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Advances in Science, Technology & Innovation (ASTI) is a series of peer-reviewed books
based on important emerging research that redefines the current disciplinary boundaries in
science, technology and innovation (STI) in order to develop integrated concepts for
sustainable development. It not only discusses the progress made towards securing more
resources, allocating smarter solutions, and rebalancing the relationship between nature and
people, but also provides in-depth insights from comprehensive research that addresses the
17 sustainable development goals (SDGs) as set out by the UN for 2030.

The series draws on the best research papers from various IEREK and other international
conferences to promote the creation and development of viable solutions for a sustainable
future and a positive societal transformation with the help of integrated and innovative
science-based approaches. Including interdisciplinary contributions, it presents innovative
approaches and highlights how they can best support both economic and sustainable
development, through better use of data, more effective institutions, and global, local and
individual action, for the welfare of all societies.

The series particularly features conceptual and empirical contributions from various
interrelated fields of science, technology and innovation, with an emphasis on digital
transformation, that focus on providing practical solutions to ensure food, water and energy
security to achieve the SDGs. It also presents new case studies offering concrete examples of
how to resolve sustainable urbanization and environmental issues in different regions of the
world.

The series is intended for professionals in research and teaching, consultancies and industry,
and government and international organizations. Published in collaboration with IEREK, the
Springer ASTI series will acquaint readers with essential new studies in STI for sustainable
development.

ASTI series has now been accepted for Scopus (September 2020). All content published
in this series will start appearing on the Scopus site in early 2021.
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(COVID-19) pandemic, especially Mohamed Ragaie El-Tahlawy, Hassan
Abdel Hameed, Samir Mohamed Khawasik, Ahamed Abdelaziz El Kammar,
Kamal Abdelazim Dahab, Abdelaaty Badr Salman, Soliman Mahmoud
Soliman, Moustafa Gharib, Mamdouh Abdeen, Mohamed Hassaan Awad,
Adam El-Shahat, Tarek El-Sahaby, Mohamed El-Askalani, Abdelaziz
Abdelwareth, Hassan Mohamed Yosef El-Shayeb, Medhat Said Abdelghany,
Eid Abdelhalim Abdelmajid, Adel Waheed Felesteen and Esam A. Abd
El-Gawad, for their pioneering research in the geology of Egypt. The book is
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Preface

Why This Book?

The Phanerozoic Geology and Natural Resources of Egypt includes a series of chapters written
by a highly qualified group of researchers whose expertise is recognized and appreciated not only
in Egypt, but also globally. The chapters span a wide range of geological sub-disciplines
including tectonics, paleogeography, stratigraphy, sedimentology, paleontology, groundwater
and energy resources, just to name a few. In this regard, the book provides the reader with ample
knowledge about the different facets of the fascinating and always intriguing geology of Egypt
since the Precambrian time. For a junior researcher or a geoscience student, the book is a
comprehensive, multidisciplinary one-stop resource that they will continue to reference and rely
on for years to come. For a more experienced scientist, the book summarizes the current state of
knowledge, highlights themagnitude of complexity of the geology of Egypt and northeast Africa
and reveals potential areas where future research should be directed. The book is written in
simple, easy to understand English language and contains very useful high-quality illustrations.
Last but not least, The Phanerozoic Geology and Natural Resources of Egypt has been reviewed
and edited by world class, highly ranked geoscientists from Egypt, Europe and USA.

Contents

The book consists of two parts; The first part covers the Phanerozoic Geology of Egypt, and
the second part reports the Natural Resources in Egypt, including mineral resources,
hydrocarbon potentialities and water resources. The following scientists (arranged in Alpha-
betical order) contributed to the two parts (Abdelgalil Hewaidy, Abdou Abouelmagd, Adam
El-Shahat, Ahmed Heneish, Ahmed Mohamed, Ahmed. E. Radwan, Amr A. Metwally, Andre
Jasper, Asmaa A. Taha, Atef Moatamed A. Mohamed, Bahay Issawi, Bandar I. Ghassal,
Basma M. H. Mansour, Brahimsamba Bomou, Clément Coiffard, Dieter Uhl, Edoardo
Dallanave, Fadi H. Nader, Felix J. Augustin, Felix J. Augustin, François Baudin, Gad
El-Qady, Galal El-Habaak, Gehad M. Saleh, Gerta Keller, Hamdy M. Abdalla, Hassan
Khozyem, Haytham El Atfy, Hesham Elasmar, Hiroharu Matsueda, Jorge E. Spangenberg,
Josephina Hartung, Kamel H. Mahfouz, Mahmoud Abdel-Hakeem, Maria-Fernanda
Romero-Sarmiento, Mohamed Abdel Zaher, Mohamed H. Geriesh, Mohamed K. Zobaa,
Mohamed Yossef, Mohammad Abdelfattah Sarhan, Mortada Mourad Taha ElAref, Mounir H.
El-Azabi, Nageh A. Obaidalla, Panagiotis Kampouridis, Panagiotis Kampouridis, Ralf Littke,
Salah Y. El Beialy, Samah Elbarbary, Samer Bou Daher, Sebastian Grohman, Sherif Farouk,
Shunso Ishihara, Tarek Anan, Thierry Adatte, Uwe Kirscher, Valerian Bachtadse, Wael
Hagag, Yebo Liu, Zakaria Hamimi). We would like to thank all of them for accepting our
invitation and for their valuable contributions. Special thanks are also extended to the Egyptian
National Committee for Earth Sciences, Academy of Scientific Research and Technology, for
great support and fruitful discussion during the preparation the final version of this volume.
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The first part of this book comprises 17 chapters. The first four chapters (overall paleo-
geographic and geodynamic evolution) addresses the overview and tectonic framework, the
Phanerozoic geomorphology and the paleoposition and paleogeography of Egypt during the
Phanerozoic Era. The fifth chapter (Paleozoic) deals with the Precambrian life and Cambrian
revolution. The Mesozoic sedimentary succession, Mesozoic oceanic anoxic events and the
associated black shale deposits as a potential source of Energy, the evolution of vegetation
through the Cretaceous of Egypt, dinosaur faunas of Egypt–the terrestrial Mesozoic vertebrate
record, Cretaceous wildfires in Egypt: Inferences to paleoecology and paleoenvironment and
paleoenvironmental and paleontological study of the Gabal Ekma section (Egypt) throughout
the Coniacian-Santonian boundary are treated in the next chapters (sixth to eleventh). The
twelfth to seventeenth chapters address the climatic and environmental changes during the
Paleocene–Eocene Thermal Maximum in Egypt: an overview, the standard Sequence Strati-
graphic Scheme for the Maastrichtian-Ypresian Successions of the Southern and Central
Western Desert, Egypt, the Eocene–Oligocene vertebrate assemblages of the Fayum
Depression, the Oligocene palynology and paleoclimates of northern Egypt as recorded in the
Dabaa Formation, the Quaternary environmental and climatic changes and the evolution of the
River Nile through time.

In the second part, nine chapters of the book (chapters eighteenth to twenty-sixth) are
dedicated to the issue of natural resources in Egypt. The eighteenth to twentieth chapters
examine the Phanerozoic Stratabound/Stratiform Ore Deposits of Egypt, the potential
exploitation of the Phanerozoic Glauconites, and the Phanerozoic Rare Earth Elements in
Egypt. The twenty-first and twenty-second chapters revisit the major groundwater reservoirs
and the geothermal potential in Egypt. The twenty-third chapter is devoted to the petroleum
Source Rocks of Egypt—an Integrated Palynological and Organic Geochemical Approach.
The last chapters (twenty-fourth to twenty-sixth) systematically describe the hydrocarbon
potential of carbonate rocks, the Western Desert petroleum sources and reservoirs and the
offshore East-Mediterranean Mesozoic-Cenozoic Petroleum Systems.

Benha, Egypt Zakaria Hamimi
Aswan, Egypt Hassan Khozyem
Lausanne, Switzerland Thierry Adatte
Rueil-Malmaison, France Fadi H. Nader
Missouri, USA Francisca Oboh-Ikuenobe
North Dakota, USA Mohamed K. Zobaa
Tübingen, Germany Haytham El Atfy
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An Overview of the Phanerozoic Geology
in Egypt

Bahay Issawi and Sherif Farouk

Abstract

Egypt is located in northeastern portion of Africa and
extends into the Asian near East. It is susceptible to many
local and global tectonic events with sea-level changes
during deposition of the Phanerozoic sediments. The
Paleozoic history of Egypt showed that the sediments were
meagerly comparing with the Mesozoic and Cenozoic.
The most important structures which had a great effect on
the stratigraphy of Egypt stretched from the northern
shores of Egypt to its extreme southern part. The control-
ling factor in the development and distribution of the
Paleozoic is rolled by several high arcs which stretch from
south to north, irregularity with Pre-Cambrian and Pale-
ozoic plumes (541–431 ± 20–30 Ma). Important glacia-
tion sediments were recorded during the infra-Cambrian
of the Hammamat sediments and Late Ordovician–Early
Silurian Gabgaba Formation at southeast Egypt and Al
Gilf Kebir which stretching from the northwestern part of
Africa to the Arabian Plate. The Mesozoic deposits in
Egypt are very unequally distributed. Marine Triassic is
only known from the Arif El Naga dome in northeast
Sinai, where continental Triassic covers more areas in
Egypt. Marine Jurassic deposits were recorded from the
north and northeast Sinai as well as from the western side
of the Gulf of Suez. The best and most complete section of
the Jurassic is exposed at Gebel Maghara North Sinai. On
the other hand, Jurassic fluvio-marine and fluviatile
sections were mapped from the southern parts of the
country as far as lat. 23° 30′ N. Subsurface marine and
continental sequences were identified in the subsurface of
the north Western Desert. The transition from Jurassic to
Cretaceous history was marked by a major and widespread
hiatus in Egypt due to Cimmerian Event. Cretaceous

deposits are widely distributed on the surface and
subsurface covering about 40% of the total area of Egypt
extending from north Sinai to the Egyptian–Sudanese
border. Remarkable facies and thickness variations are
noted in Egypt. Where Egypt was covered by a thin
blanket of Mesozoic sediments in paleo-high areas, thick
sections were deposited in trough areas in-between the
arcs. The Early Cenozoic marine transgression covered
most of Egypt and even penetrated inside Sudan. The
history of the Cenozoic in Egypt witnessed three major
events named: (1) closure of the Neo-Tethys; (2) rifting of
the Gulf of Suez associated with the gradual uplift of the
Red Sea Basement Mountains; and (3) Messinian Crises
leading to the desiccation of the Mediterranean.

Keywords

Global events � Phanerozoic � Paleozoic arcs �
Cimmerian event � Messinian crises � Neo-Tethys

1 Introduction

Africa was a part of Gondwana during the end of the Pre-
cambrian period, and the South Pole was placed just north of
where the African Plate is now. The plate moved northward
over and away from the South Pole throughout the
Phanerozoic (Siegesmund et al., 2018). This was succeeded
by a period of relative stability with the only slow rotation of
the plate at about the same latitude for the past * 200 m.y.
as neighboring plates within Gondwana dispersed (Burke
et al., 2003). The end of the Pan-African orogenic events
rendered present-day African Plate was positioned inside of
Gondwana, bordered to the west by the South American Plate
and to the east by Arabia, India, Madagascar, and Antarctica.
Therefore, only regions of the African Plate that were at the
boundaries of Gondwana, i.e., the far northern and far
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southern sections, are registered for subsequent orogenic
events during the Phanerozoic (Bumby & Guiraud, 2005).

The evolution of African basins must be considered in
view of periodic plumes rising under the African Plate and
also the climate that changed with sea-level changes
accompanying the northward drift of the supercontinent
during the transgressions–regressions Phanerozoic cycles,
which have a direct influence on basin fill. The majority of
the Phanerozoic tectonism and magmatism within the Afri-
can Plate can be considered to have occurred along broad
lineaments, which represent the reactivation and exploitation
of earlier Late Proterozoic Pan-African sutures (Merdith
et al., 2017; Unrug, 1997). Several Phanerozoic magmatic
events have been identified (Issawi & Gayed, 2011; Fig. 1)
as postdating the Precambrian (620–570 Ma) Dokhan Vol-
canics in different parts of Egypt, including the Paleozoic
cycle I (541–431 ± 20–30 Ma) in southwestern Egypt
known as the Katherina event. The Permian–Triassic–
Jurassic cycle II (216–145 ± 5–3 Ma), a rejuvenation of
cycle I, has also been identified in southwestern Egypt as a
circle extending eastward. Eruptions of the same age were
also recorded in the Eastern Desert and Sinai. The Creta-
ceous cycle III (14,274 ± 3 Ma) has been identified in many
parts of Egypt where new eruptions took place rejuvenating
the older cycle and in new areas. Cycle IV (46–22 ± 1 Ma)
occurred in the Cenozoic and has been recorded across most
of Egypt, including the areas of the Cretaceous cycles.

Although the spatial distribution, the fauna, and sedi-
mentological characteristics of the Phanerozoic deposits are
well scrutinized in Egypt, their integration in the global
framework and the events which prevailed before and during
the Phanerozoic are lacking. One of the targets, which the
present study aims at, is to fit Egypt’s Phanerozoic history
into a regional picture as far as the global changes in the sea
level, the rifting episodes, the history of the global events,
and their effect on Egypt’s sedimentation sequences and the
main magmatic events are concerned. As many stratigraphic
sequences are adopted by different groups working on the
Phanerozoic sequences, the result is a labyrinth of forma-
tional names, which confuse the younger generations who
have the stamina for developing and enriching the geology
of Egypt. Enough has been given on the identification of a
formation and the interest in the following pages is focused
on the global events, which had a great bearing on the his-
tory of the Phanerozoic geology of Egypt.

2 Paleozoic Arcs and Basins

The large number of faults that crosscut the Precambrian
Shield regions of the Gondwana supercontinent in general,
and Egypt in particular, is the controlling factor in the
Paleozoic sedimentation.

The faults led to the uplift of several plutonic arcs that
crossed Egypt in a general northeast–southwest direction and
along the margins of the intracratonic basins. The larger arcs,
within the covered basement rocks, dissect Egypt into several
high narrow blocks and between-blocks low areas, which
became sites of thick sedimentation. The Phanerozoic section
accumulated conformably and unconformably in thin to thick
sequences characterized by facies shifts between the highs
(arcs) and lows (basins). The identification of the arcs helps in
solving many of the tectonostratigraphic problems in Egypt.
Many arcs dissecting Egypt into multiple highs and lows,
trending generally northeast–southwest during the Pan-
African and Paleozoic times, were covered by a thin blanket
of Mesozoic sediments, and thick sections were deposited in
trough areas between the arcs. The most important arcs in
Egypt during the Paleozoic were the Umbark, Sharib–Shiba,
Uweinat–Bahariya–Port Said, Tarfawi–Qena–southern Sinai,
Chephren–Kom Ombo, El Nashfa–El Balliyna, Suez–Cairo–
Dabàa, and Gharib–Raqaba–Taba (Fig. 2). However,
intracratonic basins related to stresses within the shield are
also important in Egypt; for instance, they include the many
small basins within the Red Sea Mountains.

In Egypt, the Pan-African tectonics produced a geologic
setting characterized by a crescent-shaped exposure of
basement rock, a basin filled with sedimentary deposits, and
extruded volcanics to the north and west of the outcropping
basement, amounting to a total cumulative thickness assumed
to be 25 km. The frequent rejuvenation of these faults was
also control for local or regional tectonic evolution, with
various behaviors in magmatic eruptions, delineation of the
basin size coupled by rise and fall of sea-level change.

Deposits of the Precambrian–Cambrian transition are dis-
tinguished by a bedded clastic sequence, locally including a
conglomerate bed and unmetamorphosed sediments except
near a granitic intrusion (e.g., Gebel Umm Had in the central
Eastern Desert and atWadi Lithi in southwestern Sinai). U–Pb
ages of the Hammamat Series refer to 585 ± 13 Ma (Wilde &
Youssef, 2002). Deposition of the Hammamat Series occurred
from braided alluvial-fan streams with some marine paleoen-
vironment pulses (indicated by microfossils together with the
mineral chamosite) (Grothaus et al., 1979; Khalifa et al., 1988;
Wilde & Youssef, 2002). The fluviatile conditions of the
Hammamat end phase continued through the Cambrian. The
Infracambrian Hammamat sediments are coarse-grained clas-
tics, which could be partly coeval with the Taba Formation in
Sinai west of the Gharib–Raqaba–Taba arc. The 8-m-thick
Hammamat here consists of conglomerate, sandstone, and
minor siltstone. The Hammamat and the feldspathic sandstone
of the Araba Formation are known to be deposits overlying
basement along the east and south sides of the Egyptian Basin.

Paleozoic deposition took place in intracratonic basins
delineated by basement-exposing high arcs, which generally
crossed Egypt in a north-northeast–south-southwest direction.
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Sedimentation was influenced by global climate, sea-level
changes, and periodic flooding by the Paleo-Tethys Ocean
southward over newly assembled northern Africa. Generally,
braided river deposits in the south (southern Nile and Dakhla
Basins) pass into tidal and shallow-marine facies toward the
north (Gulf of Suez, Sinai, and Siwa Basins) where the
Paleo-Tethys Ocean had transgressed: (1) the southern Nile
Basin including the Araba, Gabgaba, Naqus, Wadi Malik,
and Gilf Formations; (2) the Dakhla Basin (including the
Araba, Naqus, Wadi Malik, and Abu Ras Formations); (3) the
Gulf of Suez Basin (including the Araba, Naqus, Rod El
Hamal, Abu Darag, Aheimer, and Qiseib Formations); (4) the
Sinai Basin including the Taba, Araba, Naqus, Wadi Malik,
Um Bogma, Ataqa, Abu Durba, and Aheimer Formations;
(5) the Siwa Basin including the Shifa, Kohla, Basur, Zei-
toun, Desouqy, Dahiffan, and Safi Formations. Figure 3
shows the coeval units in different basins.

2.1 The Cambrian Deposits

In the subsurface Siwa Basin, the 300–1500-m-thick Cam-
brian Shifa Formation consists of heterogeneous sandstones
with interbedded conglomerate, claystone, and commonly
dolomitized skeletal carbonate (Keeley, 1989). The Shifa is
coeval with the Araba Formation which recorded in different
parts of Egypt (Fig. 3). The middle part of the Araba

Formation contains Cruziana and Skolithos ichnofacies,
which refer to the Cambrian (Elicki et al., 2013; Khalifa
et al., 2006; Wanas, 2011).

The pediplain, which dips away from central, northeast-
ern, and western African orogens and over which the
Cambrian was deposited, started to rise during the Cam-
brian–Ordovician transition (Sardinian and pre-Caradoc)
tectonic event (Table 1). During both times, this event was
responsible for the limited accumulation of sediments and
hence the many unconformities. Thick deposits are found
only on the passive margin of northern Africa (Siwa Basin),
with the exception of an area in the northeast part of the
Egyptian Basin that was blocked by the Turkish Plate. For
this reason, the Lower Paleozoic pedimentation in this part
of the Egyptian Basin was quite limited.

2.2 The Ordovician Deposits

The low sea level during the Early Ordovician coupled with a
general uplift of Egypt along the arcs generally reflected the
Taconic movement in northern Africa (Table 1). Ordovician
marine sediments are almost totally absent, although they are
found on both sides of Egypt as well as in Libya and Saudi
Arabia. The Taconic movement was well recorded in Wadi
Gabgaba, where the tilting of the Cambrian Araba Formation
is as described in southwestern Libya (in the Uweinat area); in

Fig. 1 Paleozoic arcs in Egypt (Issawi et al., 2009)
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the Gilf Kebir in Egypt, two faults bound its scarp on the west
side (Issawi et al., 2009). By the Late Ordovician, Gondwana
had drifted northward over the South Pole, which was then
located in an interior position in what is now northwestern
Africa. Late Ordovician glacial deposits (sandstone and tillite)
are thus widespread through northern Africa. By correlation
with similar facies in Arabian Plate (e.g., Saudi Arabia, Jor-
dan, Iraq), a fluvioglacial mode of deposition is substantiated
for the Naqus Formation in Egypt. The Naqus Formation lies
unconformably on top of the Araba Formation separated by a
paleosol layer. A fluvioglacial origin of the Naqus Formation
depends largely on the presence of dropstones or erratic
pebbles (Issawi et al., 2009).

The fissures, cracks, and faults in the Gabgaba area led to
degradation and deepening of the wadis at the base of the
Archean igneous and metamorphic units in the hills bor-
dering the east side of the wadis. These paleovalleys later
were the sites of deposition of the Gabgaba Formation,
glaciogene conglomerates that resulted from the Ordovician
glaciation (Issawi, 2000). The next phase in the glaciation
history was the complete melting of the ice and the depo-
sition of the Naqus Formation during the Early Silurian.
Glaciogene diamictite deposits are common in many parts of
Egypt extending from Sinai through Wadi El Dakhl in the

northern Eastern Desert to Wadi Gabgaba in the southern
Eastern Desert to Gilf Kebir in the southern Western Desert.
Issawi’s (2005) detailed study of Gabgaba geology revealed
four glacial phases and four interglacial paleosol layers. The
Ordovician unit in the Siwa Basin is the 80–600-m-thick
Kohla Formation, which consists of fluvioglacial tidal-flat
sandstone and mudstone deposits.

2.3 The Devonian–Silurian Deposits

The Late Caledonian uplifts during the Early Devonian were
accompanied by the continuous regression of the sea and by
progradation of braided plains over large areas in southern
Egypt. The Late and Early Devonian registered a brief
marine transgression during the Emsian with the deposition
of the * 750-m-thick Zeitoun Formation as shallow-marine
sandstone and offshore marine mudstone all along the
northern Africa platforms (Carr, 2002) and conglomerate in
the Siwa Basin. In southern Egypt, erosion of the high land
as a result of the Caledonian movement resulted into sig-
nificant thinning of the outcropping clastic parts of the
Devonian Wadi Malik Formation (80–100 m) in the Dakhla
Basin near the west side of the Gilf Kebir; in Sinai, the Wadi

Fig. 2 Anogenic and orogenic plumes in Egypt (Issawi & Gayed, 2011)
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Malik section is only 15 m thick and consists of sandstone.
Devonian rocks are also of record in eastern Aswan at Wadi
Abu Agag, in southeastern Aswan at Wadi Gabgaba, and in
southwestern Aswan at Um Shagir Hill. On the basis of
subsurface data from both the Hurghada oilfield and the
Zaafrana drillhole, Devonian sediments are likely extend
below the confirmed Carboniferous section.

In Wadi Gabgaba, Late Ordovician Gabgaba conglom-
erates and the Naqus Formation were tilted 10–35, indicating
a second uplift reflecting the Erian phase of the Caledonian
orogeny. The Devonian sediments were again tilted in
response to the Late Devonian–Early Carboniferous uplift
known as the Bretonian or Late Acadian movement repre-
senting the first phase of the Hercynian orogeny. Block
tilting of the Carboniferous sediments, domal uplift, and
folding are clearly evident in the Lower Paleozoic sediments
in Sinai, in the Wadi Gabgaba area, and in the Gilf–Uweinat
stretch. Minor deformation in northern Africa strata in the
Late Devonian (the Bretonian event) is associated with the
initial northward subduction of the Paleo-Tethys.

During the Late Silurian, the deposition of the 400–
700-m-thick Basur Formation (sandstone, minor interbedded
siltstone, and conglomerate) occurred in the Siwa Basin
(Issawi et al., 2009; Keeley, 1989; Fig. 3). The Silurian hot
shale rich in organic matter provided good sources for the
petroleum systems adjacent to Egypt—the Libya–Algeria
basins to the west and the Arabian basins to the east.
Because the Turkish Plate dammed the northern shores, no
rich organic matter of marine origin comparable to that in the
surrounding countries has been found in Egypt.

2.4 The Carboniferous–Permian Deposits

The Early Carboniferous witnessed globally high sea levels
and warm temperatures with the sea invading northern Africa
over the pre-Carboniferous deformed surface. Although
deformation led to the inversion of the Siwa Basin, in other
parts of this basin, thick deposits of sediments accumulated,
thereby forming the 100–300-m-thick Tournaisian–Early

Fig. 3 Paleozoic rock units in Egypt
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Visean Desouqy Formation (bedded sandstone with minor
intercalated siltstone). To the south, in the Uweinat–Gilf
Kebir stretch, the Gilf Formation unconformably overlies
older Paleozoic units in an area stretching from the southern
Western Desert to the high basement rocks of the present Red
Sea Hills.

In Sinai, the area north of Gharib–Raqaba–Taba received
a thick succession of Carboniferous deposits including the
Um Bogma and the Abu Durba Formations, mainly clastics
and minor carbonates that host the well-known manganese–
iron ore deposit. South of the arc, the inversion of the basin
during post-Naqus Formation time continued in response to
the Hercynian–Variscan orogeny. The Hercynian orogeny,
which dates back to 350–280 Ma (Early Carboniferous–
Early Permian) (Coward & Ries, 2003), was responsible for
intraplate deformation throughout the entire Sahara platform
(Haddoum et al., 2001), often by reactivation along the
Pan-African suture zones such as the northeast–southwest-
trending arcs crossing Egyptian basins. All these features
involve Paleozoic sediments, but most of the Mesozoic units
(Triassic and Jurassic) are missing or are represented by
continental lithofacies.

Sea-level oscillation in the Late Carboniferous was
associated with the early stages in the opening of the central
Atlantic Ocean and resulted in lithofacies changes varying
from shallow to deep marine in northern Egypt. The many
unconformities within the Carboniferous marine section
were due to these transgression–regression phases as well as
the many deformations resulting from the Westphalian–
Stephanian Asturian event of the Variscan orogeny and
generally may have been synchronous with or may have
postdated a rapid cooling phase in the global climate, which
reached its maximum during the Late Carboniferous–Early
Permian glaciation (Klitzsch, 1983). At the time, most of
Egypt was paleo-highs except probably its northern part,
where the Aheimer Formation formed. Inland, the 30–
40-m-thick Abu Ras Formation (conglomerate) uncon-
formably overlies the Carboniferous Gilf Formation. Both
the Aheimer and the Abu Ras Formations are considered to
be Upper Carboniferous to Permian (Kora, 1998).

The progressive fragmentation of Gondwana began dur-
ing the Late Carboniferous–Early Permian and continued
through the Early–Middle Mesozoic. In the first stage of
rifting, consequent escape structures resulting from

Fig. 4 Different cretaceous facies in Egypt (after Issawi et al., 2009)
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fragmentation processes (or vice versa), the northern and
eastern margins of Africa, were greatly affected.

2.5 The Permian / Triassic Transition

The northern margin of Africa changed from being a con-
vergent margin associated with the closure of the
Paleo-Tethys Ocean to a passive margin during the Permian
and Triassic, as the Neo-Tethys began to open (Wilson et al.,
1998). Rifting occurred by reactivation of Hercynian faults
under a purely extensional regime along the passive margin
(Pique et al., 2002). Large-scale transcurrent fault zones, such
as the Newfoundland-Azores-Gibraltar and Guinea-Nubia
fracture zones, which acted as northern and southern trans-
form faults, respectively, enclosing the central Atlantic dur-
ing crustal separation, allowed for the opening of the central
Atlantic (Bumby & Guiraud, 2005). The clockwise rotation
of Africa (Fairhead et al., 2013) during the process of sepa-
ration of South America from Africa led to the positioning of
the southern rift of the northern fracture zone to be in
northern Africa. The zone includes the Syrian Arc System
and associated structures, such as along the northern Egypt

fracture zone (Issawi et al., 2009) between Taba (on the north
end of the Gulf of Aqaba) and Suez and through Cairo to the
Mediterranean. Farther west, the presence of sinistral strike–
slip faulting and associated flower structures in parts of the
Atlantic trough attests to this transgressive movement (Pique
et al., 2002). However, the passive margin of Egypt’s African
Plate seems to have not been much affected by the suturing
phase of the plates, and the Triassic heralded the onset of
thick Jurassic and Cretaceous sediments in the northern
Egyptian Basin, together with subsidence that affected the
eastern Mediterranean margin in conjunction with the open-
ing of the Neo-Tethys (Stampfli & Boreal, 2002).

2.6 The Triassic Deposits

The Triassic section at Arif El Naga (northeastern Sinai)
comprises the 50-m-thick basal Anisian Qiseib Formation
(fine- and coarse-grained clastics), which is overlain suc-
cessively by the 19-m-thick Anisian Arif El Naga Formation
(lumachels in a gypseous or marly matrix) and the
50-m-thick Ladinian–Carnian Abu Nusra Formation (fos-
siliferous massive limestone and dolomite with interbedded

Fig. 5 Cross sections and distribution of Cretaceous rock units in Egypt (after Issawi et al., 2009)
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gypseous clay and marl). The marine Triassic sediments are
known from most wells drilled in northern Sinai between
Arif El Naga and the Gulf of Suez, whereas continental
conditions prevailed in the high area south of Lat 30°N in
both the Eastern Desert and Sinai.

In the northern Western Desert, the subsurface sandstones
above the Carboniferous and below the Jurassic might
belong to both the Permian and the Triassic, while in the
southern Western Desert, the 50-m-thick Abu Ras Formation
(sandstone, shale, and grit) is thought to be of Triassic age.
Volcanic activity peaked at * 200 Ma (Guiraud, 1998),
which is near the Triassic–Jurassic contact, when extensive
alkaline basalt flows were emplaced in northern and central
Africa and in the Levant, preceding the separation between
northern Africa and Europe (Table 1).

2.7 The Triassic–Jurassic Transition

A major unconformity representing the Triassic–Jurassic
transition is known from the Egyptian successions and in
Sinai is marked by a gypseous clay and conglomerate
horizon at the top of the Triassic section. The hiatus fol-
lowed the rifting and basin-development episode, which was
terminated by volcanic eruptions. Tectonic instability had
increased from Middle Triassic time and was underscored by
block tilting and local uplifts along the Africa–Arabia
Neo-Tethys margins, as reported by frequent unconformities
and hiatus in the Triassic–Jurassic sediments and also by the
complete lack of Triassic marine deposition apart from the
Arif El Naga area. These deformations represent the distal
effect of the Eo-Cimmerian orogenic event.

Fig. 6 Paleocene facies distribution in Egypt (Farouk, 2016)

10 B. Issawi and S. Farouk



2.8 The Jurassic Deposits

In northern Sinai, Jurassic sediments attained a thickness
of > 1800 m through three marine and three continental
sedimentary-facies cycles, each ofwhich incorporated aminor
cycle of the other facies (Al-Far, 1966). The Gebel Maghara
Facies characterize the sediments into three marine and three
continental cycles. Each cycle carried a minor second-order
cycle, and thus, the marine cycle has a minor representation of
the continental facies vice versa. The Gebel Maghara Facies
started at base with the continental Mashaba Formation fol-
lowed by the Marine Rajabiah, Continental Shusha, marine
BirMaghara, continental Safa, andmarineMasajid Formation
at top. Though the Safa Formation includes coal beds, it is hard
to apply the term cyclotheming to the whole section; it may be
referred to as “poor cyclotheming.”

However, in Khashm El Galala exposed section on the
west side of the Gulf of Suez has the same Gebel Maghara
units but is much reduced in thickness (220 m). The line
along which the Gebel Maghara Sinai Facies changes to
Khashm Facies is now the Gulf of Suez. The continual
sinking of Sinai and rising of Khashm during the Jurassic led
to the initiation of the Gulf of Suez.

Guiraud et al.’s (2005) interpretation of the geodynamic
events during the Jurassic does not fit with field observa-
tions. We do not concur with a high sea level in the Late
Kimmeridgian, the reduced intracontinental fluviatile–la-
custrine basins, and the development of the alkaline anoro-
genic intrusions in Nubia. The Kimmeridgian Masajid
Formation is a shallow-marine unit, both in the subsurface of
the Western Desert (Hantar, 1990) and in the Gebel Maghara
section (Al-Far, 1966); the Dakhla Basin is distinguished by
its fluviatile and shallow-marine Jurassic sediments (Issawi
et al., 2009); and the Jurassic intrusive rocks in Nubia,
southern Egypt, are of minor importance relative to the
Oligocene volcanics extending from west of the Nile to Gilf–
Uweinat in the far west.

The subsurface Jurassic sediments in the northern Wes-
tern Desert are assumed to be as thick as 1524–1828 m, but
they average 600 m farther south; in the Dakhla and Kom
Ombo Basins, the Jurassic comprises mainly clastics, as
proven by drilling in the western Kom Ombo area. The Late
Jurassic–Early Cretaceous Abu Ballas Formation is exposed
in the Dakhla Basin as a 20–53-m-thick unit of sandstone
and clay. The sandstone in Kharga Oasis was described in
part by palynological studies of drill core. Also, palynology

Fig. 7 Distribution of eocene rock units in Egypt
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studies of the sandstones in Foram-1 and Ammonite-1 wells
in the west-central Western Desert revealed 273 m and
105 m thicknesses, respectively (Schrank, 1987). A Jurassic
120-m-thick marine-sediments section, composed of
interfingering limestones and sandstones, was cored in the
Nile Delta (Schlumberger, 1984).

2.9 The Jurassic–Cretaceous Transition

Within many basins in north, west, and central Africa, the
Jurassic–Cretaceous transition exhibits hiatuses and uncon-
formities associated with Late Tithonian sharp drop in sea
level and also with uplift, block tilting, and slight folding
caused by local transpression from the tectonic Cimmerian
event near the end of the Late Jurassic that has been
throughout much of the Middle East (Fourcade et al., 1993).
These deformations represent the distal effect of strong
tectonic activity, including thrusting that occurred in
southeastern Europe, known as the mid-Berriasian orogenic
event (Nikishin et al., 1998). Stresses during these events
caused many rift stages in eastern and northern Africa
margins and in the eastern Mediterranean in general, with

many east–west-trending rifts, especially along the northern
margins of Egypt. These rifts’ depocenters in the main
Egyptian Basin became wider and larger, ready to be cov-
ered by Cretaceous seas and thick Cretaceous deposits. The
Jurassic–Cretaceous transition was marked by a major and
widespread hiatus in Egypt. The top beds of the Masajid
Formation in the Gebel Maghara Facies belong to the
Barthonian–Kimmeridgian, whereas the overlying Malha
Formation is commonly dated as Aptian–Albian; the top-
most Jurassic (Tithonian) and the basal Cretaceous (Berri-
asian to Barremian) are missing in most of the sections
analyzed. However, Aboul Ela et al. (1989–1991) identified
25 species of pollen and spores from the kaolin bands
within the Malha Formation from the west side of the Gulf
of Suez, which relegates the lower part of this unit to the
Barremian or possibly older.

The buildup of many domes along the Syrian Arc belt
started by rifting and initiation of the basins in northern
Egypt in general, during the Triassic–Lias associated with
the widening of the Neo-Tethys. The main structural con-
figuration of this belt developed in the Late Jurassic through
the Cimmerian event and continued intermittently during the
Cretaceous, reaching its acme during the Santonian.

Fig. 8 Distribution of the Neogene rock units in Egypt
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In southern Egypt, the opening of the Indian Ocean around
the Horn of Africa happened * 156 Ma (Middle–Late
Oxfordian) (Rabinowitz et al., 1983), and most probably, the
resulting escape structures mobilized to southern Egypt
intracratonic basins, which have different orientations:
northwest–southeast (Garara and Kom Ombo Basins) and
northeast–southwest (southern Nile and Dakhla Basins).
Among the structural features that are considered to be more
important in the geologic history of Egypt are the widening of
the Gulf of Suez, the renewable uplift of the Pan-African arcs
that generally trend northeast–southwest, and the north-
westward movement of the Arabia–Nubia block. This second
stage of Late Jurassic–Early Cretaceous rifting followed a
Late Carboniferous–Middle Jurassic initial stage of rifting
and strongly affected the development of Karoo Basin, which
stretches from southern Africa to Kenya–Somalia and
Ethiopia in the north (Bumby & Guiraud, 2005). The first
stage of rifting was the initial movement stage in the breakup
of Gondwana at * 180 Ma, which separated West Gond-
wana (Africa, Arabia, and South America) from East
Gondwana (India, Madagascar, Antarctica, Australia, and
New Zealand). Both of these rifting phases and a third Late
Eocene–Early Miocene rifting phase resulted in the gradual
breakup of Gondwana, the beginning of the opening of the
Neo-Tethys, basin development on this supercontinent, and
the activation of Pan-African sutures and arcs. Because these
events corresponded to a general sea-level rise and fall, both
widespread marine-sediment accumulation through trans-
gressions and accumulation hiatuses occurred within the
basins. These effects were most important on the high arcs in
the Egyptian Basin. During the Jurassic–Cretaceous within
the African Plate, superimposed on the main regime of
extensional tectonics were compressional events believed to
have been linked to a change in the spreading direction and
rate within the Indian and Atlantic Oceans.

3 The Cretaceous Deposits

A bird’s eye view over Egypt makes it possible to identify
the following seven facies: (1) Sinai (including Aptian–
Albian Malha, Cenomanian Galala, Lower Turonian Abu
Qada, Middle Turonian Buttum, Middle to Lower Turonian
Wata, Coniacian–Santonian Matulla, Campanian Duwi,
Early Maastrichtian Qadiera, and Maastrichtian Sudr For-
mations); (2) Ataqa (including Malha, Galala, Turonian
Maghra El Hadida, Santonian-Campanian Adabiya, and
Maghra El Bahari Formations); (3) Southern Galala (Malha,
Galala, Abu Qada, Wata, Matulla, Southern Galala, and
Sudr Formations); (4) Nile Valley (including Nubia For-
mation, Taref Sandstone Member, Qusseir Clastic Member,
Duwi, and Dakhla Formations); (5) Nuba Abu Ballas (in-
cluding Abu Ballas, Burg, Timsah, Taref Sandstone,

Qusseir Clastic, and Shab Members); (6) Farafra–Bahariya
(including Bahariya, Heiz, Hefhuf Formations, and Khoman
Chalk); and (7) subsurface northern Western Desert Facies
(including: Burg El Arab Formation, Alam El Bueb Clastic,
Alamein Dolomite, Dahab Shale, Kharita Clastic Members,
Bahariya, Abu Roash, and Khoman Chalk). Each of these
facies is further classified into several rock units, and some
of the units cross over to another facies type. The differ-
entiation between the facies is controlled by the surface of
depositional basins, the degree of marine flooding, and
structural deformation before and during deposition. Fig-
ures 4 and 5 show the coeval units in different basins.

Marine incursions covered northern Egypt depositing
sediment units that vary by lithology and thickness. Trans-
gression reached southern Egypt in the Dakhla Basin and in
extreme southeastern Egypt (Abraq), where the Abu Ballas
Formation is found and is assumed to be in the subsurface of
the Garara Basin. Deposition of this unit took place as a
reflection of the Middle to Late Aptian and Albian
dextral-transform movement along the Equatorial Atlantic
fractural system (Gulf of Guinea). The escape structures of
this movement led to widening (resulting in pull-apart
basins) and subsiding of subbasins within the Egyptian
Basin, and the movement certainly was accelerated by the
constant opening of the Indian Ocean.

The final separation between Africa and South America
occurred during 105–100 Ma (Albian–Cenomanian),
although the Atlantic was completely opened in the Santo-
nian (Nurnberg & Muller, 1991; Jolivet et al., 2016), coin-
ciding with the closure of the Neo-Tethys. These movements
resulted in seafloor spreading in western Africa and in
intracratonic basins, the Cenomanian high sea-level stand,
and the establishment of a marine connection between the
Neo-Tethys and the Gulf of Guinea (Atlantic Ocean).
Because the Cenomanian sea-level rise covered all of Egypt,
Cenomanian marine beds are known from the southern
Aswan Abu Rawash near Cairo. Over the high arcs, the
Cenomanian is poorly represented or partly absent, but the
high seawater masked all the structures in the Egyptian
Basin. The widespread Cenomanian over Africa is an
expression of the Cretaceous Normal Magnetic Quiet Zone
recorded worldwide that was initiated at * 120 Ma (Early
Aptian) and ended at 83.5 ± 0.5 Ma (latest Santonian)
(Ziegler, 1990, 1992). The Turonian events that are by far
the most active in Cretaceous time occurred during the
closure of the Neo-Tethys, although it probably was initiated
during the Cenomanian (Guiraud et al., 2005; Issawi et al.,
2009). The huge volcano mountain in southeastern Egypt,
the presence of a 15-m-thick gypsum section of Buttum
Formation, the Turonian section in Sinai, the northward
retreat of the Turonian shoreline from the Cenomanian
shoreline (* 400 km between 22° 30' N and 26° 30' N),
and the closure of the trans-African seaway connecting the

An Overview of the Phanerozoic Geology in Egypt 13



Tethys with the Atlantic are among the important events
characterizing this stage.

This rather-uneventful period was interrupted by the
development of two major regional unconformities, one of
them Albian–Cenomanian and the other Turonian. The
duration of these hiatuses, maturation of the paleokarst
features, and the presence of kaolin both in western Sinai
and on the west side of the Gulf of Suez (northwest of
Zaafarana) point to exposure that was not just brief or
transient. Thus, unconformities were tectonically rather than
eustatically controlled (Farouk, 2015; Farouk et al., 2017).

In Egypt, the Cenomanian sediments are mostly clay and
limestone, but sandstone and clay with rare carbonate (in-
creasing northward) are found in the area south of 26°N. In
Gebel Halal, the Cenomanian consists of a 350-m-thick
limestone. Shallowing conditions of deposition dominated
during the Turonian, but generally the sediments are shales
and marls in Sinai with gypsum in the middle and carbonate
at the top. The Turonian is missing south of Qena and farther
west, in Farafra and Bahariya Facies. Accessed by drilling,
the subsurface of the Western Desert was found to include
an 1800–1900-m-thick Turonian–Senonian section of
fine-grained clastics and clean carbonates.

