12] and the Cyrenaica region of north-eastern Libya [13]. In the northern western Desert, the Miocene carbonates are outcropping between Sidi Barani and Salum along a northern escarpment that faces the Mediterranean Sea and between the Qattara Depression and Siwa Oasis along a southern escarpment (Figure 1).



The northwest side of the Siwa Oasis is surrounded by exposed sedimentary successions belonging to the Marmarica Formation. Several studies were carried out on this formation in terms of microfacies analysis, petrography, and stratigraphy [14,15,16,17,18,19]. The most important previous lithostratigraphic studies on the study area in comparison to the present study are represented by Table 1. The Marmarica Formation consists of thick, mostly horizontal carbonate rocks and covers almost the whole northern extent of the Western Desert [20,21,22]. It was assigned to the Middle Miocene [12,14,20]. At the El-Diffa plateau (north Siwa Oasis), it overlies the Mamoura Formation and the Lower Miocene Moghra Formation in most other areas [21]. It has a wide geographic distribution, extending from the Nile Delta in the east to Salum City in the west. Moreover, it extends westwards beyond the Salum and enters Libya parallel to the Mediterranean Sea until Toprock City (eastern Libya).



This formation outcrops at the cliffs that extend along the Mediterranean coast and is composed mainly of alternating limestone, dolostone, and claystone [21]. At the western outcrops, its thickness varies from 78 to 104 m at Minqar Tabagh, at the extreme western tip of the Qattara Depression [22]. It gradually decreases in thickness eastward and changes to a mainly clastic sequence with few limestone beds. Further eastwards, it changes entirely to evaporites, about 6 m thick [22]. Moreover, this formation was subdivided at the Siwa Oasis [14,17].



Shedding light on the Marmarica Formation at the Siwa Oasis, Western Desert (Egypt), will contribute to a better understanding of the sea level oscillations and paleoenvironmental conditions that prevailed during the Middle Miocene and resulted in carbonate deposition along the marine shelf encircling western and northern Africa [17]. The main objectives of this study are to provide a detailed lithostratigraphic description of this study sections, identify the different microfacies, determine their depositional environments, and track the cyclicity of this study interval.




2. Materials and Methods


The Marmarica Formation was investigated in two different sections located at the Siwa Oasis. The first section is exposed at Gabal Western Bahi El-Din, which is located at Latitude 29°26′020″ N and Longitude 25°33′561″ E. The second section occurs at Gabal El-Najdeen at Latitude 29°23′068″ N and Longitude 25°426′04″ E (Figure 1). A total of 435 fresh rock samples were collected from this study sections and wherever lithologic changes were noted. The field work included the collection of lithologic samples and macrofossils, the description of the primary structures, and identifying the different depositional cycles as well as their depositional environments. Laboratory studies include the examination of sixty-seven (67) thin sections representing the beds of the Marmarica Formation by using a Euromex polarizing light microscope at the Department of Geology, Damanhour University (Egypt). The classification of [26], modified by [27], was adopted for remarking the different microfacies types of limestones. Furthermore, ten (10) shale samples from the two studied sections were examined by X-ray diffraction (XRD), and eight (8) dolomitic limestone samples were examined and scanned at the Faculty of Science, Alexandria University (Egypt) by the JSM-IT 200 (JEOL) scanning electron microscope (SEM).




3. Geological Setting


The Siwa Oasis is located on the northwestern side of the Western Desert of Egypt, near the southern edge of the El-Diffa Plateau (Figure 1) and within the tectonically unstable African cratonic border [12] as a part of the North African passive continental margin. The northern Western Desert was subjected to different structural tectonic phases, especially during the Oligo-Miocene [28]. The “Alpine Orogeny” was the result of the convergence of the European and African plates. As a result, the Tethys was closed from the late Cretaceous to the present, the Atlas Mountains have risen, and a general pulsed compressional regime has developed throughout North Africa. Moreover, there was rapid regression of the Tethys after the late Eocene, and concurrent uplift and deposition of the clastic deposits were formed and named the Qatrani Formation [29]. The Qatrani Formation changes northwestward to give rise to the deposition of the inner marine marl of the Dabaa Formation. During the Oligo-Miocene, there was a last rift that affected the North African region and resulted in the evolution of the Red Sea Rift, the East African Rift System, and the Gulf of Aden [30]. This phase is called the Alpine movement, which culminated from the beginning of the Oligocene to the end of the Miocene. From the Late Miocene to the Late Quaternary, there was NW-SE faulting and intense volcanic activity associated with rifting in eastern North and central Africa [29]. Volcanic activity in this phase resulted in the formation of the basaltic plateau (northern Libya), the Qatrani volcanics (Egypt), the Tibesti volcanoes (southeast Libya), the Jebel Haruj’s volcanics (Central Libya, northern east Chad), and Hoggar’s volcanism (northeast Mali, northwest Niger, and south Algeria).




4. Lithostratigraphy


The Middle Miocene Marmarica Formation was introduced by [20] to describe the vast portion of the northern carbonate plateau of the Egyptian Western Desert. Its type locality occurs near Siwa town (about 5 km to the north) at the northern escarpment of Siwa Oasis [20]. It has a thickness of around 78 m of a biogenic carbonate with intercalations of marls and shales [20]. The base of the Marmarica Formation is unexposed [12]. It unconformably overlies the Moghra Formation or the Raml Formation [12] and unconformably underlies the Pliocene–Pleistocene rocks in the Wadi El-Natrun. On the other hand, it conformably overlies the Moghra Formation (Lower Miocene) in the walls of the Depression of Qattara [22]. They added that southwards at the Qattara-Wadi El Natrun stretch, it unconformably overlies the Lower Miocene Raml Formation. Its upper boundary unconformably underlies the Early Pleistocene Gar El Muluk Formation. Further northwards, it is uncovered between the coast of the Mediterranean and the Qattara, except for some loose sand and gravel, or by Pliocene-Pleistocene limestone crust [22]. Eastwards, the Marmarica Formation exhibits lateral facies changes to evaporites that are assumed to be about 10 m thick. However, it grades to marls and becomes a sandy limestone unit near Alamein, and the faunal unit is remarkably uniform [12]. Westwards, it is entirely composed of limestone, with increasing thickness reaching up to 160 m adjacent to the Salum area [22]. Further westwards, beyond the Salum, the Marmarica Formation has the same lithological components (mainly carbonate facies) and enters the Libyan Desert with a new term called the Gaghbub Formation.



Moreover, the Marmarica Formation has been classified into two informal members from base to top: the lower member, which consists of gray calcarenites with intercalations of shale, and the upper member, which consists of pure white limestone [20]. Furthermore, [14] subdivided the Miocene sequence outcropped at the Siwa area into three formal members (the Oasis Member, the Siwa Escarpment Member, and the El-Diffa Plateau Member). They documented that the Oasis Member (Early Middle Miocene) belongs to the Moghra Formation, which is composed of marine facies and cross-bedded coquina and coquina-marl shale intercalated with other mechanical carbonate rocks. The Siwa Escarpment Member (Middle Miocene) belongs to the lower member of the Marmarica Formation and consists of white chalky limestone. The El-Diffa Plateau Member (Middle Miocene) belongs to the upper member of the Marmarica Formation, and it consists of highly fossiliferous chalky limestone alternating with poorly fossiliferous chalky marl or chalk. Later, several authors followed [14] in their subdivision of the Marmarica Formation, such as [16,17,31,32,33,34].