The Coniacian, which is not well defined in Egyptian
stratigraphy, consists mostly of sandstone of the Nubia For-
mation in the southern and middle latitudes of Egypt.
Mountains in southeastern Egypt provided felsic-volcanic
source rock for this unit; the volcanogenic sediments were
brought to the basins by rivers mostly flowing from these
high mountains toward the north, east, and west in a cen-
tripetal drainage system. The Nubia Formation is divided into
the Taref Sandstone Member at the base (* 80–150 m thick;
Coniacian–Santonian), the Qusseir Clastic Member in the
middle, and the 54-m-thick Shab Clastic Member. Found
only in extreme southwestern Egypt, the Shab is coeval with
the Maastrichtian–Early Paleocene Dakhla Shale in the north.
In the Farafra–Bahariya Facies, the Campanian is represented
by 120-m-thick Hefhuf Formation (dolomitic limestone at the
top and base and argillaceous sandstone in the middle).
Turonian–Santonian strata are missing in these facies.

The most important unit in the Late Cretaceous is the
Upper Campanian Duwi Formation as it includes Egypt’s
economically viable phosphate beds, extending from the Red
Sea (Safaga–Qusseir) through the Nile Valley (Qena to
Edfu) and farther west within the Kharga–Dakhla stretch up
to the Libyan–Egyptian border through the Sand Sea
(Ahmad et al., 2014). The phosphate horizon in southern
Egypt forms the south boundary of the Upper Cretaceous
marine sedimentary units in the north and the north bound-
ary of the Upper Cretaceous continental sedimentary units in
the south.

The Santonian events are clearly reflected in the inversion
of the Syrian Arc basins forming many domes in northern

Sinai through constant rifting and drifting, uplift, gliding of
the mostly Cenomanian upper carbonate units, and steeply
tilting the half domes (Issawi et al., 2009). Dipping of the
Santonian Matulla Formation together with the angular
unconformity between the Matulla and the overlying Duwi
and Sudr Formations is proof of the Santonian inversion of
these features.

The Africa–Arabian Plate’s strong rotation in an anti-
clockwise direction resulted in collision with the Eurasian
Plate (Reilinger & McClusky, 2011). The collision is
expressed in northern Egypt by increased faulting and
accentuation of the old structures on the surface or in the
subsurface of the northern Western Desert. The activated
northeast–southwest arcs in the Egyptian Basin exhibit
well-defined courses, especially in Bahariya Oasis, where
the Cenomanian Bahariya and Heiz Formations are steeply
tilted with an angular unconformity. The overlying units
(Turonian, Coniacian, and Santonian sediments) are not
present in the Bahariya Oasis. In the Eastern Desert, the
Santonian is missing in Gebel Shabrawet and in most of
Gebels Ataqa and Northern Galala but is found in Southern
Galala (Farouk, 2015). Active block movements started
before the Santonian and became more pronounced with
time until the Middle Miocene opening of the Red Sea.

The Campanian transgression reached south–southwest-
ern Aswan, where the Duwi Formation (a clastic phosphate–
carbonate unit) was deposited; the Duwi gradually reflects
deeper marine conditions northward and is part of the
Southern Galala and Sinai Facies. Also representing the
Campanian transgression is the Hefhuf Formation in
Bahariya. The shallow conditions prevailing over much of
the Egyptian basins, associated with tranquil tectonic events,
gave way to more marine transgression during the Early
Maastrichtian, when the basal part of the Dakhla Formation
was deposited as far south as Lat 23° N and northward in
Sinai; it is also found at the surface and in subsurface sec-
tions of the northeastern and northern western deserts. The
Maastrichtian Dakhla Shale is well exposed above the Duwi
Formation east and west of the Nile, along the Sin El
Kaddab scarp, through Darb El Arbain to the Kharga–
Dakhla oases and Lat 26° 45' N (Hatyet El Sheikh Marzouk
south of Farafra Oasis but gradually changing to Khoman
Chalk to the north). In the northern Western Desert, the
chalk reaches a considerable thickness (1814 m), as
observed in the Betty well and in many oil wells in the
northern Egyptian basins. Issawi and Osman (2002) consider
the Farafra Oasis latitude to be a boundary between platform
(Dakhla Shales) and ramp (Khoman Chalk) environments of
deposition. Such platform–ramp conditions extended east-
ward to where, in the southern Galala Facies, deeper con-
ditions of deposition prevailed during the Maastrichtian and
the * 88-m-thick Sudr Chalk (chalky limestone) formed,
and in the Ataqa Facies, because block faulting caused a
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disturbance in the depositional regime in the north, the
80-m-thick Maastrichtian Maghra El Bahari Formation
(sandstone, marl, limestone, and conglomerate). The high
sea level during the Maastrichtian penetrated the high
uplifted blocks in the north, thereby causing a reversal of the
ramp–platform relationship.

In southern Egypt, in the Nuba–Abu Ballas Facies, the
Campanian Duwi Phosphate is largely missing: It is repre-
sented only by thin fossiliferous phosphatic lenses along
Darb El Arbain (Issawi et al., 2009). The Maastrichtian
Dakhla is replaced by minor shale beds (Shab Clastic
Member at the top of the Nubia Formation; Fig. 5). Repeated
major sedimentary cycles from continental and marine facies
were observed at least three times from the Late Jurassic
through the Late Cretaceous in southern Egypt. Each of these
cycles (as follows, from top to base) includes basal conti-
nental sediments overlain by transitional deltaic rocks and
marine deposits: The Nubia Formation includes the Santo-
nian Qusseir Clastic Member (dominantly shallow-marine to
deltaic facies) and the Coniacian Taref Sandstone Member
(dominantly continental facies). The Early Senonian Timsah
Formation consists mainly of iron-bearing beds, clay, and
sandstone of lacustrine and deltaic facies intercalated with
marine sediments. The Albian–Cenomanian Burg Formation
consists mainly of fluviatile and deltaic continental deposits
on-lapped with sediments from marine incursions, such as the
Upper Cenomanian Heiz or Maghrabi Formation
(shallow-marine facies). The Lower Cenomanian Bahariya or
Sabaya Formation consists of shallow-marine to continental
and deltaic facies (Catuneanua et al., 2006.). The Lower
Cretaceous (Aptian) Abu Ballas Formation consists of con-
tinental sediments at the base (named Six Hills Formation by
the Germans), overlying Upper Jurassic shallow-marine
deposits (called the Abu Ballas Formation by the Ger-
mans). The end of the Cretaceous in Egypt is marked by a
retreat of the sea, with a wide unconformity representing the
Cretaceous–Paleogene boundary.

4 Cenozoic

After the closure of the Neo-Tethys at the end of the
Mesozoic, the Cenozoic witnessed two major events, with
many structural and stratigraphic consequences: the
appearance of the Red Sea in the Middle Miocene and the
desiccation of the Mediterranean during the Messinian.
These occurred as brief but very important events in the
geologic history of Egypt, which were unequaled by any
events during earlier times.

Along the northern African–Arabian Plate, the basins
recorded strong subsidence through rifting during the Pale-
ocene–Early Eocene, a continuation of the general subsi-
dence during the Jurassic and the Cretaceous. Strong faulting

and folding happened in Egypt from the Syrian Arc System
in the north to the Guinea–Nubia lineament far to the south;
compression collision occurred in the Zagros and the Oman
Mountains in the northeast; folding happened along the
Central African Rift System and the Horn of Africa in the
south and southwest; and deformation occurred in north-
western Africa. The effects in Egypt manifested as a general
Cretaceous–Paleogene unconformity (between the Dakhla
and Kurkur conglomerates), the gradual upheaval of south-
ern Egypt associated with block faulting (especially in the
Gulf of Suez and in Sinai), and the extensive folding along
the northeast-oriented arcs dissecting the Egyptian Basin.

4.1 The Paleocene–Eocene Successions

The Paleocene five age-coeval facies associations from
south (shallower) to north (deeper) are: (1) Garra El
Arbain; (2) the Nile Valley; (3) Farafra; (4) Galala; and
(5) Sinai (Fig. 6). The Paleocene reefal Kurkur Formation
in southern Egypt gave way to the more marine Tarawan
Formation in the middle latitudes, overlying deep-marine
facies of the Dakhla Formation, which extends from the
Red Sea in the east to the Sand Sea in the west. The
uneven Cretaceous surface over which the Cenozoic sedi-
ments were deposited displayed several facies varying from
quiet deep marine (Nile Valley Facies) in the eastern and
central parts of Egypt to reefal facies in the southern and
western parts (Garra El Arbain Facies), where many Cre-
taceous–Lower Paleocene unconformities were recorded in
the top strata.

The sea-level stand reached southern Egypt and pene-
trated a few hundred kilometers into Sudan during the Pale-
ocene and Early Eocene. Deposits during these times overlie
a very irregular surface caused by the above-mentioned
movements; as a result, units are quite variable in thickness
and are commonly missing altogether. The Paleocene is
totally missing in Bahariya area in spite of the northern
location (where Paleocene sediments are common), 500 km
to the south (in Sin El Kaddab scarp) and 35 km north of the
Egypt–Sudan border (Lat 22°N) at Bargat El Shab.

In the northern Farafra area, the Paleocene Tarawan
Chalk is only 2.5 m thick, and an unconformity separates the
underlying Khoman Chalk; also, the Paleocene gradually
thins out toward the north Farafra Oasis owing to the effects
of the Syrian Arc System (Farouk, 2015; Farouk et al.,
2019). In the Red Sea area, the Paleocene transgression
reached Lat 26° N, most probably owing to sea-level rise
rather than structural conditions as in the Nile Valley and the
Western Desert, where the sea covered more areas toward
the south. The most-probable explanation relates to the
beginning of the uplift of the Red Sea Mountains and the
consequent westward tilting of the Egyptian basins.
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In the northern Eastern Desert, many unconformities are
known from the Paleocene–Lower Eocene sequence, toge-
ther with lateral facies changes (Farouk, 2016). This evi-
dence plus the idea presented earlier that the Gulf of Suez
formed during the Jurassic indicates that the Red Sea and the
Gulf of Suez opened from north to south. Since the Paleo-
zoic tectonic pulses led to the uplift of the Red Sea Moun-
tains. This area also has witnessed active block movements
recorded along the Wadi Gabgaba in southwestern Egypt.

In Sinai, the Paleocene is represented by the 40–
50-m-thick Esna Shale unconformably overlain by
200-m-thick Lower Eocene limestone with chert. To the
north, at the Syrian Arc fold belt, the Paleocene is generally
missing (Farouk, 2016). In the subsurface of the northern
Western Desert, different thicknesses were recorded for the
Paleocene–Eocene sediments in oil wells drilled in the many
subbasins or depocenters of the Egyptian basins which
reflect the interaction among and instability of the blocks.
Since the Late Cretaceous, the Farafra Oasis area stood on
the downward edge of the continental slope of the Egyptian
basins. It is in this area that the Maastrichtian Dakhla Shale
is replaced by thick Khoman Chalk in the subsurface of the
northern Western Desert. The Paleocene in the subsurface is
commonly made up of limestone alternating with thin shale
layers in the deeper parts of the subbasins. The undivided
Eocene Apollonia Formation (550–1788-m-thick limestone)
is generally unconformably overlain by the Tarawan For-
mation and the thick Paleocene–Eocene Ain Dalla Forma-
tion. To the south (Farafra), deeper sediments of the
Paleocene–Eocene are replaced by a shallow facies com-
prising the Esna and the Farafra Formations. This supports
the assumption that the Farafra area was a transition zone
between a platform in the south and a ramp in the north
during Late Cretaceous–Early Eocene time (Hewaidy et al.,
2006, Farouk et al., 2019). To the north, in the Bahariya
eastern scarp, the Lower Eocene Farafra Formation (lime-
stone) is interdigitated with the 68-m-thick Naqb Formation
(limestone), which makes up the Bahariya eastern and
northern scarps and part of the western scarp and also covers
many of the isolated hills in the northern part of the
depression (Fig. 7). The Naqb Formation conformably
underlies the 32.7-m-thick Qazzun Formation (limestone)
deposited during the Late Ypresian under relatively quiet
conditions in contrast to the oscillating and turbulent con-
ditions during Naqb time (Issawi et al., 2009).

A conglomerate bed forms the contact between the
Middle–Upper Eocene Lower–Upper Hamra Formations
(together 63 m thick) and the underlying Qazzun Formation.
The Lower Hamra Formation is Bartonian in age while the
Upper Hamra Formation is Priabonian; the Lutetian is totally
missing, indicating an uplift pulse in the Uweinat–Bahariya–
Port Said arc, reflecting Late Lutetian Pyrenean movement.
The 45-m-thick Qazzun Formation is of record to the north

and northwest of El Quss Abu Said in the Farafra depres-
sion, reflecting a major detour in the sea north, west, and
south of Bahariya Oasis. The Qazzun Formation consists of
a sequence of marl and limestone including abundant chert
pebbles and reworked carbonates with a 4-m-thick gypseous
shale layer at the top. The shale is highly fossiliferous;
Nummulites cailliaudi is most common in the formation at
Bahariya in the northern plateau, although patches of N.
gizehensis-bearing limestones were recorded from the
west-central part of the Bahariya depression. The limited
Eocene section in the vicinity of Bahariya slopes and dips
eastward toward the Nile Valley, where very thick units are
known, besides some newly discovered units that outcrop in
places within the Lutetian gap to the west.

In the Nile Valley between Qena and Cairo, the Lower
Eocene Esna Shale is overlain by a 200-m-thick Paleocene–
Lower Eocene limestone (Farouk, 2016). A 1-m-thick
chert-bearing conglomerate bed is found at Darb Gaga
west of the Nile opposite Qena between the Esna and
Ypresian Thebes Formations (El-Azabi & Farouk, 2011).
Farther north, at the latitude of Minia, the 80-m-thick Minia
Formation (limestone) from the top of the Ypresian is
overlain by the 80-m-thick Lower Lutetian Samalut For-
mation (limestone bearing N. gizehensis), which underlies
the Middle Lutetian Mokattam or the coeval Rayan For-
mation (Fig. 7). This sedimentary sequence comprises
100-m-thick sand and sandy-clay beds, which uncon-
formably overlie the 50-m-thick Lower Bartonian Giushi
Formation or the coeval 80-m-thick Observatory Formation,
both of which are fossiliferous limestones with marl and
dolomite intercalations (Fig. 7).

In the Mokattam area, the Giushi Formation and the coeval
Wadi Hof Formation are unconformably overlain by the
PriabonianMaadi Formation, which is coeval with the Qasr El
Sagha Formation in the Faiyum area (Issawi et al., 2009). To
the south, in the Helwan area, the basal 97-m-thick Qaurn
(limestone) and the overlying 25-m-thick Wadi Garawi For-
mation (clay and marl) are considered Late Bartonian
(although unconfirmed, pending further paleontological
work) (Fig. 7). These two units are coeval with the well-dated
Birket Qarun Formation in Faiyum. The Garra El Arbain
Facies in southern Egypt comprise the * 100-m-thick Late
Paleocene–Ypresian Upper Garra beds (limestone), overlain
by the 127-m-thick Ypresian Dungal Formation (limestone on
top of shale) (El-Azabi & Farouk, 2011).

In northeastern Egypt, many unconformities distinguish
the Paleocene–Eocene section from Wadi Qena in the south
through southern and northern Galala and the Ataqa and
Shabrawet Mountains. A 90-m-thick Lower Eocene lime-
stone unconformably underlies Middle Eocene limestone
with a 20-m-thick conglomerate bed between the two units
in the St. Paul area on the southern Galala Plateau; Upper
Eocene beds have not been confirmed in the area.
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Table 1 Summary of global events during the Phanerozoic showing the resulting features and the response in Egypt

Global events Resulting features Response in Egypt

Major craton forming events in the Archean
followed by a complex history of mountain
building and rifting that culminated with the
Pan-African Orogeny

Tectonic magmatic episodes of Late
Proterozoic–Early Paleozoic age. The
resulting basement rocks are classified into
several units: gneisses and migmatites to
younger granitoids and post-granitic dykes.
Uprising of acidic magma. In Egypt, the
oldest rocks in Gebel Ouwinat are
2656 + 71 Ma; the rocks become younger
eastward extended between 1000 and
550 Ma

– Emplacement of the main basement rocks
and their faults and arcs along the Red Sea
and South Western Desert. – Faults and
arcs delineated the troughs in-between
which became later the main basins in
Egypt during the Phanerozoic. – The arcs
were either due to plumes along fracture
zones or due to normal tectonic movements
marking the plates and subplate boundaries

Cambrian–Ordovician–Pre-Caradoc
tectonism; Early Caledonian Orogeny

Uplifting of the main orogenic belts in west,
central, and south Africa associated with
faulting and compressive stresses

• Uplifting and igneous intrusions in most
regions in Southern Sinai and southern
Egypt (especially arcs areas)

• Unconformities, cracks, faults in most
sedimentary successions during this period

Late Ordovician–Early Silurian Taconic
Orogeny

Low sea level spread of glaciers from west
Africa to Saudi Arabia and Iran passing by
Egypt. South pole located offshore of Algeria
(west Gondwana)

• Thick conglomerate diamictic glaciogene
sediments in the cracks along the present
Wadi Cabgaba (Gabgaba Formation)

• Second pulse in the rising Red Sea Hills in
south Egypt

• Late Silurian–Erian; last phase of the
Caledonian Orogeny

• High sea level

Acadian collision between Gondwana and
Laurasia–Deposition of rich graptolitic shale
in Libya and Saudi Arabia; petroliferous
source rocks

• Stream deposits of the Naqus Formation
• Four glacial periods were identified in
Gabgaba area, separated by 3 interglacial
periods plus a fourth one at the base of the
section

• Third pulse in the rising Red Sea Hills in
southern Egypt. Each pulse is represented
by an angular unconformity in the basal
unit

• Early Devonian
• Rapid marine transgression
• Bretonion (Late Acadian) first phase of
Hercynian Orogeny

• Deformation, plutonic, and metamorphic
events in Laurasia, prolonged over a more
extended period dated 330 and 360 Ma.
The Acadian had best been regarded, not a
single orogenic episode, but as an orogenic
era

• Northward subduction of Paleo-Tethys
• Subsidence and rifting along the plate
margins

• Inversion of Siwa basin and the basin south
of GRT in south Sinai

• Thick unit in the north sub-basin of the
Egyptian Basin (Siwa) duo to rifting

• Tilting of pre-Carboniferous
(Cb) sediments in Cabagaba area

• Uplifting in south Egypt and deflation of
much of Devonian sediments

• Gulf of Suez basin received Devonian
sediments, kept Intact by block movement

• Early Carboniferous
• High sea level
• Austrian Event (Orogeny)
• (Westphalian–Stefanian)

Transgression–regression phases in the
marine section along the North Africa–
Arabia plate

– Deposition of marine-continental section in
north Egypt, and fluviatile section in the
south

– In Gabagaba area, the Carboniferous Gilf
Formation overlaps older Paleozoic units
with pronounced unconformities

Late Carboniferous–Early Permian
• Variscan Orogeny
• Drop in sea level and glaciation
• Early stages in the opening of the
Paleo-Tethys closing and opening the
Neo-Tethys

• Sharp cooling associated with drop in sea
level. Progressive fragmentation of
Gondwana

• Rifting occurred as escape structure for this
fragmentation along the north African–
Arabian Plate

• Clockwise rotation of Africa

Major uplift of most Egyptian basins
associated with low marine transgression
– Continental sediments are common with
fluvio-marine intercalations

– Initiation of the Syrian Arc folded belt in
response to the opening of the Central
Atlantic and the rotation of Africa

Permian–Triassic
• Break up of Gondwana
• Neo-Tethys was born
• Eo-Cimmerian Events
• Transit process

– Rifting increased along N. Africa passive
margin and in general in the Tethys
domain Rifling. Propagated rapidly from
the N. Arabian Plate westward

– Plates accreted to EuroSLA, detached from
African Gondwana (transit process)

– Marine and continental sediments were
deposited in NE Sinai and in the
subsurface of the Western Desert

– Tectonic instability increased from Mid
Tr., underscored by block tilting and local
uplifts; a distal effect of the EO-Cimmerian
Events

(continued)
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Table 1 (continued)

Global events Resulting features Response in Egypt

Triassic–Jurassic transition • Break in sedimentation
• Volcanic extrusions terminated basins
development

• A major unconformity is known in between
the Triassic and Jurassic

– Continental sediments represent this
transition time and even extended through
the Early Jurassic time in the N. Western
Desert subsurface sections

• Rifting continued and the north basins kept
widening

• Volcanic extrusions were dominated

Middle Jurassic Separation between north
Africa and Europe

– Along the NW margin of Africa, rifting
continued. – Rifting terminated with the
more crustal separation between Africa and
S. America around 180–175 Ma:
Toarcian/Bajocian

– Rift-related magmatism peaked within
Central Tethys during Late Triassic /Early
Jurassic (Morocco, Algeria, and Libya)

• Rifting in the north Egypt led to the
accentuation and extension of the old
basins which were filled by Jurassic and
Cretaceous sediments

• Deposition of thick Upper Jurassic marine
section alternates with three continental
units

• Magmatic intrusions

• Late Jurassic–Early-Cretaceous Cimmerian
Event: the distal effect of the stronger
Mid-Berriassian Orogenic event

• Continuous opening of Central and South
Atlantic Oceans

• Split of Gondwana into western and eastern
parts. – Opening of Indian Ocean during the
Oxfordian

• Tithonian drop in sea level

• Second stage rifting, uplifting, and block
tilting initiated at the transition from Late
Jr. to Early Cretaceous following the
Mid-Jurassic separation between Northern
Africa and Europe

• Rifting affected large areas including the
South and Equatorial Atlantic margins, the
West and Central African Rift Systems, and
the Northern Africa margin from Tunisia to
Egypt

• Atlantic rift system propagated southward
in the S. hemisphere and northward in the
N. Hemisphere toward a land bridge
created by the Pan-African orogenic belt in
the equatorial region

• Omission of the Upper Jurassic sediments
in south Egypt. Activation of the Garara
basin which was received Upper Jurassic
and Cretaceous sediments

• Widening and activation of highs of the
south subbasins

– Neocomian–Early Aptian
– Progressive northward crustal separation
between Africa and S. America and sea
floor spreading in the newly opened S.
Atlantic

– Early Aptian Normal Magnetic Quiet Zone

– Rifting was accentuated inside Africa
leading to the development of internally
rigid continental blocks within the African
Plate namely West Austral and
Arabia-Nubia; the latter could be separated
into central and eastern blocks. The
boundaries between the blocks correspond
to zones of crustal weakness inherited from
the Pan-African Orogeny

– Beginning of the closure of the Neo-Tethys

• Northern Western Desert basins were more
developed in some of them Late Jurassic
magmatic phases preceded the rifting. In
the Eastern Desert: the Lower Cretaceous
sediments are partly marine with thick
continental sediments

End of Aptian till Late Albian
Rapid opening of Equatorial Atlantic Ocean.
Differential rates of sea floor spreading

• Very active strong phase of magmatic
activity. -Linking of the Central and South
Atlantic

○ Rejuvenation of the crustal weakness
zones in Africa (those between the blocks)
○ Important lateral displacements along
these zones
○ Basins were pulling apart in response to
dextral and sinistral or strike slip movements
• Basins continued to evolve

○ Rejuvenation of the old arcs—hence the
adjacent basins become more widespread
receiving more sediment. The unequal filling
of basins led to their pull apart and in
response to the movements which
accentuated the uplift of the arcs
○ Basins continued to evolve in north Egypt
as anticipated from the following thick
Up. Cretaceous section
• Intrusion of syenite, gabbro, and basalt in
the Eastern Desert took place as huge (in
area and thickness) ring complexes, dykes,
and silts

• Polyphase rifting was common during
many episodes in the Cretaceous

(continued)
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Table 1 (continued)

Global events Resulting features Response in Egypt

• Late Cretaceous (Laramide = Getic
movement)

• Collision between Africa and Europe
• High stand of sea level during the
Cenomanian, a connection was established
between the Tethys and the Gulf of Guinea

• Late Santonian: end phase of the Normal
Magnetic Quiet Zone and the collision
between African, Arabian, and European
plates

• Compressional forces leading to shortening
in N. Africa and South Europe, during the
Santonian (Guiraud et al. 1992) or during
the Cenomanian (Philip, 1993)

• Major hiatus within the Up. Cretaceous
sediments, associated with structure
features

• The continuous development of Syrian Arc
System along the North Africa margin

• Polyphase rifting, folding, and basins
inversion along Africa margin and inside
the continent associated with many
volcanic eruptions

○ Deposition of thick Cenomanian marine
section in North Egypt, continental on the
arcs (Bahariya Formation) with thin marine
incursions
• A major hiatus at the Cenomanian /
Turonian contact in Egypt, uplift in South
Egypt leading to the missing of Turonian
beds and very shallow conditions
dominated in Sinai (Buttum Formation)

○ Santonian carbonates were still high and
received clastics-fine and coarse (Qusseir
Clastic Member of the Nubia Formation)
○ Campanian carbonates in north Egypt are
shallow in central Egypt giving rise to
phosphate beds and neritic carbonates,
continental in South Egypt (Nubia
Formation)

• Campanian relaxation of global tectonics
which extended through the Early
Maastrichtian

○ Rifting episode followed the Santonian
folding event
• Several rift basins rejuvenated or were
initiated by the Campanian–Maastrichtian
times; some of them carrying on through
the Paleocene

• Development of the phosphate basin
stretching between the Red Sea and the
Libyan border

○ Late Maastrichtian
• The Mediterranean Seuil carrying on
through the Paleocene

• Many basins along African–Arabian Plate
margin in the Palmyrides, the Abu Gabra,
the Muglad, the White Nile, the Blue Nile,
and many others inside Africa and along its
northern western and eastern margins were
reactivated, some of them carrying on
through the Paleocene

○ Injection of quartz vein in the phosphate
bed at Darb El Arbain
• Unconformities within many parts of Egypt
• Missing of the Paleocene in Bahariya area,
and partly missing in east Farafra along the
Uweinat–Bahariya–Port Said arc

• Late Ypresian–Lutetian
• Drop in sea level and tectonics paleo-highs

Retreat of the Early Eocene sea towards the
north

– Moving of the shore-lines during the
Lutetian, Bartonian, and Priabonian
reaching its acme during the Oligocene

– Facies of different became younger north
ward

– Unconformities are known from the
Eocene section, e.g., the Lutetian missing
in Bahariya area, in Ataqa, and in many
parts in Sinai and along the Gulf of Suez

• The Late Lutetian
• Pyrenean Atlasic compression event

Dextral transpression along Africa, Arabia,
Eurasia plate frontiers—Opening of NNW to
NNE Oligocene rifts

○ Activation of the Guinea–Nubia
Lineament
○ Uplift of basement rocks in south Egypt
through the thin sedimentary cover,
developing centroclinal folds
○ Development of Trans North Egypt
Fracture Zone with eastwest faults
• Many dome and basin structures along fault
planes

Oligocene uplift in east Egypt with basalt
plumes during the initial rifting of the Gulf of
Suez

• Gradual rise of the Red Sea Hills in pulses
started in the Priabonian

• Developing of many Oligocene rifts along
the Mediterranean and inland. Volcanic
eruptions were common

○ Reversal of slopes of the main part of
Egypt—nearly south of latitude 29º 0′ N
• Development of hinges along the western
side of the uplifted basement rocks

•Many fissures and cracks developed parallel
to wadis

• Deposition of dominantly fluviatile
continental section in the inland rifts with
some marine sediments especially in the
northerly developed basins. The Fayium
delta with vertebrate fossils

(continued)

An Overview of the Phanerozoic Geology in Egypt 19



In Sinai, the 200-m-thick Lower Eocene Egma Formation
(chert-bearing limestone) shows varied gradation including
siliceous, dolomitic, chalky, and marly limestones. The Egma
is overlain by the 98-m-thick Darat Formation (green and
brown shale, marl, and limestone), which in turn is topped by
the 93-m-thick Khaboba Formation. The Darat and Khaboba
are coeval with the Middle Lutetian Rayan or Mokattam
Formation (the Early Lutetian is missing). The 180-m-thick
Middle–Late Eocene Tanka Formation consists of clayey
limestone and salty dark shale at its base, which is Late
Bartonian; the top beds might be Late Eocene in age, whereas
the overlying 20-m-thick Tayiba Formation (marl and clay) is
Priabonian. The Tayiba Formation is unconformably overlain
by Miocene sediments along the east coast of the Gulf of
Suez. The many unconformities in the Paleocene–Eocene
sediments in general and the uplift in southern Egypt asso-
ciated with the continuous retreat of the Paleocene–Early
Ypresian seas off Egypt from south to north led to the many
facies described above. The sea regression coupled with the
activation of the northeastern arcs in many parts of southern
and eastern Egypt (especially in the vicinity of the Red Sea
and the Gulf of Suez and in Sinai) reflected the Pyrenean–
Atlasic compression event. This represents a major stage in
the collision of Arabia–Nubia and European plates as a result

of the changes in the rate and direction of the opening of the
central, southern, and northern Atlantic Ocean (Fairhead
et al., 2013). The activation of block movements in north-
eastern Egypt is clearly evident in the interplay and hierarchy
among the blocks in this area, resulting in the total absence of
the Lutetian in Gebel Ataqa and also probably in Shabrawet.
The unconformity there is represented by 5-m-thick paleosol
between the Ypresian Suez Formation and the overlying
Middle Bartonian Ramiya Formation (Osman, 2003).

The interior basins among the basement rocks in Safaga
and the southern Qusseir stretch (e.g., Mohamed Rabah,
Wasif, Hamrawein, Duwi, and Hamadat) were dragged
eastward toward the Red Sea (in the Safaga area) or westward
(in the Qusseir area) forming very asymmetric synclines. The
longer flank with the Thebes massive limestone at the top was
tilted eastward (or westward), gliding on the underlying shale
of the Esna and Dakhla, which lubricated the movement for
considerable distances (2–4 km) before another short flank (a
few hundred meters in length) overrode the basement rocks
while dipping in the opposite direction to that of the longer
flank. The movement is certainly post-Ypresian and probably
related to the Pyrenean–Atlasic movement. After this
movement, volcanic eruptions through the Oligocene and
younger sediments were very common.

Table 1 (continued)

Global events Resulting features Response in Egypt

– Early Miocene to Middle Miocene the Red
sea came into existence

– Collision of Alpine and Himalayan plates
– Plume activities preceded the breakup of E.
Mediterranean

Faults along the Red Sea coast rifts
developed creating local basins in the Red
Sea mega-rift and along the Mediterranean
coast
– Reorganization of the convection system
within the upper mantle across the Africa,
Arabia, and Europe margins

Deposition of thick Miocene sediments in the
rift basins in the sea and the Mediterranean
and of shallow continental, shallow marine,
and evaporites on the shoulders of the rift.
Evaporite was also common in the rift
– Hot brines gushed along the axis of the Red
Sea. – Volcanic eruptions in many parts of
Egypt

– The place of the present Nile Delta began
to build up during the Early Miocene

A thick section in the place of the Nile Delta, sediments brought from inland by northerly
flowing rivers most probably emanating from northeast high plateaus, e.g., Gebel Ataqa and
Northern Galala. The southern Galala-Minia high area formed a water divide between north
and central Egypt, where some rivers, e.g., Tarfa, flowed southward. Migration of the
Oligocene Fayiurn delta to Moghra area in the northeast

–Messinian desiccation of the Mediterranean Formation of saltwater lagoons in the Qattara, forming a Salt Mesa at m depth, means that the
Qattara was hewed to this depth between the Serravallian—the last sea transgression—and the
Messinian—the time of the Salt Mesa, i.e., between 11.7 and 7.1 Ma; Tortonian time

– Zanclean transgression Transgression of the Mediterranean through the many gorges along its southern coast, in case
of Egypt, transgression reached Aswan and Wadi Haifa in Sudan. Marine sediments were
deposited in the deep part of the estuary, cascading sediments were known from the foot of the
eastern cliffs bordering the estuary. Continental sediments were recorded inland away from the
Pliocene Gulf. The main delta of Egypt took its present shape, supplied by local Egyptian rivers
and marine sediments. Third location of the main Egyptian delta

– Piacenzian regression Rivers started to adjust their courses to cope with the new base level in the Mediterranean. The
welding of the many rivers along the present Nile, the course took place only when the
Pliocene Gulf invaded Egypt. Though the E- W rivers resumed their courses during the
Piacenzian regression, the drastic changes in the climate of Egypt from wet to dry gradually
changed these rivers from being active to sluggish which were easily captured by the flood of
the Ethiopian waters during the Middle to Late Pleistocene

20 B. Issawi and S. Farouk



In Sinai, along the trans-Egypt fracture zone, a number of
significant highly tilted domal structures are found between
Taba in the east (on the Gulf of Aqaba) and Cairo in the
west, especially in the Sudr El Heitan area, east of the Gulf
of Suez, and along the Suez–Cairo stretch. The area of Sudr
El Heitan is probably one of the most structurally compli-
cated areas in Egypt. The dominantly Cretaceous and
Eocene rocks involved in this area are related to the Lutetian
Pyrenean–Atlasic movement.

4.2 The Eocene/Early Oligocene Transition

The Late Eocene–Early Oligocene transition witnessed the
rise of the Red Sea Hills, most probably coinciding with the
opening of Gulf of Aden. This rifting developed large basins
along the gulf and also inside the Africa Lakes region, which
resulted in the gradual separation and the northward drift of
the Arabian subplate, enabled by sinistral movement along
the Dead Sea–Levant transform fault.

The constant movement of the Red Sea Hills during the
Oligocene formed escape structures for the northward-
moving Arabia subplate and the widening of the Gulf of
Aden. The resulting uplift in eastern Egypt changed the
slopes in the region to be east–west rather than south–north
and, coupled with 1500-mm rainfall during the Oligocene,
caused major wadis to become important rivers in the
Egyptian geomorphic landscape. The master stream was the
Qena River, initiated along the cracks and faults that resulted
from the uplift movements. The southern Galala Plateau
became a high catchment area for the Qena River headwaters
and formed a water divide where from which the Qena
flowed southward and the Bown and Karus Rivers flowed
westward to the Faiyum depression, thereby building a huge
fan with fluviatile and deltaic deposits in which lived various
vertebrates since the Late Eocene and the Oligocene. The
area is now considered to be one of the biggest graveyards
for these animals in Africa and probably in the world.

4.3 The Oligocene Deposits

The main Oligocene deposits in Egypt are of fluviatile to
deltaic origin. The marine sediments are confined to far
northern Egypt along an exposed strip extending from Risan
Aneiza in northern Sinai and passing by El Arag south of the
Qattara Depression to Siwa Oasis in the far west. Most
noteworthy among the deltaic Oligocene units is the
340-m-thick Gebel Qatrani (sandstone, sandy mudstone,
limestone, and shale) north of Faiyum, where important and
unique vertebrate fossils are very common. Other Oligocene
units include the 50-m-thick fluviatile section (vividly

colored sandstone) known as the Gebel Ahmar Formation,
near Cairo; the 120-m-thick Nakheil Formation (coarse-
grained breccia and conglomerate) in the Qusseir–Safaga
stretch; and the 40-m-thick Radwan Formation (ferruginous
sandstone) in the Bahariya Oasis. The subsurface
1086-m-thick Tineh Formation (shale and sandstone, as
observed in Qantra-l well) has been drilled through east of
the Nile Delta and in northern Sinai; the top of the Tineh is
Early Miocene. On the Mediterranean coast, the Daba'a well
penetrated the 442-m-thick Daba'a Formation (shale and
limestone).

The 60-m-thick Oligocene Wadi El Arish Formation in
Risan Eneiza (Kuss & Boukhary, 2008) consists of basal
marine sandstone, clay in the middle, and massive limestone
at the top. At El Arag, this formation (only 7-m-thick)
comprises sandy calcareous clay and limestone. In the Gulf
of Suez, drilling opposite the Northern Galala Plateau
revealed a thick Oligocene section: 690-m-thick shales
interbedded with sandstones and limestones overlying
300-m-thick argillaceous limestones, shales, and sandstones.
Associated with the Red Sea uplift were 31–23.2-Ma flood
basalts on the rift shoulders along the coast and also inland
(Abu Zaabal, Bahariya, El Bahnassa, and many other areas).

4.4 The Oligocene–Miocene Transition

The Oligocene–Miocene transition involved significant
movements in the Mediterranean region from its far west end
in southern Spain to the Levant passing by all of northern
Africa. In the Levant and Anatolia, collision among African,
Arabian, and Eurasian plates significantly intensified from
the very Early Miocene when the Arabian Plate constantly
moved northward along the Dead Sea Transform where the
northern part of this plate crops out in southeastern Turkey
(Kissel et al., 2003). In Egypt, as a result of the tectonic
events briefly summarized above, linear topographic scarps
and deeply incised valleys developed along active faults.
The Red Sea Mountains kept rising during the Miocene,
while the east–west-trending rivers (especially in the Qena
System) deepened their channels, and the two main plateaus
of central Egypt became conspicuous geomorphic features.
Minor thrusts have been recorded in Sinai (Issawi et al.,
2009) and along the still-active Kalabsha Fault in southern
Egypt, which is part of the reactivated Guinea–Nubia lin-
eament (Bumby & Guiraud, 2005). Strong magmatism pre-
dated and accompanied the rift tectonics, mostly along the
Red Sea shoulder in the Nubia area, along the reactivated
northeast-trending arcs (Bahariya, trans-northern Egypt
fracture zone, and in Suez–Cairo areas). The stresses exerted
by the Oligocene–Miocene tectonics favored extension by
weakening the lithosphere (Bosworth, 2015).
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4.5 The Miocene Deposits

The Miocene sediments in Egypt are classified into Red Sea,
Mediterranean, and Inland Facies. The Early Miocene Red
Sea Facies protorift sedimentation started with a continental
sequence: sandstone, siltstone, grit, and coarse-grained fan-
glomerate in the 70-m-thick Ranga, 37-m-thick Gebel El
Russas, and 40-m-thick Abu Gerfan Formations. Northward
at the foot of Gebel Ataqa, the marine unit coeval with these
formations is the 52-m-thick Sadat Formation (Fig. 8).

Facies of the Lower–Middle Miocene basin include the
basal 460–490-m-thick Nukhul Formation (calcareous shale,
marl, and limestone) and the overlying 600–800-m-thick
Rudies Formation (shale and sandy shale, with minor
limestone). The Gharmoul Formation in the Eastern Desert
and the Qabeliyat Formation in Sinai are shallow-marine
equivalents capped by the Rudies in the basinal area.

The Serravallian Kareem Formation consists of 120–
135-m-thick Rahmi evaporite overlain by 186–221-m-thick
Shager open-marine sediments (calcareous sandstone and
shale). The overlying Belayim Formation comprises the Baba
(a 54–126-m-thick evaporite), the Sidri (a 9–100-m-thick
open-marine shale, the Feiran (a 40–60-m-thick evaporite),
and the Hammam Faraun (a 44–84-m-thick open-marine
phase including shale, marl, and sandstone). The
* 50-m-thick Abu Dabbab (or Gypsum) Formation is coe-
val with the Kareem Formation that is exposed along the Red
Sea coast along the Egypt–Sudan border (almost 800 km to
the north). Overlying the Abu Dabbab Gypsum is the
35-m-thick Samh Formation (marl, shale, and sandstone), the
topmost middle unit along the Red Sea coast (Fig. 8).

In Sinai, the 120-m-thick Sarbut El Gamal Formation
(conglomerate and limestone) forms the top of the Middle
Miocene section and is coeval with the Qabeliyat Forma-
tion. Both these are coeval with the 6–12-m-thick Upper
Burdigalian–Langhian Gharmoul Formation (sandy and
argillaceous dolomitic limestones) exposed along the east
coast of the Gulf of Suez. The overlying sediments are
classified into the 0–1650-m-thick South Gharib Formation
(anhydrite with shale bands) and the overlying 27–
900-m-thick Zeit Formation (shale with thin intercalated
anhydrite lenses). The 22-m-thick Upper Miocene Hagul
Formation at the entrance of the Gulf of Suez consists of
shale overlain by a chalk bed.

Differences in thickness locally are explained by the
absence of some units. For instance, the range of thickness
of the South Gharib (0–1650 m) is in part attributable to the
absence of units such as the Rahmi Anhydrite Member,
which is missing in the Morgan-1 well. This contributes to
the very uneven surface of the floor of the Gulf of Suez,
which is also due to the (210-m-thick) Kareem Formation
carbonates’ unconformably overlying basement rocks in the

central part of Gebel El Zeit Bay. Another factor is the havoc
imposed by the many blocks in the gulf owing to faulting,
which also explains many unconformities among the units.

Messinian sedimentation was a fluviatile phase in many
parts along the Red Sea and the Gulf of Suez coasts, where
sand section rich in fossil wood and gravels covers the older
Miocene units. This section is widespread as patchy outcrops
unconformably overlying Oligocene and Eocene sediments
along the Suez–Cairo road. In the Mediterranean Facies, a
200-m-thick Miocene section includes clastics with minor
carbonates and conglomerates as well as lenses of gypsum;
the unit is known as the Moghra Formation and belongs to
the Aquitanian–Burdigalian. The top 70–160-m-thick Mar-
marica Formation (Langhian–Serravallian) consists of
limestone and calcarenite beds that change laterally to 6–
10-m-thick gypsum at the Hagif scarp. The Tertiary section
drilled offshore from the Mediterranean revealed a
287-m-thick Early–Middle Miocene shale unit.