5. Results


5.1. Lithostratigraphy


The present study followed the subdivision of [14] for the Marmarica Formation at the Siwa Oasis. Indeed, it can be classified into lower, middle, and upper members. A detailed description of these members based on field studies and observations is documented below:



5.1.1. The Lower Member


This member is about 22 m and 18.5 m thick at the Gabal Western Bahi El-Din and Gabal EL-Najdeen sections, respectively (Figure 2 and Figure 3A,B). It unconformably overlies the Moghra Formation (Figure 3C). It consists of fossiliferous limestones interbedded with sandy limestones, dolomitic limestone, calcarenite limestone, argillaceous marley fossiliferous limestone, and thin beds of shale. The limestone beds of this member are reddish yellow, brownish, yellowish white, yellow, and white, fossiliferous, argillaceous, gypseous, massive, and sandy. The shale beds are green and greenish yellow, thin-bedded, glauconitic, highly calcareous, jointed, and fractured, fossiliferous, fissile, thin-laminated, and contain gypsum bands and veins (Figure 3D). The macrofossils recorded in this member include Pecten sp. and Oyster sp. of pelecypods and Turritella sp. of gastropods (Figure 3E). The top part of this member is characterized by the presence of several horizontal and vertical burrows of Thalassinoides (Figure 3F) and the occurrence of syndeposition structures (Figure 3A). The top part of this member is characterized by the occurrence of a pecten bed, which attains a thickness of about 0.6 m (Figure 4A).




5.1.2. The Middle Member


It is correlative to the Siwa Escarpment member of [14]. It is about 21.3 m and 8 m thick at the Gabal Western Bahi El-Din and Gabal El-Najdeen sections, respectively (Figure 2). It consists of yellowish white, yellow, and white fossiliferous limestones interbedded with sandy limestones, argillaceous marley fossiliferous limestone, and shale at the Gabal Western Bahi El-Din and Gabal El-Najdeen (Figure 2). The limestone is yellow, reddish yellow, yellowish white and white, glauconitic, gypseous, argillaceous, marley, hard, massive, sandy, thin-bedded, bioturbated, and fossiliferous (Figure 4B–D). Macrofossils include pelecypods (Pecten sp. and Oyster sp.) as well as gastropods (Figure 4A–C). The limestone in this member is distinguished by the presence of vertical and horizontal burrows of Thalassinoides (Figure 4B,C). The shales in this member are light green, dark green, yellow, and yellowish green, laminated, occasionally stained with yellow color, moderately compact, soapy, highly fractured, jointed, highly calcareous, and contain bands and veins of gypsum as well as limestone nodules (Figure 4E,F).




5.1.3. The Upper Member


This member correlates with the EL-Diffa Plateau member of [14]. In this study, it constitutes the main conspicuous feature of the Marmarica Formation. It is 5.5 m and 5.4 m thick at Gabal El Najdeen and Gabal western Bahi El-Din sections, respectively (Figure 2). It consists of white to yellowish white, massive, sandy, and glauconitic chalky limestone. Chalky limestone is enriched with gastropods and pelecypods (Oyster sp.). At Gabal Western Bahi El-din, this member is a massive, bold-like wall that weathers to a light brown color, whereas at Gabal EL-Najdeen, it is represented by two superimposed massive beds (Figure 3A,B).





5.2. Microfacies Analysis


The microscopic investigation of the Marmarica Formation led to the recognition of nine (9) microfacies types, as represented by Table 2.



5.2.1. Lime-Mudstone Microfacies (LM)


Lime-mudstone occurs in the two sections and represents 14.7% and 25.5% of the total thicknesses of the Marmarica Formation in the two studied sections. It is only present in the lower member of the Marmarica Formation at Gabal Western Bahi El-Din and in all members of Gabal El-Najdeen (Figure 2). The beds of this microfacies are yellow, brownish-yellow, and greenish-yellow, sandy, argillaceous, massive, and hard. It is from 0.2 m to 3 m thick at the lower member of Gabal Western Bahi El-Din and 4.3 m, 1.2 m, and 2.6 m at the lower, middle, and upper members of Gabal El-Najdeen, respectively. This rock consists of micron-sized micrite with sparse skeletal particles (Figure 5A).



Dolomitic Lime-Mudstone Microfacies (DL)


This microfacies was recorded in the lower members of two sections, and it represents 37.3% of the total examined lime mudstone association. This microfacies is 1.4 m thick at the lower member of Gabal Western Bahi El-Din and 4.3 m thick at the lower member of Gabal El-Najdeen (Figure 2). It is characterized by yellowish-white to white, yellow and greenish-yellow, massive, and fossiliferous rocks. Petrographically, this microfacies is composed of plates of echinoderms (2%), elongated gastropods (1%), shell fragments of pelecypods (1%), red algae (1%), intraclastic subrounded lime mudstone (1%), and scattered quartz grains (1%) embedded in dolomitic lime mud (93%, Figure 5B). Scattered quartz grains are fine, angular to subangular, moderately sorted grains. Groundmass is represented by rhomb’s crystals of dolomitic lime mud, which changed into microspar due to aggrading neomorphism with many numbers of fine rhomb’s crystals of dolomite. Most fossils are micritized by lime mud and replaced partially by glauconite.




Skeletal Lime-Mudstone Microfacies (SL)


This microfacies was recorded in the lower member of Gabal Western Bahi El-Din and in the lower, middle, and upper members of Gabal El-Najdeen. It is 5.8 m thick at the lower member of Gabal Western Bahi El-Din and 1.2, 1.2, and 1.4 m thick at the lower, middle, and upper members of Gabal El-Najdeen, respectively (Figure 2). The rock of this microfacies is characterized by yellowish-white to white, yellow, dark yellow, and greenish yellow in color, is slightly fossiliferous, and is massive. Petrographically, these microfacies consist of patches of glauconite (2%), foraminifera (1%), shell fragments of pelecypod (1%), bryozoa (2%), and scattered grains of quartz (3%) embedded in a dark micrite groundmass (92%; Figure 5B). The glauconite patches are pale-yellow and green in color and replace the lime mudstone that fills the most fossils. Detrital grains of quartz are fine- to medium-grained (ranging from 0.2 mm to 0.8 mm), angular, and moderately sorted. The groundmass is represented by micrite, which changed into microspar due to aggrading neomorphism. Most fossils are micritized.





5.2.2. Wackestone Microfacies


The wackstone microfacies associations are encountered in the lower and upper members of Gabal Western Bahi El-Din and in the lower, middle, and upper members of Gabal El-Najdeen. These microfacies represent 23.4% and 30.3% of the total thickness of the Western Bahi El-Din and El-Najdeen sections, respectively (Figure 2). It includes bryozoan wackestone, intraclastic wackestone, and foraminiferal wackestone (Figure 2).



Intraclastic Wackstone Microfacies (IW)


Intraclastic wackstone microfacies occurred in the lower member of Gabal Western Bahi El-Din. These microfacies represent 8.5% of the total examined wackstone microfacies association. It measures 1.8 m at the lower member of Gabal Western Bahi El-Din (Figure 2). The bed of this microfacies is characterized by being yellowish-white to white, yellow in color, slightly fossiliferous, moderately hard, and massive. Under a microscope, these microfacies are made up of intraclastic (10%), glauconite (5%), gastropod (2%), and other skeletal parts, as well as scattered grains of quartz (10%) included in a groundmass of micrite (73%, Figure 5C). Intraclastic grains are rounded, subrounded lime mud filled with fine quartz grains. The glauconite plates are pale-yellow in color, and they show partial and complete replacement of lime mudstone (micrite) with a random distribution. Detrital grains of quartz are characterized by fine (ranging from 0.1 mm to 0.2 mm), angular to subangular, and moderately sorted grains. The cementing material is represented by micrite, which changed into microsparite due to aggrading neomorphism. Most fossils are micritized and recrystallized to microspar size.




Bryozoan Wackestone Microfacies (BW)


Bryozoan wackestone microfacies are recorded in the lower member of Gabal Western Bahi El-Din and in the lower, middle, and upper members of Gabal El-Najdeen (Figure 2). It is 1.2 m and 4.8 m thick at Gabal Western Bahi El-Din and Gabal El-Najdeen, respectively (Figure 2). It represents 28.5% of the total examined wackstone associations. The rocks of these microfacies are characterized by being yellowish- white, white to reddish-yellow in color, massive, sandy, slightly argillaceous, and highly fossiliferous (Figure 2). Petrographically, it consists of bryozoa (15%), echinoderms (10%), mollusca (5%), detrital quartz (5%), foraminifera (2%), ooids (1%), and glauconite patches in a micrite ground mass (63%, Figure 5D). The bryozoan chambers are filled with lime mud that changes into neomorphic sparite. Mollusca shell fragments are represented by gastropod and pelecypod shell fragments. Turritella gastropod chambers are filled with glauconite and pelecypod shell fragments and show random distribution in the rock. Echinoderms occur in the form of tabular plates. Foraminifera are represented by Borelis melo and Quinqueloculina sp. Grains of quartz are characterized by being fine to medium, monocrystalline, subrounded, moderately sorted, and scattered randomly in the microfacies. Shell fragments of fossils were partially micritized, while little of these fossils were originally kept in aragonitic fabric. Glauconite patches are pale-green to pale-yellow. The cement is represented by micrite, which changed into microspar due to aggrading neomorphism filling the cavities among the main constituents.