The desiccation of the Mediterranean Sea during the
Messinian led to many salt layers in dry depressions across
the dry seabed. In the Qattara Depression, the southwestern
parts of the Salt Mesa are at a 100-m depth, which means
that the depression formed during the period between the last
marine transgression over the area, i.e., in the Serravallian
(11.2 Ma), and the time of the Salt Mesa. Thus, the
depression was excavated to a depth of 100-m below sea
level during the Tortonian. The subsurface basal Miocene
section in the Nile Delta is composed of the 300-m-thick
Moghra Formation (open-marine shale) overlain by the
130-m-thick Langhian–Tortonian Sidi Salem Formation
(shale, dolomitic marl, and rare sandstone). Above that is the
280-m-thick Tortonian–Messinian Qawasim Formation
(conglomerate and sandstone), which in turn is overlain by
the 2040-m-thick Rosetta Anhydrite in the eastern and
northern Nile Delta but is missing in the western part of the
delta. Where present, the Rosetta is an expression of the
general desiccation of the Mediterranean during the Messi-
nian. The uppermost Miocene in the delta subsurface is
represented by the 222-m-thick Abu Madi Formation, which
formed by continuous deposition during the Messinian to the
Zanclean and laterally is coeval with the Rosetta Anhydrite.

In the Sinai subsurface, the 1086-m-thick Oligocene–
Miocene Tineh Formation (shale and sandstone) is overlain
by the 533-m-thick Burdigalian–Langhian Qantara Forma-
tion (intercalated marl and sandstone) (Farouk et al., 2014).
The Qantara Formation in turn is successively overlain by
the 552-m-thick Langhian–Tortonian Sidi Salem Formation
(banded shale and sandstone), the 185–258-m-thick Qawa-
sim Formation, and the 992–1400-m-thick Abu Madi For-
mation (Farouk et al., 2014). The Gebel El Khashab
Formation is represented by the 40–90-m-thick (sandstone
and gypseous clay) in the northern Western Desert (Fig. 8).
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The rate of tectonic activity in the Red Sea and the Gulf
of Suez rifts was reduced considerably since the Late Mio-
cene (Segev et al., 2017; Steckler, 1985) concurrently with
the dislocations and cracks along the Gulf of Aqaba. How-
ever, the connection of this Gulf with the Red Sea never
happened except during the Pleistocene contrary to what
many foreign scholars believe. The axial basins in the place
of the Gulf of Aqaba and its margins kept extensively
lowered and uplifted, respectively, most probably as escape
structures to what we’re happening in the Red Sea and the
Gulf of Suez plus of course the northward moving of the
Arabian Plate.

The drop in the Atlantic Ocean water and the close of
Gibraltar during the Messinian led to a break in communi-
cation between the Ocean and the Mediterranean Sea, hence
the desiccation and disintegration of the sea into a number of
isolated sea lakes which became the sites of the Messinian
Rosetta Anhydrite.

4.6 The Pliocene Deposits

During the Early Pliocene, a major transgression of the
Mediterranean through the many gorges along its southern
coast, in case of Egypt, transgression reached Aswan and
Wadi Haifa in Sudan (Table 1). Marine sediments were
deposited in the deep part of the estuary; cascading was the
opening of Gibraltar and the filling of the sea in which the
water level was 110—120 m above the present sea level.
The sea thence transgressed inside Africa and Europe filling
the Late Miocene degraded channels which the rivers in
response to the lower base level during the Messinian. The
seawater invaded Egypt to south Aswan crossing a water
divide in the area of South Galala and a promontory coming
down the western scarp in southwest Faiyum area (Issawi
et al., 2009). That incident represents the first time for a
continuous water body located at the place of the present
Nile River. The cracks and faults in this part of the country
were formed in consequence to the uplift of the Red Sea
basement rocks. The contact between the base of Gar El
Muluk Fm. (Zanclean) with the underlying Miocene Raml
Fm. and Gebel El Khashab Formation is marked by 2.5 m
conglomerate composed of angular quartz and chert gravels.
This unconformity was named Mikheimin conglomerates
after a locality carrying the same name west of Wadi El
Natrun. The unconformity is believed to have more than
local significance since it recorded from Sinai.

In the deeper part of the Pliocene Gulf, which has a width
of 60 km north of the water divide or what is known as the
neck, 1458 m thick Lower Pliocene shale section was
deposited and known as Kafr El Sheikh Fm. South of the
neck at El Minshah, south of Sohag, the formation is 12
shales and limestone at top; the base was not exposed. At the

subsurface in Aswan, the Lower Pliocene marine section is
montmorillonitic clay with lenses of fine-grained micaceous
sands including ostracodes. When the Gulf marine waters
reached -21 m below the present sea level, the Gar El Muluk
Fm. was deposited at the area of Wadi El Natrun, consisting
of 27 m deltaic and lacustrine gypseous sandstones, clays,
and minor limestones. The section includes both freshwater
vertebrate faunae and marine ostracodes.

The Middle and Late Pliocene witnessed a retreat of the
Gulf marine waters to the north. During this phase, the water
halted in Kom El Shelul area of the neck depositing the
formation with the same name. This formation is made of �
25 m coquina limestone and sandstone highly laden with
pelecypod shells. In the east side of the Gulf where high
mountains are common with fluvial drainages, the marine
water cascaded over the Gulf bank and both marine and
freshwaters fill topographic low depressions. In there, Umm
Raqaba Formation (23.85 m) was deposited composed of
alternating conglomerate and sandstone beds. The inland
continental Pliocene sediments in the Upper Nile Valley are
known as the Muneiha Fm. (14.6 m sandstones) at the lat-
itude of Kom Ombo area and the Issawia Fm., 15 m brec-
ciated limestones, east of Sohag. Both units belong to the
Middle Pliocene.

In the Red Sea near Mersa Alam, the Pliocene section is
divided into Gahir Fm. (944 m sandstone, marls, and con-
glomerates) of Early Pliocene age and the overlying Shagra
Fm. (80 m sandstones, marls, and reefal limestones) dated
Middle Pliocene to Pleistocene. In Safaga area, both units,
Gabir and Shagra, are lumped together under the name
Gasus Formation with the Samh Formation (late Miocene) at
base. In Sinai, the undifferentiated Pliocene sediments in the
west are described under the Qa’a Fm. (52 m grits, sand-
stones, anhydrite, and shelly limestones). The formation is
100 m in the drilled oil wells.

In the Nile Delta basin, the Pliocene–Pleistocene suc-
cession starts by the sandy deposits of the upper part Abu
Madi Formation and followed by fine clay deposits of the
Kafr El Sheikh Formation and attains about Kafr El 120–
259 m in the oil wells in the Nile Delta, only 23 km south of
Giza, represented by sandstones and clay pockets. The
Pleistocene section in Nile Delta and Mediterranean Sea
consists of fluvial-deltaic the Wastani, Mit Ghamr, and Bil-
qas Formations which consist dominantly of thickly bedded
silty sands with clay streaks, overlying the El Wastani For-
mation (Fig. 8).

5 Surface Water Resources in Egypt

During the Phanerozoic, Egypt was a rainy country and
many older rivers were flowed into present-day deserts. This
was best recorded in southeast Egypt at Abraq and Hodain
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where freshwater fossils were recorded during the Mesozoic
and Cenozoic (Issawi et al., 2009). Also, at Bahariya and
Kharga oases, dinosaur fossils were described from the
Upper Cretaceous deposits. In Faiyum, a major collection of
Oligocene freshwater fossils was collected by many scien-
tists (Simons & Rasmussen, 1990). One of the oldest major
rivers in Egypt was the Qena river as a result of the uplift of
the Red Sea Mountains in pulses, during the Late Eocene up
to the Early Miocene. The Qena River collected all the
Egyptian waters from the Southern Galala Plateau to the
extreme southwest of Egypt. The Pleistocene deposits of the
Nile Valley are represented by lower Pleistocene conglom-
erates of the Armant Formation and Middle Pleistocene
sands of the Qena Formation which represented the oldest
Quaternary deposits in the Nile Valley resulted from the
Qena River (Issawi et al., 2009). The Pleistocene oldest
sediment is the Qena Sand which has a suite of minerals
specific to Egypt’s Eastern Desert including opaque minerals
rich in zircon and epidote with a relatively high abundance
of amphiboles (Omar, 1996). To the south in Egypt, in the
Gabgaba area, the Gabgaba River started its course in Sudan
near the Dungola loop and flowed northward along cracks
developed on the west side of the hills exposing basement in
southern Egypt. The Gabgaba then joined the Allaqi River
and the system is now known as the Gabgaba–Allaqi River;
flowing northward and westward, it was captured by the
Qena River flowing from the north to the southwest below
the westward-diminishing Sin EI Kaddab scarp. Thus, a
huge amount of water was flowing in southwestern Egypt,
including now-defunct streams that were braided in some
places and had conspicuous banks in others, all covered by
thick deflated sands during the arid phases that have been
dominant across Egypt in the Middle-Late Quaternary. This
drainage system, known as the Radar Rivers or the
trans-African drainage system, reached the Atlantic during
the Oligocene and later times. Another older river, the Gilf,
was also important during the Oligocene; it was formed in
the north and flowed through southwestern Egypt while
building the Siwa deltaic sediments.

The Nile River is applied to the south-north a river
which has its upstream from two locations: Victoria Lake
(Uganda, the White Nile) and Tana Lake (Ethiopia, Blue
Nile). Both Niles meet at Khartoum. The important diag-
nostic characteristics distinguishing Nile sediments from
other riverine systems are their inclusions with an Ethiopian
heavy minerals suite (e.g., pyroxenes mainly augite, amphi-
boles, strongly dwindled zircon accompanied by an inter-
mediate epidote contents). These heavy minerals are only
recognized in the Dandara Formation which is well exposed
in both banks of the Nile in Upper Egypt. It is believed that
the sediments of the Dandara Formation are the first deposits
of a river coming into Egypt from Ethiopia heading toward
the Mediterranean. In between both units, i.e., Qena and

Dandara Formations, the Ghawanem Formation was recor-
ded including both minerals of Qena and Dandara Forma-
tions with the Egyptian and Ethiopian suites indicating that
the Qena System was partly active even when the Ethiopian
water reached Egypt. The top third of the Dandara Formation
is 210 ka which gives an approximate age for the Ethiopian
water with its special mineral suite at least ½ million years—
the age of the present Nile. The presence of Nilotic fishes and
crocodile remains in Tarfawi, Sahara area 300 km west of the
Nile, is a proof for a connection between the Nile and the site
of the fauna. The age of the fauna is 174 ka and elevation is
ca 247 m a.s.l. With this connection, water must have cov-
ered a huge stretch in the south Western Desert. Remnants of
this water can be seen in the many and extensive playas south
of Sin El Kaddab and at Bir Tarfawi–Bir Sahara stretch. The
playas down the Darb El Arbian, Kharga, and Dakhla scarps
have elevation less than 200 m a.s.l. This tells that the Nile
water once flowed into these depressions during the Late
Pleistocene.

The most important problem facing many African coun-
tries north of the equator is the lack of freshwater taken
with construction of dams from upstream countries with a
rapid increase in population, which could lead to increased
death rates and the lake of enough water to sustain irrigation
and economy. Such limited water inevitably leads to con-
flicts such as the tribal war in Darfur and the confrontation
between Sudan and Chad, not to mention the dispute
between Ethiopia on the side and Sudan and Egypt on the
other, about construction of a huge dam on the Blue Nile just
upstream from the Sudan border, in a seismically active
region close to the Ethiopian rift. It is surprising, therefore,
to realize that large amounts of water originating in Central
Africa and Congo were trapped in the swamps of the Bahar
El Gebel and Bahar El Zaraf depressions in west South
Sudan. This suggests that the channels of the ancient
Cenozoic river system, which flowed naturally from the
southern region across what is now the Sahara Desert could
be used with relatively little expense to transport freshwater
to the populated territories of northeastern Africa. Some of
the northern feeders of the Congo River near Buta, or near
Ueley further north, are low-gradient streams that could be
reversed to flow into these natural collectors. From here, the
old Radar Rivers’ channels could transport water to the
sand-filled Gilf River channel, or further west into the
ancient Chad-Libya mega system. The main trunk of the
rejuvenated channel would run from the swampy areas in
western South Sudan to Darfur near El Fasher, and further
north through Lagiet Arbain and Lagiet Omran to reach the
Wadi Magrur and Wadi Howar. At Merga, 100 km further
north, a reservoir could be developed to supply two main
systems, the paleo-Gilf flowing into Egypt across the Sudan
border east of Gebel Kamel and the paleo-Kufra flowing past
west Gebel Uweinat into north Chad and south Libya. In all
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these swathes, the suggested new canals would take
advantage of the existing excavation provided by the ancient
river systems, to develop a new life in a dead desert.

References

Aboul Ela, N. M., El Saadawy, W. E., & Darwish, M. H. (1989–1991).
Lower cretaceous microflora from Abu Darag area, western side of
the Gulf of Suez. Egypt Journal of Geology, 33, 1–2, 347–362.

Ahmad, F., Farouk, S., & Abdel Moghny, M. W. (2014). A regional
stratigraphic correlation for the upper Campanian phosphorites and
associated rocks in Egypt and Jordan. Proceedings of the Geolo-
gists’ Association, 125, 419–431.

Al-Far, D. M. (1966). Geology and coal deposits of Gebel Al Maghara
North Sinai, Egypt. Journal of Geology Survey Egypt, 37.

Bosworth, W. (2015). Geological evolution of the Red Sea: historical
background, review, and synthesis. In The Red Sea (pp. 45–78).
Berlin, Heidelberg: Springer.

Bumby, A. J., & Guiraud, R. (2005). The geodynamic setting of the
Phanerozoic basins of Africa. Journal of African Earth Sciences, 43
(1–3), 1–12.

Burke, K., MacGregor, D. S., & Cameron, N. R. (2003). Africa’s
petroleum systems: Four tectonic ‘Aces’ in the past 600 million
years. Geological Society, London, Special Publications, 207(1),
21–60.

Catuneanua, O., Khalifa, M. A., & Wanas, H. A. (2006). Sequence
stratigraphy of the lower cenomanian bahariya formation, Bahariya
Oasis, Western Desert Egypt. Sedimentary Geology, 190, 121–137.

Carr, I. D. (2002). Second-Order sequence stratigraphy of the
Palaeozoic of North Africa. Journal of Petroleum Geology, 25(3),
259–280.

Coward, M. P., & Ries, A. C. (2003). Tectonic development of North
African basins. Geological Society, London, Special Publications,
207(1), 61–83.

El-Azabi, M. H., & Farouk, S. (2011). High-resolution sequence
stratigraphy of the Maastrichtian-Ypresian succession along the
eastern scarp face of the Kharga Oasis, south Western desert, Egypt.
Journal of the International Association of Sedimentology, 58, 579–
617.

Elicki, O., Khalifa, M. A. G., & Farouk, S. M. (2013). Cambrian
ichnofossils from northeastern Egypt. Neues Jahrbuch für Geologie
Und Paläontologie, Abhandlungen, 270, 129–149.

Fairhead, J. D., Green, C. M., Masterton, S. M., & Guiraud, R. (2013).
The role that plate tectonics, inferred stress changes and strati-
graphic unconformities have on the evolution of the West and
Central African rift system and the Atlantic continental margins.
Tectonophysics, 594, 118–127.

Farouk, S. (2015). Upper Cretaceous sequence stratigraphy of the
Galala Plateaux, western side of the Gulf of Suez Egypt. Marine
and Petroleum Geology, 60, 136–158.

Farouk, S. (2016). Paleocene stratigraphy in Egypt. Journal of African
Earth Sciences, 113, 126–152.

Farouk, S., Ahmad, F., & Powell, J. (2017). Cenomanian-Turonian
stable isotope signatures and depositional sequences in northeast
Egypt and central Jordan. Journal of Asian Earth Sciences, 134,
207–230.

Farouk, S., Khalifa, M., Abu El-Hassan, M., Papazzoni, C., Fabrizio,
F., Coccioni, R., & Zaky, A. (2019). Upper Paleocene to lower
eocene microfacies, biostratigraphy, and paleoenvironmental recon-
struction in the northern Farafra Oasis, Western desert (Egypt).
Micropaleontology, 65, 5381–5406.

Farouk, S., Ziko, A., Eweda, S. A., & Said, A.E. (2014). Subsurface
Miocene sequence stratigraphic framework in the Nile delta, Egypt.
Journal of African Earth Sciences, 91, 89–109.

Fourcade, E., Azema, J., Cecca, F., Dercourt, J., Guiraud, R.,
Sandulescu, M., Ricou, L. E., Vrielynck, B., Cottereau, N., &
Petzold, M. (1993). Late Tithonian (138 to 135 Ma). Atlas Tethys
Palaeoenvironmental Maps. Explanatory notes. In Gauthier-Villars
(Ed.), Paris, pp. 113–134.

Grothaus, B., Eppler, D., & Ehrlich, R. (1979). Depositional environ-
ment and structural implications of the Hammamat Formation,
Egypt. Annals of the Geological Survey of Egypt, IX, 564–590.

Guiraud, R. (1998). Mesozoic rifting and basin inversion along the
northern African Tethyan margin: An overview. Geological Society,
London, Special Publications, 132(1), 217–229.

Guiraud, R., Binks, R. M., Fairhead, J. D., & Wilson, M. (1992).
Chronology and geodynamic setting of Cretaceous-Cenozoic rifting
in West and Central Africa. Tectonophysics, 213(1–2), 227–234.

Guiraud, R., Bosworth, W., Thierry, J., & Delplanque, A. (2005).
Phanerozoic geological evolution of Northern and Central Africa:
An overview. Journal of African Earth Sciences, 43(1–3), 83–143.

Haddoum, H., Guiraud, R., & Moussine-Pouchkine, A. (2001).
Hercynian compressional deformations of the Ahnet-Mouydir
Basin, Algerian Saharan Platform: Far-field stress effects of the
Late Palaeozoic orogeny. Terra Nova, 13(3), 220–226.

Hanter, G. (1990). North western desert. In The Geology of Egypt
(pp. 239–319). Rotterdam: Brookfield, Balkema.

Hewaidy, A. A., El-Azabi, M. H., & Farouk, S. (2006). Facies
associations and sequence stratigraphy of the upper cretaceous-
lower Eocene succession in the Farafra Oasis, Western desert,
Egypt. In 8th International Conference of Arab world, Cairo
University II, pp. 569–599.

Issawi, B. (2000). Northern Gondwana early paleozoic glaciation.
In Fifth International Conf. Arab World, Cairo University (Vol. 3,
pp. 1243–1250).

Issawi, B. (2005). Archean-Phanerozoic birth and development of the
Egyptian land. In Geology of the Tethys. Proceedings of the First
International Conference on the Geology of the Tethys, Cairo
University (Vol. 2, pp. 339–380).

Issawi, B., & Gayed, B. (2011). Anogenic and orogenic plumes in
Egypt. Annals of the Geological Survey of Egypt, XXXI, 521–539.

Issawi, B., Francis, M.H., Youssef, E.A., & Osman, R.A. (Ed). (2009).
The phanerozoic geology of Egypt: a geodynamic approach (vol.
81, p. 571). Ministry of Petroleum and the Egyptian Mineral
Resources Authority Special Publication.

Issawi, B., & Osman, R. A. (2002). Geological history of NE Egypt
during the Paleozoic and Mesozoic as anticipated from lithofacies-
isopach maps. In The Geology of the Arab World, Cario University,
Sixth International Conference II, pp. 451–468.

Jolivet, L., Faccenna, C., Agard, P., Frizon de Lamotte, D., Menant, A.,
Sternai, P., & Guillocheau, F. (2016). Neo-Tethys geodynamics and
mantle convection: from extension to compression in Africa and a
conceptual model for obduction. Canadian Journal of Earth
Sciences, 53(11), 1190–1204.

Keeley, M. L. (1989). The palaeozoic history of the western desert of
Egypt. Basin Research, 2(1), 35–48.

Khalifa, H., Omran, A. M., & Higazy, H. A., (1988). Microfossils from
Late Proterozoic (Hammamat Group) Eastern Desert, Egypt.
Bulletin of the Faculty of Secience, Assiut University, 12, 1–29.

Khalifa, M., Soliman, H., & Wanas, H. A. (2006). The Cambrian Araba
formation in northeastern Egypt: Facies and depositional environ-
ments. Journal of Asian Earth Sciences 27, 873–884.

Kissel, C., Laj, C., Poisson, A., & Görür, N. (2003). Paleomagnetic
reconstruction of the Cenozoic evolution of the Eastern Mediter-
ranean. Tectonophysics, 362(1–4), 199–217.

An Overview of the Phanerozoic Geology in Egypt 25



Klitzsch, E. (1983). Paleozoic formations and a Carboniferous glacia-
tion from the Gilf Kebir-Abu Ras Area in southwestern
Egypt. Journal of African Earth Sciences (1983), 1(1), 17–19.

Kora M. (1998). The Permo-Carboniferous outcrops of the Gulf of
Suez region, Egypt: stratigraphic classification and correla-
tion. Geodiversitas, 20(4).

Kuss, J., & Boukhary, M. A. (2008). A new upper Oligocene marine
record from northern Sinai (Egypt) and its paleogeographic context.
GeoArabia, 13(1), 59–84.

Merdith, A. S., Williams, S. E., Müller, R. D., & Collins, A. S. (2017).
Kinematic constraints on the Rodinia to Gondwana transition.
Precambrian Research, 299, 132–150.

Nikishin, A. M., Cloetingh, S. A. P. L., Brunet, M. F., Stephenson, R.
A., Bolotov, S. N., & Ershov, A. V. (1998). Scythian platform,
Caucasus and Black Sea region: Mesozoic-Cenozoic tectonic
history and dynamics. Peri-Tethys Memoir, 3, 163–176.

Nürnberg, D., & Müller, R. D. (1991). The tectonic evolution of the
South Atlantic from late Jurassic to present. Tectonophysics, 191(1–
2), 27–53.

Omar, A., (1996). Geological, mineralogical and geochemical studies
on the Neogene and Quaternary Nile Basin deposits, Qena—Assiut
Stretch, Egypt. [Ph.D. Thesis] (324 pp). South Valley University.

Osman, R. (2003). Contribution to the stratigraphy of El Arag
depression, N. Western desert Egypt. Journal Sedimentol Egypt,
11, 157–168.

Philip, J. (1993). Late cenomanian palaeoenvironments (94–92 Ma).
Atlas Tethys palaeoenvironmental maps, explanatory notes.

Piqué, A., Tricart, P., Guiraud, R., Laville, E., Bouaziz, S., Amrhar, M.,
& Ouali, R. A. (2002). The mesozoic-cenozoic atlas belt (North
Africa): An overview. Geodinamica Acta, 15(3), 185–208.

Rabinowitz, P. D., Coffin, M. F., & Falvey, D. (1983). The separation
of Madagascar and Africa. Science, 220(4592), 67–69.

Reilinger, R., & McClusky, S. (2011). Nubia–Arabia–Eurasia plate
motions and the dynamics of Mediterranean and middle east
tectonics. Geophysical Journal International, 186(3), 971–979.

Schlumberger, R. F. (1984). Well evaluation conference, Egypt,
geology of Egypt. Schlumberger Middle East SA, EGPC

Schrank, E. (1987). Biostratigraphic importance of microfloras from the
late cretaceous clastic series of northwestern Sudan. Cretaceous
Research, 8(1), 29–42.

Segev, A., Avni, Y., Shahar, J., & Wald, R. (2017). Late Oligocene and
Miocene different seaways to the Red Sea-Gulf of Suez rift and the
Gulf of Aqaba-Dead Sea basins. Earth-Science Reviews, 171, 196–
219.

Siegesmund, S., Basei, M. A., Oyhantçabal, P., & Oriolo, S. (Eds.).
(2018). Geology of Southwest Gondwana. Springer.

Simons, E. L., & Rasmussen, D. T. (1990). History of research, faunal
review and future prospects. In R. Said (Ed.), The Geology of Egypt
(pp. 627–638). Balkema.

Stampfli, G. M., & Borel, G. D. (2002). A plate tectonic model for the
Paleozoic and Mesozoic constrained by dynamic plate boundaries
and restored synthetic oceanic isochrons. Earth and Planetary
Science Letters, 196(1–2), 17–33.

Steckler, M. S. (1985). Uplift and extension at the Gulf of Suez: Indications
of induced mantle convection. Nature, 317(6033), 135–139.

Unrug, R. (1997). Rodinia to Gondwana: The geodynamic map of
Gondwana supercontinent assembly. GSA Today, 7(1), 1–6.

Wanas, H. A. (2011). The Lower Paleozoic rock units in Egypt: An
overview. Geoscience Frontiers, 2(4), 491–507.

Wilde, S., & Youssef, K. (2002). A re-evaluation of the origin and
setting of the late precambrian hammamat group based on SHRIMP
U-Pb dating of detrital zircons from Gebel Umm Tawat, North
Eastern Desert Egypt. Journal of the Geological Society, 159(5),
595–604.

Wilson, M., Guiraud, R., Moreau, C., & Bellion, Y. C. (1998). Late
Permian to recent magmatic activity on the African-Arabian margin
of Tethys. Geological Society, London, Special Publications, 132
(1), 231–263.

Ziegler, P. A. (1990). Geological atlas of western and central Europe.
Geological Society of London.

Ziegler, P. A. (1992). Plate tectonics, plate moving mechanisms and
rifting. Tectonophysics, 215(1–2), 9–34.

Mohamed Bahay Issawi graduated
with B.Sc. (1955) and M.Sc.
(1964) degrees from Cairo Univer-
sity, and also holds a Ph.D. in
Stratigraphy and Structures (1968)
from the same institution. His work
in the Western Desert is extensive
where he conducted extensive field
work and aerial-photo mapping over
many years. He discovered the Abu
Tartur phosphate deposits, iron ore
deposits of the Bahariya Oasis, and
the Kalabsha kaolin deposits south
of Aswan. He contributed covered a
large array on the geology of Egypt,
in addition to some. He has written
several books on the Phanerozoic
geology of Egypt.

Sherif Farouk is a professor at the
Exploration Department of the
Egyptian Petroleum Research Insti-
tute, Cairo. He obtained a Ph.D.
degree from Al-Azhar University
(Egypt). He worked for the Geologi-
cal Survey of Egypt from 1996 until
2007. He is a specialist in
high-resolution stratigraphy, pale-
oenvironmental analysis, sequence
stratigraphic studies, and paleonto-
logical applications. He has pub-
lished about 101 scientific articles in
several international journals on
Phanerozoic stratigraphy, especially
of Egypt, Jordan, Saudi Arabia, Iraq,
United Arab Emirates, and Tunisia.

26 B. Issawi and S. Farouk



Phanerozoic Structural Setting and Tectonic
Evolution of Egypt

Mohamed Yousef, Zakaria Hamimi, Ahmed Heneish, Wael Hagag,
and Tarek Anan

Abstract

The study of the Phanerozoic structural setting and
tectonic evolution in Egypt has gained more attention
during the last three decades. The present work reviews
the characteristic tectonic/structural features of this suc-
cession, with emphasis on different structural geometries
and styles. The chapter is divided into three main parts,
highlighting the Paleozoic, Mesozoic, and Cenozoic
structures of Egypt. Unlike the Mesozoic and Cenozoic
structures, the Paleozoic structures are not well under-
stood in Egypt, due to limited exposures and insufficient
subsurface data. However, this chapter attempts to present
the available data, even if limited. Following the intro-
duction (Sect. 1), the main outline of part one includes:
the Precambrian-Cambrian transition, the distribution of
Paleozoic sediments, glacial/fluvioglacial deposits, and
Paleozoic structural framework (Paleozoic arches and
basins). In part two, the Mesozoic structures in Egypt are
dealt with in terms of Jurassic-Early Cretaceous rifts,
Cretaceous rifts, Late Cretaceous to Recent inverted
structures (northern Western Desert, northern Eastern
Desert, and North Sinai inverted structures), and Late
Mesozoic–Early Tertiary structures in central and south-
ern Egypt (the Bahariya Depression and southern Western
Desert inverted structures). The Cenozoic structures in
Egypt are discussed in part three throughout the following

main topics: Cretaceous-Paleogene (K/P) boundary,
Paleocene-Eocene transition, the Oligocene–Miocene
rifting (magmatism, the Red Sea and Gulf of Suez Rift
System, Cairo-Suez District), the opening of the Gulf of
Aqaba, and the Quaternary and neotectonics.

Keywords

Western Desert� Eastern Desert� Sinai�Red Sea�Gulf
of Suez � Cairo-Suez District � Paleozoic structures �
Santonian inversion � Magmatism � Rifting

1 Introduction

Egypt and neighboring regions lie along the passive margins
of the Palaeotethys, Neotethys, and Mediterranean Sea,
throughout different epochs, at the northern border of the
Greater Gondwana (or Pannotia). The Greater Gondwana
itself resulted from the fragmentation and breakup of Pan-
gaea which represents the latest supercontinental assembly
throughout the history of Earth. Such unique geographic
position, together with the eustatic sea-level changes and the
prolonged tectonic setting, greatly influenced the facies
distribution, not only in Egypt but also in the adjacent areas.
The Phanerozoic paleogeography was dominated by the
development of marine slopes and carbonate, and mixed-
marine platforms in the present-day north, giving way to
clastic facies in the south (Guiraud et al., 2001). The pre-
existing Neoproterozoic deep crustal structures, intra-
cratonic faulting/shearing, and tectonic sagging/collapse of
the underlying cratonized rocks and Pan-African crystalline
basement complex also significantly contributed to the
Phanerozoic tectonostratigraphic phases, basin evolution and
dynamics, and structural fabrics. Distinct phases of Syrian
Arc compressional deformation, and the development of
extensional basins associated with the rifting of the Red Sea
and the Gulf of Suez, interrupted the impact of subsidence
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on the Egyptian continental margin, which in turn created a
distinctive structural imprint throughout the Phanerozoic
basin evolution (Keeley, 1989). The NNW-SSE (Clysmic or
Erythrean), NE-SW (Syrian Arc or Aualitic), and
WNW-ESE (Tethyan) structural fabrics recorded in the
Phanerozoic succession are regarded to represent reactivated
preexisting weak zones or structural elements in the base-
ment to accommodate strain.

This chapter is an attempt to review and summarize the
structural framework and tectonic evolution of the Phanero-
zoic succession of Egypt. This evolution has a direct relation
to the tectonics of the Neoproterozoic Arabian-Nubian Shield
and the history of the southern margin of the Palaeotethys and
Neotethys. The Arabian-Nubian Shield structural fabrics
have been reactivated as high strain zones throughout the
Phanerozoic. Moreover, the polyphase tectonic phases that
impacted the African-Arabian plate throughout the
Phanerozoic resulted in post-depositional deformation and
erosion of most of the basins in Egypt and its environs.

2 Paleozoic Structures in Egypt

2.1 Precambrian-Cambrian Transition
and the Hammamat Sediments

The pre-Paleozoic regional tectonic framework of the Egyp-
tian Nubian Shield (e.g., Fowler & Hamimi, 2020, 2021;
Hamimi et al., 2019, 2020, 2021a, 2021b; Hamimi & Fowler,
2021) had a great influence on the deposition of Paleozoic
succession in Egypt, and their geographic distribution,
lithology, and thicknesses. The setting was also affected by
the position of the plate and plate-boundaries of the Pale-
otethys realm. The basement complex of Egypt (Fig. 1) is
well exposed along the Red Sea hills and extends to the east of
the Nile Valley underneath the Phanerozoic cover. To the
west of the Nile Valley, the basement has limited exposures at
Uweinat and Gebel Kamil, while the rest of the basement is
exposed along Uweinat-Aswan uplift but masked by the
sedimentary cover which prevents the exploration of the
general characteristics of the shield and their relationship to
the overlying Paleozoic rocks. The sedimentation of Paleo-
zoic in Egypt is highly controlled by the great number of
major, as well as many minor faults, which cut across the
Precambrian Shield and led to the uplift of several plutonic
arches trending mainly NE-SW and flanking intra-cratonic
Paleozoic to Mesozoic sedimentary basins. The Pan-African
structural trends controlled the Paleozoic basins in the
NE-SW, E-W, and NW-SE directions, while the N-S trend
has had a minor effect. Rejuvenation of these faults/shear
belts was responsible for the regional and local tectonic
evolution of such basins with various effects on the magmatic
eruptions, basin extension, and the limitations of

transgression and regression. The result was the formation of
an uneven basement surface controlling the overlying sedi-
ments, where the Paleozoic section had echoed the change in
basement relief before and during basin fill. Furthermore, the
opening of Neotethys in the Late Carboniferous-Permian and
the breaking up of Gondwanaland from the Carboniferous
time up to the Cretaceous contributed to the structural dis-
conformities affecting the Paleozoic sequence in Egypt. In
Egypt, the volcanic rocks were injected within the Paleozoic
section following the old structural trends such as in Gebel
Kamil (Schandelmeir & Reynolds, 1997) and Gebel Uweinat
(Issawi, 1978), as well as at the subsurface (in drill holes,
Dardir, 1981; Issawi, 1996). The intrusion of granite in the
Lower Paleozoic sediments at Wadi Lithi in Sinai (El Kelany,
2000) and at Gebel Babein (Egyptian-Libyan border)
(Schandelmeir et al., 1983) may extend the evolution of the
Pan-African events to the Early Paleozoic time (Issawi et al.,
2009).

The post-orogenic Hammamat molasse sediments repre-
sent the early cycle of deposition within the Arabian-Nubian
Shield. These sediments are composed mainly of conglom-
erates and siltstones and were accumulated mainly in
intra-cratonic basins, grabens, and sag areas over old crys-
talline basement units (Fig. 2). The structural setting of the
Hammamat basins is not unified and change locally from
area to another. From a stratigraphic point of view, the
Hammamat sediments are the first true bedded (Akaad,
1972) and unmetamorphosed sediments except near granitic
intrusions (e.g., Hassan & Hashad, 1990). The bedding and
lithologic characteristics (especially the conglomerates at the
base of the section), beside their deposition in paleovalleys
below the higher scarps of crystalline basement rocks, could
possibly mean that these sediments are glaciogene sediments
deposited a bit earlier in the Early Paleozoic time (i.e.,
younger than 590 Ma). This argument can be supported by
the assumption that the southern pole was located just off
what is now the north coast of Africa during the latest
Precambrian time, and the stratigraphy of the
Precambrian-Cambrian interval is not well identified in
Egypt. The type of Cambrian strata in Sinai, southern
Eastern Desert, and southern Western Desert are not rela-
tively far from the lithology of the Hammamt sediments,
where these Early Cambrian units are composed mainly of
sandstones rich in quartz pebbles (dropstones) uncon-
formably overlying the Precambrian basement rocks. The
only difference is that the former Cambrian strata (e.g.,
Araba Formation in Sinai) contains some primitive fossils.
However, Issawi et al. (2009) documented the microfossils
within the Hammamat sediments from Wadi Igla and Wadi
Semna in the central Eastern Desert, where some species of
algal microflora and oncolites have been recorded. Few
archaeocyathids from Wadi Semna were also identified. An
approximate age of Late Neoproterozoic-Early Cambrian
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can be suggested based on the presence of these fossils. The
marine microorganisms documented by Khalifa et al. (1988)
from the Late Proterozoic Hammamat Group in the Eastern
Desert suggest some marine incursions during the deposition
of these sediments instead of the nonmarine origin which is
widely believed. El-Habbak and Mahmoud (1994) also
recorded the first microfossil remains occurring in the Ban-
ded Iron Formation of Wadi Kareem in the Eastern Desert.
The Hammamat sediments is often thought of as the earliest
depositional cycle exclusively occurring within the Eastern
Desert of Egypt. So, further stratigraphic and sedimentologic
studies are needed to accurately pinpoint the age and envi-
ronment of deposition of such sediments.

2.2 Distribution of Paleozoic Sediments Allover
Egypt

The surface exposures of the Paleozoic rocks (Fig. 3) are
relatively limited on the geologic map of Egypt. The

Paleozoic rocks in Egypt are well exposed along the Gulf
of Suez in northeast Egypt, in Sinai and in the remote
areas between Gebel Uweinat and Abu Ras plateau
(* 1000-m-thick Paleozoic section west of Gilf Kebir;
Klitzsch, 1978; Klitzsch & Lejal-Nicol, 1984) at the south-
western corner of the Western Desert. In the subsurface of
northern Western Desert, a great section of Paleozoic sedi-
ments (several kilometers in thickness) is known. Until the
works of Picard (1942), Omara and Conil (1965), Omara
(1972), and Weissbrod (1969) in Sinai and Said (1981) in
southwest Egypt, the Pre-Carboniferous deposits were not
clearly identified. The thickness of Paleozoic strata in Egypt
regionally varies from thick subsurface sequences in north-
western Egypt to relatively reduced and incomplete sections
in Sinai, Gulf of Suez, and southwest Egypt. Over the
remaining parts of Egypt, the Paleozoic section is minor or
completely missing. Identifying the Paleozoic strata in Egypt
proves challenging, because of the similarity of sedimentary
environments and the lack of index fossils, besides the high
dependence on trace fossils.

Fig. 1 Location map showing the distribution of Precambrian crystalline basement exposures in southern Sinai, Eastern Desert, and southern
Western Desert, Egypt
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Cambrian sediments are recorded in Sinai at Um Bogma
area and in places between Abu Durba and Wadi Feiran. They
were regarded as the lower part of the Carboniferous sequence
until Omara and Conil (1965), Weissbord (1969), and Omara
(1972) proved their Cambrian age. Similar strata are exposed
between northernWadi Qena andWadi Dakhl (Klizsch, 1986).

The Cambrian strata are also recognized in oil wells between
Bahariya and Qattara depressions. In southwest Egypt, the
Cambrian sediments were early recorded by Burollet (1963),
Conant and Goudarzi (1964), and Said (1971).

Late Ordovician strata are exposed in Sinai, southwestern
Egypt (northeast of Gebel Uweinat; Klitzsch & Lejal-Nicol,

Fig. 2 Simplified geologic map showing the structural framework of the central Eastern Desert of Egypt and the distribution of the Late
Neoproterozoic-Early Phanerozoic? Hammamat Molasse sediments (after Abd El-Wahed, 2010). HCC: Hafafit, HF: Wadi Hafafit, NG: Wadi
Nugrus, GG: Gebel Nugrus, IG: Wadi Igla, IH: Igl al-Ahmar monzogranite, GX: G. Um Nagat, NNS: Um Nar-Nugrus shear zone, EU: Gebel
el-Umra older granite, MI: el-Miyah, KD: Kadabora monzogranite, SHCC: el-Shalul, AT: Atawi, GAT: Gebel Atawi granite, EN: Andiya, AG:
Abu Gheryan, SCC: Sibai, WSSZ: Wadi Sitra, KASZ: Kab Ahmed, HG: Homrat Ghaunam granite, ZI: Wadi Zeidoun, SZS: Wadi Zeidoun-Wadi
el-Shush, QA: Wadi el-Qash, KR: Kareim, TH: Um Esh-Um Seleimat, HA: Hammamat, UH: Um Had granite, WA: Wadi Atalla, MCC: Meatiq,
QU: Wadi Quieh, AS: Abu Sheqeili, GZ: Um Zarabit, GK: Kafari, GS: Gasus, GD: el-Dob, GF: Abu Furad, GT: Um Taghir, GR: Ras Barud, GM:
el-Magal, GA: Um Anab, GY: Shayib el-Banat, GQ: Qattar, GU: Um Araka, UT: Um Tawat, AD: Gebel Dokhan
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1984), at Wadi Gabgaba in southern Eastern Desert (Issawi,
2005) and recognized in the subsurface of northern Western
Desert (Keeley, 1989). The subsurface Silurian rocks were
reported in the northern Western Desert (Hantar, 1990;
Schrank, 1984), while their surface exposures cover large
tracts in southwest Egypt at Gebel Uweinat-Abu Ras area
west of Gilf Kebir Plateau (Klitzsch & Lejal-Nicol, 1984).

A small section (15-m thick) of Devonian strata was
recognized in western Sinai by Issawi and Jux (1982). They
stated that the section might be coeval with the Devonian
section in southwest Egypt. In the Gulf of Suez area, no
Devonian sediments have been identified, except the inter-
pretation of Issawi et al. (2009) based on the works of Kora
(1992, 1995) and Kora and Mansour (1992), where they
suggested to lower down a bit most of the Upper Paleozoic
section in Block (IV) comparable with the section on the
western side of the Gulf. In contrast, a thick subsurface
Devonian section (700-m thick) was reported by oil com-
panies (Hantar, 1990; Keeley, 1989; McGarva, 1986;
Schrank, 1984) in northwest Egypt. In southern Egypt,
Osman et al. (2002) assigned the section composing the

eastern scarp of Wadi Gabgaba as Devonian in age, while
Issawi and Jux (1982) identified a 70-m section of Devonian
sediments northeast of Uweinat area. Further to the north of
the area of Issawi and Jux, a thick Devonian succession (up
to 200 m) which is covered northward by the well-defined
Carboniferous strata was mapped by (Said & Mehdi, 2000).

The Carboniferous strata were the first to be identified
and the most discussed. They are exposed in several areas in
Sinai (Wadi Feiran, Abu Durba, and Um Bogma areas), Gulf
of Suez, and in southwest Egypt. The Carboniferous of the
Gulf of Suez-Sinai area was first described in detail by
Walther (1890) and reviewed by Said (1962) and in many
early research endeavors (Abdallah & Adindani, 1963;
Hassan, 1967; Hermina et al., 1983; Kora, 1984; Kora &
Jux, 1986; Omara, 1965, 1971; Omara & Conil, 1965;
Omara & Schultz, 1965; Said, 1971; Said & Eissa, 1969;
Soliman & El Fotouh, 1970; Weissbrod, 1969). In the
western side of the Gulf of Suez, Carboniferous strata are
well exposed and largely represented in the South Galala
Plateau (between northern Wadi Qena and Wadi Dakhl), and
further north in Wadi Araba and in the eastern and southern

Fig. 3 Distribution of the Paleozoic rocks in Egypt (after Wanas, 2011)
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footslopes of North Galala Plateau (e.g., Abdallah & Adin-
dani, 1963). The stratigraphy of Carboniferous sediments in
southwest Egypt (Abu Ras—Gebel Uweinat area) was
studied by Klitzsch (1979, 1983) and Klitzsch and
Lejal-Nicol (1984). In addition, the subsurface Carbonifer-
ous section in the northern Western Desert was identified by
Said (1962) and later discussed by Hantar (1990).

The Permian strata were recorded by Abdallah and
Adindani (1963) from Wadi Malha in the North Galala
Plateau. These strata are also identified from Wadi Araba
between Zaafarana and St. Antony (Lejal-Nicol, 1986). In
Sinai, similar strata were recognized in Um Bogma area and
between Gebel Araba and Wadi Feiran. The Permian strata
in the subsurface of northwest Egypt is represented by the
topmost Paleozoic unit (Late Carboniferous-Early Permian)
identified by Keeley (1989) from Siwa area. In southwest
Egypt, the 30- to 50-m-thick strata (Issawi & Jux, 1982)
overlying the Carboniferous rocks in Uweinat area (at Gilf
Kebir and Abu Ras plateaus) belong to the Permian or to the
Permo-Triassic. Klitzsch and Lejal-Nicol (1984) also rec-
ognized a similar section below the Early Mesozoic sedi-
ments to the northeast of Gebel Uweinat.

2.3 Glacial/Fluvioglacial Deposits in Egypt

During the Late Ordovician–Silurian time, the glaciers
advanced from the South Pole to North Africa (Husseini,
1991; Mahmoud et al., 1992; McGillivary & Husseini,
1992), Fig. 4. The glacial ice was recorded in Algeria,
Tunisia, Libya, Jordan, Syria, Turkey, Oman, and Iran (e.g.,
Bellini & Massa, 1980; Beuf et al., 1971; Hughes Clarke,
1988; Lababidi & Hamdan, 1985; Powell, 1989; Stocklin,
1972; Wolfart, 1981). Glaciogene, periglacial, and glacio-
fluvial clastic strata were accumulated within the deeply
incised paleovalleys, overlying the old shallow marine to
siliciclastic sediments, including pebbles and cobbles of
Precambrian, Cambrian, and Early Ordovician rocks, com-
monly igneous and sandstones embedded in a glacial till
diamictite. By the mid-Early Silurian (Rhuddanian-
Aeronian), glaciers started to retreat due to the abrupt rise
in sea level (Fig. 5), synchronous with the melting of ocean
ice during the periglacial phase. The melting ice released
sediments that infilled the paleovalleys during the perigla-
cial, fluvioglacial, and fluvial phases. Subsequently, the
outwash sands and gravels formed extensive non-
channelized fluvioglacial deposits. Owing to the constant
rising in sea level during the Silurian, the glaciogenic and
periglacial clastics in North Africa and Arabia were overlain
by black shales rich in organic matter, while in Egypt a
wide hiatus including most of the Middle and Late Silurian
above the glacial sediments was recorded (e.g., Issawi et al.,
1999).

The glacial deposits in Egypt were first documented in
southwest Egypt (Beall & Squyres, 1980) and in several
sections from Sinai, the Galala Plateaus, northern Wadi Qena,
and southern Eastern and Western Deserts (Issawi & Jux,
1982). The authors were able to recognize the dropstones or
erratic stones (glacial features) in the siliciclastic sequences.
The observations of the work of Issawi and Jux (1982) were
later supported by the trace fossils and graptolites identified in
the study of Keeley (1989). In Keeley’s study, up to 600 m of
fluvioglacial sandstone and mudstone intercalated with marine
claystone (the Kohla Formation) was documented from the
subsurface section of the northern Western Desert. The glacial
to fluvioglacial deposits in Egypt are represented by the
Naqus Formation in Sinai and northern Egypt and the Gab-
gaba Formation in the South Nile Basin.

The Naqus Formation (Hassan, 1967 and Said, 1971) is
composed essentially of snow-white sandstones which
developed in general in East Sinai (e.g., Wadi Saal). Upon
first glance, the formation seems chalky in appearance. The
lower part of the formation is composed of coarse-grained
sandstones (includes erratic stones and affected by magmatic
intrusions) and a section of fine-grained sandstone at
the top. Stratigraphically, the basal coarse sandstone section
of the Naqus Formation in Sinai is correlated with the Gab-
gaba Formation in southern Egypt (South Nile Basin), e.g., El
Kelany (2000). The age of the formation is Late Ordovician
(for the basal part) to Early Silurian (for the upper sandstone
section). The glaciofluvial origin of the Naqus Formation is
substantiated based on two aspects: the presence of the
egg-shaped quartz pebbles randomly distributed in a sand-
stone section (e.g., dropstones) and by the correlation with the
similar facies in Jordan (Abed et al., 1993; Powell, 1989;
Powell et al., 1994) as well as in Saudi Arabia (Husseini,
1991; Mahmoud et al., 1992). The formation may be formed
where the outwash sands were deposited over a wide area and
then erratic pebbles that were held by the ice sheets slumped
into the loose sands before lithification.

The Gabgaba Formation (Issawi, 2005) is composed of a
thick section of poorly sorted and striated conglomerates,
with pebbles representing a wide variety of rocks. The
conglomerates are interbedded with thick bands of
cross-bedded sandstone and breccia. These conglomerates
were interpreted as diamictites filling the paleovalleys during
the periodical melting of the ice sheets covering the high
lands overlooking the valleys. Warm episodes were also
recorded as some paleosol layers were detected at intervals.
The type section of the formation is in Wadi Gabgaba at the
southern Eastern Desert and the section is Late Ordovician in
age. In the Gabgaba area, Issawi (2000, 2005) and Osman
et al. (2002) indicated that the Paleozoic section has been
affected by tectonic movements during the deposition, where
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Fig. 5 Sea-level changes during the Paleozoic (after Haq & Stephen, 2008)

Fig. 4 Paleogeography, extension, and direction of inland ice during the Ordovician and Silurian (after Semtner & Klitzsch, 1994)
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the crystalline basement by the latest Cambrian was uplifted
forming several cracks and deep valleys that were later filled
by the glaciogene deposits.

2.4 Paleozoic Structural Framework of Egypt

2.4.1 Paleozoic Arches
The Paleozoic sediments in Egypt form an extensive platform
covering the Precambrian basement and increase in thickness
toward the north and west. Older Paleozoic strata crop out near
the contact with the basement in Sinai and northern Eastern
Desert, while in southern Eastern and Western Deserts, the
Paleozoic rocks are exposed over a vast denuded tableland of
highly eroded surfaces that came after periods of rigorous
uplifting and exposition in southern Egypt. As discussed ear-
lier, the pre-Paleozoic regional tectonic framework highly
affected the formation and the deposition of the Paleozoic
basins and other Phanerozoic basins as well. The basement
arches dissect Egypt into narrow uplifted blocks bounding
several low areas in between, the sites where Paleozoic
sequences were deposited and experienced many disconfor-
mities and vertical and horizontal facies change. The paleo-
geographic and paleotectonic features that controlled the
deposition of the Paleozoic epochs in Egypt and the sur-
rounding areas have been described on maps in Fig. 6 (Guir-
aud et al., 2001). Nine Paleozoic arches (Fig. 7), bounding the
Paleozoic basins, were recognized by Issawi (1996) and Issawi
et al. (1999, 2009) and will be described below.

Uweinat-Bahariya arch (Keeley, 1989)—It is oriented
NE-SW including the Farafra and Bahariya highs, passing
by the western bank of Lake Qarun before it continues to
Cairo and reaches the Mediterranean coast immediately to
the south of Port Said. This arch was named Uweinat-
Bahariya-Port Said arch (UBP) by Issawi et al. (2009).

Tarfawi-Qena-South Sinai arch (TQS)—This arch crosses
the Tarfawi basement complex at Bir Tarfawi and includes
some basement knobs to the south of Kharga Oasis. Then, it
continues to the north of Qena bend and further northeast to
Hurghada before it heads to the basement complex at South
Sinai.

Chephren-Komombo arch (CKO)—It passes by the base-
ment complex at Chephren Quarries and heads to the north
of Komombo plain, where it then disappears in the lineament
swarms in the central Eastern Desert.

Umbark arch (Keeley, 1989)—It is a short arch of NE trend
and is located in the Siwa Basin. On the isopach maps,
Paleozoic sediments were not recorded along the arch
(Moussa, 1986).

Suez-Cairo-Dabaa arch (SCD)—This arch strikes
WNW-ESE and links between Suez and Cairo, where it is
responsible for many structural highs and volcanic flows
along the Cairo-Suez road. The arch reaches the Mediter-
ranean Sea near Dabaa.

The North Sinai Fold Belt (Syrian Arc)—It is believed to
overlie a series of basement (deep-seated) faults striking
ENE-WSW and that were rejuvenated several times during
the Phanerozoic. This arc is located in North Sinai and
represents a segment of the NE- to ENE-oriented Syrian Arc
structures.

Sharib-Sheiba High (Moussa, 1986)—It is located to the
north of Abu Gharadig Basin. This arch trends E-W and
extends between the Siwa Basin in the west and Fayium
Depression in the east. It is also called the Qattara Ridge.

El-Nashfa-El-Balliyna arch—This ridge strikes N to NNW
and extends for about 400 km, west of the Nile Valley, from
northwest Qena to the south of Fayium area. This arch is
known from the drill holes (Nashfa and el-Balliyna wells),
where Paleozoic section is nearly missing in most of drilled
wells there.

2.4.2 Paleozoic Basins
The early fill of the NE- to ENE-oriented Phanerozoic basins
in Egypt, which were located in the vicinity of the
Pan-African linear and shear zones, where they first experi-
enced local mechanical subsidence that was rapidly followed
by regional thermal subsidence (e.g., Coward & Ries, 2003).
These basins were infilled during the Early Paleozoic time
which resulted in the formation of well-developed clastic
sequences composed mainly of coarse sandstones, rich in
quartz, characterizing the basal Paleozoic sections. The
contribution of fine-grained clastics and carbonate beds was
minor in Egypt, while in neighboring regions (Libya and
Saudi Arabia) limited carbonates and fine clastics are com-
mon in the Lower Paleozoic rocks. The stratigraphic data in
Egypt substantiate the occurrence of a large sedimentary
basin covering most of the Egyptian territory and extends to
the west and north of the Red Sea Hills (i.e., overlying and
flanking the basement complex). Smaller intra-cratonic
basins (Fig. 8) do occur within such Egyptian basin, repre-
senting the depocenters that depicted that the structural
movements took place in different times during the
Phanerozoic history of the Egyptian craton. So, the main
Egyptian basin is complex and composite (Clifford, 1970).
These basins include extensional basins (Gulf of Suez),
marginal basins (Siwa and Abu Gharadig), and interior basins
(Dakhla and South Nile Valley). Sinai is an exceptional
structural basin since it was rejuvenated in many periods
during the Phanerozoic time. In the following paragraphs, the

34 M. Yousef et al.



Paleozoic Siwa, Dakhla, Abu Gharadig, South Nile, Sinai,
and Gulf of Suez basins will be discussed in detail.

Siwa Basin

It was named by Keeley (1989) as Ghazalat Basin. The basin
is located in northwestern Egypt occupying the boundary
between Egypt and Libya, as well as it opens out along the

Mediterranean coast. From the south, the basin is bounded
by the Qattara Depression, while eastward it is limited by the
Suez-Cairo-Dabaa arch (SCD). This basin is structurally
controlled by E-W-oriented faults where the maximum
thickness of the sedimentary fill attains 4700 m. For the
description of stratigraphic section and associated lithologic
formations, see Keeley (1989) and Issawi et al. (2009)
(Fig. 9).

Fig. 6 Paleogeographic/Paleotectonic maps of the Paleozoic epochs (after Guiraud et al., 2001). 1: deep basin, 2: carbonate platform, 3: mixed
platform, 4: evaporitic platform, 5: terrigenous platform, 6: fluviatile-deltaic environment, 7: fluviatile-lacustrine environment, 8: exposed land, 9:
volcanics, 10: alkaline anorogenic complex, 11: dykes, 12: depocenter, 13: uplifted arch, 14: active normal fault, 15: unspecified active fault, 16:
mid-oceanic ridge, 17: direction of sediment supply from paleoriver, 18: tillite, 19: paleomeridian, 20: present-day shoreline, 21: present-day
Precambrian basement-sedimentary cover limit, 22: state boundary. A, Aswan; Ab, Djebel Abiod; Al, Alexandria; Am, Amman; As, Assyut; AG,
Abu Gharadig; B, Beirut; Be, Benghazi; C, Cairo; D, Dakhla; Da, Damascus; Do, Dongola; G, Gaza; H, Haifa; J, Jerusalem; Je, Jeddah; JB, Jafr
Basin; K, al-Kufrah; Kh, Khartoum; M, Matruh; Q, Quseir; PS, Port Sudan; T, Tabuk; Uw, Uweinat; Y, Yambu
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Dakhla Basin

It is a NE-SW-oriented basin, which was recognized from
the structural contour map of the Dakhla Oasis (Hermina
et al., 1961) and was later extended southward by Issawi
(1981) to include most of the Gilf Plateau and the area in its
eastern vicinity. This basin is delineated from the south by
Gebel Uweinat and Gebel Kamil, while from the east and
southeast the basin extended following the Tarfawi-
Qena-South Sinai arch (TQS). The Paleozoic–Mesozoic
section of the basin is covered by the Cretaceous and
younger deposits to the north. The reactivation of the Pre-
cambrian E-W faults of the Nubia-Guinea lineaments and

the uplifting of the basement rocks at Uweinat area were
responsible for the exposition of the Paleozoic sediments
within the basin. The outcrops of the Paleozoic strata are
clear on the eastern and western scarps of the Gilf Kebir
Plateau and also between the plateau and Gebel Uweinat.
The total thickness of Paleozoic strata in the Dakhla Basin is
about 1–2 km, where it is approximately missing near or
along the TQS arch.

South Nile Basin

This basin is bounded from the east and west by the basement
rocks of Red Sea Hills and lies immediately to the west of the

Fig. 6 (continued)
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Chephren-Komombo arch (CKO), where Wadi Gabgaba and
Korosko Plateau are the main features in this area. Northward,
the basin extends until the southern scarps of Sin el-Kaddab
Plateau and the Kalabsha Fault. From the south, the basin is
bounded by the Egyptian-Sudanese border and may continue
to the south within the Sudan. The basin fill is characterized
by conglomerates and sandstones with minor paleosol bands,
with total thickness assuming 760 m. Most of the sediments
in the basin belong to the Paleozoic, unconformably overly-
ing the basement and covered by the Cretaceous and Qua-
ternary rocks. The Paleozoic succession in the basin includes:
The Araba (33 m), Gabgaba (447 m), Naqus (15 m), Wadi
Malik (40 m), and Gilf (227 m) formations.

Sinai Basin

A large basin located within central Sinai. It was delineated
by Issawi et al. (1994) on their Paleozoic map. About

80-m-thick Paleozoic section above the basement rocks was
recorded in drill holes at the core of Araif el-Naqa Anticline
in eastern Sinai, while westwards at least 500 m of Paleozoic
strata were revealed at Nekhl and Kontella. The distribution
of the Paleozoic rocks in Sinai basin is discussed in
Sect. (2). The Paleozoic succession there attains 1000 m and
includes: Taba (8 m), Araba (40–250 m), Naqus (200–
300 m), Wadi Malik (15 m), Um Bogma (50 m), Ataqa (35–
150 m), Abu Durba (60–180 m), and Aheimer (35–60 m)
formations (Issawi et al., 2009).

The Gulf of Suez Basin

The early work of Abdallah and Adindani (1963) described
the exposed Paleozoic section on the western shoulder of the
Gulf of Suez rift in the Wadi Araba and in the eastern
escarpments of North Galala Plateau. The Paleozoic section
in these areas ranges in age from Rod el-Hamal Formation

Fig. 7 The distribution of Paleozoic arches in Egypt (modified from Issawi et al., 2009). 1: Umbark arch, 2: Sharib-Shiba arch, 3:
Suez-Cairo-Dabaa arch, 4: North Sinai Syrian Arc, 5: Uweinat-Bahariya-Port Said arch, 6: el-Nashfa- el-Balliyana arch, 7: Gharib- Ragaba-Taba
arch, 8: Tarfawi-Qena-South Sinai arch, 9: Chephren- Komombo arch
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(Early Carboniferous, 360 m) passing by Abu Darag For-
mation (Early-Late Carboniferous), Aheimer Formation
(Late Carboniferous-Early Permian) to Qiseib Formation
(Permian–Triassic, 52 m). In Issawi et al. (2009), a Paleo-
zoic section was described along a profile covering five
faulted blocks at the western coast of the Gulf of Suez
stretched from Wadi Esh el-Mallaha on the Red Sea coast to
the North Galala Plateau (Fig. 10). Virtually, the profile
gives a regional image about the distribution of subsurface
and surface Paleozoic rock units. In Block (I), the Araba and
Naqus formations were unconformably overlain by the
Lower Cretaceous sediments; in Block (II), the Naqus For-
mation is completely missing, and Lower/Middle Carbonif-
erous sediments overlie the Araba Formation; in Block
(III) at St. Paul area, no Paleozoic sediments crop out; in
Block (IV) at Wadi Araba, the Paleozoic is represented by
latest Devonian and Lower to Upper Carboniferous strata;
and Block (V) is almost Carboniferous in age.

3 Mesozoic Structures in Egypt

3.1 Jurassic-Early Cretaceous Rifts

Sometime during the Permian to Early Jurassic, the Neo-
tethys began opening (Fig. 11), and Pangea started breaking
up, resulting in the formation of intra-cratonic rift basins in
North Africa (Şengör, 1979; Stampfli et al., 2001; Gar-
funkel, 2004; Guiraud et al., 2005; Yousef et al., 2019) and
affected parts of the Arabian plate, where most of the
Jurassic source rocks were deposited. The onset of Jurassic
rifting (Tethyan rifting) is marked by characteristic rock
assemblages of red clastics, a thin evaporitic section, and
alkali magmatic intrusions (Bartov et al., 1980a; El Shazly,
1977; Meneisy, 1986).

During these times, the northern passive margin of
Gondwana including northern Egypt was subjected to N-S

Fig. 8 The distribution of Paleozoic basins in Egypt (modified from Issawi et al., 2009)
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extension. However, seismic (reflection and refraction),
magnetic, and gravity data indicate a WNW-ESE opening
direction of the eastern Mediterranean (Fig. 12) developing a
left-lateral transform boundary that has separated the oceanic
crust of the southern Neotethys from the northern Egypt
continental crust (Garfunkel, 1998, 2004; Longacre et al.,
2007; Meshref, 1990).

Tethyan rifting resulted in the development of NE-SW-
and ENE-WSW-oriented interior rift basins in northern
Egypt (Fig. 13), as well as similarly oriented normal faults in
central Western Desert (e.g., Bahariya Depression) and
southern Western Desert (e.g., Nubia Fault System) (Dolson
et al., 2014; Moustafa, 2008, 2020). The only exception is
Matruh Basin in northern Western Desert, which is oriented

Fig. 9 N-S regional geologic cross-section between the Gilf Kebir Plateau and the Mediterranean showing the distribution of the Paleozoic units
within the structurally controlled Siwa Basin (after Issawi et al., 2009)

Fig. 10 N-S regional geologic cross-section along the western shoulder of the Gulf of Suez rift (from G. el-Zeit-Esh el-Mallaha to the North
Galala Plateau) showing the faulted blocks and GRT arch influencing the deposition and distribution of Paleozoic units (after Issawi et al., 2009)
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NNE-SSW, most likely due to the influence of the reacti-
vation of deep-seated basement structures (Moustafa et al.,
2002). This means that the present structures of the Western
Desert of Egypt are superimposed on an intricate system of
rift basins of Mesozoic age (Bosworth et al., 2008; Dolson
et al., 2014; Guiraud, 1998; Keeley & Wallis, 1991), that
links to basins of the same age in Libya to the west, Sinai
and Levant to the east, and enclosing the Nubian Shield to
the south (Bosworth, 1994; Bosworth et al., 2015; Guiraud,
1998; Guiraud et al., 2005).

Detailed subsurface data shows that red clastics are
widespread at the base of the Jurassic section at some
localities in the Western Desert, accompanied by thin coal
beds (Hantar, 1990; Keeley et al., 1990). In the northeastern
side of the Western Desert, an anhydrite section of Early
Jurassic age was documented in several wells (Hantar,
1990). This Jurassic section thickens significantly toward the
north but shows thinning to the west and south of the
Western Desert (Bosworth & Tari, 2021). Minor magmatic
activity, accompanied by deposits of fluvial and lacustrine
environments, also characterizes this Early Jurassic rifting
phase in the northern Western Desert (Moustafa et al., 2002).

During the Late Jurassic, rifting was accompanied by a
phase of magmatism that mainly affected the Western Desert
(Abbas et al., 2019) and was also recorded in the nearby Sirt
Basin in Libya. In Egypt, this rifting phase is generally
marked by fluvial and lacustrine deposition, accompanied by
estuarine and marine facies (Keeley & Wallis, 1991).

During the transitional stage from the Jurassic to the
Cretaceous, northern Egypt witnessed a slight and short-
lived compressional event, accompanied by remarkable
unconformities in many localities in the Western Desert,
North Sinai, and the eastern Mediterranean. Several studies
interpreted this phase of deformation as the remote effects of
the ‘Cimmerian’ tectonic event that took place in south-
eastern Europe (Bosworth et al., 2020; Guiraud et al., 2005;
Nikishin et al., 2001; Stampfli et al., 2001; Yousef et al.,
2010b). The impact of this event is noticeable in some
localities in Faghur (Fig. 14) and East Abu Gharadig
(Fig. 15) basins, where Early Cretaceous inversion was
interpreted on some of the ENE–WSW-striking faults
(Bosworth & Tari, 2021).

During the Early Cretaceous and shortly after the Cim-
merian event, rifting witnessed a dramatic increase across
most of Gondwana. As in the Jurassic, extension stayed
mostly N-S resulting in the fastest phase of subsidence in
many basins across northern Egypt (Fig. 16; Bosworth et al.,
2020; Yousef et al., 2010b). Fluvial and estuarine silici-
clastic deposits prevailed during the Early Cretaceous in the
basins of eastern North Africa. Moving northward, these
facies first change into shallow marine carbonates and shale
before they completely change to deep marine facies (Keeley
et al., 1990; Norton, 1967).

Geometrically, Early Mesozoic rift basins in the Western
Desert are half grabens titling NNW and are bounded by
normal faults on the NW sides (Fig. 17). However, the

Fig. 11 Paleogeographic reconstructions of the Tethyan area during the Early Jurassic (* 200 Ma) showing the breakup of Neotethys in relation
to the northern margin of Gondwana (compiled from Stampfli & Borel, 2002). Red star represents the location of Egypt
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Fig. 12 Regional geologic setting of northeast Africa and eastern Mediterranean (after Bosworth & Tari, 2021). A: Alamein Basin; AG: Abu
Gharadig Basin; M: Matruh Basin; S: Shushan Basin. Triassic opening direction and Neotethyan oceanic–continental crustal boundary after
Longacre et al. (2007)

Fig. 13 NE-SW- and ENE-WSW-oriented Jurassic-Early Cretaceous rift basins in northern Egypt (redrawn after Moustafa et al., 1998). Offshore
North Sinai structures are after Yousef et al., (2006a, 2006b; 2010b)
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Fig. 14 a Time-structure map of top Khatatba Formation (Middle Jurassic) showing the Phiops inverted structure in eastern North Faghur Basin.
See Fig. 12 for location. b NW–SE seismic section crossing the inversion anticline at Phiops field. See Fig. 14a for location (after Bosworth &
Tari, 2021)
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extension of these basins into the Eastern Desert and
northern Sinai displays a change in polarity (Fig. 13), where
these basins are similarly oriented, but their bounding nor-
mal faults lie on the opposite sides of the basins (Moustafa
et al., 1998). Detailed subsurface data confirm that Jurassic
and Lower Cretaceous rocks were deposited in these half

grabens, with a characteristic syn-rift deposition (Abd El
Aziz et al., 1998; Guiraud, 1998; Yousef et al., 2010b,
2019).

Fig. 15 N-S regional geoseismic section through the eastern area of the Western Desert showing the Mubarak inverted structure. See Fig. 12 for
location (after Bosworth et al., 2008)

Fig. 16 NW–SE seismic section through Mango inverted half graben
(offshore North Sinai) showing Early Cretaceous syn-rift basin fill. See
Fig. 12 for location (after Yousef et al., 2010b) Fig. 17 NW–SE seismic section through Horus inverted half graben

(Alamein Basin). The half graben is tilting NNW and bounded at its
NW side by the ENE-WSW-striking Horus Fault. See Fig. 12 for
location (after Yousef et al., 2019)
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3.2 Cretaceous Rifts

Following the previous Jurassic-Early Cretaceous rifting
phases (* 130 Ma), extension orientation throughout most
of northern Gondwana changed to a NE-SW direction
(Guiraud, 1998; Guiraud & Bosworth, 1999; Guiraud et al.,
2005). During the Aptian-Albian (* 125 Ma) and after a
maximum marine flooding event, Egypt witnessed the
impact of the far-field stress caused by the onset of the South
Atlantic rifting (Fig. 18), which in turn initiated a remark-
able rifting phase in northern Gondwana that created several
NW-SE to WNW-ESE rift basins in Egypt (Fig. 19) with a
predominant fluvial and shallow marine conditions (Bos-
worth et al., 2020; Norton, 1967; Said, 1962).
Mid-Cretaceous intercalated volcanic rocks and siliciclastic
sediments are found in several localities in the Western
Desert and the Eastern Desert, as well as in the nearby Sirt
Basin in Libya (Meneisy & Kreuzer, 1974a, 1974b;

Bosworth et al., 2020). However, during the Cenomanian–
Turonian, a rise in sea level created another maximum
flooding event that affected the Western Desert, establishing
a phase of tectonic quiescence (Bosworth & Tari, 2021;
Kerdany & Cherif, 1990; Said, 1962).

Cretaceous rift basins in Egypt are Beni Sueif and Asyut
basins in central Egypt, and Komombo Basin in southern
Egypt (Fig. 20). Abu Gharadig Basin in the northern Wes-
tern Desert is also a Cretaceous rift basin. However, some of
its sub-basins witnessed their rifting onset during the Late
Jurassic. Subsurface data show that these basins/sub-basins
are bounded by NW-SE- to WNW-ESE-striking normal
faults, against which syn-rift successions of Cretaceous age
thicken. All four of these basins are of half graben geometry,
except Beni Sueif Basin, which is a graben (Fig. 20; Salem
& Sehim, 2017). While Abu Gharadig and Komombo basins
(Fig. 21) tilt northward, Beni Sueif and Asyut basins tilt
southward.

Fig. 18 Paleogeographic reconstructions of the Tethyan area during the Early Cretaceous (* 120 Ma) showing the onset of the South Atlantic
rifting (compiled from Stampfli & Borel, 2002). Red star represents the location of Egypt
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Fig. 19 NE-SW seismic section showing the Cretaceous rifting in the northern Western Desert. Rift-bounding faults are striking WNW-ESE
(after Moustafa, 2008)

Fig. 20 NE-SW seismic section through East Beni Sueif Basin showing the graben geometry (after Salem & Sehim, 2017)
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Fig. 21 a N-S seismic section through Abu Gharadig Basin showing the northward tilt of the half graben (after Moustafa, 2008).
b Depth-structure map of top crystalline basement, southern Komombo Basin showing the northeast tilt of the half graben (after Said & Sakran,
2020). c and d Uninterpreted and interpreted NE-SW seismic sections (see Fig. 21b for location) across the southern Komombo Basin (after Said
& Sakran, 2020)
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3.3 Late Cretaceous to Recent Inverted
Structures

In the Late Cretaceous (84 Ma), Egypt witnessed the direct
effects of major plate rearrangements, known as the ‘San-
tonian event’, resulting from the drastic change in the
Afro-Arabian and Eurasian plate movements (Fig. 22) from
divergence across the Neotethys to convergence that con-
tinues to the present day in select localities (Smith, 1971;
Guiraud & Bosworth, 1997; Bosworth et al., 2008; Bevan &
Moustafa, 2012; Abd El-Fattah, 2021). Even though other
compressional phases affected Egypt during the Phanero-
zoic, this event remains the most prominent and impactful
compressional tectonic event (Bosworth & Tari, 2021;
Bosworth et al., 2020). This is synchronous with what has
become to be known as the Cretaceous Normal Magnetic
Quiet Zone, which suggests that the crustal deformation
caused by this event can be associated with internal pro-
cesses of the lower mantle and core (Guiraud & Bosworth,
1997).

The Santonian event, though short lived, is considered the
most impactful far-field compressional event affecting
northern Gondwana to date (Abd El-Fattah, 2021; Bosworth
et al., 2020). It is mainly responsible for the closure of the
Neotethys, which in turn caused a change in regional stress
regime, across the Afro-Arabian plate, from extension to
N-S to NW–SE compression (Bosworth et al., 2020; Guir-
aud & Bosworth, 1997; Yousef et al., 2010b), resulting in
the formation of the ‘Syrian Arc’ structures of Krenkel
(1925), Fig. 12. This involves thrusting to the west in the
Atlas fold belts of Morocco, Algeria, and Tunisia (Ben
Ferjani et al., 1990; Letouzey & Trémoliéres, 1980). Moving
eastward, the effects of the Santonian event include the
inversion of the Cyrenaica Basin in Libya, as well as the
inversion of several Jurassic half grabens and the formation
of inversion folds that extend across northern Egypt and into
the Palmyrides in Syria (Bartov et al., 1980a; Patton et al.,
1994; Sehim, 1993).

At the Egyptian-Libyan border, the magnitude of Late
Cretaceous inversion is very gentle to almost absent. This

Fig. 22 Paleogeographic reconstructions of the Tethyan area during the Late Cretaceous (84 Ma) showing the closure of Neotethys and the
convergence of Afro-Arabian and Eurasian plates (compiled from Stampfli & Borel, 2002). Red star represents the location of Egypt
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could be interpreted that the indentation of Cyrenaica in
Libya absorbed most of the effect of the Afro-Arabian-
Eurasian convergence resulting in milder inversion south of
Cyrenaica (Bosworth et al., 2008).

A common claim among the available early literature is
that the Jurassic to Early Cretaceous rift basins of northern
Egypt underwent positive structural inversion resulting from
pure compression (Ayyad & Darwish, 1996; Bevan &
Moustafa, 2012). However, other studies interpreted some
inverted structures in specific localities (e.g., Abu Roash
outcrop, Mitla pass (North Sinai), and the Themed Fault
(central Sinai), among others) to have undergone wrench
deformation (Moustafa, 1988, 2013; Sehim, 1993). How-
ever, detailed surface/subsurface mapping indicate that
inversion was dominantly compressional with a minor

component of strike-slip (Moustafa, 2010; Yousef et al.,
2010a, 2019). Moving southward, the impact of this com-
pressional event can be observed as the ENE-striking faults
of the Bahariya Depression, as well as the southern part of
the Western Desert, were reactivated by dextral transpres-
sion (Issawi, 1968; Sakran & Said, 2018).

Recent studies informed by detailed seismic and borehole
data confirmed that certain inverted structures were formed
by transpression that is dominantly compressional, with a
minor component of strike-slip. In Alamein Basin, Late
Cretaceous-Early Cenozoic left-stepping en echelon
WNW-ESE-striking normal faults, which are not aligned
normal to the inversion anticline, dissect its steep flank
(Fig. 23; Yousef et al., 2019). In BED 17 field (Abu Ghar-
adig Basin), inversion caused the reactivation of preexisting

Fig. 23 Depth-structure map of top Alamein Formation (top Aptian) showing the left-stepping en echelon WNW-ESE-striking normal faults
dissecting the NW steep flank of the major inversion anticline in Horus field, Alamein Basin (after Yousef et al., 2019). Position of Fig. 17 is
indicated
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Fig. 24 Depth-structure map of top Abu Roash “C” Member showing a pop-up inversion structure developed by the transpressional reactivation
of preexisting E-W-striking normal faults in BED 17 field, Abu Gharadig Basin (after Salah et al., 2014)

Fig. 25 Depth-structure map of top Coniacian in East Bahariya concession (eastern Abu Gharadig Basin). Area marked by letter A represents a
pop-up structure lying between two left-stepping en echelon segments of Asala Fault, whereas area marked by letter B represents a pull-apart
structure lying between two right-stepping en echelon segments of Asala Fault (after Yousef et al., 2009, 2010a)
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E-W-striking normal faults, resulting in the formation of a
pop-up structure and a NE-oriented asymmetric fold
(Fig. 24; Salah et al., 2014). Oblique-slip reactivation of the
Asala Fault created a similar pop-up structure in East
Bahariya concession, eastern Abu Gharadig Basin (Fig. 25;
Yousef et al., 2009, 2010a).

A recent study by Abd El-Fattah et al. (2021) revealed
that northern Egypt is still witnessing the effects of the
continuous African and Eurasian plate convergence to the
present day, as indicated by the reactivation of the Rosetta
Fault in the western offshore Nile Delta by sinistral
transtension, and the formation of NE-SW-oriented folds in
the Herodotus Basin at present time (Fig. 26).

Inversion anticlines across northern Egypt are mostly
NE-SW oriented, except in some localities where they
change orientation slightly due to the difference in basin-
bounding faults orientation. The NE-SW-oriented inversion
folds are dissected by NW-SE-striking normal faults.
Moustafa (2008) believes that these faults were formed as

the result of NE-SW extension contemporaneous with the
NW-SE compression associated with basin inversion.

Ayyad and Darwish (1996) reported that Jurassic to Early
Cretaceous basins of northern Egypt underwent positive
inversion during the Late Cretaceous compressional phases,
which continued into the Early Cenozoic time, in concur-
rence with the closure of the Neotethys. However, recent
studies disputed this belief considering new detailed sub-
surface data. Yousef et al. (2019) concluded that inversion
continued until the Oligocene-Early Miocene in Horus field
(Alamein Basin), Fig. 17. Bevan and Moustafa (2012) also
observed that the Late Cretaceous-Eocene rocks vary in
thickness in the vicinity of the elevated core of the Mubarak
inverted structure. They concluded that inversion extended
into the Miocene as well (Fig. 15). Yousef et al. (2006a,
2006b; 2010b) observed a similar timing of positive inver-
sion in offshore north Sinai, where the inversion was syn-
chronous with or shortly after the deposition of Oligocene
succession and continued to the top Langhian (Middle

Fig. 26 Depth-structure map of top Abu Madi Formation (near top Messinian) showing NE-SW-oriented folds in the hanging-wall of Rosetta
Fault, western offshore Nile Delta (after Abd El-Fattah et al., 2021)
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Miocene), Fig. 27. In the following paragraphs, a detailed
account of the inverted structures of northern Egypt will be
discussed.

3.3.1 Northern Western Desert Inverted
Structures

During the Late Cretaceous, the positive inversion of
Jurassic-Early Cretaceous rift-bounding faults resulted in the
formation of asymmetric doubly plunging inversion folds in
the northern Western Desert that are oriented NE-SW,
except for Shoushan-Matruh Basin where they are NNE-SSE
oriented, due to the control of preexisting structural trends
(Moustafa et al., 2002).

Kattaniya inverted structure—Lying in the eastern part of the
northernWestern Desert, and slightly extending across the Nile
River into the Eastern Desert, Kattaniya Basin is a completely
inverted basin (Fig. 28). This Jurassic-Early Cretaceous
NW-dipping half graben underwent Late Cretaceous inversion,
which resulted in the formation of a large NE-SW-oriented
asymmetric anticline, often referred to as the Kattaniya High
(Abd El-Aziz et al., 1998; Nemec, 1996). This inversion cre-
ated a foredeep basin (Gindi Basin), to the southeast of the
Kattaniya Basin, where thick syn-inversion stratigraphic units
of Paleocene-Eocene age were deposited (Fig. 28).

Mubarak inverted structure—To the southwest of the Kat-
taniya inversion anticline lies the Mubarak structure of Bevan
and Moustafa (2012), which is another inversion anticline
that lies to the east of Abu Gharadig Basin (Fig. 15). This
NE-SW-oriented inversion anticline shows a relatively
milder inversion than its neighboring Kattaniya anticline
(Moustafa, 2020). This structure shows signs of inversion up
until the latest Oligocene, as indicated by Campanian to
Eocene syn-inversion units (Bevan & Moustafa, 2012).

Alamein inverted structure—Lying to the northwest of
Kattaniya Basin, Alamein Basin is a partially inverted
Jurassic-Early Cretaceous half graben, with a NE-striking
main bounding fault on its northwestern side (Figs. 15 and
17). The available seismic reflection data suggest that this
basin could either contain a series of en echelon NE-oriented
doubly plunging inversion anticlines, or one large asym-
metric inversion anticline (Moustafa, 2008). The basin was
subjected to a mild magnitude of inversion, which did not
allow for the main bounding fault to propagate through the
post-rift rocks, resulting in a fault-propagation fold lying
above the inverted fault (Yousef et al., 2019). Earlier studies
of this basin suggested that this huge anticline is the result of
wrench deformation (Bakr & Helmy, 1990; El-Shaarawy
et al., 1992). However, recent studies suggested that it is an

Fig. 27 N-S seismic section showing top Langhian (Middle Miocene) unconformity resulting from the positive inversion in offshore North Sinai
(after Yousef et al. 2006a, 2006b)
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Fig. 29 Matruh Basin inversion anticlines. a Time-structure map of top Turonian inversion anticlines in Matruh Basin. Shading represents
elevation with the darkest representing the highest. b Rose diagram showing the trend of the faults dissecting the anticlines. The bold dashed line
represents the average trend of the anticlines (after Moustafa et al., 2002)

Fig. 28 Geoseismic section of the Kattaniya inverted structure (after Moustafa, 2020)
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Fig. 30 a Detailed geologic map of Abu Roash area (after Moustafa, 1988). b 3D model showing the development of pop-up structures in the area
(after Moustafa, 2020)
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inversion anticline (Ayyad & Darwish, 1996; Darwish &
Tewfik, 2008). This was later confirmed by a study sup-
ported by 3D seismic and borehole data by Yousef et al.
(2015, 2019), who indicated that the formation of this Late
Cretaceous-Miocene inversion anticline was not the result of
pure compression but involved a minor strike-slip
component.

Shoushan-Matruh inverted structures—Shoushan-Matruh
Basin is located in the northwestern part of the Western
Desert (Fig. 12). Seven Late Cretaceous–pre-Late Eocene
NNE-oriented asymmetric inversion anticlines with E ver-
gence exist in Matruh Basin (Fig. 29) and are controlled by
preexisting Jurassic-Early Cretaceous NNE-SSW-striking
normal faults (Metwalli & Pigott, 2005; Moustafa et al.,
2002; Tari et al., 2012). Moving westward, inverted fault
trends in Shoushan Basin change to ENE-WSW and NE-SW.

Abu Gharadig inverted structures—Abu Gharadig Basin
is a rift basin tending in an E-W direction that lies in the

central part of the northern Western Desert (Figs. 12 and
21a), bounded to the north by E-W, NE-, and NW-striking
fault segments (El Saadany, 2008). While this rift basin is of
Cretaceous age, some of its NE-SW-oriented sub-basins
opened during the Jurassic rifting. Santonian-Oligocene
inversion led to the rejuvenation of the Jurassic-Early Cre-
taceous extensional faults, creating three main inverted
structures: the Abu Sennan Anticline, the Abu Gharadig
Anticline, and the Mid-Basin Arch (Moustafa, 2020).
Inversion in this basin was most likely accompanied by
dextral slip displacement on the main bounding fault seg-
ments, forming a pop-up structure between the left-stepping
E-W-striking faults (Said et al., 2014; Salah et al., 2014). At
the southeastern part of Abu Gharadig Basin lies the
Jurassic-Early Cretaceous Asala Fault in the East Bahariya
concession (Fig. 25). This fault was reactivated by Santo-
nian oblique-slip inversion, forming the Asala anticline and
pop-up and pull-apart structures at the ends of en echelon
fault segments (Yousef et al., 2009, 2010a).

Fig. 31 Landsat TM image of North Sinai showing the Sinai Hinge Belt separating the inversion anticlines of Gebels Mahgara, Yelleg, Halal, and
the Hamayir–Amrar area from the central Sinai gently folded area. Black arrow represents the compressive stress direction at Late Cretaceous–
Cenozoic time (after Moustafa, 2010)
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Abu Roash inverted structures—Abu Roash lies to the
southwest of Cairo. Its structures consist of three main
NE-SW-oriented folds (Fig. 30; Moustafa, 1988). They are
interpreted to be a large pop-up structure formed as a result
of dextral strike-slip displacement on left-stepping en eche-
lon faults striking in an E-W direction (Moustafa, 1988). The
largest anticline in the area is NE-SW oriented and dissected
by WNW-striking left-stepping en echelon dextral strike-slip
faults, enclosing small plunging anticlines, that are consid-
ered pop-up structures (Moustafa, 1988). These smaller
pop-up structures were formed as a result of the inversion
that took place in Abu Roash area like some localities in the
adjacent Abu Gharadig Basin.

3.3.2 Northern Eastern Desert Inverted
Structures

Late Cretaceous inversion can be observed in the northern
Eastern Desert in two localities: Wadi Araba and Gebel
Shabraweit, with a remarkable angular unconformity, where

Campanian carbonates rest unconformably on Santonian
clastics (Moustafa & Khalil, 1995).