Foraminiferal Wackstone Microfacies (FW)


Foraminiferal wackstone microfacies are noted in the lower, middle, and upper members of Gabal Western Bahi El-Din and in the lower and upper members of Gabal El-Najdeen. It attains 8.4 m and 4.8 m thick at Gabal Western Bahi El-Din and Gabal El-Najdeen, respectively (Figure 6). It records 63.1% of the total examined wackstone associations. It is characterized by being yellowish-white to white and greenish-yellow in color, massive, and fossiliferous (Figure 6). Petrographically, it is composed of skeletal particles and non-carbonate particles. Skeletal particles are represented by foraminifera (10%), echinoderms (10%), molluscan (5%), bryozoa (2%), ostracods (2%), micritized pellets (2%), and intraclastic (2%). Non-carbonate particles are represented by quartz (2–3%), gypsum replacing lime mudstone that fills most fossils. All particles are embedded in micrite groundmass (64%, Figure 5E). Foraminifera is represented by Borelis melo and Quinqueloculina sp. Echinoderms are rounded, tabular plates. Mollusca is represented by shell fragments of pelecypods and gastropods. Grains of quartz are fine to medium, monocrystalline, subrounded, and moderately sorted. Its size reaches 0.5 mm. Intraclastics are subrounded to rounded lime mud. Shell fragments are partially and completely recrystallized to microsparite or micrite, while few of these fossils were originally preserved in aragonitic texture. The cementing material is represented by micrite, which changed into microsparite due to aggrading neomorphism filling the cavities among the main constituents.





5.2.3. Packstone Microfacies Association


This member correlates with the EL-Diffa Plateau Member of [14]. It constitutes the main conspicuous feature of the Marmarica Formation in this study. It is 5.5 m and 5.4 m thick at the Gabal El-Najdeen and Gabal Western Bahi El-din sections, respectively (Figure 2). It consists of white to yellowish-white, massive, sandy, and glauconitic chalky limestone. Chalky limestone is enriched with gastropods and pelecypods (Oyster sp.). At Gabal Western Bahi El-din, this member is a massive, bold-like wall that weathers to a light brown color, whereas at Gabal El-Najdeen, it is represented by two superimposed massive beds.



Foraminiferal Bryozoan Packstone Microfacies (FBP)


Foraminiferal bryozoan packstone microfacies are encountered in the lower and middle members of Gabal Western Bahi El-Din and the lower member at Gabal El-Najdeen (Figure 2). It measures 1.8 m and 0.6 m thick at the Gabal Western Bahi El-Din and Gabal El-Najdeen, respectively. It represents 9.6% of the total examined packstone associations. It is yellow to brownish-yellow, yellowish-white to white, and yellow in color. It is massive, sandy, glauconitic, ferruginous, and fossiliferous. Petrographically, the (FBP) microfacies are composed of skeletal particles and non-carbonate particles. Skeletal particles are represented by bryozoa (20%), echinoderms (10%), foraminifera (10%), molluscans (5%), algae (3%), ostracods (5%), and intraclastics (3%). Non-carbonate particles are represented by quartz (3–5%), with gypsum and glauconitic patches replacing lime mudstone, which fills most of the fossils (Figure 5F). These framework components are tightly packed and cemented by a mosaic of sparry calcite (39%). Mollusca is represented by a shell fragment of a pelecypod, and gastropods are randomly distributed in the thin section. Foraminifera is represented by Borelis melo and Quinqueloculina sp. The echinoderm’s debris is rounded and tabular. Intraclastic is rounded to sub-rounded lime-mudstone. Chambers of bryozoa and foraminifera are filled with lime mud. Detrital grains of quartz are characterized by fine to medium, monocrystalline, subrounded, and moderately sorted grains, and they reach 0.6 mm in size. Most fossil fragments have their original fibrous structure; while a few of them are recrystallized to sparry calcite, a few mollusca shell fragments were originally preserved in an aragonitic texture. The cementing material is micrite, which changed into microspar due to aggrading neomorphism and is filling the cavities among the main constituents.




Glauconitic Molluscan Packstone Microfacies (GMP)


This microfacies is recognized in the lower, middle, and upper members of Gabal Western Bahi El-Din and in the lower member of Gabal El-Najdeen (Figure 6). It measures 9.4 m and 3.6 m thick at the Gabal Western Bahi El-Din and Gabal El-Najdeen, respectively (Figure 6). It represents 52% of the total examined packstone associations. The beds of this microfacies are characterized by being yellow, dark brownish-yellow, yellowish-white, and white in color, massive, sandy, glauconitic, and highly fossiliferous. Petrographically, it is composed of skeletal particles and non-carbonate particles. Skeletal particles are represented by molluscan (10%–15%), echinoderms (10%), bryozoa (10%), foraminifera (10%), algae (3%), coral (3%), and ostracods (2%). Non-carbonate particles are represented by quartz (3%–4%), with gypsum and glauconitic patches replacing lime mudstone, which fills most of the fossils. These framework components are tightly packed and cemented by a mosaic of sparry calcite (43%; Figure 6A). Mollusca is represented by shell fragments of pelecypods and gastropods. Foraminiferal taxa are represented by Borelis melo and Quinqueloculina sp., and their chambers are filled with lime mud. The echinoderm’s debris is rounded and tabular. Chamber of bryozoa filled with glauconitic lime mud. Grains of quartz are fine, monocrystalline, angular, and moderately sorted grains. The majority of the fossil remains exhibit their original fibrous structure, while a few of them are recrystallized into sparry calcite. A few mollusca were originally preserved in aragonitic texture. The cementing material is represented by micrite, which changed into microspar due to aggrading neomorphism filling the cavities among the main constituents.




Molluscan Intraclastic Packstone Microfacies (MIP)


This microfacies is encountered in the lower member of the Marmarica Formation of the studied sections. It attains 0.8 m and 1.2 m thick at the Gabal Western Bahi El-Din and Gabal El-Najdeen, respectively (Figure 2). It represents 8% of the total examined wackstone associations. Its rocks are characterized by being yellowish-white to white and reddish-yellow in color, massive, slightly argillaceous, gypseous, and fossiliferous (Figure 2). Petrographically, it consists mainly of intraclastics (55%), mollusca (15%), echinoderms (5%), and detrital quartz grains (5%). All these particles are embedded in micrite (20%, Figure 6B). Quartz grains are fine to medium, angular to subrounded, monocrystalline, exhibit unit extinction, and are moderately sorted. Most shell fragments of mollusca are completely or partially micritized with lime mud and recrystallized into microspar, while a few of them were originally kept in aragonitic texture. Echinoderms are represented by spiny forms. The intraclasts are mainly represented by lime-mudstone clasts. These clasts are subrounded and surrounded by microcrystalline calcite. The cementing material is composed of dark gray lime mudstone, and parts of this lime mud have changed into microspar due to aggrading neomorphism.




Pelletal Peloidal Skeletal Packstone Microfacies (PPSP)


Peloids are carbonate grains that are round, microcrystalline, and cryptocrystalline. Under a transmitted light microscope, they appear dark, whereas they appear white in direct light [35]. It is only encountered in the lower member of Gabal, Western Bahi El-Din. It measures 1.4 m thick (Figure 2). It represents 5.6% of the total examined packstone associations. The rocks of these microfacies are characterized by being yellow and yellowish-white to white in color, massive, sandy, glauconitic, ferruginous, and fossiliferous. In thin sections, it consists of peloids (40%), molluscan (5%), ostracod (5%), echinoderms (5%), foraminifera (5%), pellets (2%), and detrital quartz (5%–6%). All particles are embedded in micrite (42%; Figure 6C). Mollusca is represented by shell fragments of pelecypods, which show random distribution, and Turritella gastropods, which are filled with glauconitic lime mud. Some molluscan shells are micritized and recrystallized into microsparite, and some of them keep their original aragonitic texture. The debris of echinoderms is tabular and spiny in shape. Foraminifera is represented by Borelis melo and Quinqueloculina sp., and their chambers are filled with gypseous lime mud. Ostracods are micritized with gypseous lime mud. Grains of quartz are fine to medium monocrystalline grains, angular to surrounded, moderately sorted grains that exhibit unit extinction, and their size ranges from 0.2 mm to 0.4 mm. Peloids are micritized with lime mud, and their size ranges from 0.3 mm to 0.6 mm. The cementing material is represented by micrite, which changed into microspar due to aggrading neomorphism, and fills the cavities among the main constituents.





5.2.4. Claystone Lithofacies


This lithofacies has a wide distribution in the Marmarica Formation. It is intercalated with limestone. It ranges in thickness from 0.4 m to 8 m. It has a total thickness of 11.2 m and 6.8 m at the Gabal Western Bahi El-Din and Gabal El-Najdeen, respectively (Figure 2). It usually occurs at the basal part of the shallowing-upward cycles. The claystone is green to yellowish green, laminated, and contains thin laminae of gypsum. Such claystone usually contains disconnected lenses of marly limestone and smaller, lenticular to ellipsoidal marly limestone (Figure 4E,F). Some samples of claystone were analyzed by X-ray diffraction to determine the types of clay minerals. It is noticed that few samples contain dolomite and kaolinite (Figure 7A–C), whereas the majority of claystone beds include kaolinite and montmorillonite (Figure 7D–F).




5.2.5. Dolostone


The dolostones have been found in the lower member of the Marmarica Formation in the studied sections. It attains 2.8 m and 7.3 m thick at the Gabal Western Bahi El-Din and Gabal El-Najdeen, respectively (Figure 2). Petrographic properties of the dolomites were examined by scanning electron microscopy (SEM) and a thin section under a polarizing microscope. Following [36,37,38], the textures of dolomite are subdivided depending on the distribution of crystal size and the shape of the crystal boundary (Figure 8). The following textures were recognized in this study:



Unimodal, Fine-Crystalline Planar-e (Euhedral)


It is composed of unimodal, fine planer-e euhedral crystals (18.4 µm–22.1 µm) showing mosaic textures. Mosaics are mostly planar-e crystals and finely crystalline. The crystals may have clear or cloudy textures. The relatively fine crystals of these dolomites are clean, with faint inclusions and the absence of zoning. This type is characterized by intercrystalline pore spaces. Textures have no replacement and have porous, intercrystalline areas. This type of dolostone was recorded in the lower member of the Marmarica Formation at the Gabal Western Bahi El-Din and Gabal El-Najdeen sections (Figure 8A,B).




Polymodal, Fine-Crystalline Planar-s (Subhedral)


It is composed of fine, planer-s subhedral crystals (19 µm) showing mosaic textures. Mosaics are mostly planar-s crystals and finely crystalline dolomite. The crystals may have clear or cloudy textures. The fine crystals of dolomites are clean, with faint inclusions and no zoning. This type of dolomite is characterized by being polymodal with abundant intercrystalline pore spaces. Textures have no replacement and have porous, intercrystalline areas. This type of dolostone was found in the lower member of the Marmarica Formation at the Gabal Western Bahi El-Din section (Figure 8C,D).






5.3. The Cyclicity


Cyclicity is related to sea level fluctuations [39,40,41,42,43,44,45,46,47,48,49,50]. The current study used the term emergence, which means regressive or shallowing-upward cycles, to describe the cyclicity in the Marmarica Formation [48]. These cycles consist of pure carbonates and mixed siliciclastic carbonates. Each cycle begins with clay and is capped by limestone (Figure 9). These cycles can be classified into gradual and non-gradual cycles as follows:



5.3.1. The Gradual Cycles


It describes the progressive change from one habitat to another. The change might be shallowing upward or deepening upward; however, there is no remarkable unexpected facies variation from shallow to deep [48]. Four types of gradual cycles (G1, G2, G3, and G4) were recognized in the Marmarica Formation in the studied sections (Figure 9).



The Gradual Cycle Type 1 (G1)


It was found in the lower member of the Marmarica Formation at the Gabal Western Bahi El-Din section (Figure 9). Each cycle has a range thickness of about 2.4 m. It consists of mixed clastic-carbonate sediments. It begins with dolomitic lime-mudstone (1.2 m) overlain by shale (0.4 m) at the base, followed by foraminiferal wackestone (1.2 m) in the middle and capped by pelletal peloidal skeletal packstone (0.8 m) at the top (Figure 10A(a),B).




The Gradual Cycle Type 2 (G2)


It is encountered in the lower member of the Marmarica Formation at Gabal El-Najdeen and in the upper member of the Marmarica Formation at Gabal Western Bahi El-Din (Figure 9). At Gabal Western Bahi El-Din, this type consists of shale (1 m), is overlain by deep subtidal foraminiferal wackestone (1.8 m), and is capped by shallow subtidal facies glauconitic and molluscan packstone (0.6 m; Figure 10A(b),C). At Gabal El-Najdeen, it consists of shale (1.2 m) overlain by foraminiferal wackestone (0.6 m), bryozoan wackestone (1.6 m), and is capped by glauconitic molluscan packstone (1.2 m; Figure 10A(c),D).




The Gradual Cycle Type 3 (G3)


It is recorded in the lower member of the Marmarica Formation at Gabal El-Najdeen (Figure 9). It consists of deep subtidal dolomitic lime mudstone (4.3) overlain by shallow subtidal foraminiferal bryozoan packstone (0.2 m) and is capped by glauconitic molluscan packstone (2 m; Figure 10A(d)).




The Gradual Cycle Type 4 (G4)


It has been found in the upper member of the Marmarica Formation at Gabal El-Najdeen (Figure 9). It consists of shale (1.4 m) overlain by skeletal lime mudstone (1.2 m), bryozoan wackestone (0.8 m), and is capped by foraminiferal wackestone (3 m; Figure 10A(e)).





5.3.2. The Non-Gradual Cycles


The Non-Gradual Cycle Type 1 (NG1)


It occurs at the lower member of the Marmarica Formation at Gabal Western Bahi El-Din and Gabal El-Najdeen (Figure 9). It consists of 0.8 m-thick molluscan intraclastic packstone at Gabal Western Bahi El-Din (Figure 11A(a)). At Gabal El-Najdeen, it consists of 4 m-thick molluscan intraclastic packstone, overlain by glauconitic molluscan packstone and foraminiferal bryozoan packstone, and is capped by glauconitic molluscan packstone (Figure 11A(b)).




The Non-Gradual Cycle Type 2 (NG2)


It occurs only in the lower member of the Marmarica Formation at Gabal, Western Bahi El-Din (Figure 9). It consists of bryozoan wackestone (0.6 m thick) capped by 1.2 m thick foraminiferal wackestone (1.2 m thick; Figure 11A(a),B).




The Non-Gradual Cycle Type 3 (NG3)


It is noted in the lower and middle members of the Marmarica Formation at Gabal, Western Bahi El-Din (Figure 9). In the lower member, it consists of shale (0.4 m) overlain by dolomitic lime mudstone (0.2 m), foraminiferal bryozoan packstone (0.6 m), glauconitic molluscan packstone (1 m), and capped by pelletal peloidal packstone (0.8 m; Figure 11A(c)). It changes upward from deep subtidal to shallow subtidal. At the lower portion of the middle member, it consists of a thick bed of shale (8 m) overlain by glauconitic molluscan packstone (3 m; Figure 11A(d),C). At its middle part, it consists of shale (0.6 m) overlain by glauconitic molluscan packstone (1.8 m) and is topped by foraminiferal bryozoan packstone (0.2 m; Figure 11A(e)). At the upper part of the middle member, this type consists of shale (0.8 m) overlain by glauconitic molluscan packstone (3.2 m), foraminiferal molluscan packstone (0.4 m), and foraminiferal bryozoan packstone (0.6 m) and is topped by glauconitic molluscan packstone (0.8 m; Figure 11A(f)).