Wadi Araba inverted structure—Santonian inversion most
likely resulted in an ENE-WSW-oriented large asymmetric
anticline with a breached core in Wadi Araba in the northern
Eastern Desert, in between the North and South Galala
Plateaus (Fig. 12). Its NW flank is gently dipping, whereas
its SE flank is steeply dipping, reaching a nearly vertical
attitude. This anticline is thought to be a fault-propagation
fold, where the SE steep flank overlies a high-angle
NW-dipping reverse fault (Moustafa, 2020). Moustafa and
Khalil (1995) suggested that this anticline extends further
east into the offshore area of the Gulf of Suez.

Gebel Shabraweit inverted structure—North of Wadi
Araba, lies another Santonian to pre-Middle Eocene inver-
sion ENE-WSW-oriented anticline, known as the Gebel
Shabraweit Anticline (Al-Ahwani, 1982; Faris & Abbass,

Fig. 32 Landsat TM image of the Gebel Maghara inverted structure (after Moustafa, 2005, 2010). A-A′ and B-B′ are two NW-SE cross-sections
across the structure
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1961). Its SE flank is overturned and bounded by a reverse
fault which is dipping in a NW direction (Moustafa &
Khalil, 1995). Moustafa (2020) suggests that the southern
side of an inverted basin lies beneath this anticline to the
north of Gebel Shabraweit.

3.3.3 North Sinai Inverted Structures
The surface inversion folds of onshore North Sinai (Moustafa,
2010) resemble those in the subsurface of northern Western
Desert in geometry and structural style, except that the folds of
Sinai are of the opposite vergence (Moustafa, 2013). North
Sinai includes a strongly folded area (Yelleg, Halal, and
Maghara folds), whereas north-central Sinai encloses a gently
folded area (Moustafa, 2010; Shata, 1959). A wide fault zone
of ENE-WSW-striking right-stepping en echelon strike-slip
faults and associated folds, termed the Sinai Hinge Belt by
Shata (1959), separates the two areas (Fig. 31). Moustafa et al.
(2014) interpreted that the faults of this belt were reactivated
by Late Cretaceous to Early Tertiary dextral transpression.

Gebel Maghara inverted structure—Four NE-oriented,
asymmetric anticlines, which are bounded on their SE flanks
by inverted reverse faults, constitute the Gebel Maghara

structure (Fig. 32; Moustafa, 2014). This inverted structure
is breached at its core exposing a thick Jurassic section.
These anticlines are crossed by steeply dipping normal faults
(Moustafa, 2013). The anticlines are situated above an
inverted Jurassic half graben, bounded by the right-stepping
en echelon segments of Um Asagil Fault (Fig. 32), which
could be a strong indication of Santonian-Middle Eocene
transpressional inversion (Moustafa, 2020).

Gebel Yelleg inverted structure—A Late Cretaceous
NE-SW-oriented doubly plunging anticline of SE vergence
represents the inverted structure of the Gebel Yelleg area
(Fig. 33). Its NW flank is gently dipping, while its SE flank
is steeply dipping and bounded by an unexposed high-angle
reverse fault (Moustafa & Fouda, 2014). The anticline is cut
by steep NW-striking normal faults (Moustafa, 2013).
Seismic data indicate that this anticline is a fault-propagation
fold resulting from the inversion of the underlying Jurassic
asymmetric graben (Moustafa, 2020).

Gebel Halal inverted structure—The Gebel Halal inverted
structure is a Late Cretaceous NE-oriented doubly plunging
anticline of SE vergence (Fig. 34; Abd-Allah et al., 2004).

Fig. 33 Gebel Yelleg inverted structure (after Moustafa, 2010). a Landsat TM image of the structure. b Rose diagram showing the trend of the
mapped faults
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Its NW flank is gently dipping, while its SE flank is vertical
to overturned, overlying a NE-striking reverse fault, con-
sisting of right-stepping en echelon segments. This anticline
is crossed by high-angle NW-SE-striking normal faults
(Moustafa, 2013). Inversion of this anticline took place
during the Late Santonian. The current geometry of this
anticline is interpreted to have been the result of the trans-
pressional inversion of the underlying NE-SW-oriented
Triassic-Jurassic half graben.

Offshore North Sinai inverted structures—Five doubly
plunging inversion anticlines were mapped by Yousef et al.,
(2006a, 2006b, 2010b) in offshore North Sinai using detailed
subsurface data (Fig. 35). The area was subjected to
post-Santonian positive inversion, extending into the

Miocene times (Yousef et al., 2010b). The Mango, North
Sinai 21, and Tineh anticlines are NE oriented with NW
steeper flanks. The Mango asymmetric anticline has a
breached crest (Fig. 16). Both the Goliath and Gal anticlines
are NNE oriented, of which Goliath has a steeper NE flank
and is bounded by a NNE-striking inverted fault, whereas
Gal has a steeper SE flank (Yousef et al., 2010b).

3.4 Late Mesozoic–Early Tertiary Structures
in Central and Southern Egypt

Said (1962) believed that the areas lying south to the
inverted basins of northern Egypt (central and southern
Egypt) belong to what he termed the ‘stable shelf’ region,

Fig. 34 Gebel Halal inverted structure (after Abd-Allah et al., 2004; Moustafa, 2010). a Landsat TM image of the structure. b Rose diagram
showing the trend of the mapped faults. c Structural cross-section
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which did not witness the impact of the Late
Cretaceous-Recent convergence of the Afro-Arabian and
Eurasian plates. However, recent studies confirm that these
areas were affected by the Santonin far-field compressional
stress, resulting in multiple compressional structures (Bos-
worth et al., 1999; Sakran & Said, 2018; Youssef, 2003).

3.4.1 The Bahariya Depression Inverted
Structures

The Bahariya Depression in the central Western Desert is
considered a breached inversion anticline, which was mapped
and termed the Bahariya Swell by Moustafa et al. (2003),
Fig. 36. The inversion is marked by an unconformity syn-
chronous with the Santonian event. Affected by the Late
Cretaceous-post-Middle Eocene NW compression, three
ENE-oriented structural belts of small right-stepping en
echelon folds and left-stepping en echelon normal faults, were
formed due to the oblique-slip reactivation of ENE-WSW
deep-seated normal faults (Moustafa et al., 2003).

3.4.2 Southern Western Desert Inverted
Structures

The southern part of the Western Desert is characterized by
two fault belts (Fig. 37). These belts were formed due to
fault reactivation by Santonian-Late Eocene dextral trans-
pression (Guiraud & Bosworth, 1999). This resulted in the
formation of growth folds affecting the Upper Cretaceous-
Lower Eocene strata. The first is a belt of pervasive E-W- to
ENE-WSW-striking faults and small-scale en echelon folds,
in comparison to the folds of northern Egypt, termed the

Nubia Fault System by Moustafa (2020), and first mapped
by Issawi (1968 and 1971). This belt comprises several
faults such as the Kalabsha Fault which consists of
ENE-striking right-lateral strike-slip fault segments, lying to
the south of Sin el-Kaddab Plateau (Fig. 37). The pop-up
structure of Kalabsha fault is the result of right-lateral
strike-slip movement on left-stepping en echelon fault seg-
ments and consists of basement-cored doubly plunging
anticlines (Abdeen & Gaballah, 2013; Sakran & Said, 2018).

The Seyial Fault is another fault that belongs to this belt. It
is also an ENE-striking right-lateral strike-slip fault located to
the north of the Kalabsha Fault (Fig. 37). It consists of four
left-stepping en echelon ENE-striking right-lateral strike-slip
fault segments. These fault segments are linked by restraining
fault bends. These restraining bends are associated with
ENE-NE-trending folds affecting the Upper Paleocene and
Lower Eocene strata. The Abu Bayan Fault crosses the
western scarp of the Sin el-Kaddab Plateau (Fig. 37) and also
belongs to this belt. It consists of two ENE-striking
right-lateral strike-slip fault segments interconnected by a
restraining fault bend, which is associated with two
ENE-trending doubly plunging asymmetrical anticlines.

This belt is accompanied by a second belt of N-S- to
NNE-SSW-striking faults, associated with N-S belts of
left-stepping en echelon doubly plunging folds (Ghobrial,
1967). Sin el-Kaddab Fault is an example of NNE-striking
left-lateral strike-slip faults affecting the Eocene rocks of the
Sin el-Kaddab Plateau (Fig. 37). It consists of right-stepping
en echelon fault segments forming characteristic restraining
right stepovers. Such restraining stepovers are associated

Fig. 35 Time-structure map of top Santonian, offshore North Sinai. Contour interval is 200 ms (after Yousef et al., 2010b)
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with en echelon folds with NE-NNE-trending axes. Negative
and positive flower structures on seismic sections indicate
strike-slip movement on the fault segments (Fig. 38).

4 Cenozoic Structures in Egypt

4.1 Cretaceous/Paleogene (K/P) Boundary

The Cretaceous/Paleogene (K/P) boundary is characterized
by the most recorded mass extinction through the

Phanerozoic Eon (Alvarez et al., 1980). The boundary wit-
nessed environmental changes, global warming, and extinc-
tion of various groups of biota. Planktonic foraminifera,
calcareous nannoplankton, ostracods, ammonites, and
inoceramid bivalves were nearly wiped out (Bernaola &
Monechi, 2007; Olsson & Liu, 1993). However, benthic
foraminifera, diatoms, radiolarian, brachiopods, and gas-
tropods were come across the boundary with minor effect
(Culver, 2003). Various opinions have dealt with the causes
of this event. Mclean (1978) revealed that the CO2 poisoning
is the cause. Alvarez et al. (1980) believed that extraterrestrial

Fig. 36 Geologic map and cross-sections of the Bahariya Depression (after Moustafa et al., 2003)
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bolide impact was the reason. Officer and Lyons (1993)
considered that volcanism was responsible for this event.
Finally, Adatte et al. (2002) believed that sea level fluctua-
tions, climate change, and bolide impact were the reasons.
Numerous studies were focused on the K/P boundary in
Egypt (e.g., Issawi, 1972; Obaidalla & Kassab, 2000; Said,
1962; Shahin & Kora, 1991). All of them sated that there are
global and local hiatuses of different duration at the K/P
boundary. The K/P boundary in northern Egypt lies within
the uppermost part of Sudr chalk, whereas in southern Egypt
it occurs within the lower part of the Dakhla Shale.

4.2 Paleocene-Eocene Transition

The Paleocene-Eocene boundary was a catastrophic event
that lasted for about 22,000 years (Röhl et al., 2000;
Westerhold et al., 2009) at ca. 55.8 my ago. This event is
considered to be the warmest event in the Cenozoic
(Bornemann et al., 2009). During this event, most of the
deep-sea benthic foraminifera were wiped out (Tjalsma &
Lohmann, 1983). This benthic turnover is associated with a
sudden shift in d13C, which indicates a hiatus between the
Paleocene and Eocene rocks (Khozyem et al., 2013, 2015).
Through the Early Paleogene, Egypt was located at the
southern Tethyan margin. The Global Standard Stratotype-

section and Point (GSSP) for the boundary between the
Paleocene and Eocene is located above the base of Dababiya
Quarry Member of the Esna shale at Dababiya section,
Egypt (Dupuis et al., 2003). Richness of calcareous nanno-
planktonic assemblages characterizes the Paleocene-Eocene
sediments in the central parts of Egypt (Youssef, 2016). The
Paleocene-Eocene Thermal Maximum (PETM) interval in
Egypt is marked by limestones and laminated phosphatic
shales (Dupuis et al., 2003). By the Early Eocene, the
Dababiya Quarry Member began with calcareous shale
containing bone fragments and teeth (Anan & Shahin, 2021).
This period of global warming was accompanied by a rapid
turnover of planktonic foraminifera.

4.3 Oligocene–Miocene Rifting

4.3.1 Magmatism
The Late Oligocene-Early Miocene registered the initiation
of extension in the Red Sea as well as the Gulf of Suez.
Together, the Red Sea and Gulf of Suez started as conti-
nental rifts at the early stages of separation of Arabia from
the African plate (Fig. 39). Magmatic activity took place
during early rifting stages at Afar and northern Egypt. The
Afar flood basalts (31–30 Ma) were synchronous with the
beginning of Gulf of Aden rifting and the plume was hence a

Fig. 37 Detailed fault map of the Nubia Fault System, (redrawn after Sakran & Said, 2018)
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cause for rifting (Bosworth et al., 2005; Courtillot et al.,
1999). Basaltic flows as well as intrusions took place in
several structural lows and through fault zones (Figs. 40, 41
and 42). A large Oligo-Miocene basalt field exists in
northern Egypt mainly near Cairo City. Such field has many
exposures at the northern Eastern Desert (e.g., Attwa &
Henaish, 2018; Gamal et al., 2021; Hagag, 2016; Henaish &
Kharbish, 2020; Khalaf et al., 2015), northern Western
Desert (Mazzini et al., 2019), and Sinai (e.g., Baldridge
et al., 1991; Perrin et al., 2009).

Basalts of northern Egypt have been dated by many
authors to be of Late Oligocene-Early Miocene age (e.g.,
Bosworth et al., 2015; Meneisy & Abdel Aal, 1984; Meneisy
& Kreuzer, 1974a, 1974b; Steen, 1982). Age dating of basalt
samples from northern Egypt revealed that volcanism took
place over less than 2 Ma at the Oligocene–Miocene
boundary (23 Ma), also, such basalts are similar in compo-
sition to those of the Afar. Surface and subsurface studies by
Bosworth et al. (2005) revealed a volcanic center which is
called the Cairo mini-plume that is volumetrically smaller

Fig. 38 Seismic sections through the Nubia Fault System showing negative and positive flower structures (after Sakran & Said, 2018)
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Fig. 39 Distribution of northeast Africa and Arabia Cenozoic volcanism (after Bosworth & Stockli, 2016)

Fig. 40 Field view of basaltic flows accumulation through a graben structure at the eastern margin of the Gulf of Suez
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than that of Afar and played a similar role as a trigger for a
large-scale rift event (Fig. 43).

4.3.2 The Red Sea and Gulf of Suez Rift System
The divergence of the Arabian plate away from the African
plate in a NE direction led to the opening of the Red Sea and
the Gulf of Suez rift. The Red Sea was formed by extensional
splitting of the Precambrian crystalline basement starting in
the Late Paleogene. In the southern Red Sea, sea floor
spreading commenced about fiveMa (e.g., Roeser, 1975), and
the central and northern Red Sea is currently experiencing the
transition from continental to oceanic rifting (e.g., Cochran
et al., 1991; Guennoc et al., 1990). The Gulf of Suez is the

northwestern continuation of the Red Sea rift system
(Fig. 44). The Oligo-Miocene Gulf of Suez rift between the
African plate and the Sinai microplate is more than 300 km
long and inactive at the moment. (Garfunkel & Bartov, 1977).

The Gulf of Suez and northern Egyptian Red Sea consist
of tilted fault blocks that extend over several kilometers and
are bounded by NW-striking extensional faults (Fig. 44).
The structural style of the Gulf of Suez rift basin is char-
acterized by three major half grabens. These half grabens,
‘dip provinces’ of Moustafa (1976), are separated by two
accommodation zones. The Zaafarana Accommodation
Zone separates the northern SW-dipping half graben from
the central NE-dipping half graben, which is also separated

Fig. 41 Field photo at the eastern margin of the Gulf of Suez (Wadi Tayiba) showing early rift (Abu Zenima Formation) overlain by Early
Miocene basalt flow and Lower Miocene Nukhul Formation

Fig. 42 Field photo at the Bahariya Depression (Gebel Mandisha) showing the Oligo-Miocene basalt flow
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from the southern SW-dipping half graben by the Morgan
Accommodation Zone. Such dip provinces are represented
both onshore and offshore by several tilted blocks (e.g.,
Moustafa, 2002; Patton et al., 1994).

The NW margin of the Red Sea consists of two major dip
provinces namely, the northern Safaga dip province and the
southern Quseir dip province (e.g., Khalil & McClay, 2002).
The Safaga dip province includes several SW-dipping tilted
blocks bounded by major normal faults dipping in a NE
direction, whereas the Quseir dip province is characterized
by NE-dipping tilted blocks bounded by SW-dipping normal
faults. The change of fault polarity happens throughout the
Duwi Accommodation Zone (e.g., Jarrige et al., 1990; Khalil
& McClay, 2009).

Large-scale faults of the Gulf of Suez and northwestern
Red Sea have been grouped by Patton et al. (1994) into four
major populations based on their orientations (Fig. 45).
These four main trends are rift-parallel or Clysmic,
north-oblique, west-oblique, and cross fault sets. These
deduced fault sets control the geometry of rift blocks
boundaries and the rift shoulders, which in turn leads to a
distinguishable zigzag fault geometry. Also, dip angles of
the rift faults are controlled by both fault age and orientation
relative to the direction of block rotation. Hence, block
rotation affects Clysmic as well as west-oblique faults the
most, whereas cross faults are the least affected by this
rotation (Fig. 46).

Many outcrop examples are well exposed along the
margins of the Gulf of Suez and northwestern Red Sea
which have been mapped and studied by many authors (e.g.,
Khalil, 1992; Mostafa et al., 2015; Moustafa, 2002; Sakran
et al., 2016a, 2016b). Structural mapping and analysis of the
surface exposures of the Gulf of Suez represent analogs for
the oil and gas structural traps in the subsurface. Among
these outcrops, Gebel el-Zeit area represents one of the most
unique examples of exposed rift blocks along the western
margin of the Gulf of Suez rift (Mostafa et al., 2015),
Fig. 47. The outcrops at Gebel el-Zeit provide important
constraints on the geometry of the rift coastal faults and fault
block rotation in the southern Gulf of Suez. In addition,

Fig. 43 Two-plume model for the origin of the Red Sea continental
rift (after Bosworth et al., 2015)

Fig. 44 Simplified structural map and structural cross-sections (com-
piled from Moustafa & Khalil, 2020; Patton et al., 1994; Thiriet et al.,
1986) showing the rift blocks of the Gulf of Suez and northwestern Red
Sea and the accommodation zones between the half grabens (Zaafarana
(ZAZ), Morgan (MAZ), and Duwi (DAZ) accommodation zones).
Abbreviations designate: Rihba Shear Zone (RSZ), Hammam Faraun
Fault (HFF), Darag Fault (DF), Abu Shama Fault (ASF), and el-Hai
Fault (EHF)
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subsurface data provide insight into the large-scale geometry
of the main fault systems (Mostafa et al., 2015; Mayhoub
et al., 2017 and 2019). The regional structural architecture of
the southern part of the Gulf of Suez is controlled by five
main fault populations (Sakran et al., 2016a, 2016b),
Fig. 47. The most extensively drilled fault trend in the
southern Gulf of Suez lies in the subsurface east of Ashrafi,
Gubal, and Shadwan Islands (Bosworth, 1995). This is
commonly known as the B-trend (Khalil, 1992). The

regional structural style of the southern Gulf of Suez is
shown in three regional cross-sections in Fig. 48.

4.3.3 The Cairo-Suez District
The Cairo-Suez District (Fig. 49) represents one of the most
prominent structural provinces at the northern Eastern Desert
that covers an area for about 12,000 km2. It extends from
Cairo City to Suez City for about 127 km long. Moreover, it
has a width of 95 km where it extends northerly from the

Fig. 45 Rose diagrams of the faults in onshore areas of the Gulf of Suez rift (a) and the northwestern Red Sea (b). Modified from Patton et al.,
(1994) and Moustafa & Khalil, (2020)

Fig. 46 Field photo of a Clysmic-trending normal fault (yellow) that intersect a cross-trending normal fault (white) at southern Gebel el-Zeit. The
lower-middle Miocene Gharamul Formation and the middle Miocene Gemsa formation are folded due to drag along the hanging-wall of the
clysmic trend fault
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Great Bitter Lake and ends southerly at the northern scarp of
the North Galala Plateau. The northern part of Cairo-Suez
District is represented by Cretaceous, to Miocene faulted and
folded exposures (e.g., G. Hamza; G. Um Raqm; G.
Oweibed; G. Shabraweit). However, the southern part of the
Cairo-Suez District consists of multiple distinct fault blocks
of Eocene age (e.g., G. Qattamiya; G. Abu Treifiya; G. Abu
Shama; G. Ataqa). Nine belts of en echelon faults have been
mapped along the Cairo-Suez District (Gamal et al., 2021),

Fig. 49. A zigzag fault pattern was created when the E-W
fault belts were hard-linked with the NW-striking normal
faults.

The Cairo-Suez District encompasses the area that lies
northwest of the Gulf of Suez. The throw on the faults in the
northern part of this Oligo-Miocene rift was transferred into
the nearby Cairo-Suez District because the Gulf of Suez rift
was unable to extend north of Suez City (Moustafa &
Abd-Allah, 1992). The movement on these faults was

Fig. 47 Location map of the studied areas and surface projections of major faults: Gebel el-Zeit Boundary Fault (GZBF), Little Zeit Boundary
Fault (LZBF), Ras el-Ush Boundary Fault (RUBF), Ranim-Tawila Fault System (RTFS), and Gemsa Boundary Fault (GMBF), in the southern
Gulf of Suez (compiled from Bosworth, 1995; Sakran et al., 2016b). The inset shows the tectonic setting, major rift blocks and fault trends of the
Gulf of Suez rift (after Moustafa, 2002)
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Fig. 48 Regional cross-sections through the southern Gulf of Suez Basin (compiled from Atta, 1994; Bosworth, 1995; Sakran et al., 2016a).
Locations are given in Fig. 47
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transferred through the deep-seated E-W-striking faults,
which caused their rejuvenation by right-lateral transtension.
This is what formed the aforementioned E-W-elongated fault
belts (Gamal et al., 2021).

The Cairo-Suez District is a well-known locality of dif-
ferent structural geometries and linkage styles of fault arrays
(e.g., Attwa et al., 2020; Gamal et al., 2021; Henaish,
2018a). In addition, transfer zones are well represented at the
outcrop level in several localities that attracted many authors
(Attwa et al., 2020; Gamal et al., 2021; Henaish & Attwa,
2018; Henaish, 2018b; Moustafa, 2002). Six types of
transfer zones have been suggested by Henaish and Kharbish
(2020) along Cairo-Suez District which belong to soft- as
well as hard-linkage transfer zones (Fig. 50). An extensive
recent study by Gamal et al. (2021) also mapped several
transfer structures and linked fault systems at the
south-central part of the Cairo-Suez District. The study
relied on detailed field mapping, a constructed
high-resolution Digital Elevation Model, and displacement
profiles to delineate and study in detail the structural

geometry and evolution of relay ramps, curved fault traces,
conjugate relay zones, transfer faults, and what the study
called ‘accommodation folds’, Fig. 51. Other folds and
domal structures are well outcropped along the Cairo-Suez
District in many localities at various scales (Fig. 52). Several
mechanisms have been proposed for the formation of folded
structures along the Cairo-Suez District (e.g., Gamal et al.,
2021; Hagag, 2016; Henaish & Kharbish, 2020; Henaish,
2018a, 2018b; Moustafa & Khalil, 1995) including inversion
(e.g. Gebel Shabraweit), drag (e.g., Gebel Eweibed and
Gebel Nasuri), or as transfer structures between the over-
lapped fault segments (e.g., Gebel Um Raqm and the area to
the southwest of Gebel Akheider).

4.4 The Opening of the Gulf of Aqaba
(Miocene-Pliocene)

During the Miocene time, the activity on the Dead Sea
Transform took place, which in turn terminated extension in

Fig. 49 Detailed structural map of the Cairo-Suez District (after Maqbool et al., 2014, 2016; Moustafa et al., 1985, Moustafa & Abd-Allah, 1992,
Moustafa et al., 1998; Henaish, 2018a, 2018b; Gamal et al., 2021). E-W-elongated left-stepping en echelon fault belts (EFBs) are numbered from
north to south and highlighted in gray. UTM—Universal Transverse Mercator
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the Gulf of Suez Rift and led to continued opening of the
Red Sea Basin (Bosworth & McClay, 2001; Cochran, 2005;
Eyal et al., 1981; Freund et al., 1970; Garfunkel & Bartov,
1977; Patton et al., 1994; Robson, 1971). Sinistral slip on the
Dead Sea Transform resulted in the opening of the Gulf of
Aqaba a group of linked pull-apart basins.

The Gulf of Aqaba was formed at the southernmost end
of the Dead Sea Transform and is considered its principal
depression. The Gulf of Aqaba consists of three NNE-
trending elongated en echelon fault-bounded pull-apart
basins, which include several distinct deeps (Fig. 53).

Numerous N-S- to NNE-SSW-striking oblique faults are
exposed along the Gulf of Aqaba in the Sinai margin. Bartov

et al. (1980b) first combined the displacement along these
faults to suggest sinistral offset of more than 20 km. How-
ever, Eyal et al. (1981) suggested that the spatial distribution
of the N-S-striking faults in eastern Sinai is such that the
lateral offset along them seems to be continuous rather than
cumulative. Interaction between the terminations of the N-S-
to NNE-SSW-striking faults led to the formation of many
pull-apart grabens along the eastern side of Sinai (e.g., Wadi
el-Ghaib and Kid). Extraordinary recumbent folding is
exposed at the western margin of the Gulf of Aqaba in the
area north of Nuweibaa City. These folds are thought to be
formed due to gravitational sliding by Hildebrand et al.
(1974) and Abdel-Khalek et al. (1993).

Fig. 50 Different types of transfer zones in Cairo-Suez District (after Henaish & Kharbish, 2020)
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4.5 The Geology of the River Nile (Pliocene)

Please refer to chapter 4G for a detailed discussion in a
separate chapter of this volume.

4.6 Quaternary and Neotectonics

Quaternary deposits are distributed along Egypt overlying
the older rock units. Continental facies are dominant and

mainly represented by alluvial fan, braided stream, dune, and
sabkha accumulations (e.g., Said, 1990). However, frequent
concordant series are preserved at many localities in Egypt,
including the Nile Delta area, the Gulf of Aqaba, the Gulf of
Suez, and the Red Sea.

According to Guiraud and Bosworth (1999), active
Quaternary fault zones in Egypt are distributed in several
localities including: (1) the Nile Delta area in the form of
E-W- to NW-SE-striking, normal, or dextral transtensive
faults, (2) Helwan and Aswan E-W dextral, transpressive

Fig. 51 Examples of transfer structures and linked fault systems at the south-central part of the Cairo-Suez District (compiled from Gamal et al.,
2021). a, b Simplified fault trace maps and fault displacement profiles showing variations of displacement along fault strike, delineating relay
ramps and transfer faults, respectively. R = Relay ramp. Black arrows points to displacement minima indicating fault linkage. c Fault growth
models of curved fault traces and schematic fault displacement profiles (based on Gamal et al., 2021; Wu & Bruhn, 1994). d Simplified fault trace
maps and fault displacement profiles showing variations of displacement along fault strike, representing conjugate relay zones. (i) CGR = Con-
vergent graben relay. (ii) DHR = Divergent horst relay. Shaded area indicates area of fault overlap and interaction. e Schematic block diagram
showing the accommodation folds enclosed between overlapping conjugate normal faults. Fault displacement profile showing variations of
displacement along strike. CGR = Convergent graben relay
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fault zones, (3) the Gulf of Suez and the Red Sea comprising
NW-SE faults delimiting tilted blocks and rift shoulders, and
(4) the Gulf of Aqaba-Dead Sea fault zone representing
the * N-S sinistral, transtensive faults.

It is important to take into account the seismotectonics
and current stress field in Egypt, when analyzing the activity
of Gulf of Aqaba, the Red Sea, and Gulf of Suez, and the
effects of the Eastern Mediterranean subduction zone on the
North African passive continental margin (Fig. 54).
Although the occurrences of the earthquakes in 2200 B.C.
are unconfirmed (Ambrasyes et al., 1994), there is no his-
torical data on the consequences of earthquakes prior to that
time. Data on earthquakes comes from the macroseismic
impacts of big or damage shocks during the beginning of the
twentieth century. Badawy (1999) reports that there have
been 83 historical earthquakes up to 1900, including
unconfirmed ones. The historical earthquakes, which were
documented in Egypt, are shown in Fig. 55.

Borehole breakout analysis from four-arm caliper logs was
carried out for 30 exploratory wells that were mainly located
in the Gulf of Suez area (compiled from Badawy, 2001;

Heidbach et al., 2008), Fig. 55. Applying the World Stress
Map project quality ranking scheme, 19 of the total observa-
tions were ranked as a B-Quality (63.3%), 9were of C-Quality
(30%), and 2were ofD-Quality (6.7%). This analysis reflected
a breakout mean azimuth (SH) of 107.5° (Fig. 56).

Uplifted coral reefs and associated beach rocks, back-
lagoonal sands, and shore gravels crop out extensively along
both margins of the Red Sea and the Gulf of Suez rifts, thus
facilitating neotectonic studies of this rift basin (Andres &
Radtke, 1988; Dullo, 1990; Gvirtzman, 1994; Hoang &
Taviani, 1991; Strasser et al., 1992). The best represented
reefal complex along the Gulf of Suez rift belongs to the last
interglaciation period with an age of * 125 ka (Lambeck &
Nakada, 1992; Martinson et al., 1987). Andres and Radtke
(1988), Reyss et al. (1993), Choukri et al. (1995), Bosworth
and Taviani (1996), and Plaziat et al. (2008) have
uranium-series dated corals and sea urchin spines from
several of the Pleistocene reef terraces at Gebel el-Zeit.
Bosworth and Taviani (1996) demonstrate that the maxi-
mum uplift for Gebel el-Zeit, after subtracting 6 m of
eustatic sea-level change, is at least 0.1 m/kilo-year.

Fig. 52 Different types of fault-related folds in Cairo-Suez District. a Gebel Shabraweit. b Gebel Oweibed. c Gebel Um Raqm. d Gebel Nasuri
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5 Commentary on the Main Topics
Highlighted in this Chapter

The following are the main topics discussed in the present
reviews of the Phanerozoic tectonic evolution and structural
history of Egypt:

• The pre-Paleozoic regional tectonic framework of the
Egyptian Nubian Shield had a great influence on
the deposition of the Paleozoic succession in Egypt, the
geographic distribution of Paleozoic units, and their
lithology and thicknesses.

• The preexisting Pan-African structures controlled the
Paleozoic basins in NE-SW, E-W, and NW-SE directions,
while the N-S trend has had aminor effect. Rejuvenation of
these Neoproterozoic faults/shears was responsible for the
regional and local tectonic evolution of such basins with

various effects on the magmatic eruption, basin extension,
and the limitations of transgression and regression.

• The surface exposures of the Paleozoic rocks are
remarkably limited on the geological map of Egypt, being
restricted to the Gulf of Suez in northeast Egypt, Sinai
and the remote area between Gebel Uweinat and Abu Ras
Plateau at the southwestern corner of Western Desert. In
the subsurface of northern Western Desert, a great section
of Paleozoic sediments (several kilometers in thickness)
is known.

• The glaciogenic dropstones (erratic fragments and blocks)
were documented by many authors in several siliciclastic
sections from Sinai, Galala Plateaus, northern Wadi
Qena, and southern Eastern and Western Deserts.

• The glacial to fluvioglacial deposits in Egypt are exempli-
fied by the Naqus Formation in Sinai and northern Egypt,
and the Gabgaba Formation in the South Nile Basin.

• The Paleozoic arches are typified in Egypt by Uweinat-
Bahariya-, Tarfawi-Qena-South Sinai- Chephren-
Komombo-, Umbark- Suez-Cairo-Dabaa-, and el-Nashfa-
el-Balliyna arches, along with the North Sinai Syrian Arc
Fold Belt, and the Sharib-Sheiba high.

• Siwa-, Dakhla-, South Nile-, Sinai-, and Gulf of Suez
basins are examples of Paleozoic basins in Egypt. These

Fig. 53 Generalized tectonic setting and distribution of main deeps of
the Gulf of Aqaba (after Hartman et al., 2014). Note that the Hume
deep, south of the Tiran Island, connects the Gulf of Aqaba with the
axial depression of the Red Sea

Fig. 54 Distribution of seismic activity from 1900 to 2014 and the
main tectonic boundaries around Egypt (after Abd El-Aal et al., 2020)
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basins lie in the vicinity of the Pan-African linear and
shear zones, and include extensional basins (Gulf of
Suez), marginal basins (Siwa and Abu Gharadig), and
interior basins (Dakhla, and South Nile Valley).

• The Tethyan rifting resulted in the development of
NE-SW- and ENE-WSW-oriented interior rift basins in
northern Egypt, as well as similarly oriented normal
faults in central Western Desert (e.g., Bahariya
Depression) and southern Western Desert (e.g., Nubia
Fault System).

• The NNE-SSW-oriented Matruh Basin in northern Wes-
tern Desert is an exceptional case, where it was regarded
to be the influence of the reactivation of deep-seated
basement structures.

• Cretaceous rift basins in Egypt are represented by Beni
Sueif and Asyut basins in central Egypt, Komombo Basin
in southern Egypt, along with Abu Gharadig Basin in the
northern Western Desert.

• During the Late Cretaceous (84 Ma), Egypt witnessed the
direct effects of major plate rearrangements, known as the
‘Santonian event’, resulting from the drastic change in
the Afro-Arabian and Eurasian plate movements from
divergence across the Neotethys to convergence that
continues to the present day in select localities.

• The Santonian far-field compressional stress resulted in
the formation of multiple compressional structures in the
areas lying south to the inverted basins of northern Egypt
(central and southern Egypt).

Fig. 55 Locations of the historical earthquakes from 2200 B.C. to 1900 A.D. (the data is compiled from Ambraseys et al., 1994; Poirer & Taher,
1980; Maamoun et al., 1984)
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• The dissection of the NE-SW-oriented inversion folds by
NW-SE-striking normal faults led some researchers to
believe that these faults were formed as the result of
NE-SW extension contemporaneous with the NW-SE
compression associated with basin inversion.

• During the Late Cretaceous, the positive inversion of
Jurassic-Early Cretaceous rift-bounding faults resulted in
the formation of asymmetric doubly plunging inversion
folds in the northern Western Desert.

• Late Cretaceous inversion was documented in the north-
ern Eastern Desert of Egypt in two localities: Wadi Araba
and Gebel Shabraweit.

• The Nubia Fault System in the southern part of the Western
Desert exhibits two main fault belts: E-W to ENE-WSW

and N-S. This system was formed due to fault reactivation
by Santonian-Late Eocene dextral transpression.

• The Red Sea and Gulf of Suez Rift System was formed
by extensional splitting of the Precambrian basement,
initiated in the Late Oligocene because of the upwelling
of Afar plume.

• Active Quaternary fault zones in Egypt are distributed in
several localities, including (1) the Nile Delta area in the
form of E-W- to NW-striking, normal, or dextral transten-
sive faults; (2) Helwan and Aswan E-W dextral, trans-
pressive fault zones; (3) the Gulf of Suez and the Red Sea
comprising NW-SE faults delimiting tilted blocks and rift
shoulders; and (4) the Gulf of Aqaba-Dead Sea fault zone
representing the * N-S sinistral, transtensive faults.

Fig. 56 Maximum horizontal stress directions from borehole breakouts for the southern part of the Gulf of Suez with rose diagram of SH with a
mean vector of 107.5° (compiled from Badawy, 2001; Heidbach et al., 2008; Henaish, 2015)
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• It is important to take into account the seismotectonics
and current stress field in Egypt, when analyzing the
activity of Gulf of Aqaba, the Red Sea, and Gulf of Suez,
and the effects of the Eastern Mediterranean subduction
zone on the North African passive continental margin.
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Phanerozoic Geomorphology in Egypt

Atef Moatamed A. Mohamed

Abstract

The current paper gives an outlook of some major
lineaments of Egypt’s landforms during the Phanerozoic
Eon. Egyptian lands have been exposed for all geological
episodes that affected the global earth's crust. Phanerozoic
geomorphology in Egypt is heavily affected by the
succession stages of Tethys sea transgression and regres-
sion, the largest one was in Early Eocene, covering most
of Egypt up to the White Mountain in Northern Sudan. In
the Oligocene, a dramatic change has occurred in Egypt’s
geological evolution with the formation of rifting and
drifting system. This paper adopted the thesis concluded
by Issawi et al. (The phanerozoic geology of Egypt: A
geodynamic approach. Ministry of Petroleum, Cairo,
2009) concerning the development of Egyptian lands
during the Phanerozoic. In this thesis, Egypt is composed
of tectonic arcs (positive relief) separated in between by
lowlands or huge depressions. In the current review, the
author depends on his field trips across Egypt during the
last three decades and summarizing, at the same time, the
conclusions of the previous works. The paper consists of
two principal items: (1) the physiographic regions which
include the generic units of Nile valley, Delta, and the
three deserts of the Eastern Desert, Sinai Desert and the
Western Desert; and (2) the geomorphological evolution
of paleo-fluvial systems.
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1 Introduction

Along ten degrees of latitudes (22–32° N) and more than
twelve degrees of longitudes (25–37° E), Egypt holds an
area exceeds 1 million km2 (Fig. 1). Thanks to River Nile,
Egypt hardly escaped the deterministic destiny of being lost
oases in the Great Sahara. Since the onset of the modern
geographical thought (see Ball, 1942), Egypt was usually
the optimum example resembling the well-known dichotomy
of “River vs. Desert.” In ancient Egypt, fertile lands of Nile
valley were known as “Kemet” meaning “black lands,” while
the rocky and sandy deserts beyond the Nile had been named
“Deshret” means “the red one.”

The idiographic character of Egypt’s geography is emu-
lated by the geological uniqueness. The idea of considering
Egypt’s geography as a simple scholastic lesson has domi-
nated across the first half of the twentieth century, John Ball
(1938), for example, stated that:

The general outline of the cultivated portion of Egypt has been
not inaptly likened to that of a lotus-plant, the Nile valley rep-
resenting the stem, the delta the flower, and the faiyum a bud.

Egyptian lands have been exposed for all geological
episodes that affected the global earth's crust. Phanerozoic
geomorphology in Egypt is heavily affected by the succes-
sion stages of Tethys sea transgression and regression. The
largest sea transgression over Egyptian lands was in Early
Eocene, covering most of Egypt up to the White Mountain in
Northern Sudan (See Issawi et al., 2009; Klitzsch, 1984).
During the Oligocene, Tethys Sea retreated northward
gradually, till a dramatic change has occurred in Egypt’s
geological evolution with the formation of rifting system.
Hills of the Red sea started to rise in early Miocene, and in
late Miocene, a great network of Paleo-Rivers has been
developed in a prior system to the Nile valley.

While Miocene deposits cover the Red Sea hills, the
un-roofing geological processes have affected the many rock
formations, which tilted in both sides of the erected summits.
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Fig. 1 General view of Egyptian topography

Over these igneous and metamorphic basement rocks,
thick layers of sedimentary veneers had been deposits across
millions of past years; these “Phanerozoic” episodes of
sedimentation, marine and/or continental, give Egypt very
diverse landscapes, ranging from mountainous lands, with
summits exceeds 2500 m above sea levels, to lowlands and
depressions beneath the sea level.

2 Physiographic Regions

2.1 The Nile Valley

Along its 1350 km in the Egyptian lands, from Nubia to the
Mediterranean Sea, the river Nile receives no single active
tributary. All the side valleys and paleo-streams, from both
the Western and the Eastern deserts, have no perennial flow.
Hence, water resources in Egypt are heavily dependent on
external sources from equatorial and Abyssinian regions.
The fertile flood plains of the Nile widen northward from
Aswan to Cairo, with an average width of 10 km. For dif-
ferent geological and hydrological reasons, Nile course tends
to occupy the eastern side of its valley, washing the eastern
desert cliffs and creating, on the meantime, vast cultivatable
lands on the western side. The course of the Nile valley does
not follow a straightforward from south to north, but it
bends, sinuous and meanders as a result of different geo-
logical controls, where Qena bend is the most prominent
feature. The river course widens from south to north,
reaching an average width of 3/4 km. The stream itself is

sinuous and dotted with tens of islands. The cluster of
granitic islands in Aswan called “the cataract” and still
represents the spectacular landscape even though after the
adjustment of river hydrology with the constructions of
successive dams. Figures 2, 3, 4 and 5 give different views
of the River Nile from the most spectacular sector lying
between Edfu (Gebal El-Silsila) to Aswan Cataract.

Since the establishing of Aswan Dam in 1902, and the
High Dam of Aswan and Lake Nasser in the late 1960s, the
hydrological system of the Nile has been changed and the
Nubian environmental characteristics had been dramatically
altered. The Nile valley represents a longitudinal corridor,
hardly connected with the other regions in Sahara. Since the
last three decades, great efforts are in progress to redistribute
the population across the country in order to achieve the
geographic “exodus” from the siege of the historical
“sticking in” the Nile flood plains and deltaic soils. Cutting
its way to the Mediterranean, the Nile Valley runs through
different rock types. Its Nubian sector, from Wadi Halfa to
Aswan, is composed mainly of basement rocks (granite)
with intercalation of sandstone. Throughout the Aswan-Esna
sector, the basement rocks give place to sandstone, while the
rest of the valley from Esna to Cairo is composed of lime-
stone rocks.

Northward of Cairo for some 20 km, the Nile valley
opens out forming the Delta cone, with its two parallel
branches: Rosetta and Damietta. Till the 1930s, only half of
the total area of the Nile delta was cultivated (22,000 km2).
Nowadays, this area has been doubled as a result of land
reclamation on both eastern and western fringes, in addition
to discharging of swamps in the northern part of the deltaic
margins, bounding the Mediterranean coastal belt, which
consists of shallow lakes, swampy wetlands and coastal
vegetated and bare dunes. Although Faiyûm is geographi-
cally a desert depression lying 60 km. southwest of Cairo, it
is highly connected with the cultivation history of the Nile
valley via the semi-natural channel of “Bahr Yousuf.”
Faiyûm depression is cut in the limestone rocks with an area
of 2000 km2 and attains a level of − 45 m. While the
southeastern portion of Faiyûm depression is covered by
alluvium and highly cultivated, the northwestern portion is
filled with the remnants of an old vast lake called “Mories,”
the nowadays “Birket Qarûn.” A southern smaller depres-
sion called “El-Rayan” had been used since the 1990s as a
discharging outlet for the excessive amount of irrigation in
the proper Faiyûm depression.