The Non-Gradual Cycle Type 4 (NG4)


This type is recorded in the lower member of the Marmarica Formation at Gabal Western Bahi El-Din and Gabal El-Najdeen (Figure 9). It is composed of lime mudstone and wackestone, which represent deep subtidal facies. At Gabal Western Bahi El-Din, the lower part of this member consists of skeletal lime mudstone (0.4 m) overlain by foraminiferal wackstone (1.4 m; Figure 11A(g)). In the middle part, it consists of skeletal lime mudstone (6.4 m) and is overlain by intraclastic wackestone (0.8 m; Figure 11A(h)). At Gabal El-Najdeen, this type consists of skeletal lime mudstone (1.2 m) and is capped by foraminiferal wackstone (1.2 m; Figure 11A(i)).




The Non-Gradual Cycle Type 5 (NG5)


It is found in the lower and upper members of the Marmarica Formation at Gabal, Western Bahi El-Din (Figure 9). It consists of a deep subtidal wackestone capped by shallow subtidal packstone (Figure 11A(j)). At the lower member, the base of this cycle is composed of bryozoan wackestone (0.6 m) and is topped by glauconitic molluscan packstone (0.6 m; Figure 11A(j,k). At the upper member, it consists of foraminiferal wackestone (4 m) and is capped by glauconitic molluscan packstone (3 m; Figure 11A(k)).




The Non-Gradual Cycle Type 6 (NG6)


It is recorded at the middle member of the Marmarica Formation at Gabal El-Najdeen (Figure 9). At the lower part, it consists of deep subtidal shale (1 m) overlain by deep subtidal bryozoan wackstone (2 m; Figure 11A(l)). At the upper part, it consists of shale (3.6 m) and is capped by deep subtidal skeletal lime-mudstone (1.2 m; Figure 11A(m),D).







6. Discussion


The depositional history of the Marmarica Formation was discussed by several authors [15,17,18,51,52,53]. This formation was deposited on a homoclinal ramp setting [16,17]. Their interpretation is based on the lack of reefs along the southern exposure in the Siwa Oasis and in the coastal outcrops at Salum. On the contrary, [22] mentioned that the Marmarica Formation includes an assemblage of invertebrate fossils and foraminifera, which indicate neritic and reefal settings.



In the current study, the (LM) microfacies were formed in a relatively calm condition in a deep subtidal zone, below the wavebase, and shielded from the current activity. This was indicated by the dominance of the abundance of fine-grained carbonates and the lack of a conclusive indicator of grain support [54]. The abundance of (DL) facies within micrite indicates that it formed in a shallow setting with quite water conditions [55]. The presence of skeletal debris such as echinoids, pelecypods, and algae suggests an open marine platform [35]. The scattered distribution of euhedral rhombs of dolomite within the lime mud indicates that local dolomitization took place at late diagenesis. The source of Mg ions needed for local dolomitization was most probably derived from the high-magnesium calcite skeletal particles. The quantity of micritic matrix within the (SL) microfacies, which includes tiny fragments of pelecypod skeleton, in the lime-mudstones shows that they were deposited in a deep subtidal environment with low energy [56,57]. The peloids of glauconite, which occur within micrites and replace the neomorphosed calcite, point to the authigenic origin of glauconite, developed on the middle shelf (shallow marine). Glauconite often has an authigenic origin, can only be found in marine environments, and is commonly associated with low levels of oxygen [58,59]. Peloids of glauconite were found as solitary pellets, which suggests a low rate of deposition. Glauconites are currently discovered on continental shelves (shallow water) [60]. According to [61], the disintegration of spongy spicules and other organisms containing silica may be the reason for the presence of microcrystalline silica.



Intraclasts within (IW) microfacies are pieces of locally sourced, early cemented limestones. Different types of rock (intraclasts, lime mud, and quartz grains) are present, which suggests that there was a transition between low- and high-energy conditions. Intraclasts show how sediments were broken up in the intertidal zone and then redeposited in the subtidal zone. Lime-mud intraclasts and detrital quartz grains are most common close to the shoreline in the intertidal as well as subtidal zones of the inner shelf restricted zone [62]. The meniscus and fine crystalline cements that surround the grains of these sediments indicate that they were impacted by vadose and meteoric fresh-water phreatic diagenesis [63]. Within the (BW) microfacies, the wackestone is associated with the shallow subtidal-intertidal zone [64]. According to [35,56], the prevalence of micrite in this lithofacies appears to imply shallow neritic water with a broad circulation regime and a low-energy subtidal open marine shelf as a depositional environment. According to [65], the bryozoans that were recorded in the Siwa Oasis resided in the littoral-sublittoral zone, where sedimentation rates were low. The fossil association of bryozoans, benthic foraminifera, oysters, pectinids, serpulids, and echinoderms indicates a shallow marine habitat. Based on [35], the widespread presence of lime mud within the (FW) microfacies suggests a low-energy depositional environment where fine matrix accumulated. Foraminiferal taxa: alveolinids, Borelis melo, and Quinqueloculina sp. are indicators of quiet water habitats [66]. The larger foraminifera reside above the depth of the euphotic zone [57]. The wackstone microfacies indicate the shallow subtidal-intertidal zone [64]. The faunal assemblages within the (FBP) microfacies may point to accumulation in a moderately to very energetic shallow marine environment. [65] mentioned that the Marmarica Formation was deposited between 20 and 60 m, based on studying the bryozoan assemblages in the Siwa Oasis.



Concerning the (GMP) microfacies, [67] documented that the glauconitic molluscan packstone was likely formed in a shallow subtidal (high energy) depositional environment. The microfacies rich in molluscan point to a shoaling habitat above the typical wavebase, which was accumulated at the shelf border dividing the open marine from the more constrained marine environment [35,56]. The abundance of typical marine fauna and carbonate mud both indicate deposition in a zone of wave agitation that is quite shallow in the marine environment [68]. The inner shelf is indicated by the association of large pelecypods [69]. Additionally, pelecypod and gastropod remains occur between 20 and 50 m beneath the surface [70]. Micritization of pelecypod shells was primarily carried out by fungi and algae in shallow, constrained sea water [71]. The glauconite grains are of allochthonous origin and were reworked from older layers, which introduced glauconite into sediments [72]. According to [73], glauconite was likely formed on the current continental shelf at depths between tens and hundreds of meters. For (MIP) microfacies, carbonates that are supported by grains and exhibit powerful water agitation are called packstones [35]. The richness of the fauna, which includes mollusca, echinoderms, and foraminifera, indicates deposition of normal salinity, well-oxygenated open marine onto the inner shelf with a depth of >30 m, and points to microfacies indicate a mid-ramp setting [71]. According to [56], the fauna that is found in the packstone microfacies implies an open shelf and typical marine conditions. The presence of micrite groundmass as well as the abundance of the remains of skeletal fauna that live in open-marine environments (e.g., echinoids, bryozoans, and foraminifera) point to an open-marine habitat with low-to-moderate energy [35,56]. Within the (PPSP) microfacies, peloids are prevalent in deep-water carbonates as well as reef and mud mound carbonates that are found in tidal and subtidal shelf settings. They are common in tropical areas that have shallow-marine carbonates and uncommon or absent in non-tropical cool water carbonates [35].



The occurrence of the claystone lithofacies at the base of the Marmarica Formation suggests transgression, followed by relatively shallowing upward and depositing the carbonate facies. The dominance of montmorillonites and kaolinite indicates a marine depositional environment [74] and shows deposition in a low-energy environment [75]. The bioturbation that characterized these facies indicates a coastal grass-flat depositional environment. The diagenesis of kaolinite commonly produces illite. Kaolinite is a product of the chemical weathering of feldspar and has a typical marine origin [76]. The lenticular carbonates are evidence for episodic concentration and movement of carbonate sediments as a result of storm-wave action on a gently southward-sloping shelf [77]. In the current study, dolomite was produced by the digenesis of a carbonate ancestor, early aragonite, or most likely calcite. The dolomitization process of lime mud took place during early diagenesis, which probably led to the formation of the dolomite rhombs, which are fine crystalline and probably represent the first phase of dolomitization [78,79].



The mechanism of the shallowing upward in both gradual and non-gradual cycles has been mentioned by several authors [46,47,48,80,81,82,83,84]. The Milankovitch orbital forcing concept is the most crucial postulation (for allocyclic and autocyclic mechanisms). In this study, the analyses of the depositional cycles indicate a wide carbonate platform controlled by successive episodes of transgression resulting from differential subsidence, followed by a sea level fall because of the emergence of regressive episodes, which may be coupled with the MMCT. Thus, the origin of the shallowing-upward cycles is assigned to the fluctuations in the sea level caused by eustatic sea level fluctuations (an autocyclic mechanism) that form these cycles as well as their vertical repetition in a rhythmic way. Generally, the gradual emergence cycles indicate evenness between the rate of subsidence, the falling of sea level, and the rate of sedimentation [40]. These cycles point to the progressive change from one sub-environment to another, but without unexpected variation from deep to shallow facies [48]. It means that there is constant accommodation space during sedimentation. In the non-gradual cycle types 2, 4, and 6, the upper beds, which represent the shallower subtidal facies (grainstones and packstones), are absent as a result of increasing the rate of sea level falling without a sediment supply. The non-gradual cycle types 1, 3, and 5 are referred to due to the absence of the wackestone or lime mudstone textures that represent deep subtidal facies [48]. Such cycles occur when the sedimentation rate is lower than the transgression rate [40].



Therefore, the depositional history of the studied interval is based on three factors: the thickness variation, microfacies types, and the cyclicity of the microfacies. The thickness of the Marmarica Formation is relatively constant, assuming about less than 200 m in the Siwa Oasis and its surroundings. However, such thickness abruptly increases in the subsurface wells drilled in the narrow strip overlooking the Qattara wall. Additionally, in the Tarfa, Ghanem, Garf, Obeidalla, and Marzouk wells, the thickness of the Marmarica is 753 m, 714 m, 1070 m, 530 m, and 642 m, respectively [12]. Northwards along the narrow elongate strip (east-west), a very abrupt increase in thickness is encountered at the Kheima (639 m), Ganyen (900 m), Yidma (1113 m), and Washka (975 m) [12]. Between the above two basins, a narrow-uplifted strip has a thickness of less than 100 m. The possible explanation of the abrupt increase and decrease in the thickness of the Marmarica Formation suggests that there was continuous sedimentation of the Marmarica Formation in the down-faulted east-west basins separated by a structural high strip. Such a faulted zone may be affected by the structural control of the Nile Delta. Westwards, toward Salum and Libya, the thickness is nearly constant, which suggests a platform setting of the Marmarica Formation. This is contradicted by the opinion of [16,17], who postulated the ramp setting of the Marmarica Formation. Its nearly constant thickness toward the west may be due to a decrease in faulting structure away from the Nile Delta. The pelletal-peloidal packstone microfacies usually occur in the lower member of the Marmarica Formation. Microfacies that dominate the basal portion include lime mud and non-skeletal grains (intraclasts, pellets, and peloids). It may suggest deposition in a lagoonal setting with restricted and semi-restricted conditions [85]. Such an environment of deposition is quiet and has a high level of salinity [86,87]. Peloids are normally formed by the bio-erosion and destruction of microorganisms such as fungi and algae [88]. In lagoonal environments, micritization of the skeletal particles produces different types of peloids [89,90].



The presence of different types of fossils, such as echinoids, foraminifera, ostracods, and mollusks, in the wackestone and packstone microfacies points to a mesophotic to oligophotic, shallow open marine environment or on the proximal middle shelf (near and below the fair-water wave base) [91,92]. The richness of open marine fauna (echinoids, bryozoans, foraminifera, and molluscan debris) as well as the combination of micritic matrix indicate an open marine environment with low-medium energy and between the storm wave base and fair-weather wave base for deposition [35,93]. These microfacies were probably deposited in a deep marine environment with open water circulation, medium hydrodynamic energy, and normal salinity. The abundance of open marine skeletal fauna such as echinoderms, ostracods, benthonic foraminifera, and molluscan shell fragments, and the absence of reef-building fauna, are the evidence for this interpretation. The common wide distribution (vertical and lateral) of the above-mentioned skeletal particles in the study area suggests that they were deposited in an open marine platform setting. [17] mentioned that the Marmarica Formation includes two depositional sequences. A detailed field investigation of the Marmarica Formation shows no sequence boundary within this formation. However, this formation was built up in a cyclic sequence. All cycles are shallowing-upward (emergence type) and include gradual and non-gradual cyclic types [48]. The gradual cycles show the vertical arrangement of the microfacies. They begin with shale, followed by foraminiferal wackestone, and are capped by pelletal peloidal skeletal packstone (Figure 10). The cycle starts with claystone facies in a slightly deep subtidal environment, and then follows upward with foraminiferal wackestone microfacies, which indicate a shallow subtidal environment above the wave base. This cycle is capped by pelletal peloidal skeletal packstone, which forms the topmost part of the cycle, indicating a very shallow subtidal zone. The thickness of the lower shale increases eastward, pointing to the source of terrigenous clastic deposits. The characteristics of shales change in some cycles indicate deeper, low-energy; more restricted marine environments of the earliest deposition. It may also refer to marginal marine embayment with poor water circulation and temperature stratification. In deep subtidal areas, the water is usually cooler and does not permit the deposition of carbonate. The carbonate microfacies that commonly occur on the top of claystone in the middle and top of cycles show that the environment of deposition became shallower as well as less turbid, which led to the deposition of the upper carbonate microfacies in the gradual cycles. The gradual cycles manifested evenness between the rate of sedimentation and the sea level changes. Six non-gradual cycles were recognized in the Marmarica Formation at the studied sections (Figure 11). The non-gradual cycle may consist of one or two lithofacies or microfacies (wackestone or packstone) without claystone or lime-mudstone. It has the minimum thickness as compared with the gradual cycles. It is termed the condensed cycle [40] and the incomplete cycle [94]. It may indicate irregular changes in sea level. The non-gradual cycles describe the vertical arrangement of microfacies with some sub-environments missing, and they may indicate an irregular balance between the rate of sedimentation and subsidence [48].