2.2 Eastern Desert and Sinai

Egypt is described usually as a fluvial environment with a
geographic stereotype based on the imagination of muddy
black soils in featureless landscapes. In fact, Egypt is a rocky



country in its most area. The spectacular mountainous
regions extend basically in the Eastern Desert and Sinai,
which occupies about one-third of Egyptian land
(220,000 km2) and looks like a great triangle (see Figs. 6, 7
and 8), its base on the borderline with the Sudan and its apex
on southeastern delta. The backbone of this desert is a range
of pyramid-like mountains run parallel to the Red sea for

more than 700 km at a short distance inland from the
coastline (see Mohamed 2001).
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Fig. 2 Nile Valley in El-Silsila sector-Northern Aswan; both sides are composed of Sandstone

Fig. 3 Western Nile plateau, Cataract area, Aswan region

More than 100 peaks dotted the Eastern Desert, forming
what might be named “Badlands” with steep, rugged slopes
that have been formed in a structurally controlled terrain
dissected by oblique faults. The highest one is Gebel
El-Sheyib (2185 m above sea level). The most famous



mountains from south to north are: Elba (1435 m), Mishbih
(1385 m), Faraid (1366 m), Ras El-Kharit (1661 m),
Hamata (1978 m), Zabara (1361 m), Nugrus (1505 m), Um
Negat (1310 m), Mi’tig (1118 m), Abu Dokhan (1662 m),
Ghareb (1751 m) and Um Tanassib (1104 m). The coastal
belt of Gulf of Suez in the Eastern desert has longitudinal
ridges of Miocene formation affected by the tectonic
movements during that geological rifting system. Some of
the geomorphic units in this sector are well-preserved in the
inner ridges of E’sh El-Mallaha. The local name “Mallaha”

means “salt wetland” as the seasonal flash floods is hindered
by the volcanic-limestone ridges, impeding the floods from
reaching the Red Sea (Gulf of Suez). A dense wetland
covered by a thin veneer of salts and salt flats is forming in
between the successive ridges of Eish El-Mallaha (Figs. 9
and 10). The effect of volcanic activity on deforming the
Miocene sedimentation is ideally obvious in Wadi Bili in the
same region of E’sh El-Mallaha, as shown in Fig. 11. Tec-
tonic activity in forming and deforming landforms in the
coastal belts of Red Sea is much demonstrated in the Wadi
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Fig. 4 Western Nile plateau, Qubat Al Hawa, Aswan region

Fig. 5 Dune encroachments along western side of River Nile–Gharb Suhail, Aswan Sector



El Gemal area as shown in Fig. 12 for Ranga area and
Fig. 13 for the Abu Ghusun area. In fact, the northern
extension of basement complex exceeds Um Tanassib Mt.
onto more northern locations to Wadi El-Dakhl, where

granitic rocks, extend side by side with the sandstone and
limestone outcrops. The average height of Egyptian moun-
tains in the Eastern Desert is 1500 m. Northward of these
mountains, semi-detached blocky limestone tablelands
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Fig. 6 Southern portion of the Eastern Desert of Egypt

Fig. 7 Northern portion of the Eastern Desert of Egypt



wadies are the most important: Qena and Qabqaba.
Numerous short valleys run to the Red Sea bringing tor-
rential floods. The most prominent, from south to north, are
Shelal, Sermatai, Dieb, Hodein, Gemal, A’mbagi, Queh,
Safaga, Bili, Abu Marwa, Abu Had, Dara, Hawashih, Araba,

extend parallel to Gulf of Suez, including the Southern and
Northern Limestone Galala plateaus and Gebel Ataqa, with
an elevation does not exceed 1000 m.
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Fig. 8 Plateaus of the northern portion of the Eastern Desert (Southern and Northern Galala)

Fig. 9 Valley Side in Wadi Abu Marwat, the inner ridges of E’sh El-Mallaha, Gulf of Suez

The Red Sea pyramid-like peaks represent a water-divide
for hundreds of dry valleys (Wadies), but two principal



Ghweiba, Hagul and Ashra. On the other hand, longer and
larger valleys cut these mountain ranges from east to west,
reaching the River Nile and crossing sedimentary plateaus in
between. The remarkable examples of these wadis, from
south to north, are: Allaqi, Garrara, Natash, Shait, Khurit,
Abbad, Hammamat, Qena, El-Asyuti, Tarfa, Sennur and
El-Gafra. On both sides of mountainous terrains, the natural

vegetation spots delineate wadis' beds. The riparian vegeta-
tion system is well preserved in many of these drainage
systems. Some karstic springs are abundant as Bir Abu Sha’r
(Fig. 14). The Sinai Peninsula is a good resembling model of
Egyptian geography, with its 60,000 km2 (1/16 of Egypt’s
total area). In Ras Gharb along the Gulf of Suez, Sinai’s
coastline with some peaks of famous mountains is clearly
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Fig. 10 Wetlands of E’sh El-Malaha, Red Sea, Gebel Abu Sha’r El-Qebly

Fig. 11 Succession of volcanic and sedimentary rocks, Wadi Bili



Zneima in the West-Central zone is a complex of sub geo-
morphic zone, acting different roles of many tectonic geo-
morphology and exogenesis factors. As shown in Fig. 18,
the structurally controlled coastal cliffs (150 m a.s.l) of
Upper Eocene (limestone and marl) are the major landforms
on this coastal plain, with sediments are enriched here by
fluvial flash floods from Wadi Taiba. Most of the Southern
portion of Sinai extends in a type of the badlands (Fig. 19).
It is Southern Sinai, which has the highest peak in all Egypt,
Mt. Catherine (2639 m), in addition to the other summit as

seen (Fig. 15). For that reason, since the ancient Egyptian
time, Sinai and Eastern Desert, via Gulf of Suez, were clo-
sely connected with sea shipping and ancient ports on both
sides (see Figs. 16 and 17).

90 A. M. A. Mohamed

Fig. 12 Ranga field of sulfur ores extraction from Miocene limestone low hills, Wadi El-Gemal region, Red Sea, Southeastern Egypt

Fig. 13 Mouth of Wadi Abu Ghosoun into the Red Sea

The Sinai Peninsula is composed of two different geo-
morphic units; the southern portion is a basement complex,
mainly of high mountains, while the northern portion is a
sedimentary one basically of plateaus and sandy plains.
West-Central Sinai is a conjunctional zone between the
Precambrian triangle and the Phanerozoic landforms. Abu



Um Shomer (2586 m) and El-Thebt (2439 m). Northward of
this mountainous terrain, The Sinai Peninsula slopes toward
the Mediterranean Sea in a plateau-like landscape. While the
mountainous region in South Sinai is dissected by fluvial
actin, the northern portion of Sinai is dissected by large and
shallow tributaries of W. Al A’resh. The Gulf of Aqaba
represents a complex geomorphological sub-unit, in some
places, like Nuweib’a area, the Pre-Phanerozoic and
Phanerozoic landscapes are mutually overridden as a result
of the tectonic history of uplifting and sliding) see Fig. 20).
Gulf of Aqaba exhibits one of the unique cases in all Egypt,
where overturned and recumbent Cretaceous folds occurred
(Fig. 21).
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Fig. 14 Southern cliffs of Jebal Abu Sha’r El-Qibli, Gulf of Suez

Fig. 15 Ras Ghareb area, a view toward Sinai Peninsula

At the head of Gulf of Aqaba, Jabal el-A’safier represents
a prominent faulted block hogback composed mainly of
sandstone/limestone and surrounded by pre-Phanerozoic
basement badlands (Fig. 22). The same degree of com-
plexity of Precambrian with Cambrian rocks is well illus-
trated in Western Sinai, where archeological findings
confirmed ancient Egyptian metallurgic activities for copper
melting in the area of Wadi Nasab (Fig. 23). The area of
Jebal El Naqus in Southwestern Sinai is an ideal example of
Sandstone formation related to Cambrian age (Fig. 24). One
of the spectacular valleys in western Sinai is Wadi Araba
which cut through some of the oldest rock types of the
Phanerozoic geology of Egypt (Fig. 25). Cambrian rock
types are also well preserved in West-Central Sinai, as in
Um Bogma area (Fig. 26).

2.3 The Western Desert

Westward from the Nile valley (see Fig. 27), a great territory
of desert geomorphology represents two-thirds of Egypt
(680,000 km2.). Sand seas cover the proper masses of this
desert which composed of a series of sandstone/limestone
plateaus, sloping northward to the Mediterranean Sea. The
sandy plains are stretching here side by side with bare dis-
sected terrains. The two depressions of Kharga and Dakhla
(Fig. 28) could be treated as one geomorphic region (see for
details Brooks, 1993; Mohamed, 2021). The southeastern
corner of the Western Desert usually knows as Darb Al
Arba’in. This subgeomorphic region is distinguished by the
paleo-erosive actions of both paleo-river system and karsti-
fication in the white limestone, especially in the Mesharsher
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Fig. 16 Geoarcheological excavations of ancient Egyptian ports in Wadi El-Garf area, a view from the Eastern Desert toward Sinai Peninsula
across the Gulf of Suez

Fig. 17 Geoarcheological excavations of ancient Egyptian port, northern Galala plateau



area. El Mesharsher is the Arabic local name which gives a
good toponymical significance, since it means “saw-like”
ridges. In recent times, a paved road was established to
connect Aswan and Abu Simbel on the Nile with Kharga,
Bares and East of El-O’uinat in the Western Desert. All of
these roads are superimposed over ancient caravan routes

which were very active till early twentieth century. The
caravan trade routes of Darb El Arba’in were watered from
natural springs (tiny palm oasis) scattered in a 50–80 km
distance across the area. The most important springs were:
Kurkur, Dunqul, El-Nekhela, El Shab and many others.
Unfortunately, most of these natural springs have been
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Fig. 18 Coastal cliffs in Abu Zneima area, west-central Sinai

Fig. 19 Elevation map of southern Sinai



depleted as a result of excessive pumping of underground
water and consistence aridity (see Fig. 29). Amid these
peneplains of Darb Al Arba'in, composed principally of
Upper Cretaceous/lower Eocene of sandstone, limestone and
shale, three inselbergs of old Granite are erected along the
historical road (See Haynes, 1984). The three have a com-
mon name of Abu Bian (meaning in Arabic “the landmark”).
This name expresses the role of inselberg morphology along
the featureless route of Darb El Arba’in. The three names are
Abu Bian Al-Bahary (the northern one), Abu Bian
Al-Wastani (the central one) and Abu Bian A-Qibly (the
southern one).
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Fig. 20 Pre-Phanerozoic and Phanerozoic landscapes in Eastern Sinai, Gulf of Aqaba, North of Nuweib’a

3 Geomorphological Evolution

3.1 Fluvial Systems

In late Eocene, tectonic movements had uplifted the Red Sea
hills, creating very intensive system of faulting, responsible
for major paleo-river drainage networks, prior to the Nile

(see Issawi et al., 2009; Omar & Steckler, 1995). They are as
follows:

• Wadi Qena
• Wadi Qapqapa, the major tributary of Wadi Al-A’llaqi
• Wadi Al-A’llaqi
• Wadi El-Tarfa
• Radar rivers in Libyan Deserts
• Al-Arish valley.

Issawi et al. (2009) supposed that the two rivers of Qena
and Allaqi-Qabqaba had been met in an area coincides with
nowadays central Qena bend. Qabqaba is the largest tribu-
tary of Allaqi River, and both of them were formed as a
result of the Eocene–Oligocene tectonic movements.
Because Qena river system was mightier than Allaqi-
Gabgaba, the first succeeded in capturing the latter and the
three tributaries formed one mega river, which had been
pushed southwestward into the Libyan Desert, and probably
was one of the tributary of the great “radar rivers” suggested
by previous literatures (see McCauley et al., 1982; Issawi



et al., 2009). Moreover, El Deftar et al. (1978) have con-
cluded that amid the Phanerozoic of limestone deposits in
the Western Desert of Egypt, relics of gravels leached from
Precambrian of the Eastern desert had been spread in

isolated locations separated from its sources by the Quater-
nary rivers of the Nile. The very good example of that is
opposite to Wadi El-Tarfa in central Egypt. Precambrian
gravels have been brought to the Western Desert in a prior
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Fig. 21 Overturned and recumbent Cretaceous folds, North of Nuweib’a

Fig. 22 Pre-Phanerozoic and Phanerozoic landscapes in Eastern Sinai, Gulf of Aqaba, Jabal el-A’safier area—Taba where S = Sandstone
(Cambrian to lower cretaceous) L = Limestone (upper cretaceous)
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Fig. 23 High plateau of Cambrian sandstone–Western Sinai

Fig. 24 The type locality of the Naqus Formation, Cambrian age, Western Sinai



river system preceded the Nile, e.g., since late Eocene and
through the Oligocene and Miocene. While Wadi El-Tarfa
runs in a Phanerozoic plateau in the Eastern Desert, its head
tributaries, as Wadi Ragala, run in Precambrian rocks. The
tectonic uplifting movements of the Red Sea during Eocene–
Oligocene has changed the fluvial system orientation to be
East–West; hence tens of valleys have been formed, e.g.:
Khorit, Shu'it, Abbad, Al-Asyuity and Sinur.
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Fig. 25 A typical view of the Cambrian sediments in Western Sinai; the Araba Formation

Issawi and Youssef (2016) had shed more lights upon the
buried fluvial channels across the Sahara landscape (see
Fig. 30) during Late Paleogene and the Neogene. (For more
details, see Said et al. 1994, and Mohamed, 2021).

Wadi Al-A’resh collects most of the drainage basins of
central Sinai limestone plateaus. Previous literatures have
mentioned to the canyon channel system in the Lower basin
of Wadi Al-A’resh, where tens of meters deep and 150 m
wide, has been formed in the hilly obstacles of Jebal
El-Halal. After passing the narrow neck of El-Halal obstacle,
Wadi El-Arish spreads out forming its tiny delta into the
Mediterranean.

In northern Sinai, El Halal and other hills (Fig. 31) have
been formed as a folding belt in late cretaceous. Sea-level
retreating since that geological time has forced the fluvial
system to cut northward and run through this folding belt
and make their gorge-like channels in three successive
canyons, e.g.: Khoriem, Tal’et El-Badan and El Daiqa. On
the other hand, numerous previous literatures have con-
cluded that the present-day valley of the River Nile has been
cut during Late Miocene. Prior to this epoch of geological
time, sedimentological evidences, on surface and subsurface,
have indicated that there are old independent fluvial systems
preceded the Nile. The most famous known system is that
river which drained the elevated Egyptian lands in a western
corridor parallel to the Present-Nile, with a major delta, 300–
500 m thick. This paleo-delta coincides in nowadays with
Fayum region and adjacent areas in northern Egypt, where a
marine gulf was receiving fluviatile sediments (sands and
gravels) belong to Late Eocene–Early Oligocene, very rich
in vertebrates. As Said (1981) have clarified, extensive
gravel and sand spreads are overlying early late
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Fig. 26 Free-slope in Cambrian sandstone rocks, Um Bogma region, Western Sinai

Fig. 27 Western Nile plateau, Aswan region



Eocene/Oligocene river system. These deposits of gravels
extend upon the western desert plateau between Minia and
Bahariya Oasis in a northwestern direction. These fluvial
gravels and sands probably belong to a river system that had
formed a huge delta system in Moghra Oasis.
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Fig. 28 Wadi El-A’resh among the folded arc system on Northern Sinai

Fig. 29 Karstic springs in the high surface plateau of Darb El-Arba’in, Western Desert of Egypt

The Nile has been formed through successive episodes
given by Said (1981) as follows:

1. Eonile represents the late Miocene period, when it was
cutting a deep valley canyon, as a result of the Messinian
crises which was a period of sea regression and heavy
erosion in northern Africa and a desiccation in the
Mediterranean. These global events led to fluvial vertical
erosion as a result of lowering sea level by several
hundred meters. It has been found that there is a lack of

marine deposits in northern Egypt belonging to Late
Miocene. Deposits belong to this river system lie at a
depth of 2800–3800 m in northern delta (Rizzini et al.,
1978; Said, 1981).

2. Paleonile, with the end of Messinian crises, sea level had
been raised in early Paleocene era. The ingression of sea
level had flooded the Nile Pliocene canyon forming what
Ball (1938) named “the Pliocene Gulf,” an elongated gulf
extended southward up to the latitude of nowadays
Aswan. Hence, the Paleonile is actually the
“Paleocene-nile.” The absence of African tropical fauna
from Paleonile suggests that Paleonile had no connection
with the drainage sources in Central Africa or Ethiopia.
Remnants of these Pliocene sediments still obvious in
many sectors in Upper Egypt as in Qena region.
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Fig. 30 Radar River–Libyan Desert (modified after Issawi & Youssef, 2016)

Fig. 31 Southern portion of Western Desert of Egypt

3. The Quaternary Rivers of the Nile. This is the third type
of the Nile, actually the recent one. It lies fully in Qua-
ternary and have been developed across three stages:
Protonile, Prenile. Neonile.

3.2 Plateaus

Analysis of Phanerozoic geological structure clarifies that
Egypt looks like a huge plateau dissected by tectonic con-
trols and fluvial factors into many sub-regions:
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(1) The two plateaus of Sinai:
• El-Tih
• El-E’gma

(2) The three plateaus of the Eastern Desert:
• Northern Galala (including Jebal A’taqa)
• Southern Galala
• Ma’zaa

(3) The three plateaus of the Western Desert:
• The Libian plateau
• El-Gilf-Abu Ras
• Marmarica.

While El-Gilf-Abu Ras is the only plateau composed of
Paleozoic (Carboniferous) and Mesozoic (Cretaceous), the
rest of all plateaus in Egypt is covered by Paleogene (e.g.,
Eocene) and Neogene (e.g., Miocene). Issawi et al. (2009)
concluded a reasonable thesis of Phanerozoic evolution in
Egypt. In this thesis, Egypt is composed of tectonic arcs
(positive relief) separated in between by lowlands or huge
depressions. During the Paleozoic and Mesozoic, deposition
was filling gradually these regional basins. These depres-
sions were filled basically by thick deposits of Cretaceous-
Eocene ages. For a tectonic reason, in the early to middle
Miocene, lowland areas had been inverted to form positive
relief (e.g., plateaus). Omar and Steckler (1995) suggested

that this inversion had been occurred as a gradual uplifting in
syn-rifting processes.

Fig. 32 Piedmont zone and free-slope of El-Tih Plateau

3.2.1 The Two Plateaus of Central Sinai
In Central Sinai, El-E’gma plateau consists, mainly, of
Eocene limestone rocks, with an average elevation of
1000 m. It is highly dissected by fluvial systems running
into three water bodies: (1) The Gulf of Aqaba, as in W.
Watir; (2) the Gulf of Suez as in W. Gharandel; (3) to the
Mediterranean as in W. Al-A’rish. This plateau is merged to
the north with a tableland called “El-Tih,” with an average
elevation of 600 m. Figure 32 gives a good example of
piedmont zone and cliff-slope of El-Tih Plateau, which
consists, mainly, of sandstone of Triassic age. Northward of
El-E’gma/El Tih tabular geomorphology, the inversion
processes mentioned above had affected the Jurassic- Cre-
taceous basins that had been inverted to form a cluster of
hills belonging to what called “the Syrian arc system.”

3.2.2 The Two Plateaus of Galala (Northern
and Southern)

Northern Galala (El Galala El-Baharia) is overlooking Gulf
of Suez, comprising both A’taqa and Kahliya blocks, in
addition to minor hills. With an average elevation of 700–
1100 m, the surface geology is composed of Middle Eocene,
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Fig. 33 Wadi Askhar, a major tributary to Wadi Araba, Northern Galala

Fig. 34 Old spring in the piedmont of Northern Galala, Gulf of Suez (the Eastern Desert of Egypt)
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Fig. 35 Wadi El–Garf, cave gallery in Northern Galala plateau

Fig. 36 Karst roof gallery–Sinur cave, the Eastern Desert of Egypt
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Fig. 37 Fault line in Sinur cave with an outlet to the exterior

Fig. 38 Different columns in Sinur cave, Sinur cave



Phanerozoic Geomorphology in Egypt 105

Fig. 39 Southern flank of El-Galala El Baharia plateau, Gulf of Suez, Red Sea

Fig. 40 Al-Dababia, El Shaghab area, East Nile Plateau, Luxor region



while the cliff slopes of the Gulf of Suez show Paleozoic
strips of reddish sandstone, which belong to Carboniferous-
Permian times. As a cuesta-like plateau, northern Galala
extends east–west for more than 75 km. overlooking the
Nile valley. On the other hand, the cuesta-like plateau of
southern Galala is a tectonically matched with its northern
counterpart. Wadi Araba, a 90 km long, running from west
to east, is a superimposed valley debouching in the Gulf of
Suez and occupying the corridor in between the two pla-
teaus. The upper basin of that valley is fed by torrential
streams (Fig. 33) as resembling by Wadi Askhar (the
“Rocky valley” in Arabic), where small relics of Paleozoic
sandstone is outcropping. There are numerous relic features
of palo-karst and springs in the deep valleys of Northern
Galala, as in Wadi Abu Hulify (Fig. 34). Moreover, a
gorge-like valley called Wadi El-Garf shows a very good
example of typical paleo cave system (Fig. 35). On the other
hand, Wadi Sinur, a 100 km long and runs from east to west
is debouching into the Nile Valley. Paleokarst geomor-
phology presents new discovered landforms in this plateau,
as in the impressive cave of Sinur (Figs. 36, 37 and 38). The

Limestone cliffs of the Eocene in southern Galala lie in
direct contact with sandstone hills of the Paleozoic and lower
cretaceous and Precambrian inselbergs southwards to
Ma’zaa as well as with the Precambrian outcrops as shown
in Fig. 39.
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Fig. 41 Western cliff of Ma’zaa plateau, Antenenopolis (El-Sheikh E’bada) El-Minya region

3.2.3 Ma’azaa
Wadi El- Tarfa represents the boundary line between Southern
Galala and what called Ma’zaa plateau. Ma’zaa has an average
elevation of 700 m. extending southwards for more than
250 km until Wadi El-Qirya. Although the Ma’zaa plateau is
conventionally and ethnographically ends in Qena bend region,
it actually extends, geologically, southwards for more than
100 km till other Eocene dissected blocks (600–700 m. high)
such as El Shaghab, El-Nezzy, Al-Rakhamya, Al-O’wayniai.
Ma’zaa plateau is highly dissected by faulting axes superim-
posed by numerous valleys debouche to the Nile, the most
important from north to south are: El Tarfa, Qena, El Assuity,
Abu Shih, Qasab, Abu Nafukh, Gurdi (a north–south tributary
of Wadi Qena). El Shaghab area, southeast of Luxor, has a
worldwide importance in the geological records, as it contains



the missed link in Paleocene-Eocene geologic succession
(Thanetian/Ypresian, 55.8 million years ago). It was declared a
national protected area, and it is nominated to becomepart of the
UNESCO's World Heritage (Fig. 40). The Eocene Ma’zaa
plateau is geologically matched with the Libyan Desert, as the
Nile has excavated its valley in post-Eocene period, e.g., late
Miocene for the Eonile. A good example could be seen in
El-Minya region (see Figs. 41, 42 and 43).
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Fig. 42 Ancient quarries in limestone cliffs, Eastern Plateau, Minya region

3.2.4 The Libyan Plateau
This great plateau is bounded by cliffs from all sides: toward
the Nile in the east (as shown in Fig. 44), or toward large
depressions in the west and southwest, and to the north is
bounded by the southern cliffs of a relatively recent, Mio-
cene age of Marmarica (El-Difa) tableland. The Libyan
plateau exhibits many geomorphic processes, especially
karstic and Aeolian processes.

The transitional area between the two depressions of
Dakhla and Kharga (Fig. 45) is a good example of pene-
plain. Other sub-regions, as in northern Kharga, are
fault-oriented valley-like corridors, encroached by sand
sheets (Fig. 46).

3.2.5 El-Gilf-Abu Ras
El-Gilf-Abu Ras plateau lies in the southwestern portion of
Egypt. While all the previous mentioned plateaus are com-
posed of Eocene limestone depositions, this older plateau
has been deposited during the Paleozoic (Silurian, Devonian
and Carboniferous) and Mesozoic (from Late Jurassic to late
Cretaceous). The major rock types here are fluviatile sand-
stone and shallow marine siltstone or shale (see Said, 1990
and Embabi, 2018). This plateau is the highest one all over
the western desert, with elevation exceeds 1000 m and the
average elevation is 600 m. Grolier and Schultejann (1982)
identified 33 volcanic exposures, some of which extend for
more than 4 km and in an irregular form. Elevations vary
between 40 and 100 m (Embabi, 2018). Basaltic lava
eruptions are widespread in other parts of the Western
Desert; the prominent example is Bahariya Depression as
shown in Figs. 47, 48 and 49. El-Gilf-Abu Ras plateau is
dissected by vertical and canyon-like valleys, and most of
them are inaccessible. The most famous wadies are El-Diyaq
(the narrow valley), El-Wassa’ (the wide valley). Many
evidences of the paleoclimate are inherited in dried lake and
playa. The whole area is encroached by sand dunes, sand



sheets and successive waves of the Great Sand Sea (Fig. 50
for example).
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Fig. 43 Dissolution caves in the eastern side of the Nile Valley in El-Minia, Upper Egypt

3.2.6 Marmarica
Marmarica is a triangular-shape tableland. The Bedouin
Arabic name for this plateau is “El-Diffa” referring to the
reddish loamy soils of this region, which usually host shrubs
and arable patches (Falls, 1915). With an average elevation
of 200 m, Marmarica has steep slopes from both northern
and southern sides. It overlooks the Mediterranean coastal
cliffs, leaving only very narrow coastal strips in many sec-
tors. The southern slopes overlook many depressions; the
most famous are Siwa and Qattara. While the plateau is high
and steep in the western portion, it dies into wide undulating
coastal plains in the eastern portion of Maryut, with its
25 km wide. Maryut region represents undulated plains,
composed mainly of a series of coastal limestone bars,
marine deposits at base and Oolitic limestone from Aeolian
origin at top (El-Asmar, 1991; Mohamed, 1997).

3.3 Depressions

Egyptian lands are dotted by tens of depressions; all are
exclusively in the Western Desert. Various explanations
have been introduced to understand the mechanism of for-
mation. Conclusions of previous studies have suggested that
fluvial and karstic actions, controlled in many cases by
tectonic forces, are the major factors. Wind erosion and
Aeolian processes are secondary sources of formations.
Morphometric analysis of these depressions shows that they
range in areas between 3000 km2 (Bahariya) to more than
45,000 km2 (Qattara). Most of them are below sea level
(− 145 m. in Qattara, − 64 m in W. El Rayan). Embabi
(2004, 2018) had classified depressions, according to their
size, depth and areas, into five categories: mega, large, small,
micro and minute. The research of (Mohamed, 2021) gives a
detailed geomorphological analysis of Dakhla depression.
Across these depressions, there are very good indications of
karstic processes (see El-Aref et al., 1987) old springs
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Fig. 44 Caves and paleokarst in limestone cliffs, Nile Valley, Western Plateau in Qena region, Upper Egypt

Fig. 45 Western Kharga peneplain in what called “Red Desert”
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Fig. 46 The corridor valley of Ain Um El-Dabadeb, the sandstone of the Turonian age is heavy oriented by fault line axes across Gebel El-Taref
(northern Kharga Depression)

Fig. 47 The what called “Black Desert” in Southern Bahariya Depression, volcanic thick sheets of basalt upon sedimentary rocks. (see for more
details, Meneisy, 1990)



(Fig. 51) paleokarst processes (Figs. 52, 53 and 54) and tufa
deposits (Fig. 56). After examining different depressions
walls, the current author considers the vertical walls of
Kharga depression as an ideal example of examining many
paleo and current geomorphic processes and landforms in
this upper cretaceous/lower Eocene escarpment. Along these
walls, 200 m high, it is easily to delineate the following
typical landforms:
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Fig. 48 Columnar basaltic hills, Bahariya Oasis

1. Detached and attached hills, affected by faulting system
and karstifcation. The most famous ones are the two hills
of Jebal Um El-Ghanaim and Jebal Ghanima (Fig. 55).
The same feature is obvious in Bahariya as shown in
(Fig. 56) in the detached limestone hill of El-Maghrafa
on the northwestern slope.

2. Differential weathering activities and erosional processes
along the soft marine shale of upper cretaceous and the
hard limestone rocks of the lower Eocene. Marine shale
of the Upper Cretaceous/Lower Eocene in this area is
very rich in some fossils like Amonite (Fig. 57) and
Exogyra Overwigi (Fig. 58).

3. Hanging valleys which associated with rejuvenated
points and paleowaterfalls. Most of these valleys have
been used across history as pathways connecting the Nile

with the Kharga-Dakhla depressions. These pathways
known locally as Naqb (pl. Nuqub)

4. High-altitude springs have been active in the paleocli-
mate, and they are now mere relics on the free escarp-
ments (e.g., A'in Tafnis El Jebal, eastern Kharga). The
analysis of satellite images and field study accomplished
by the author have clarified that many of these springs are
connected through the subsurface with dolines and dis-
solution holes over the plateau.

5. Encroaching sand dunes from the northerly direction
which form vast fields of invasive climbing dunes and
transverse types crossed the depression into Nile valley
and Lake Nasser. Some examples of these dunes are
shown in Figs. 59, 60, 61 and 62.

6. On the other hands, inside the depressions there are
minor features as springs, spring mounds and dolines.

In a previous study (Mohamed, 2021), the current author
listed from different topographic maps in Dakhla depression
more than 2150 springs (A’yn, pl. A’youn) and Wells (Bir, pl.
Abar). However, there is no active natural spring in
Dakhla-Kharga region, except A'in Amur, in the backward
of Abu Tartur southern escarpment. According to Adels-
berger (2008), there are numerous spring mounds in Dakhla
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Fig. 49 Disintegration of basaltic blocks, Bahariya Oasis

Fig. 50 Part of the Great Sand Sea complex dune fields, what called Qaret El-Hanash area
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Fig. 51 El-Bishmo Karstic spring, Bahariya Oasis, Western Desert of Egypt

Fig. 52 Collapsed karstic arches, 5 m high, the northern plateau of Farafra oases, the Western Desert of Egypt
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Fig. 53 Terra Rosa in Eocene plateau—the Western Desert, Sohag area, Upper Egypt

Fig. 54 Tufa deposits on steep slope of Naqb El Moudawara area, east of Kharga



oasis associated with the contact between Taref Formation
sandstones and Quseir Formation shales, as well as with
faults and uplifted sandstone units associated with the Tawil
Anticline. However, Playa, dried lakes and sebkhas are the
most spectacular landforms in depressions' floor. Siwa
depression for example has many of these lakes and asso-
ciated landforms/land use. In recent times, hyperevaporation

in eastern Siwa lakes has enhanced salt extractions for
commercial and international trading. Siwa undergoes a
severe problem of discharging the excess water lodging in
agricultural lands. Many suggestions have been introduced
to solve these problems, including out-of-depression solu-
tion. In the middle of Libyan plateau lies Farafra depression
which undergoes a vast sand dune encroachment, especially
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Fig. 55 Jebal Um El-Ghanaem, a detached hill from Eastern Kharga plateau

Fig. 56 The Detached limestone hill of El-Dist, Bahariya Depression
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Fig. 57 Ammonite fossils, upper cretaceous, Kharga Oasis, Western Desert of Egypt

Fig. 58 Exogyra overwegi, Jebal El-Tir, Kharga depression
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Fig. 59 Lee dunes–Northern Kharga depression

Fig. 60 Barchanoid dunes–Western Kharga depression



on its eastern side. Many indications showed that this
depression has been shifted into dryness after a period of
wetness (Barich et al., 2014). Playa and playa’s deposits are
scattered in many sub-regions in the Western Desert
of Egypt. Some good examples are shown in Figs. 63, 64
and 65.
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Fig. 61 An ideal example of Barchan dune, Doush area, Kharga Oasis, Western Desert

4 Conclusions

• The Nile valley represents a longitudinal corridor, hardly
connected with the other regions in Sahara. Since the last
three decades, some efforts are in progress to redistribute
the population across the country in order to achieve the
geographic “exodus” from the siege of the historical
“sticking in” the Nile flood plains and deltaic soils.

• The Eastern Desert occupies about one-fifth of Egyptian
land (220,000 km2) and looks like a great triangle, with
its base on the borderline with the Sudan and its apex on
southeastern delta. More than 100 peaks dotted the
Eastern Desert forming what might be named “Badlands”

with steep rugged slopes that have been formed in a
structurally controlled system of dissected terrains by
oblique faults.

• The Sinai Peninsula is a model of Egyptian geography and
geomorphology. It is composed of two different geomor-
phic zones: the southern portion is a basement complex
mainly of high mountains, while the northern portion is a
sedimentary one basically of plateaus and sandy plains.

• In late Eocene, some tectonic movements were respon-
sible for the uplifting of Red Sea hills. Results of this
uplifting is the very intensive system of faulting which
formed paleo-river system, prior to the Nile, especially
Wadi Qena, Allaqi-Qabqaba, El-Tarfa Al-Arish, in addi-
tion to what called “Radar rivers.”

• Since the Middle Eocene, the modern Nile has been
formed through five episodes: Eonile, Paleonile, Pro-
tonile, Prenile and Neonile.

• Analysis of Phanerozoic geological structure clarifies that
Egypt looks like a huge plateau dissected by tectonic and
fluvial factors into many sub-regions: the two plateaus of
Sinai (El-Tih and El-E’gma); the three plateaus of the
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Fig. 62 Previous Barchan dune in Fig. 61, a view from crest toward the two horns

Fig. 63 Vast playa–Southeastern portion of Kharga depression
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Fig. 64 Playa deposits, El-Sherka plain, Kharga depression, Western Desert

Fig. 65 Playa deposits, rich in plant roots. El-Sherka plain, Kharga depression, Western Desert



Eastern Desert, (Northern Galala, Southern Galala and
Ma’zaa); the three plateaus of The Western Desert (the
Libyan plateau, El-Gilf-Abu Ras and Marmarica).
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Paleoposition and Paleogeography of Egypt
During the Phanerozoic Era

Uwe Kirscher, Edoardo Dallanave, and Valerian Bachtadse

Abstract

The paleogeographic position of Egypt through the
Phanerozoic is tightly connected to the motion of the
African continent. Paleogeographic studies using paleo-
magnetism of rock samples from Egypt range back to the
70s and 90s of the last century, but they also continued
until very recent times. Paleomagnetic data generally
confirm that Egypt was part of Africa in the last *150–
200 Ma. Before that, high-quality paleomagnetic data
from Egypt are sparse and possibly affected by remagne-
tization. Using the master apparent polar wander path of
Africa and continental reconstructions, we reviewed the
paleoposition of Egypt throughout the Phanerozoic. The
general trend is a location of Egypt near the paleo-South
Pole during the early Paleozoic, followed by a northward
motion accompanied by rotational movements.

Keywords

Egypt � Paleogeography � Paleomagnetism � Gondwana

1 Introduction of Paleomagnetic Work
in Egypt

Paleomagnetic work in Egypt started in the 1970s involving
scientists mostly from Egypt, Germany, and the Czech
Republic (El Shazly & Krs, 1971, 1973; Saradeth et al., 1987;
Schult et al., 1978, 1982). Most paleomagnetic studies were
related to paleogeography trying to establish the paleoposi-
tion of Egypt during the Cenozoic and the Mesozoic. The
second major focus is related to Cenozoic magmatism (e.g.,
Ressetar et al., 1981). Paleomagnetic poles determined from
these early studies indicate that Egypt did not go through
major movement between *200 and 100 Ma and roughly
place the position of Egypt near the paleo-equator (El Shazly
& Krs, 1973). A more recent collaboration between scientists
from the USA and Belgium resulted in paleomagnetic data
from Paleocene–Eocene sediments indicating pervasive
remagnetization overprinting the primary magnetic signal
(Kent & Dupuis, 2003). Other studies including a publication
on Neoproterozoic dikes confirm the presence of widespread
remagnetization affecting various rock formations in Egypt
(Saleh, 2020). Other studies reveal primary magnetic signals,
which show a counterclockwise rotation of Egypt between
the Cretaceous and the present day (Lotfy, 2015). Recently,
Perrin and Saleh (2018) obtained new high-quality data and
also presented a review of Cretaceous to Cenozoic paleo-
magnetic data including calculation of an apparent polar
wander path (APWP) for Egypt. They pointed out some
discrepancy between the Egyptian data compared with the
master APWP from Africa and proposed different explana-
tions for this: (1) inclination flattening of paleomagnetic
directions, (2) age uncertainties, or (3) remagnetization. We
present a review of the paleomagnetic data of Egypt for the
entire Phanerozoic and the corresponding paleogeographic
position for Egypt during that time. We furthermore present a
mean APWP calculated using the Egyptian data and a com-
parison with African and Gondwanan data compilations.
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2 Material and Methods

To assess the paleoposition of Egypt throughout the
Phanerozoic, we took a rather straightforward approach.
First, we present a compilation of available paleomagnetic
data for the entire Phanerozoic (Fig. 1) without considering
potential remagnetization. Subsequently, a mean APWP was
calculated adopting 50 Ma windows, eventually compared
to the global synthetic APWP (GAPWP) of Torsvik et al.
(2012). This includes global entries classified by using the
quality criteria of Van der Voo (1990) and rotated into
African coordinates by using the relative fits listed in Tors-
vik et al. (2008). To account for the Benue rift (Benkhelil,
1989), paleomagnetic data older than * 200 Ma were
rotated into a West African and subsequently South African
reference frame using rotation parameters of Kidane et al.
(2013) and Torsvik et al. (2012). After that, a continental
paleogeographic model was used to obtain paleogeographic
maps for the entire Phanerozoic (Torsvik et al., 2014). To
reconstruct the continents of the world including northern
Africa, we used the software GPlates (Müller et al., 2018)

Fig. 1 Topographic map of Africa (small) and Egypt (large) including
locations of paleomagnetic studies color coded by age. Ages of color
bar are in Ma. Maps generated using Generic Mapping Tools (Wessel
& Luis, 2017) and topographic dataset ETOPO1 (Amante & Eakins,
2009)

Fig. 2 Paleomagnetic data of Egypt (top left) color coded by age. Top right: Egyptian data together with the master APWP of Africa (Torsvik
et al., 2012). Bottom left: master APWP with according error intervals. Bottom right: mean APWP of Egyptian data together with master APWP of
Africa. Egyptian data were rotated into a South African reference frame using rotation parameter of Torsvik et al., (2012) for ages younger than
200 Ma and older than 50 Ma. Mean data older than 200 Ma were rotated first into a West African reference frame accounting for the Benue rift
and subsequently into a South African frame using parameters of Kidane et al. (2013) and Torsvik et al. (2012). Mean path is labeled with median
age (e.g., 75 represents 50–100 Ma interval)
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and the Generic Mapping Tools (Wessel & Luis, 2017). For
the topographic data, we used the ETOPO1 dataset of
Amante and Eakins (2009).

3 Results

As expected from previous studies (e.g., Perrin & Saleh,
2018), the general trend of the GAPWP is also visible in the
Egyptian APWP (Fig. 2). In present coordinates, the Egyp-
tian APWP between 25 and 225 Ma moves from Antarctica
toward Australia. This supports the proposed counterclock-
wise rotation of the African continent between the early
Cretaceous and the present day (Lotfy, 2015). Prior to the
200–250 Ma window, the data get extremely sparse, but all
poles lie within * 50° from the present-day South Pole.

This is likely the consequence of remagnetization of all older
rocks related to Mesozoic or Cenozoic magmatism (Saleh,
2020). This is particularly evident for the 450–500 Ma
and 500–550 Ma intervals, which plot very close to the
South Pole and in proximity of the 0–50 Ma and 50–100 Ma
poles.

4 Paleogeographic Evolution

To illustrate the paleogeographic evolution, we present
reconstruction snapshots every 50 Ma (except for the 35 Ma
reconstruction; Figs. 3, 4, and 5) based on a deep-mantle-
structure reference frame (Torsvik & Cocks, 2016; Torsvik
et al., 2014). Figure 3 shows snapshots of 250, 200, 150,
100, 35 Ma, and present day (0 Ma).

Fig. 3 Paleogeographic reconstructions for distinct time slices based on continental models of (Torsvik et al., 2014). Reconstructions were made
using GPlates (Müller et al., 2018) and GMT (Wessel & Luis, 2017). Egypt is highlighted with red contour and green fill color. Reconstructed
mid-ocean ridges are indicated based on Stampfli and Borel (2002)

Paleoposition and Paleogeography of Egypt During the Phanerozoic Era 125



Fig. 4 Paleogeographic reconstructions similar as in Fig. 3 for 300 and 350 Ma. Red line shows paleo-equator

Fig. 5 Paleogeographic reconstructions for 400–540 Ma similar as in Fig. 3. Red line shows paleo-equator
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4.1 Mesozoic–Present

Between 250 and 200 Ma, the main paleogeographic feature
is a northward movement of Gondwana, which starts
at * 220 Ma and ceases at about 190 Ma (Le Pichon et al.,
2021). A minor southward movement follows, which puts
Egypt close to the paleo-equator at * 160 Ma (Fig. 3).
Between * 160 and 100 Ma, a counterclockwise rota-
tion took place, which stopped roughly at the same time when
the Central Atlantic started to open around 100 Ma (Granot &
Dyment, 2015). After that, the paleogeographic position of
Egypt is modulated by the closure of the Neotethys and the
evolution of the Mediterranean (e.g., Stampfli & Borel, 2002,
Fig. 3). The slow counterclockwise rotation accompanying
the closure of the Neotethys brought Egypt from equatorial
positions toward its present-day latitude of * 30°N.