7. Conclusions


The exposed Marmarica Formation outcrops at Gabal Western Bahi El-Din and Gabal El-Najdeen, Siwa Oasis, and the northern western Desert consist of fossiliferous limestone intercalated with dolomitic lime-mudstone, sandy limestone, and claystone. This formation is differentiated into three informal members: the lower, middle, and upper members. The lower member consists of limestones interbedded with sandy limestones, dolomitic limestone, calcarenite limestone, marley fossiliferous limestone, and thin beds of shale. The middle member is composed of yellowish-white limestone interbedded with sandy limestone, marley limestone, and shale. The upper member consists of white to yellowish white, massive, sandy, and chalky limestone. Chalky limestone is enriched with gastropods and pelecypods. The identified microfacies within this formation are skeletal lime-mudstone, dolomitic lime-mudstone, intraclastic wackestone, bryozoan wackestone, foraminiferal wackestone, foraminiferal bryozoan packstone, glauconitic molluscan packstone, molluscan intraclastic packstone, pelletal peloidal skeletal packstone, dolostones, and claystone microfacies. The vertical stacking pattern of microfacies led to the recognition of the emergence (shallowing-upward) type, which includes two types: gradual and non-gradual cycles. The gradual cycles denote the balance between the rate of subsidence, sea level oscillations, and the rate of sedimentation. The non-gradual cycles suggest variations in the sea level associated with structure. The depositional history of the Marmarica formation at this study interval relies on two factors: the types of microfacies and the cyclicity of the microfacies. The abundance of different skeletal particles (e.g., echinoids, foraminifera, ostracods, and mollusks) in the wackestone and packstone microfacies indicates mesophotic to oligophotic zones in shallow, open marine conditions.
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Figure 1. A location and simplified geological map of the Siwa Oasis, Western Desert (Egypt). 
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Figure 2. Lithostratigraphy and microfacies types of the Marmarica Formation at this study sections, Siwa Oasis, north western Desert (Egypt). 
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Figure 3. Field photographs show: (A) Stratigraphic succession of the Marmarica Fm. at Gabal Western Bahi El-Din, Siwa Oasis, with Syndeposition structure in its lower member. (B) Stratigraphic succession of the Marmarica Fm. at Gabal El-Najdeen, Siwa Oasis. (C) The sharp and uneven contact between the Moghra Formation and the Marmarica Formation at Gabal, Western Bahi El-Din. (D) Veins of gypsum within a shale bed at Gabal El-Najdeen. (E) Shell fragments of pelecypod (Bank of Pecten and Oyster) at Gabal, Western Bahi El-Din. (F) Vertical and horizontal burrows (Thalassinoides) filled with lime mud at Gabal El-Najdeen. 
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Figure 4. Field photographs show: (A) shell fragments of pelecypods (Pecten bank) at Gabal Western Bahi El-Din. (B) Vertical and horizontal burrows (Thalassinoides) filled with lime mud overlain by thick fossiliferous limestone (bank of Oyster) at Gabal Western Bahi El-Din. (C) Thin-bedded sandy limestone contains gypsum veins, Oyster sp., and gastropod casts at Gabal Western Bahi El-Din. (D) Bioturbated limestone overlain compact calcareous shale and veins of gypsum at Gabal, Western Bahi El-Din. (E) Thin laminated shale bed at the middle member at Gabal Western Bahi El-Din. (F) Limestone nodules in a shale bed at Gabal Western Bahi El-Din. 
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Figure 5. Thin-section photographs under Plain Polarized Light showing: (A) Skeletal lime-mudstone microfacies, micritized bryozoa (Br.), benthic foraminifera Quinqueloculina (Q.) embedded in micrite (M.), bed 12, fossiliferous limestone, lower member, Marmarica Formation, Gabal Western Bahi El-Din section. (B) Dolomitic lime-mudstone microfacies, bed 19, dolomitic limestone, lower member, Marmarica Formation, Gabal Western Bahi El-Din section. (C) Intraclastic wackestone microfacies, contains intraclastic grains (Intra.), bed 17 limestone, lower member, Marmarica Formation, Gabal Western Bahi El-Din section. (D) Bryozoan wackstone microfacies, bryozoa (Br.) are the dominant component in this microfacies, and tabular echinoderms (Ech.), bed 25, fossiliferous limestone, lower member, Marmarica Formation, Gabal Western Bahi El-Din section. (E) Foraminiferal wackstone microfacies, benthic foraminifera Borelis melo (Bo.), micritized bryozoa (Br), bed 50, chalky limestone, upper member, Marmarica Formation, Gabal Western Bahi El-Din section. (F) Foraminiferal bryozoan packstone microfacies, benthic foraminifera Borelis melo (Bo.), echinoderms (Ech.), surrounded by syntaxial calcite overgrowth cement (red row), Turritella gastropod (Gas.), and Bryozoa (Br.), bed 41, limestone, middle member, Marmarica Formation, Gabal Western Bahi El-Din section. 






Figure 5. Thin-section photographs under Plain Polarized Light showing: (A) Skeletal lime-mudstone microfacies, micritized bryozoa (Br.), benthic foraminifera Quinqueloculina (Q.) embedded in micrite (M.), bed 12, fossiliferous limestone, lower member, Marmarica Formation, Gabal Western Bahi El-Din section. (B) Dolomitic lime-mudstone microfacies, bed 19, dolomitic limestone, lower member, Marmarica Formation, Gabal Western Bahi El-Din section. (C) Intraclastic wackestone microfacies, contains intraclastic grains (Intra.), bed 17 limestone, lower member, Marmarica Formation, Gabal Western Bahi El-Din section. (D) Bryozoan wackstone microfacies, bryozoa (Br.) are the dominant component in this microfacies, and tabular echinoderms (Ech.), bed 25, fossiliferous limestone, lower member, Marmarica Formation, Gabal Western Bahi El-Din section. (E) Foraminiferal wackstone microfacies, benthic foraminifera Borelis melo (Bo.), micritized bryozoa (Br), bed 50, chalky limestone, upper member, Marmarica Formation, Gabal Western Bahi El-Din section. (F) Foraminiferal bryozoan packstone microfacies, benthic foraminifera Borelis melo (Bo.), echinoderms (Ech.), surrounded by syntaxial calcite overgrowth cement (red row), Turritella gastropod (Gas.), and Bryozoa (Br.), bed 41, limestone, middle member, Marmarica Formation, Gabal Western Bahi El-Din section.



[image: Minerals 14 00073 g005]







[image: Minerals 14 00073 g006] 





Figure 6. Thin-section photographs under Plain Polarized Light showing: (A) Glauconitic molluscan packstone microfacies, benthic foraminifera Borelis melo (Bo.), reworked Nummulites (Num.), gastropods (Gas.), and Bryozoa (Br.), bed 17, fossiliferous limestone, the lower member, Marmarica Formation, Gabal El-Najdeen section. (B) Intraclastic Molluscan packstone microfacies, intraclastic grains of lime-mudstone with shell fragments of mollusca, bed 1, fossiliferous limestone, the lower member, Marmarica Formation, Gabal El-Najdeen section. (C) Pelletal peloidal skeletal packstone microfacies consist of micritized peloids (Pel.) embedded in micrite, bed 23, argillaceous limestone, the lower member, Marmarica Formation, Gabal Western Bahi El-Din section. 
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Figure 7. X-ray diffraction pattern of clay fraction: (A) Sample 195, bed 35, the middle member, Marmarica Formation, Gabal Western Bahi El-Din; (B) Sample 225, bed 44, the middle member, Marmarica Formation, Gabal Western Bahi El-Din; (C) Sample 117, bed 19, the middle member, Marmarica Formation, Gabal El-Najdeen; (D) Sample 149, bed 27, the middle member, Marmarica Formation, Gabal Western Bahi El-Din; (E) Sample 187, bed 32, the middle member, Marmarica Formation, Gabal Western Bahi El-Din; (F) Sample 143, bed 21, the middle member, Marmarica Formation, Gabal El-Najdeen. 
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Figure 8. SEM images illustrate: (A) Unimodal, fine-crystalline planar-e(euhedral) matrix of dolomite from glauconitic sandy skeletal wackestone microfacies, bed 3, the lower member, Marmarica Formation, Gabal Western Bahi El-Din. (B) Unimodal, fine-crystalline planar-e (euhedral) crystals, dolomitic lime-mudstone microfacies, bed 6, the lower member, Marmarica Formation, Gabal El-Najdeen. (C) Fine, subhedral rhombic dolomite crystals from dolomitic lime-mudstone microfacies, bed 19, the lower member, Marmarica Formation, Gabal Western Bahi El-Din. (D) Polymodal, Euhedral rhombic dolomite crystals, dolomitic lime-mudstone microfacies, bed 20, the lower member, Marmarica Formation, Gabal Western Bahi El-Din. 