4.2 Paleozoic

The Paleozoic evolution (Figs. 4 and 5) of Egypt, which is
not supported by primary paleomagnetic data from Egypt
itself, is characterized by the peculiar paleogeographic
evolution of Gondwana (Evans, 2003; Kirschvink, 1978;
Wu et al., 2021a). Gondwana underwent several periods of
counterclockwise and clockwise rotations during the whole
Paleozoic. Between the beginning of the Phanerozoic at 541
and * 500 Ma, Gondwana rotates counterclockwise, which
translates Egypt from a position slightly south of the

paleo-equator toward * 30°S (Fig. 5). Subsequently,
Gondwana went through a prolonged, stepwise period of
clockwise rotation until * 360 Ma with a rotation pole that
brings Egypt as far south as 60° at * 400 Ma. This was
also the time when the formation of Pangea initiated via
orthogonal convergence of Laurussia and Gondwana (Wu
et al., 2021b). This evolution brought Egypt again toward
the paleo-equator at the end of the Paleozoic (Fig. 4).

5 Paleolatitudinal Evolution

To investigate the latitudinal evolution of Egypt through the
Phanerozoic, the paleopoles of Africa calculated from the
GAPWP (Torsvik et al., 2012), single-locality poles from
Egypt (this study) and the derived mean poles of Egypt (this
study) were transferred into paleolatitudes using a reference
location in the center of Egypt (Lat = 27° and Long = 30°;
Fig. 6). The resulting graphs indicate again a good agree-
ment of the Egyptian data with the expected values based on
the Africa APWP between 250 Ma and the present (Fig. 6).
Additionally, the 250–300 Ma interval matches well with
the expected values, whereas between 400 and 550 Ma,
remagnetization is most likely. Missing paleolatitude evo-
lution details between 100 and 150 Ma might be related to
insufficient number of studies (Fig. 6). Individual results
based on Cambrian rocks (Table 1, Fig. 6) might reflect
primary signals or at least remagnetization prior to 100 Ma,
but more data are needed to verify this.

Fig. 6 Paleolatitude versus age plot for Egyptian raw and mean data. All paleolatitude data are calculated for a site of Lat = 27° and Long = 30°
within Egypt. Green data represent paleolatitudes for Egyptian raw data (Table 1). Blue curve represents data based on the APWP of Gondwana in
South African coordinates (Torsvik et al., 2012). Gray and black data represent the mean data of the Egyptian paleomagnetic dataset. Black data
points refer to data rotated into South African coordinates, whereas gray indicates the additional rotation related to the Benue rift (see also Table 2)
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Table 1 Paleomagnetic data for Egypt. Caption: age: median age estimate; Unc: age uncertainty; Slat and Slong: site coordinates with latitude
and longitude; Plat and Plong: paleopole position with respective A95; paleolatitude (k) and corresponding a95 based on a site within Egypt
(Lat = 27°, Lat = 30°); Ref: respective reference

Age Unc Slat Slong Plat Plong A95 k a95 Reference

3.5 1.5 29.9 31.2 81.4 144.7 5.3 23.2 5.6 Abdeldayem (1999)

14.0 9.0 30.3 28.8 77.0 198.0 2 14.3 2.5 Abdeldayem (1996)

18.0 3.0 28.4 28.9 54.0 180.0 3.2 ‒ 4.9 4.5 Perrin and Saleh (2018)

19.5 3.5 30.0 31.0 66.0 167.0 2.3 8.6 3.1 Lotfy et al., (1995)

19.5 3.5 30.0 31.0 76.0 111.0 3.0 28.3 2.9 Lotfy et al., (1995)

20.0 5.0 28.2 28.9 62.6 206.0 16.3 ‒ 0.3 23 Schult et al., (1982)

20.0 3.0 30.0 32.0 79.0 119.0 7 26.7 6.9 Perrin and Saleh (2018)

21.0 16.0 28.4 28.9 58.2 186.7 6.6 ‒ 2.6 9.3 Hussain et al., (1979)

21.0 7.0 30.0 32.0 76.0 107.0 3 29.3 2.8 Perrin and Saleh (2018)

22.0 0.0 30.3 31.3 68.0 92.0 3 35.3 2.5 Perrin and Saleh (2018)

22.0 0.0 30.3 31.4 70.0 83.0 1 37.6 0.8 Perrin et al., (2009)

23.0 43.0 30.0 32.0 66.0 164.0 4 9.4 5.3 Perrin and Saleh (2018)

23.5 0.5 29.6 30.6 66.9 98.5 17.2 33.1 15.1 Abdeldayem (1999)

24.0 3.0 29.1 33.2 75.0 57.2 17.9 40.1 13.8 Wassif (1991)

25.0 2.0 29.7 30.7 66.0 90.0 3 36.6 2.5 Perrin et al., (2009)

26.0 4.0 29.8 30.7 72.7 81.0 12.7 36.9 10.4 Schult et al., (1982)

26.0 2.0 30.2 31.2 63.5 79.6 10.0 41.6 7.5 El Shazly and Krs (1971)

26.0 2.0 28.5 30.5 68.0 161.0 8 11.7 10.4 Perrin and Saleh (2018)

28.0 6.0 28.9 30.1 68.0 158.0 6 12.4 7.7 Lotfy and Van der Voo (2007)

28.5 5.5 29.6 30.6 79.6 152.2 5.7 21.2 6.3 Abdeldayem (1999)

33.5 31.5 23.3 29.0 74.1 159.8 7.4 16.3 8.9 Hussain and Aziz (1983)

34.0 32.0 23.0 35.5 83.0 190.0 11 20.4 12.3 Niazi and Mostafa (2002)

34.0 32.0 23.0 35.5 50.0 22.0 10 66.2 5.5 Niazi and Mostafa (2002)

34.0 32.0 23.0 35.5 34.0 305.0 16 18.6 18.5 Niazi and Mostafa (2002)

34.0 2.0 23.0 35.5 25.0 112.0 12 17.7 14.1 Niazi and Mostafa (2002)

36.0 2.0 30.0 32.0 64.0 162.0 3 8.4 4.0 Perrin and Saleh (2018)

36.5 2.5 28.2 28.9 83.5 138.6 7.0 24.8 7.2 Schult et al., (1982)

36.5 2.5 28.2 28.9 81.5 145.2 7.6 23.1 8.1 Schult et al., (1978)

42.0 8.0 30.0 31.3 78.1 162.8 3.9 18.6 4.5 Abdeldayem (1999)

42.0 8.0 29.5 30.5 70.0 159.0 4 13.6 5.0 Lotfy and Van der Voo (2007)

43.0 5.0 28.5 30.5 61.0 156.0 6 8.2 8.1 Perrin and Saleh (2018)

43.5 6.5 30.0 32.1 69.4 189.4 4.4 7.6 6.0 Hussain et al., (1979)

45.0 11.0 28.0 32.4 69.0 161.0 3.5 12.4 4.5 Perrin and Saleh (2018)

50.0 16.0 26.0 33.0 88.0 159.0 3 25.7 3.0 Kent and Dupuis (2003)

59.0 2.0 23.3 27.3 72.0 204.0 5 9.1 6.7 Lotfy (2015)

72.5 4.5 25.5 29.0 81.5 225.0 7.2 18.8 8.3 Saradeth et al., (1987)

77.5 14.5 26.0 34.0 63.0 252.3 2.2 6.0 3.0 Ressetar et al., (1981)

82.0 4.0 24.5 34.3 67.0 229.0 5 5.1 6.9 Lotfy (2011)

82.5 17.5 23.6 28.6 77.2 259.0 9.8 18.3 11.4 Hussain and Aziz (1983)

82.5 17.5 23.2 29.5 67.8 268.8 9.6 14.2 12.0 Hussain and Aziz (1983)

82.5 17.5 25.0 33.0 80.4 227.0 4.1 17.8 4.8 Schult et al., (1978)

82.5 17.5 25.0 33.0 79.3 220.0 4.0 16.5 4.8 Schult et al., (1978)

82.5 17.5 24.2 33.1 75.0 203.2 8.3 12.1 10.7 El Shazly and Krs (1973)

83.0 17.0 25.0 29.5 66.0 141.0 9 16.6 10.8 El-Shayeb et al., (2013)

(continued)
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Table 1 (continued)

Age Unc Slat Slong Plat Plong A95 k a95 Reference

83.0 17.0 22.6 31.8 83.0 283.0 5 24.8 5.1 Mostafa et al., (2016)

83.0 17.0 22.6 31.8 78.0 280.0 5 22.4 5.4 Mostafa et al., (2016)

84.5 10.5 24.1 34.7 61.1 237.6 5.3 0.9 7.5 Ressetar et al., (1981)

87.5 7.5 24.5 34.2 63.5 217.9 4.0 0.7 5.7 El Shazly and Krs (1973)

89.0 2.0 24.6 34.0 59.1 266.0 9.3 7.7 12.6 Ressetar et al., (1981)

92.0 2.0 24.5 34.3 86.0 223.0 9 23.1 9.6 Lotfy (2011)

93.0 7.0 24.4 34.3 69.3 258.1 5.8 12.4 7.4 Schult et al., (1982)

94.5 16.5 24.5 33.5 75.7 228.3 13.8 13.4 17.5 Ressetar et al., (1981)

95.0 5.0 28.9 28.4 71.0 151.0 6 16.3 7.2 Odah (2004)

104.0 7.0 24.5 34.3 55.0 250.0 5 ‒ 1.1 7.1 Lotfy (2011)

105.5 39.5 23.12 35.46 59.0 273.0 4.9 10.4 6.5 Perrin and Saleh (2018)

105.5 39.5 23.12 35.46 57.0 302.0 7.2 23.4 7.6 Perrin and Saleh (2018)

105.5 39.5 22.78 31.48 64.0 252.0 2.5 6.8 3.4 Perrin and Saleh (2018)

105.5 39.5 22.43 31.21 62.0 258.0 7.0 6.9 9.6 Perrin and Saleh (2018)

105.5 39.5 26.57 32.97 87.0 323.0 7.2 28.1 6.9 Perrin and Saleh (2018)

105.5 39.5 26.57 32.97 48.0 295.0 4.9 16.6 5.9 Perrin and Saleh (2018)

132.5 67.5 26.3 33.2 44.9 273.0 30.4 1.9 42.9 Hussain et al., (1979)

140.0 15.0 22.7 34.5 68.0 268.0 5 14.1 6.3 Abd El-All (2004)

145.0 20.0 25.0 29.5 78.0 294.0 8 25.1 8.2 El-Shayeb et al., (2013)

295.03 35.0 26.7 33.9 42.7 216.2 8.6 ‒ 16.6 10.3 Nairn et al., (1987)

500.03 50.0 26.0 33.0 ‒ 53.5 147.0 18.0 ‒ 40.3 13.8 Davies et al., (1980)

503.53 23.5 26.5 33.0 ‒ 87.3 124.2 4.8 ‒ 30.7 4.4 Davies et al., (1980)

503.53 23.5 25.0 34.5 85.1 165.7 5.2 26.8 5.1 Davies et al., (1980)

515.03 27.0 27.7 33.3 87.3 25.9 11.8 33.1 10.3 Abdullah et al., (1984)

515.03 27.0 27.7 33.3 81.6 120.8 4.1 29.8 3.8 Abdullah et al., (1984)

515.03 27.0 27.7 33.3 82.7 273.5 7.4 27.1 7.3 Abdullah et al., (1984)

595.53 15.5 26.0 33.0 36.1 197.1 11.9 ‒ 22.4 12.8 Davies et al., (1980)

Table 2 Paleomagnetic mean data for Egypt. Caption: Age: median age bin for paleomagnetic mean data; Long/Lat: longitude and latitude of
mean paleopole for respective age bin with according paleolatitude (k) and a95 based on a site within Egypt (Lat = 27°, Lat = 30°); mean
paleopoles are based on paleomagnetic data from Egypt in the same Northeast African (NEA) reference frame and rotated into South African (SA
using rotation parameter of Lat = 40.5°, Long = ‒ 61.4°, angle = ‒ 0.7°, Torsvik et al., 2012), West African (WA, rotation parameters of
Lat = 19.2°, Long = 352.6°, angle = ‒ 6.3°, Kidane et al., 2013), and into West and subsequent South African reference frame (WA–SA, rotation
parameters of WA, see latter, and to SA of Lat = 33.6°, Long = 26.0°, angle = 2.3°, Torsvik et al., 2012)

NEA To SA1 To WA2 To WA–SA3

Age Long Lat A95 k a95 Long Lat k a95 Long Lat Long Lat k a95

25 139.9 77.0 6.4 22.0 7.0 139.9 77.0 22.0 7.0

75 244.5 76.5 5.9 15.7 7.2 244.7 76.6 15.8 7.2

125 260.0 73.3 6.6 15.7 8.0 261.0 73.6 16.1 8.0

175 274.9 64.0 17.5 14.0 21.9 275.5 64.2 14.4 21.8

225 273.0 44.9 – 1.9 – 273.0 45.1 2.1 – 272.1 51.0 274.3 49.2 5.2

275 216.2 42.7 – 20.1 – 215.8 43.2 19.6 – 209.1 46.6 212.4 46.8 ‒ 16.6

325 216.2 42.7 – ‒ 20.1 – 215.8 43.2 ‒ 19.6 – 209.1 47.0 212.4 46.8 ‒ 16.6

425 327.0 53.5 – 37.3 – 327.2 53.2 37.4 – 332.8 55.5 332.5 54.0 40.4

475 322.3 84.8 11.3 28.9 10.8 327.0 84.6 29.3 10.6 27.6 84.0 11.0 83.8 32.8 9.9

525 322.3 84.8 11.3 28.9 10.8 327.0 84.6 29.3 10.6 27.6 84.0 11.0 83.8 32.8 9.9

575 244.0 65.9 68.1 6.5 93.7 244.2 66.3 6.9 93.3 236.2 71.8 242.2 70.8 10.4 –
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6 Summary

In summary, due to the pervasive remagnetization suffered by
several rock formations and the absence of primary paleo-
magnetic data from Paleozoic rocks, the authochtonous
Egyptian dataset is not ideal to establish the paleogeographic
evolution of Egypt throughout the whole Phanerozoic.
However, for the last 150–200 Ma, the available data are in
good agreement with each other and also with rotated data
from other areas of Africa. Using most recent continental
paleogeographic reconstructions, the evolution of Egypt went
from a position close to the paleo-equator at the beginning of
the Phanerozoic toward * 60°S at * 400 Ma and back
toward * 30°N at present day. This evolution is related to
rotational movements of Gondwana, the northward motion of
Pangea, and the closure of the Neotethys.
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Precambrian Life and Cambrian Revolution

Abdel Galil Hewaidy

Abstract

The Precambrian or Cryptozoic Eon represents about
88% of the Earth’s geologic time. It is subdivided into
Hadean (4543–4000 mya), Archean (4000–2500 mya),
and Proterozoic (2500–541 mya) eons. Life originated on
Earth according to the theory of organic revolution in the
mid-oceanic ridges through a sequence of chemical
reactions between carbon, hydrogen, oxygen, and nitro-
gen under electrical charge to produce amino acids that
joined together to form proteins and nucleic acids, and
these must be transformed into living, self-replicating
structures, in oxygen-free environment at the Late Hadean
to Early Archean time. The Precambrian in general is
distinguished by the poverty of its life compared to the
succeeding Phanerozoic. Furthermore, the Archean is
greatly poorer than the Proterozoic. Archean life wit-
nessed the change from the abiologic evolution to
biologic evolution. All Archean life was pelagic prokary-
otes including methanogens, bacteria, and cyanobacteria
(blue-green algae). The oldest known fossils on Earth
were recorded in the chert of the banded iron formations
in the greenstone belt terranes in Canada, Greenland,
Australia, and South Africa. The oldest Archean life
records are organic carbon and graphite preserved as
microbial mats in stromatolites included in the greenstone
belt of Nuvvuagittuq in Quebec, Canada, and Isua in
southwest Greenland dated at about 3700–3800 mya. The
Archean oldest cellular life is recorded in Fig Tree
Formation or Group in South Africa and the North Pole
area in Western Australia at about 3500 mya. Methano-
gens are suggested to maybe as a link to the earliest forms
of life. The prokaryote’s fossil records of Proterozoic are
comparatively abundant, relative to that of the Archean.

The Gunflint Chert algae from the Gunflint Iron Forma-
tion of Ontario, Canada, is the first Precambrian
microflora to be described. It is dated to about 2 billion
years and represents the evidence for diversity of
prokaryotic life at that time. It is diverse and includes
thread-like, rod-like, and spheroidal, star-shaped, and
umbrella-shaped species identical in form to present-day
bacteria and blue-green algae. Pelagic single-celled
eukaryotic acritarchs appeared in about 1500 mya. Bitter
Springs fauna in Australia gives evidence for diversifica-
tion of eukaryotes and evolution of sexual reproduction.
The Ediacaran fauna is soft-bodied with calcareophos-
phatic shells appeared in the Late Proterozoic Ediacaran
Period between 635 and 541 Mya after the Cryogenian
glaciation. In Egypt, an Ediacaran algal microfloral
assemblage was described from the Igla Formation,
Hammamat Group, cropping out in Wadi Igla, west
Marsa Alam, Eastern Desert. This assemblage includes
seven species related to phylum Cyanophyta and one
species phylum Pyrrophyta. These in addition to microph-
tolites (oncolites) of cyanobacterial growth and other
unnamed forms of probable algal affinities have also been
reported. The transition from Precambrian at the end of
the Ediacaran Period with soft-bodied fossils to Cambrian
with appearance of the first assemblages of shelly faunas
is known as the Cambrian Explosion. This major event in
Earth’s history spans about 13–25 million years after
541 mya and led to the emergence of most modern
metazoan phyla. This event is passed in three stages: low
diversity, moderate diversity (Tommotian Stage), and
high diversity (Atdabanian Stage). The last stage wit-
nessed the first appearance of Trilobites. In Egypt, a rare
microfossil assemblage including some archaeocyathids,
sponge spicules, and the algal Bactrophycus oblongum
Zhang was recorded in the Igla Formation, Hammamat
Group, cropping out in Wadi Semna, near Safaga, Eastern
Desert. These in addition to seven agglutinated forami-
niferal species following four genera recorded from the

A. G. Hewaidy (&)
Geology Department, Faculty of Sciences, Al-Azhar University,
Cairo, Egypt
e-mail: ahewaidy@azhar.edu.eg

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
Z. Hamimi et al. (eds.), The Phanerozoic Geology and Natural Resources of Egypt, Advances in Science,
Technology & Innovation, https://doi.org/10.1007/978-3-030-95637-0_5

133

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-95637-0_5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-95637-0_5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-95637-0_5&amp;domain=pdf
mailto:ahewaidy@azhar.edu.eg
https://doi.org/10.1007/978-3-030-95637-0_5


same Igla Formation in Wadi Semna may indicate a
Lower Cambrian age for that formation in Wadi Semna.
The Araba Formation is the oldest Paleozoic sedimentary
unit exposed in southwest Sinai and northern part of the
Eastern Desert. The lower part of the Araba Formation
includes a limestone bed with body fossils of stromato-
lites and archaeocyathid elements of probable Early
Cambrian age. The Araba Formation is found ichnofossil
bearing, and about 20 species of these trace fossil species
were recorded from the middle unit of the Araba
Formation and ensured its Lower Cambrian age. The
Burgess Shale fauna is a middle Cambrian exceptional
assemblage of more than 170 species representing at least
eight known phyla of animals of soft-bodied and
biomineralized organisms. It affords a profoundly infor-
mative picture for the Cambrian post-explosion world. All
oxygen in the Earth’s atmosphere was produced in Early
Proterozoic time by photosynthesis of the cyanobacteria.
This released oxygen in the atmosphere and the shallow
oceans experienced an oxygen rise leading to the oxygen
revolution at approximately 2400–2000 Mya which killed
major part of the living prokaryotes.

Keywords

Prokaryotes � Oxygen revolution � Ediacaran fauna �
Cambrian revolution � Burgess Shale fauna

1 Introduction

The Precambrian or the Cryptozoic Eon—that immensely
long interval of geologic time preceding the appearance of
abundant megafossils in the Cambrian—covers approxi-
mately seven–eighths {4541–541 mya} of the Earth’s entire
time of existence. The Hadean, Archean, and Proterozoic
eons are subdivisions of the main informal Precambrian unit
of the geologic time scale. The Precambrian straddles from
the establishment of Earth about 4.6 billion years ago
(Ga) to the start of the Cambrian Period, about 541 million
years ago (Ma), when creatures with hard skeleton first
appeared in high abundance. Hadean Eon spans from 4.6 to
4.0 Ga, Archean Eon spans from 4.0 to 2.5 Ga, and
Proterozoic spans from 2.5 Ga to 541 million years ago.

Until 1950s, this major part of the Earth’s history was
believed to be barren of any fauna, and the oldest known
fossil was the Trilobites. No logic interpretation for this
absence of life during this very long time interval. During
the last seven decades, a lot of discoveries, experiments,
radiometric dating, and scientific hypotheses tried to throw
lights on this Precambrian life history and their evolutionary
steps.

During this very long time interval, life developed very
slowly from its first appearance at about 4000 mya as
pelagic non-skeletal single-celled bacteria and cyanobacteria
to pelagic skeletal metazoan life at the start of the Cambrian
time.

At the beginning of the Hadean at about 4543 Ma, the
Earth accumulated from material scattered in orbit around
the Sun and may have been impacted by a very huge
(Mars-sized) planetesimal shortly after it formed. Moon was
formed from the scattered material of this impact. The oldest
Earth’s crust was apparently in place by 4433 Ma, since
zircon crystals from Western Australia have been dated at
4404 ± 8 Ma. Hydrosphere and atmosphere are formed
during this Hadean time and soon after the formation of the
Earth at 4543 mya. Life originated nearly at the Late Hadean
to Early Archean and takes the time interval of the Archean
(4000–2500 mya) and Proterozoic (2500–541 mya) to
diverse and widespread.

The Phanerozoic fossil record is richer than that of the
preceding Precambrian, where the Precambrian fossils (e.g.,
stromatolites) are of restricted biostratigraphic usage. This
can be explained by one of the following three reasons:
(1) Many Precambrian rocks are heavily metamorphosed,
which obscures their origins, (2) many Precambrian rocks
have been destroyed by erosion, and (3) vast areas of Pre-
cambrian rocks have been deeply buried beneath Phanero-
zoic strata.

The main feature of the Earth is the distribution of life on
its surface and preservation of its remains in its layers. This
life may be biochemically originated before 3800 mya in the
mid-oceanic ridges which have the favorable conditions for
formation of the first cells. The evolution and extinction are
the main features of that life. Evolution is the process by
which life has developed from single-celled prokaryotic
organisms to the present complex animals and plants during
the Earth’s history. That life was affected during its long
history on Earth by many catastrophic events including the
oxygen revolution event at 2400 million years ago, snowball
Earth at the late Proterozoic glaciation events, and the five
great extinction events in the Phanerozoic Eon. These
catastrophic events lead to major extinctions in the life
content on the Earth.

2 Origin of Life

2.1 Definition and Characteristics of Life

Earth is the only astronomical entity known to harbor life.
This is for its suitable size and temperature. The suitable size
should be large enough to have sufficient gravity, to retain an
oxygen atmosphere and small enough to allow hydrogen to
escape. The suitable temperature is in the range of 0–100 °C.
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Based on geological and geochemical evidence, Earth is
believed to be formed over 4.54 billion years, and life may
have appeared as early as 4.1 billion years ago. Life
appeared in the oceans and began to play main role in
changing Earth’s atmosphere and surface, resulting in
propagation of anaerobic and, later, aerobic organisms.
Since then, the combination of Earth’s distance from the
Sun, physical criteria, and geological context have permitted
life to advance and thrive. During the last 200 years, the
fossil record provides a tremendous increase in our knowl-
edge about history of life and amazing changes in types of
organisms that have populated the Earth. Various scientific
hypotheses are used to explain the observed changes in life
with time and account for the life origin. The meaning of life
and how it may have originated are two critical and debat-
able questions about the life which is the fascinating and
important phenomenon of our Earth.

Life is defined as the circumstance that discriminates
animals and plants from inorganic materials, including the
ability for growth, reproduction, functional activity, and
continual change preceding death. Life is marked by the
following characteristics:

• Organisms are distributed on Earth in areas where water
occurred in a liquid state, as water is vital for support of
living organisms.

• Solar radiation into the Earth surface, temperature of the
land surface, and chemical composition of the atmosphere
and hydrosphere are other important environmental con-
ditions influencing the ability of organisms to exist in the
biosphere.

• Living systems are recognized by particular diagnostic
characteristics and essentially represent chemical factories
that consist primarily of four elements—carbon, hydro-
gen, nitrogen, and oxygen—that combine to form organic
molecules. These elements also combine with lesser
amounts of about 20 other elements to provide a large
number of complex molecules.

• Organisms consist of one or more cells that are capable of
reproducing themselves by chemical replication of a wide
variety of complex organic molecules.

• Individual organisms undergo many other chemically
related activities such as metabolism, excretion, and
growth.

• Important metabolic reactions in cells are:
– Fermentation is the process of splitting organic com-

pounds such as sugar to release energy, carbon diox-
ide, and alcohol. Organism using this process depends
on an external supply of organic molecules and is
heterotrophic as yeast. It is an anaerobic process that
produces alcohol and releases about 50 cal of heat

energy. This reaction goes according to the following
equation.

C6H12O6 Sugarð Þ ! 2CH3CH2OH alcoholð Þ
þ 2CO2 þ 50 cal=mol

– Photosynthesis is a process that green plants and cer-
tain other organisms employ to convert light energy
into chemical energy. During photosynthesis in green
plants, light energy is utilized to convert water, carbon
dioxide, and minerals into energy-rich organic com-
pounds (e.g., sugar), and oxygen is liberated as a
by-product. This free-produced oxygen is a poison to
life. Organism using this process manufactures their
own food and is autotrophic as plants, algae, and
cyanobacteria. Photosynthesis is an aerobic process
and provides a much larger amount of heat energy.
This reaction goes according to the following
equation.

2CO2 þ 2H2Oþ 686 cal=mol

! C6H12O6 sugarð Þþ 6O2 þH2O

– Respiration is the process by which cells combine
sugars and oxygen to produce energy, water, and
carbon dioxide. Organism using this process depends
on an external supply of organic molecules and is
heterotrophic as animal-like organisms. It is an aerobic
process and provides a much larger amount of heat
energy. This reaction goes according to the following
equation.

C6H12O6 Sugarð Þþ 6H2Oþ 6O2

! 6CO2 þ 12H2Oþ 686 cal=mol

• Organisms are able to move or cause motion in water or
air.

• Individuals, whether unicellular or multicellular, have a
boundary layer such as a cell membrane, cell wall, or skin
that permits selective exchange of gases and liquids with
the environment.

• All life as we know it has the characteristic ability to
adapt to environmental changes, whether by physiologi-
cal response to small-scale seasonal changes or by genetic
change of successive generations through a longer inter-
val of time.

Living organisms should possess all of these character-
istics. Paleontologists recognize that fossils are the remains
or traces of once-living organisms, so we may assume that
such fossilized organisms also possessed these characteris-
tics when they were living.

Precambrian Life and Cambrian Revolution 135



2.2 The Origin of Life

In summary, the formation of life probably began with for-
mation of amino acids. Amino acids can be produced by
electrical discharge in a mixture of water, methane, ammo-
nia, and hydrogen, or of carbon monoxide, carbon dioxide,
and nitrogen. To form life, amino acids must join to form
proteins and nucleic acids, and these must be transformed
into living, self-replicating structures. This could form only
in oxygen-free environment and in oceans. Fossil bacteria
and cyanobacteria (blue-green algae) are found in rocks as
old as 3500 million years ago. The first organisms with
sexual reproduction are green algae 1000 Ma in Australia.
The evolution began about 1400 Ma.

Life on Earth originated by a sequence of chemical
reactions that produced aggregates of organic molecules
under environmental conditions significantly different from
those existing on the planet today within the early hydro-
sphere during pre-Archean to Early Archean time. This
model provides a logical complement to the theory of
organic evolution, in that they suggest that many of the same
mechanisms that control populations today—competition,
replication of molecules, and natural selection—influenced
the development of non-living, or abiologic organic mole-
cules that preceded the first living cells.

In 1870, Huxley discussed the idea that biological sys-
tems evolved from abiological molecules in primitive oceans
resembling dilute organic soup, but he was at a loss to
explain the method by which this may happen. Oparin and
Haldane in the 1930s supported hypotheses that life began
on Earth as a result of chemical reactions in oxygen-deficient
environments. These ideas stimulated a number of labora-
tory experiments in which attempts were made to duplicate
conditions thought to exist on primitive Earth.

The key experiment of Urey in the 1950s had suggested
that in the early stages of Earth’s history, its atmosphere
consisted of ammonia and methane and thus was a reducing
atmosphere. The graduate student of Miller constructed an
apparatus containing these gases and water and energized the
mixture with electrical discharge, Fig. 1. Within a short
time, a variety of organic molecules had formed, including
many types that occur in living organisms. This experiment
provided strong evidence for a method by which complex
organic molecules and possibly living cells could develop
from simple chemicals in appropriate environments.

• Life on Earth may originate in mid-oceanic ridges for the
following causes:
– The great volume of these ridges gives a wide range of

temperatures needed for organic evolution.
– Chemical compounds needed to originate life are

dissolved in the hot water around these ridges.

– The common occurrence of phosphorus is a basic
request for building living cells.

– Zinc and nickel which are needed by small amounts
are existing with minor amounts and needed for all
organisms.

– Early composed molecules and reactions may have
been bound up within clay minerals, either in the
oceans or in hot springs. In this situation, the atomic
structure of the clay may have acted as template for the
development and restructuring or replication of
developing organic molecules.

– The absence of oxygen helped simple organisms to
start chemical reactions and give organisms their
energy requirements.

• From a series of abiological evolutionary processes dur-
ing pre-Archean or Early Archean time. In this time,
Earth was probably with an atmosphere of CO2, CO,
H2O, N2, H2, oceans of water, and sedimentation pro-
cesses occurring. This evolutionary process consisted of a
number of progressively more complex chemical reac-
tions which involved pre-biologic molecules within the
early hydrosphere.

• The reactions involved the four main chemical building
blocks of carbon, hydrogen, nitrogen, and oxygen and led
to the formation of organic compounds into more com-
plex organic macromolecules.

• These macromolecules responded to environmental
changes by undergoing various reactions, Fig. 2.

Fig. 1 Miller apparatus. Methane, ammonia water vapor, and hydro-
gen gas were circulated in a system sealed off from the atmosphere and
subjected to electric charge. Amino acids formed in a relatively short
time and collected in the trap (Miller experiment in Wikipedia)
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• A combination of macromolecules formed that possessed
a combination of characteristics which fit our definition of
life, and so the simplest living system, the cell, appeared
on Earth.

• Laboratory experiments and studies of remaining Early
Archean rocks give a wide range of information about the
origin of life. This information suggests that living
organisms developed (a) by a sequence of successively
more complex chemical reactions, (b) during an unknown
length of geologic time after formation of the lithosphere,
atmosphere, and hydrosphere, and (c) within an anaerobic
hydrosphere and atmosphere, lacking an ozone layer, that
allowed high levels of ultraviolet radiation to reach the
surface.

• Life originally formed from chemicals that underwent a
succession of many different reactions. These chemical
combinations and recombinations may have taken place
over a reasonably short time interval. The reactions may
have occurred in the primitive hydrosphere, because the
various properties of water would have provided appro-
priate environments for necessary chemical reactions and
would have provided some protection from ultraviolet
radiation.

• As the organic molecules became more complex, the clay
mineral templates were eliminated and the newly formed
molecules could have gradually migrated to the oceans.

• This model for the origin of life is maintained by several
evidences in the Early Archean rock record:

Fig. 2 Synthesis of hypotheses for the origin of life. Most significantly, these ideas support an origin through gradual chemical evolutionary steps
occurring within some part of Earth’s hydrosphere over a significant length of Early Archean time. Living systems (cells) represented a change
from inorganic chemical evolution to organic chemical evolution (Cooper et al., 1990)
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– These rocks indicate a lack of free oxygen in the
Earth’s early atmosphere as no oxidized iron minerals
are preserved in the sedimentary and metasedimentary
rocks of this time.

– These rocks composed predominantly of detrital par-
ticles, and nonterrigenous rocks such as limestone and
dolostone are very rare. This scarcity of nonterrige-
nous (chemical) rocks is explained by the existence of
low pH values in the primitive oceans.

– Many of these old rocks contain unstable minerals,
such as uraninite and pyrite that could not have sur-
vived in the presence of oxygen.

– These rocks contain carbon that in some instances
appears to have been derived from an organic source.
At few localities, micro-sized structures have been
found which are interpreted to represent carbonized
organic remains of simple cells. These structures have
been recognized only since the 1950s and considered
to represent bacteria and cyanobacteria (blue-green
algae).

– This organically derived carbon and microfossils
indicate that life had originated in the Early Archean
or Late Hadean time.

3 Precambrian Life

The Precambrian interval is paleontologically characterized,
then, by pelagic microfossils of monerans first and by
monerans and one-celled protistans later. Benthic stromato-
lites produced by blue-green algae occur throughout, but are
far more common during its latter half. Megafossils of the
larger multicellular animals or metazoans are not recorded
throughout almost the entire Precambrian.

The Precambrian well-preserved remains of microfossils
have been found in sedimentary rocks billions of years old.
Such preservation is possible mainly because of the physical
properties of the mineral chert, which in pure form is silicon
dioxide (SiO2). This material precipitates rapidly as nodules
or thin beds in seawater, hardens quickly, and becomes a
very durable, noncompressible rock; therefore, this mineral
is ideal for the preservation of simple, semirigid organisms
such as bacteria and fungi. Microfossils in these cherts are
examined in thin sections under high magnification micro-
scopes. Evidences of this Precambrian life were recorded in
different continents.

In the early 1950s, Tayler made a startling discovery that
started a new dimension in our understanding of early life on
the Earth. This was the first definitive evidence of life in the
Precambrian. This is the Gunflint microbiota of 2000 million
years old. This includes prokaryotic fossils including bac-
teria and cyanobacteria. Prior to Tyler’s discovery, the only

described Precambrian fossils were the megascopic
pillar-like and mound-shaped laminated structures called
stromatolites. In 1965, Barghoorn and Schopf collected
rod-shaped, thread-like filaments and spherical microorgan-
isms of bacteria and cyanobacteria of Fig Tree Formation in
South Africa, which dated to about 3400 million years ago.
Schopf and Barghoorn also identified unicellular eukaryotes
(microorganisms with a cell nucleus) from the chert of the
Bitter Springs Formation in Northern Australia of about
900 million years ago.

Thus, during the 1950s and 1960s, major discoveries not
only provided evidence in Precambrian, but also shed light
on the crossing of three major evolutionary thresholds.

• The Fig Tree Formation microfossils were evidence that
the transition from chemical evolution to organic evolu-
tion had been crossed prior to 3400 million years ago;

• The Gunflint Formation microbiota was evidence of the
crossing of the threshold of diversity at least 2000 million
years ago; and

• The Bitter Springs Formation eukaryotes were evidence
that the greatest of all thresholds had been crossed—the
evolution of nucleated cell. Once the nucleated cell
evolved, the chromosomes and the DNA and RNA
molecules could be confined and organized, paving the
way to sexual reproduction and emergence of the multi-
cellular life.

3.1 The Archean Life

Archean life preserved in rocks of that time can be difficult
to distinguish as they have been altered totally over its very
long time period of about 3.5-billion-year history. The cell
wall structure may be preserved, but the original composi-
tion alters over time due to mineralization. Six criteria must
be approved in a certain microstructure to be considered a
microfossil:

• Acquiring an abundant occurrence.
• True microfossils should be of carbonaceous composi-

tion, if mineralic, or be biologically precipitated (for
example, some bacteria form pyrite due to metabolic
processes).

• Exhibiting a distinguishable biological morphology.
• Occurrence in a geologically reasonable context (for

instance, microfossils cannot be present in igneous rock,
as living organisms cannot dwell in molten lava).

• Fitting within a logic evolution system (for instance,
complex microfossils are implausible to found at 3.5 Ga,
where they have not emerged from their more simple
cellular ancestors yet).
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• Clear distinction from carbonaceous matter of the
non-biogenic origin.

43 groups of assumed Archean fossils had been docu-
mented from 30 sedimentary units. Almost, all of these
Archean fossil records have been questioned as true fossils at
one time or another. The Archean terranes of southern Africa
and Western Australia represent the most promising targets
for Archean fossils. Older microorganisms were recorded in
Nuvvuagittuq Greenstone Belt (NGB), Northern Quebec,
and Isua Greenstone Belt, southwest Greenland, but these
two records are controversially interpreted as putative
organic remains.

These records are described in some detail in the fol-
lowing lines arranged in chronological order as follows:

3.1.1 Abiologic Chemical Evolution

• Nuvvuagittuq Greenstone Belt (NGB) life

The earliest life on Earth is represented by microstructures
that occur in the form of hematite tubes and filaments,
comparable in shape and size to structures formed at present
by the action of bacteria inhabiting subsea hydrothermal
vents. These microstructures are thought to have been pro-
duced by “biological activity” and afford clues for the
hypothesis that abiogenesis began near hydrothermal vents.
This earliest microfossil life on Earth existed during the
Hadean-Eoarchean Era when the Earth’s crust had become
cool and hardened after the molten Hadean Eon. This earliest
physical record so far found comprises microfossils in the
Nuvvuagittuq Greenstone Belt (NGB). This belt is a suc-
cession of metamorphosed mafic to ultramafic volcanic and
sedimentary rocks, which is called a greenstone belt, situated
on the eastern shore of Hudson Bay, 40 km southeast of
Inukjuak, Northern Quebec, Canada, Fig. 3. These rocks
have experienced impressive metamorphism and signify
some of the oldest rocks on Earth. This finding is found in
banded iron formation rocks of at least 3.77 Ga (possibly
4.28 Ga), which suggest that life had initiated immediately
after oceans formed.

• Isua Greenstone Belt life

The Isua Greenstone Belt includes another evidence on the
earliest life on our Earth. This record is represented by
remains of complex stromatolite microbial colonies that
display wavy and dome-shaped forms of a typically 1–4 cm
high. It is preserved in iron and magnesium-rich dolomites
that had recently been recovered by snow melting. In other
portions of the Isua supracrustal belt, graphite inclusions
enclosed within garnet crystals refer to the other elements of

life: oxygen, nitrogen, and possibly phosphorus, indicating
additional signal for life at 3.7 Gya. The complex structure
of the Isua stromatolites proposes a somewhat sophisticated
life, and the earliest life on Earth probably emerged over
4 Ga. Isua Greenstone Belt is distributed in Akilia Island,
near the Isua supracrustal belt in southwestern Greenland. It
is an Archean greenstone belt with metamorphosed mafic
and sedimentary rocks. It has shown biogenic carbon iso-
topes, dated to 3.7–3.8 Gya. Therefore, it has long been the
target of studies dedicated to explore the signatures of early
terrestrial life (Fig. 4).

3.1.2 Biologic Chemical Evolution
The second main phase in the evolution of life on Earth
following the abiologic evolution is the cellular evolution.
The fossil evidences of that stage are recorded in Fig Tree
Formation in the Barberton Greenstone Belt exposed in
eastern South Africa and in Pilbara Craton of Western
Australia. The existence of these records denotes that cel-
lular life evolved prior to that time, and a window of about
one billion years for cellular life to evolve on a lifeless Earth.

The abovementioned cratons have remarkably similar
early Precambrian lithostratigraphic and chronostratigraphic
structural sequences between 3.5 and 2.7 Ga. Paleomagnetic
records from two ultramafic complexes in the cratons
revealed that at 3.87 Ga the two cratons might have been
part of the Vaalbara supercontinent (Fig. 5). In the follow-
ing, some notes on these two localities.

Fig. 3 Location of the Nuvvuagittuq Greenstone Belt (NGB) shown in
light gray
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• Fig Tree and Onverwacht Groups in South Africa

The Kromberg and Hooggenoeg formations, which belong
to the Onverwacht Group, include the oldest microfossils in
the South African Barberton Greenstone belt. These forma-
tions are mostly composed of igneous rock and partly
metamorphosed sedimentary rocks that still promising to
locate some microfossils in chert. The microfossil content of
these cherts is represented by microbial mats and stromato-
lites. Evidence for this hypothesis is preserved in both chert
and lithified stromatolites.

Fig. 4 Isua Greenstone Belt (in Wikipedia)

Fig. 5 Vaalbara today (in Wikipedia)
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Stromatolites are large colonies of microorganisms, pro-
duced by cyanobacteria, consisting of sediment layers
alternated with microbes. Stromatolites denote shallow-
water settings in the fossil record, as inferred from the
necessity of microbes to exist in the photic zone of water.
Stromatolites are usually composed of filamentous micro-
fossils, Fig. 6. The oldest stromatolites have been formed at
approximately 3.5 Ga in the Archean. They are the most
striking and characteristic group in the Proterozoic, while
their abundance started to decrease around 1000 Ma, slowly
at first and then devastatingly around the culmination of the
Proterozoic. The most accepted explanation for the stroma-
tolites deterioration is the appearance of organisms that
either competed with stromatolites for space on the shallow
sea floor (seaweeds developed around the same time) or fed
on the microbial mats.