Figure 8. SEM images illustrate: (A) Unimodal, fine-crystalline planar-e(euhedral) matrix of dolomite from glauconitic sandy skeletal wackestone microfacies, bed 3, the lower member, Marmarica Formation, Gabal Western Bahi El-Din. (B) Unimodal, fine-crystalline planar-e (euhedral) crystals, dolomitic lime-mudstone microfacies, bed 6, the lower member, Marmarica Formation, Gabal El-Najdeen. (C) Fine, subhedral rhombic dolomite crystals from dolomitic lime-mudstone microfacies, bed 19, the lower member, Marmarica Formation, Gabal Western Bahi El-Din. (D) Polymodal, Euhedral rhombic dolomite crystals, dolomitic lime-mudstone microfacies, bed 20, the lower member, Marmarica Formation, Gabal Western Bahi El-Din.
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Figure 9. Lithostratigraphy and different microfacies of the Marmarica Formation are coupled with the vertical arrangement of their shallowing-upward cycles at the two studied sections. 
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Figure 10. (A) The G1 (a), G2 (b,c), G3 (d), and G4 (e) types of gradual emergence cycles of the Marmarica Formation are described in this study sections. (B) A field photograph shows the first type of gradual cycle (G1) in the lower member, Gabal Western Bahi El-Din section. (C) A field photograph shows the second type of gradual cycle (G2) in the middle member, Gabal Western Bahi El-Din section. (D) A field photograph shows the second type of gradual cycle (G2) in the lower member, Gabal El-Najdeen section. 






Figure 10. (A) The G1 (a), G2 (b,c), G3 (d), and G4 (e) types of gradual emergence cycles of the Marmarica Formation are described in this study sections. (B) A field photograph shows the first type of gradual cycle (G1) in the lower member, Gabal Western Bahi El-Din section. (C) A field photograph shows the second type of gradual cycle (G2) in the middle member, Gabal Western Bahi El-Din section. (D) A field photograph shows the second type of gradual cycle (G2) in the lower member, Gabal El-Najdeen section.
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Figure 11. (A) The NG1 (a,b), NG2 (a), NG3 (c–f), NG4 (g–i), NG5 (j,k), and NG6 (l,m) types of non-gradual emergence cycles of the Marmarica Formation are described in this study sections. (B) A field photograph shows the NG2 type of non-gradual cycle at the lower member of the Marmarica Formation at the Gabal Western Bahi El-Din section. (C) A field photograph shows the NG3 type of non-gradual cycle at the middle member of the Marmarica Formation at the Gabal Western Bahi El-Din section. (D) A field photograph shows the NG6 type of non-gradual cycle at the middle member of the Marmarica Formation at the Gabal El-Najdeen section. 






Figure 11. (A) The NG1 (a,b), NG2 (a), NG3 (c–f), NG4 (g–i), NG5 (j,k), and NG6 (l,m) types of non-gradual emergence cycles of the Marmarica Formation are described in this study sections. (B) A field photograph shows the NG2 type of non-gradual cycle at the lower member of the Marmarica Formation at the Gabal Western Bahi El-Din section. (C) A field photograph shows the NG3 type of non-gradual cycle at the middle member of the Marmarica Formation at the Gabal Western Bahi El-Din section. (D) A field photograph shows the NG6 type of non-gradual cycle at the middle member of the Marmarica Formation at the Gabal El-Najdeen section.
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Table 1. Lithostratigraphic classifications of the Miocene rocks by different authors in the northwestern Desert (Egypt).






Table 1. Lithostratigraphic classifications of the Miocene rocks by different authors in the northwestern Desert (Egypt).





	
Series/

Epoch

	
Stage/

Age

	
Rock Units

	
[20]

	
[14]

Siwa Oasis

	
[23]

North-Western Desert (Subsurface)

	
[24]

	
[25]

Northeastern Libya

	
[19]

	
[16]

	
[17]

	
Present Study






	
Miocene

	
Middle

	
Serravallian

	
Marmarica Fm.

	
Marmarica Fm.

	
El-Diffa Plateau mb.

	
Marmarica Fm.

	
Marmarica Fm./Gairabub Fm.

	
Al-gaghboub Fm.

	
Marmarica Fm.

	
El-Diffa Plateau mb.

	
El-Diffa Plateau mb.

	
Marmarica Fm.

	
upper mb.




	
Siwa Escarpment mb.

	
Siwa Escarpment mb.

	
Siwa Escarpment mb.

	
middle mb.




	
Langhian




	
Oasis mb.

	
Oasis mb.

	
Oasis mb.

	
lower mb.




	
Early

	
Burdigalian

	
Moghra Fm.

	
Moghra Fm.

	
Moghra Fm.

	
Not-studied

	
Moghra Fm./Mamoura Fm.

	
Moghra Fm.

	
Moghra Fm.

	
Moghra Fm.




	
Aquitanain











 





Table 2. The description of the identified microfacies of the Middle Miocene Marmarica Formation at this study sections, Siwa Oasis, northwestern Desert (Egypt).
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Epoch

	
Rock Units

	
Facies Types

	
Occurrences

	
Microfacies Description






	
Middle Miocene

	
Marmarica Fm.

	
(1) Dolomitic lime mudstone

	
lower member of G. W. Bahi El-Din and G. El-Najdeen

	
It is composed of echinod plates (2%), elongated gastropod (1%), shell fragment of pelecypod (1%), red algae (1%), with intraclastic of subrounded lime mudstone (1%) and scattered quartz grains (1%) embedded in a dolomitic lime mud (93%).




	
(2) Skeletal lime mudstone

	
lower member of G. W. Bahi El-Din and lower, middle, and upper members of G. El-Najdeen

	
It consists of glauconite patches (2 %), Foraminifera (1%), shell fragment of pelecypod (1%), bryozoa (2%), and scattered quartz grains (3%) embedded in a dark micrite ground mass (92 %).




	
(3) Intraclastic wackestone

	
lower member of G. W. Bahi El-Din

	
It is composed of intraclastic (10%), glauconite (5%), gastropod (2%), and other skeletal parts and scattered quartz grains (10%) embedded in a micrite ground mass (73%).




	
(4) Bryozoan wackestone

	
lower member of G. W. Bahi El-Din and lower, middle, and upper members of G. El-Najdeen

	
It consists of bryozoa (15%), echinoderms (10%), mollusca (5%), detrital quartz (5%), foraminifera (2%), ooids (1%), with glauconite patches in a micrite ground mass (63%).




	
(5) Foraminiferal wackestone

	
lower, middle, and upper members of G. W. Bahi El-Din and lower and upper members of G. El-Najdeen

	
It is made up of skeletal particles and non-carbonate particles. Skeletal particles are represented by foraminifera (10%), echinoderms (10%), molluscan (5%), bryozoa (2%), ostracods (2%), with micritized pellets (2%) intraclastic (2%). Non carbonates are represented by quartz (2–3%), with gypsum replacing lime mudstone which filling most of fossils, all particles are embedded in ground mass micrite (64%).




	
(6) Foraminiferal bryozoan packstone

	
lower and middle members of G. W. Bahi El-Din and lower member of G. El-Najdeen

	
It consists of skeletal particles and non-carbonate particles. Skeletal particles are bryozoa (20%), echinoderms (10%), foraminifera (10%), molluscan (5%), algae (3%), ostracods (5%), with intraclastic (3%). Non carbonate particles are quartz (3–5%), with gypsum and glauconitic patches replacing lime mudstone which filling most of fossils, these framework components are tightly packed and cemented by a mosaic of sparry calcite (39%).




	
(7) Glauconitic molluscan packstone

	
lower, middle, and upper members of G. W. Bahi El-Din and lower member of G. El-Najdeen

	
It is composed of skeletal particles and non-carbonate particles. Skeletal particles are molluscan (10–15%), echinoderms (10%), bryozoa (10%), foraminifera (10%), algae (3%), coral (3%), ostracods (2%). Non carbonate particles are quartz (3–4%), with gypsum and glauconitic patches replacing lime mudstone which filling most of fossils, these framework components are tightly packed and cemented by a mosaic of sparry calcite (43%).




	
(8) Molluscan intraclastic packstone

	
lower member of G. W. Bahi El-Din and G. El-Najdeen

	
It consists mainly of intraclastic (55%), mollusca (15%), echinoderms (5%) and detrital quartz grains (5%). All microfacies embedded in micrite (20%).




	
(9) Pelletal peloidal skeletal packstone

	
lower member of G. W. Bahi El-Din

	
It consists of peloids (40%), molluscan (5%), ostracod (5%), echinoderms (5%), foraminifera (5%), pellets (2%), detrital quartz (5–6%), all particles embedded in micrite (42%).
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