Microfossils recovered from the Barberton chert extend
recordist age back to 3.5 Ga. Chert can have different colors,

but microfossils commonly associate black cherts, where the
dark color specify organic material. The recorded fossils
include a Huronia an algal-like form and Eubacterium, a
bacterium, Fig. 7.

These microstructures are considered organic upon the
following five principal arguments:

• Are within the size range of modern prokaryotes.
• Form a bell-shaped or polymodal size distribution with a

limited range of 1–4 lm and have a diagnostic size like
that of modern prokaryotes.

• Exhibit a variety of shapes: flattened, wrinkled, and fol-
ded as well as spherical.

• Preserved in approximately various phases of cell
division.

• The C12: C13 ratios are too high for inorganic origin and
even suggest carbon fixed by the process of
photosynthesis.

Fig. 6 a Day-night accretion cycle in stromatolites. b Idealized from zonation of stromatolites at Shark Bay, Western Australia (Cooper et al.,
1990)
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• Warrawoona Group, North Pole dome region of the
Pilbara block, Western Australia

The Pilbara Craton represents the stable part of the conti-
nental lithosphere situated in Pilbara, Western Australia,
Fig. 8. It is of Archean age (3.6–2.7 billion years ago).

The Pilbara region of Western Australia comprises some
exposures for the oldest rocks preserved on Earth. It includes

another evidence of early life. This record is represented by
rounded tubular cells that oxidized sulfur by photosynthesis
in oxygenless conditions, Fig. 9, found in pyrite-bearing
sandstone in a fossilized beach. Another fossil record is
stromatolites-layered structures of 3.48 Ga in the unde-
formed hydrothermal-sedimentary strata of the Dresser
Formation which show textural criteria suggestive for bio-
genic origins, Fig. 10. Major evolutionary events in the
Archean are shown in Table 1.

3.1.3 Methanogens
Methanogens are suggested to may be as a link to the earliest
forms of life. Methanogens are a distinct group of prokaryote
microorganisms which grow by oxidizing hydrogen and
reducing CO2 to methane (CH4). They are anaerobic; they
die in the presence of oxygen and confined to unusual
oxygen-free environments such as deep hot springs and fetid
mud bottoms of stagnant ponds. They have a unique RNA
nucleotide sequencing. As the Earth’s original atmosphere
was devoid of oxygen and rich in CO2, the very conditions
under which methanogens thrive and under which the
Earth’s original life might have evolved. All prokaryotes
including methanogens, bacteria, and cyanobacteria have
had a common ancestor and had the same RNA sequence at
one point in their past. Thus, a major radiation of metha-
nogens predated the Fig Tree and North Pole organisms.

3.2 Proterozoic Life

3.2.1 Prokaryotes

• Methanogens, bacteria, and cyanobacteria (blue-green
algae) are of nonnucleated cells and belong to the
superkingdom Prokaryote.

• Prokaryotic Archean fossil record is very limited com-
pared to that of the abundant Proterozoic that includes
about 300 species recorded from both shales and cherts in
a large number of localities. This prokaryotes fossil
record increased in abundance and became widely dis-
persed by about 2100 Ma. The major part of these species
is of cyanobacterial affinity.

• The Gunflint Chert algae and fungi from the Gunflint Iron
Formation of Ontario, Canada, discovered in 1954 is a
much more extensive assemblage and the first Precam-
brian microflora to be described. It is dated to about
2 billion years by radiometric means. The flora is diverse
and includes thread-like, rod-like, and spheroidal,
star-shaped, and umbrella-shaped species identical in
form to present-day bacteria and blue-green algae. Eight
new genera with large number of species have been
named from the Gunflint Formation, Fig. 11.

Fig. 7 Fig Tree group fossils. a, b Huronia an algal-like form;
c Eubacterium, a bacterium (Mintz, 1981)

Fig. 8 Map of Australia with the Pilbara region highlighted in black
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3.2.2 Eukaryotes (The Greatest Evolutionary
Step)

• Organisms whose cells have nuclei are called eukaryotes.
The major difference between the two is the extent to
which they tolerate oxygen. Oxygen requirements are
quite different among the prokaryotes. Some are totally
anaerobic; others can tolerate small amounts of oxygen,
and some are fully aerobic. On the other hand, eukaryotes
have an absolute requirement for oxygen. Eukaryotes
arose only after a significant quantity of oxygen had
accumulated in the atmosphere.

• These conditions made possible the evolution of the more
efficient and complex eukaryotic cell of protistans.

• The Neoproterozoic, which spanned from 1000 million
years ago (Ma) to 541 Ma at the beginning of the Cam-
brian, was a very exciting time in the evolution of the
Earth’s life history. (1) Eukaryote, which is metabolically
and structurally advanced relative to prokaryote, was
arisen, and (2) Supercontinent Rodinia was assembled
and then break up and dispersed. The prokaryotic cells
differ greatly from the eukaryotic cells. Both have a cell
wall or membrane vary in composition and structure, in
order to separate the cell contents from the external
world. Eukaryotic cells are actually less complicated than
Prokaryotic cells. Both types of cells are filled with
cytoplasm, Fig. 12. The essential distinctions between the
two cell kinds lie mostly in the internal composition and
structure. In prokaryotic cells, the genetic material is
scattered within the cytoplasm instead of being captured
within the nucleus. Eukaryotic cells encompass numerous
types of specialized structures termed organelles. The
most distinctive eukaryotic organelle is, indubitably, the
nucleus, in which the genetic information is enclosed.
Table 2 summarizes the main differences between
prokaryotic and eukaryotic cells.

• The earliest acritarchs that can be considered with some
confidence eukaryotic are the oldest recorded fossils of
that group. Acritarchs are organic-walled microfossils
with a central cavity surrounded by an organic single or
multi-layered wall. They have a generally globular shape
with diameters ranging from few ten micrometers up to
two hundred micrometers. The Acritarch walls are either
smooth or have spine-like protrusions and complex sur-
face ornamentations. Acritarch’s cell wall is tough and
durable and made up of various organic compounds,
Fig. 13. Acritarch fossils are known as far back as 1800–
1900 Ma (from a special locality in China) and become
common since 1000 Ma. The earliest acritarchs resemble,
in overall morphology, the undisputed later acritarchs,
which date back to about 1400 Ma.

• The earliest development of the eukaryotes appears to
occur in a very slow rate.

• The diversity of eukaryotes, both unicellular (mostly
acritarchs) and multicellular (mostly algae), increased
greatly during the Neoproterozoic.

• Bitter Springs Formation in the northern Terrain of
Australia dated at about 1000 Ma has a well-preserved
assemblage of plants preserved as organic residues in
laminated black chert. This assemblage includes fossil of
green algae that differs from cyanobacteria (blue-green
algae) in having sexual reproduction, and some of the
fossils recovered from this chert show cell division.
Blue-green algae are abundant, and colonial bacteria,
fungus-like filamentous organisms, spheroidal green
algae, and other cellular forms are also present. Fossil
evidence indicates that the first eukaryotic organisms
developed from certain prokaryotic cells about 1.5 billion
years ago. The Bitter Springs cherts have yielded thirty
new species of plant microfossils. Over half of these are
blue-green algae and no animal life have been recognized,
Fig. 14.

Fig. 9 Microfossils from carbonaceous chert, Early Archean Warrawoona Group, North Pole dome region of the Pilbara block, Western
Australia. a Tubular or partially flattened bacterial or cyanobacterial sheaths. b Elongate, rod-shaped, apparently nonseptate fossil bacteria.
c Unbranched, septate, apparently somewhat tapering filamentous fossil prokaryote shown in petrographic thin section (Cooper et al., 1990)
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• These relatively complex microfossils from Proterozoic
strata are recorded in China, France, USA, Poland,
Scotland, Sweden, Russia, and elsewhere.

• Simple sexual reproduction had evolved by perhaps
1000 million years ago.

• Eukaryotic unicellular microfossils are rare or absent in
rocks older than 1500 million years old, while these
become increasingly more abundant in rocks younger
than that.

Fig. 10 Ancient and modern stromatolites. a Possible stromatolites from 3500 Ma Warrawoona Group, Western Australia. b Similar-looking,
modern-day crinkly laminated stromatolite from Hamelin Pool, Shark Bay, Western Australia. c Domal morphology and cross-sections of
1900 Ma stromatolites from near east arm of Great Slave Lake, Canada. d Holocene domal stromatolites exposed at low tide, Hamelin Pool, Shark
Bay, Western Australia (Cooper et al., 1990). e Pilbara stromatolites
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• The moderately diverse Gunflint microbiota at about
2000 Ma is exclusively prokaryotic; thus, it would seem
that eukaryotes first evolved sometime between about
2000 and 1500 Ma; 1500 Ma also is close to the time of
abundant occurrence of red beds.

• The prokaryotes evolved mainly during the time when
environmental oxygen concentration in the atmosphere
changed from “inconsistently essentially zero” to “con-
sistently slight.” However, by the time the eukaryotes
appeared, the atmospheric oxygen increased and was
conducive to respiration, which is the central metabolic
process of organisms having nucleated cells.

• During the first 2000 million years in the history of life,
only the simple prokaryotic level was involved.

• The emergence of superkingdom Eukaryota needs many
evolutionary biogeochemical consequences as:

– Increase in atmospheric O2 and CO2.
– Increase in carbonate rocks.
– Formation and stabilization of the ozone layer.
– Rise of sexual reproduction.

The first three underscore the profound influences that life
exerted on the total environment. Sexuality and increasing
atmospheric oxygen levels to perhaps 6–10% present
atmospheric level (PAL) may have provided the critical
evolutionary triggers that promoted Late Proterozoic
eukaryotic diversification and ultimately the evolutionary
emergence of multicellular organisms about 700 million
years ago.

• Life as we know it could not have arisen in the presence
of oxygen, but it also could not have evolved beyond

Table 1 Major evolutionary events in the Archean (Cooper et al., 1990)
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bacteria without it. Major evolutionary events during
Proterozoic are shown in Table 3 and summary of major
evolutionary events in the Precambrian is shown on
Table 4.

4 Oxygen Revolution

The Oxygen Revolution spans from 2.4 to 2.0 Ga within the
Paleoproterozoic era, when the oxygen significantly
increased in the Earth’s atmosphere and the shallow oceans
for the first time. Chemical and geological (isotopic) evi-
dences propose that biologically induced molecular oxygen
(dioxygen O2) began to accumulate in Earth’s atmosphere
and altered it from a slightly reducing to oxidizing, which
drives extinction of many species existing on Earth. The
event was caused by cyanobacteria generating the oxygen
which supported the following development of multicellular
forms.

This early atmosphere devoid of oxygen can be indicated
by evidences come from certain sedimentary minerals from
greenstone belts. These minerals are very unstable and might
reflect the concentration of free oxygen at the time they were
deposited:

• Grains of the mineral uraninite are readily oxidized and
dissolved in the presence of oxygen. Uraninite probably
could not have accumulated in Archean deposits if there

a b c d
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Fig. 11 Gunflint Chert Fossils. a–c Blue-green algae, Animikia, Entrospheroides, and Gunflintia; d Huroniospora, and algal spore; e Gunflintia
and Huroniospora; f Euastrion, a bacterium; g Kakabekia; h Eosphaera (Mintz, 1981)

Fig. 12 Prokaryotic cell versus eukaryotic cell (in Wikipedia)
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had been an appreciable concentration of atmospheric
oxygen (as much as 1% of present atmospheric level).

• Significant amounts of unoxidized pyrite also support the
notion of anoxic conditions.

In the rock record, the Banded Iron Formations (BIFs)
include the evidence for the timing of the transition from
an oxygenless to an oxygen-rich atmosphere. They are
distinct sedimentary rock units composed of alternated
bands of iron oxides and iron-poor chert, Fig. 15. Nearly
all of these sedimentary units are of Precambrian age (Early
Proterozoic between 2400 and 2000 Ma). The rich
prokaryotic microbiota of the Gunflint Formation occurs in
a banded iron formation approximately 2000 Ma. Free
oxygen released during this time joined with dissolved
ferrous iron (Fe and Fe2+) to produce insoluble ferric iron

(magnetite Fe2+Fe3+O4), which precipitated at the substrata
of the shallow seas to form BIFs. Thus, the BIFs represent
the deposits of “oxygen sinks.” The time interval of the
most abundant banded iron formation development coin-
cides with a major development of carbonate rocks and
stromatolites in the geologic record.

• Stromatolites are known from rocks 3100 and
2800 million years old in South Africa and Rhodesia, and
perhaps from rocks as old as 3500 million years old at
North Pole, Western Australia. However, the Early
Proterozoic represents a tremendous explosion in stro-
matolite development, and with it, a major build-up of
oxygen produced by the photosynthetic activity of
abundant and widespread mats of cyanobacteria. Thus,
the record of major oxygen release is provided by the
BIFs, and the record of the oxygen-releasing agent is
provided by the stromatolites.

• Red beds are another kind of iron-rich deposit that
includes detrital sediments whose particles are coated
with iron oxides, mostly the mineral hematite (Fe2O3).
Red beds are common in many sedimentary sequences
younger than about 2000 million years ago, but rare in
older ones. Banded iron formations are unknown in rocks
younger than about 2000–1800 Ma. There is some
stratigraphic overlap between these two different kinds of
iron-rich sedimentary rocks (one chemical, the other
detrital), red beds essentially supplement banded iron
formations after about 1800 million years ago.
Iron-stained red sediments are attributed to oxidation of
iron by free oxygen in the atmosphere and are most
common in non-marine (subaerially exposed) environ-
ments. The onset of red beds and disappearance of BIFs

Fig. 13 Acritarch (in Wikipedia)

Table 2 Features distinguishing eukaryotes from prokaryotes (Cooper et al., 1990)

Distinguishing characteristics Unicellular organisms

Prokaryotes Eukaryotes

Cell size Very small; generally 1–10 lm Larger; generally 20–100 lm

Cell wall Present Present

Cell organization Poor Organized

Nucleus Absent Present

Organelles Absent Mitochondria and chloroplasts

Genetic organization Loop of DNA in cytoplasm DNA organized in chromosomes within nucleus

Oxygen requirements Intolerance to tolerance Oxygen required

Metabolism Anaerobic to aerobic Aerobic

Energy production Fermentation or respiration Respiration

Reproduction Binary fission Mitosis or meiosis

Organisms represented Bacteria, methanogens, cyanobacteria Protists
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in the geologic record signals the initial build-up of
oxygen in the atmosphere after the oxygen sinks were
filled up at about 2000 million years ago.

• Evolution of life is directly connected to different phys-
ical and chemical conditions prevailing on Earth. Life
first appeared in an oxygen-free atmosphere. Oxygen was
released in the Early Proterozoic time by photosynthesis
of the cyanobacteria and at later times by cyanobacteria
and other more complex plants. Earth’s history is divided
into five stages of Earth’s atmosphere. Stage 1 (3.85–
2.45 Ga): Basically, no O2 is found in the atmosphere.
The oceans were largely anoxic with likely exception of
O2 in the shallow oceans. Stage 2 (2.45–1.85 Ga): O2

produced, increasing to values of 0.02 and 0.04 atm, but
consumed by absorption in oceans and seabed rock. Stage
3 (1.85–0.85 Ga): O2 starts to release out of the oceans,
but is absorbed on land surfaces. No substantial change in

oxygen concentration. Stage 4 (0.85–0.54 Ga) and stage
5 (0.54 Ga–present): Other O2 reservoirs filled, gas
accumulates in atmosphere, Fig. 16.

5 Photosynthesis

Organisms can be classified into autotrophic or hetero-
trophic. An autotrophic organism manufactures its own
organic materials through conversion of simple inorganic
components, making use of a variety of external energy
sources. A heterotrophic organism gets its nutrients from
preexisting organic substance (or abiotic organic molecules).
Autotrophs can be classified as being either chemoau-
totrophic or photoautotrophic depending on the form of
energy utilized. Chemoautotrophic organisms utilize
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Fig. 14 Bitter Springs Chert Fossils. a, c, d Blue-green algae: Cephalophytarion, Myxococcoides, and Palaeonacytis; b ?Dinoflagellate
Gloeodiniopsis, and e, f green algae Caryosphaeroides, Glenobotrydion (Mintz, 1981)
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chemical energy to fuel the biochemical synthesis. Such
organisms survive today in the deep ocean, especially in the
areas around hydrothermal vents accompanying mid-ocean
ridges. Photoautotrophic organisms use energy from the
solar radiation in their processes of synthesis.

Photosynthesis is a complex biochemical process, in
which the organism utilizes the solar radiation as source of
energy and chlorophyll as a reaction catalyst to oxidize the
relatively reduced compounds that are stable in the natural
environment. The general reaction can be written as

CO2 þ 2H2Xþ light energy ! CH2Oð ÞþH2Oþ 2X

The oxygen is represented by element “X” in this reaction.
By photosynthesis, the organism splits the water molecule
(which consumes a lot of energy) and combines the emitted
hydrogen with carbon dioxide to produce carbohydrate
material (represented here by the simplest form of carbohy-
drate; the carbohydrate sucrose, heavier but still simple, has
the molecular formula C6H12O6) and free molecular oxygen.

That’s known as oxygenic photosynthesis, and the organisms
that do it are termed oxygenic photoautotrophs. These are
called aerobic or oxic and essentially produced all of the free
oxygen in our atmosphere. This type of photosynthesis is
performed by cyanobacteria, algae, and higher plants, Fig. 17.
Essentially all of the oxygen produced during the early stages
of oxygen revolution was by stromatolitic communities of
cyanobacteria.

Organisms that have no chlorophyll cannot adopt oxygen
for the “X” in photosynthesis. These are some bacteria-
encompassing components catalytically resembling chloro-
phyll that makes them able to use hydrogen sulfide (H2S), as
the raw material. That method of photosynthesis, called
anoxygenic photosynthesis, yields free sulfur instead of
oxygen as the by-product. The organisms that adopt this
method are termed anaerobic or anoxic photoautotrophs.

Early photic autotrophs (oxygenic photoautotrophs)
might have lived in mat-like communities in shallow water,
but under conditions of comparatively low light intensity,

Table 3 Major evolutionary events during latest Archean and Proterozoic (Cooper et al., 1990)
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Table 4 Summary of major events during the Precambrian (Cooper et al., 1990)
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which was controlled by the cloudy, CO2-rich, Venus-like
atmosphere. Somewhat later, the quantity and range of light
reaching the ocean surface improved, and water-splitting
accelerated oxidation (water-splitting is the photochemical
breaking of the water molecule into hydrogen and free
oxygen).

Under these conditions, primitive prokaryotes probably
gave rise, as a mutant strain, to the first organisms capable of
aerobic photosynthesis; these organisms were the ancestors
of modern cyanobacteria.

This type of photosynthesis was more efficient as a means
of energy and nourishment; however, the molecular oxygen
released was a toxin that no doubt poisoned many kinds of
anaerobic organisms. Anaerobic photosynthesis was very
likely going on during deposition of the Fig Tree and
Warrawoona beds 3400 million years ago.

The cyanobacteria spread rapidly and dominated virtually
all accessible habitats by the beginning of the Proterozoic.
And with them, the rise of aerobic photosynthesis about
2000 million years ago introduced a change in the global
environment that was to profoundly influence all subsequent
evolution.

6 Ediacaran Biota

The Ediacaran biota or Ediacara fauna is a unique
soft-bodied assemblage consisting of all life forms pre-
served globally as impressions of fossil in sandstone beds
during the Ediacaran Period (ca. 635–541 Mya). They sig-
nify a significant advancement in the evolution of life on
Earth, as they precede the explosion of life forms at the
commencement of the Cambrian Period 541 Ma called
Cambrian Revolution. These were encompassing enigmatic
tubular and frond-shaped, generally immovable organisms.
Trace fossils of these organisms have been recorded glob-
ally and denote the earliest recognized specialized multi-
cellular organisms.

Ediacaran biota may have experienced evolutionary
radiation following the culmination of the Cryogenian Per-
iod’s widespread glaciations. This biota was largely wiped
out consistently with the rapid biodiversity increase of the
Cambrian Revolution. Most of body plans of animals
existing today firstly appeared in the Cambrian instead of the
Ediacaran. For macro-organisms, the Cambrian biota seem
to have entirely replaced the Ediacaran surviving organisms,
even though relationships are still a matter of argument. The
Ediacaran Period organisms first appeared around 600 Ma
and flourished till the Cambrian onset at 541 Ma, when these
distinctive communities of fossils were wiped out.

Fig. 15 Banded iron formation (in Wikipedia)

Fig. 16 O2 build-up in the Earth’s atmosphere (red and green lines
represent the range of the estimates while time is measured in billions
of years ago (Ga)) (“History of Earth” in Wikipedia)

Fig. 17 The green plant uses the energy of the sun to produce many
valuable products (“Photosynthesis” in Wikipedia)
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Ediacaran Biota from their type locality in the Ediacara
Hills at Pound Quartzite located in Adelaide Basin, South
Australia, includes 30 species including 20 genera. These
were classified into two-thirds as coelenterates, about
one-quarter as annelid worms, and about one-twentieth as
arthropods. Coelenterates include abundant and moderately
diverse jellyfish-like plans as genera Charodiscus and
Cyclomesusa. The annelids are represented by small
worm-like forms as Spriggina and Dickinsonia. Primitive
arthropod-like animals are represented by Parvancorina. The
disk-shaped Tribrachidium is possibly a primitive echino-
derm. Trace fossils represented by feeding trails, possibly
made by worm-like creatures, are also present, Fig. 18.

Most of the specimens are preserved as casts or molds of
soft-bodied organisms on the bottom surfaces of sandstone
beds. No biomineralization, to yield hard skeletal materials,
was included. The sedimentological evidences of the
enclosing deposits clearly indicate that these organisms were
surviving mostly in shallow ocean waters, where light was
available. These strange organisms comprised the world’s
first known animal community and inaugurated the age of
metazoan life.

In general, the Ediacara fauna are large bag-like and
sheet-like organisms, with extremely variable body plans but

with certain common traits. They were apparently without
mouth and gut, and lacking respiratory organs.

Trace fossils first appeared in the Ediacaran. In the
beginning, the traces were simpler: represented by
millimeter-wide tracks on the surface of sediment. As time
went on, the traces complexed gradually and become more
advanced, where the burrows and the surface tracks
appeared. Presumably, the sophisticated soft-bodied organ-
ism burrowed through the sediment instead of creeping over
the sediment surface. The trace’s abundance and complexity
increased up into the lowermost Cambrian, even after the
disappearance of the fossil record of the Ediacaran. The
formal base of the Cambrian is now delineated based on the
appearance of one particularly distinctive burrowing trace
fossil, known as Treptichnus pedum, an arcuate horizontal
burrow from which branches grow up to probe at the sedi-
ment surface, Fig. 19.

7 Neoproterozoic Microfossils of Egypt

The oldest fossil assemblage in Egypt was recorded from the
Neoproterozoic (Ediacaran) Igla Formation, Hammamat
Group in Wadi Igla Eastern Desert, Egypt (Khalifa et al.,

Fig. 18 Ediacaran fauna. Primitive coelenterates: a Charodiscus; b Cyclomedusa. Primitive annelid flatworms: c Spriggina floundersi;
d Dickinsonia costata. Primitive arthropod (?): e Parvancorina minchami. Primitive echinoderm (?): f Tribrachidium. Bars = 1 cm (Cooper et al.,
1990)
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1988). The Precambrian igneous and metamorphic Basement
Complex of Egypt covers about 10% of the Egyptian surface
(about 100,000 km2) mainly in the Eastern Desert and South
Sinai, and some restricted areas in the south Western Desert,
Fig. 20. The oldest rocks in Egypt are recorded in G.
Uweinat-G. Kamel inlier that belong to the Saharan

Metacraton and dated to the Archean (about 3.1 Ga), while
the basement rocks of the Eastern Desert and South Sinai are
related to the Pan African Event of Neoproterozoic (900–
550 Ma) crust of the Arabian-Nubian Shield.

7.1 The Hammamat Group

The Hammamat Group comprises a thick clastic sediment
succession that represents the youngest unit of the layered
sequences of the basement complex of Egypt. The Ham-
mamat is taken its name from the type area of that unit in
Wadi El Hammamat, approximately 70 km west-southwest
of Qoseir, Fig. 21. According to Akaad and Noweir (1980),
The Hammamat Group includes two formations: the Igla
Formation below and the Shaximiao Formation above. The
Igla Formation consists of sandstones, siltstones, and silty
mudstones with a basal conglomerate. The Shaximiao For-
mation is composed of conglomerates, greywackes, and
sandstones. Each formation was further subdivided into
members.

The Hammamat sediments are exposed in separate out-
crops distributed mostly in the central and northern Eastern

Fig. 19 The base Cambrian trace marker fossil Treptichnus pedum
(Seilacher, 1955)

Fig. 20 Distribution of Precambrian rocks in Egypt
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Desert. They attain a thickness of about 4000 m in their type
area (Akaad & Noweir, 1980). The Hammamat crops at the
surface in down-faulted blocks or in topographic lows. They
overlay older units unconformably with a basal conglomer-
ate and are intruded locally by younger granitoids and later
intrusives (Hassan & Hashad, 1990).

The Hammamat sediments are composed of totally
immature to semi-immature sediments including conglom-
erates, greywackes, sandstones, and slates, with character-
istic green, purple, and gray colors (Hassan & Hashad,
1990). These sediments are considered as post-orogenic
molasse deposited in disconnected intermountain basins as a
result of rapid uplift and erosion.

These sediments are supposed to may be deposited in an
alluvial fan-braided stream complex. The detritus shed from
the uplifted terrain was deposited adjacent to the uplifts. The
finer-grained facies are thought to have been accumulated in
two different environments. The thinner siltstone units
indicate cutoff channel deposits within braided streams,
whereas the much thicker units are viewed as playa or lake
sediments.

7.2 Ediacaran Microfossils of the Hammamat
Group

Eight algal microfloral species were recorded from the
Neoproterozoic Hammamat Group exposed in Wadi Igla,

central Eastern Desert, Egypt. These include seven species
belonging to phylum Cyanophyta and one species belonging
to phylum Pyrrophyta, these in addition to microphytolites
(oncolites) of cyanobacterial growth, and other unnamed
forms of probable algal affinities. Ediacaran microfossils are
recorded from the Hammamat Group in Wadi Igla, Central
Eastern Desert, Egypt.

Wadi Igla is located west to southwest of Marsa Alam
(longitudes 34° 41′ 2″–34° 53′ 3″ N and latitudes 25° 2′–25°
10′ E), Fig. 22. The Hammamat sediments in Wadi Igla is
composed of stratified succession striking generally NE–SW
and dipping gently to the east. The succession is composed
mainly of hematitic siltstone, greywackes, arenites, mud-
stone, and polymictic conglomerates. The different lithofa-
cies occur as thin laminae to beds several meters thick.
These rocks lie unconformably above older metavolcanics in
the southern part and metagabbroic rocks in the western part,
Fig. 23. They are overlain unconformably to the east by
Miocene sediments. These immature clastic sediments are
characterized by the frequent occurrence of polymictic
conglomerate layers.

• Microfossil Assemblages

A wide variety of microfossils are identified from the
Hammamat molasse clastics of Wadi Igla. Most of the
detected microfossils are characterized by soft bodies with-
out hard parts. Morphologically, fossil microorganisms
embedded in clastic sediments are well preserved compared
to those included in carbonates. The preserved organic
remains range in size from 2 to 190 lm in most cases. Under
the microscope, the preserved microfossils are commonly
outlined by dark brown to red brown coloration. Some
forms, however, display more or less distinctive extracellular
pigmentation denoting individual cell envelopes, sheaths, or
entire colonies.

The original pigmentation of the organic remains may be
entirely lost, and it is substituted by a uniform coloration
relying on the preservation circumstances, rather than the
nature of the microfossils.

The microfossils comprise algal microflora. The micro-
flora constitutes the majority of all microfossils embedded in
the studied thin sections compared to other microfauna. The
microflora include four species of Cyanophyta and three
monotypic species tentatively referred to this phylum:
Siphonophycus kestron Schopf, Siphonophycus inornatum
Zhang, Sphaerophycus wilsonii Knoll, Myxococcoides
inornata Schopf, Tenuofillum septatum Schopf, Caudiculo-
phucus revulariodes Schopf, and Bactrophycus oblongum
Zhang. One species of Pyrrophyta, namely Gloeodiniopsis
gregaria Knoll and Golubic, has been recorded, Figs. 24, 25
and 26.

Fig. 21 A map showing the distribution of the major Hammamat
basins in the Eastern Desert and Sinai (modified after Abd El-Wahed,
2010 and references therein)
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Fig. 22 Location map of Wadi Igla and Wadi Semna, Eastern Desert, Egypt (after Khalifa et al., 1988)

Fig. 23 Fossil-bearing samples, Wadi Igla (after Khalifa et al., 1988)
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Microphytolite (oncolites) grains and other unnamed
forms, probably of algal affinities, have also been encoun-
tered. They are genetic composites encompassing bacterial

or cyanobacterial growth and mineralization processes,
inorganic precipitation, periodic rip-up abrasional or erosive
events, and neomorphic processes.

i

f

Fig. 24 a, d Gloeodiniopsis gregaria Knoll and Golubic. 4. Generalized drawing of a typically preserved cell. a X 1250, d X 2500; W. Igla. b, c,
e, h, i Tenuofillum septatum Schopf. 3. Composite photomicrograph; 5, 8. Generalized drawing of the photomicrograph. b, e, h, i X 340, c X 1420.
W. Igla. f Siphonophycus kestron Schopf. X 1000. W. Igla. g Siphonophycus inornatum Zhang. X 1000. W. Igla (all photos after Khalifa et al.,
1988)
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• Age Assignment

The age of the Hammamat clastics is based mainly here on
the detected microfossil assemblages compared to similar
fossil microorganisms from other parts of the world. Known
from several stratigraphically well-studied localities in North
America, Australia, and Saudi Arabia, Tenuofillum septatum
Schopf, Siphonophycus kestron Schopf, Sphaerophycus

wilsonii Knoll, and Gloeodiniopsis gregaria Knoll and
Golubic first appeared near the close of the Late Proterozoic
(Knoll & Vidal, 1980; Schopf, 1968).

The microphytolites (oncolites) are well represented
geographically and lithologically in the latest Proterozoic
successions of different parts of the world. Consequently,
they act as index fossils for worldwide biostratigraphic
correlation (Milstein & Golovanov, 1979).

i k
j

Fig. 25 a–c, e, f Caudiculophucus revulariodes Schopf. X 450. W. Igla. d Fragment of sheated algal filament. X 450. W. Igla. g–
i Archaeocyathid fragment. X 2000. W Igla. j, k Myxococcoides inornata Schopf. j X 500, k X 750. W. Igla (all photos after Khalifa et al., 1988)
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It is clear from the abovementioned data that the Ham-
mamat sediments exposed in Wadi Igla are of Late
Proterozoic (Ediacaran Period) age.

Radiometrically, the Hammamat sediments are dated
between 616 Ŧ 9 and 590 Ŧ 11 Ma. These two ages are
Rb/Sr whole rock ages. The first age is of calc-alkaline
volcanic rocks in Wadi Sodmein (believed to be equivalent
to Dokhan volcanic) which underline unconformably the
Hammamat sediments. The second age is for Umm Had
granite that intruded the Hammamat sediments in their type
area in Wadi El Hammamat (Ries et al., 1983).

• Depositional Environment

The Hammamat sediments occur in several, often enormous
isolated outcrops, predominantly in the central Eastern
Desert between Safaga and Marsa Alam. The abovemen-
tioned microfossil assemblages recorded in the Hammamat
molasse type facies include mainly algal microflora of
Cyanophyta (blue-green algae) and Pyrrophyta which indi-
cate that the algal mats of the identified species have been
accumulated subtidally in a quiet, shallow marine environ-
ment, perhaps a lagoon separated from the open sea by some

Fig. 26 a Bactrophycus oblongum Zhang. X 400. W. Semna. b Sphaerophycus wilsonii Knoll. X 2000. W. Igla. c–e Probably blue-green algae.
X 300. W. Igla. f–h Microphytolites (oncolites). X 200. W. Igla (all photos after Khalifa et al., 1988)
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type of barrier. The recorded microphytolites specify current
conditions intermediate between low energy conditions, in
which microbial mats might be formed, and the more con-
tinuously turbulent environments (Khalifa et al., 1988).

8 Cambrian Revolution

The Cambrian revolution or Cambrian explosionwas an event
at the beginning of the Cambrian about 541 Ma when prac-
tically all major animal phyla began appearing in the fossil
record. It spanned for about 13–25 million years and caused
the divergence of most modern metazoan phyla. The event
was supplemented by great diversification in other organisms.

Most organisms were simple (unicelled, or small
multi-celled) occasionally grouped into colonies before the
Cambrian revolution. As the rate of diversification conse-
quently hastened, the variety of life started to bear a great
resemblance to that of today. Nearly all existing animal
phyla made their first appearance during this period.

The Ediacaran time interval represents Phase I in the
transition from Precambrian to Cambrian. Phase II in this
transition began about 570 Ma (Ŧ 30 million years) with the
extinction of the Ediacaran soft-bodied fauna and the
appearance of the first assemblages of shelly faunas of low
diversity, in which about 5 species of shelled animal are
found together. These are small, chitinous, calcareous, and
phosphatic metazoan fossils of mostly problematic affinity.
Genus Protohertzina is an example of this early shelly, small
(a few mm in length), phosphatic, tusk-shaped fossil,

Figs. 27 and 28. Anabarites is another taxon of this phase
and is small tube-shaped, with three distinct interior ridges,
composed of calcium carbonate fossil. Cloudina and Sino-
tubulites are the first shelly fossils, composed of calcium
carbonate and associated with Ediacaran soft-bodied fossils.

Phase III in the transition from Precambrian to Cambrian
and which lasted for about 10–20 million years is charac-
terized by shelly faunas of moderate diversity in which more
than 5, but generally fewer than 15, species of shelled ani-
mals are found together. This fauna of tiny shelled fossils
underlies the lowermost trilobite-bearing strata in different
regions of the world. The stratigraphic interval comprising
Phase III is generally referred to as the Tommotian Stage.
This stage marks the first appearance of the archaeocyathids,
a group of unusual, vase-shaped, double-walled calcium
carbonate-shelled creatures. Other described taxa from
Tommotian Stage comprise hyolithids, monoplacophorans,
inarticulate brachiopods, possible gastropods, sponges, and
protoconodonts, Fig. 29.

During the time interval in which overlying strata were
deposited that are clearly of transitional Cambrian age (the
Atdabanian Stage), the geographic range of archaeocyathids
expands greatly, and trilobites, those hallmarks of Cambrian
faunas, appeared for the first time and diversified rapidly.
Both Phase II and Phase III shelly faunas also partly fill the
gap between the Precambrian and Cambrian, thus further
reducing the apparent abruptness of appearance of the first
trilobites.

Major skeletonized faunas made their appearance over an
interval of perhaps 20–30 million years and this constitutes a

Fig. 27 Late Proterozoic-Early Cambrian time scale illustrating the evolutionary phases in the transition from Precambrian to Cambrian (Cooper
et al., 1990)
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major adaptive radiation. This dramatic faunal radiation is
shown in the number of high-level taxa, representing radi-
cally different kinds of organisms, that made their appear-
ance in such a short time interval. This appearance of natural
new phyla and classes occurred at a scale and rate that has
not been matched since, Fig. 30.

The metazoan adaptive radiation probably was related to
a combination of factors, including rising atmosphere oxy-
gen levels, continued continental fragmentation and flooding
of continental shelves by transgressing seas, and ecological
interactions within the biosphere. More oxygen allowed for
more complex anatomical grades, Fig. 31. Land-sea changes

i

Fig. 29 Enigmatic earliest shelly fossils from Tommotian strata. a–i Mollusk-like calcareous cone and coiled shells. j Transverse section of
archaeocyathid showing double-walled structures. Bar is 1 cm (Cooper et al., 1990)

Fig. 28 Early skeletonized fossils from Phases I and II of the Precambrian–Cambrian transition. a Prothertzina, the probable calcium phosphate
grasping spine of an early predator. b Anabarites, a common associate of Protohertzina in Phase II assemblages. c Cloudina and d Sinotubulites,
tube-shaped fossils of calcium carbonate composition representing the earliest known skeletonized organisms (Cooper et al., 1990)

160 A. G. Hewaidy



created a greater diversity of shallow marine habitats and
niches, which were rapidly filled by opportunistic, unique
kinds of metazoans. Continental separation also produced
more genetic isolation and may also have triggered changes
in ocean chemistry, both of which influenced biological
development. Relative sea level rise and marine transgres-
sion drowned low-relief continental margins, producing new
tracts of shallow-water habitats.

9 Cambrian Fauna of Egypt

Cambrian sediments comprise two main facies types: the
Igla Formation of the Hammamat Group in Wadi Semna,
west of Safaga as part of the Egyptian basement complex,
and the Araba Formation exposed in north Eastern Desert,
and in southwest Sinai. At southwest Sinai, the Araba For-
mation is exposed at Um Bogma, Wadi Feiran, and Abu
Durba, while it is also exposed in the Eastern Desert at Wadi
Qena, between there and south of the western end of Wadi
Dakhl and at G. Zeit. Some Archaeocyathids and few sponge
spicules are recorded in the Lower Cambrian Igla Formation
in Wadi Semna (Khalifa et al., 1988). Soliman and Habib
(1974) recorded a Paleozoic foraminiferal assemblage in the
Igla Formation in Wadi Semna, Eastern Desert. Body and
trace fossils were recorded in the Lower Cambrian exposures

Fig. 30 Evolution of the metazoan phyla. Heavier lines indicate that the lineage of the phylum had acquired a mineralized skeleton (Cooper et al.,
1990)

Fig. 31 Combination of geochemical, geological, and paleobiological
data that contribute to understanding the events that occurred during the
Precambrian–Cambrian transition interval (Cooper et al., 1990)
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in southwest Sinai and north Eastern Desert by Omara
(1972), Said (1980), Jenkins (1990), Klitzsch (1990), Sei-
lacher (1990), and Elicki et al. (2013).

9.1 Cambrian Fauna of the Igla Formation,
Hammamat Group, Wadi Semna, Central
Eastern Desert

Wadi Semna is located west of Safaga (longitude 33° 35′ 2″–
33° 38′ 7″ N and latitudes 26° 0′ 28″–26° 31′ 55″ E),
Figs. 22 and 32. The clastic Hammamat sediments occupy
an elongated strip, covering an area of about 8 km2. They
are represented mainly by arenites, polymictic conglomer-
ates, greywackes, siltstones, and mudstones in decreasing
order of abundance. These rocks appear to have been
deposited unconformably above the older metavolcanics to
the east and west and metagabbros to the south (El-Gaby &
Habib, 1982). It is clear that the western contact dips east-
wards in harmony with the bedding plane of the sequence.
The Igla Formation, Hammamat Group in Wadi Semna,
includes microfossil archaeocyathids, sponge spicules, and
benthic agglutinated foraminifera.

9.1.1 Cambrian Microfossil Assemblage Other
Than Foraminifera of Wadi Semna

Khalifa et al. (1988) identified microfaunal assemblage
comprising few specimens of Bactrophycus oblongum
Zhang (Fig. 26) and Phylum Archaeocyathids beside prim-
itive sponge spicules (Fig. 33) and. Though archaeocyathids
are few in the studied samples yet their occurrence is of
prime importance as a clue for the age of the Hammamat
Group in Egypt.

• Age assignment of the Igla Formation in Wadi Semna

The oldest known species of Archaeocyathids came from the
Tommotian Stage in Russia (Raaben, 1981). They are
diversified in subsequent stages of the Early Cambrian.
Species are few in the Middle Cambrian. They have been
recorded by Omara (1972) from southwestern Sinai, Egypt,
and by Basahel et al. (1984) from the Fatima Formation,
western Saudi Arabia. Early Cambrian age has been sug-
gested to the Archaeocyathids yielding sediments in the
aforementioned localities. Thus, an Early Cambrian age is
proposed for the Igla Formation in Wadi Semna.

• Depositional environment of the Igla Formation in
Wadi Semna

The occurrence of Archaeocyathids indicates marine envi-
ronment which had moderate turbidity current and warm

water (25°) at shallow depths of 20–50 m. This indicates that
the largely non-marine Hammamat clastics include marine
intercalations containing marine microfossils and chamosite,
which implies marine incursion or incursions in a sequence
of non-marine clastics (Khalifa et al., 1988).

9.1.2 Foraminiferal Fauna of the Igla Formation
at Wadi Semna

The Igla Formation, Hammamat Group of the Basement
complex, Eastern Desert was found containing some
foraminifera in Wadi Semna, west Safaga, Eastern Desert,
Egypt. Soliman and Habib (1974) identified four benthic
agglutinated foraminiferal genera including seven species
in the hematitic arenites, siltstones, and greenish

Fig. 32 Fossil-bearing samples, Wadi Semna (Khalifa et al., 1988)
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mudstone bands of the Igla Formation in thin sections and
separated specimens. These are Hyperammina glabra
Cushman and Waters, Hyperammina bulbosa Cushman
and Waters, Haplophragmoides margus Harlton,
Haplophragmoides ciscoensis Harlton, Ammobaculites
stenomecus Cushman and Waters, Ammobaculites sutto-
nensis Cushman and Waters, and Trochammina ridus
Cushman and Waters, Fig. 34. They compared this

foraminiferal fauna with similar assemblages described by
Cushman and Waters (1927) and others and considered
the Igla Formation in Wadi Semna is of Paleozoic age and
not of Precambrian age. This Paleozoic age was verified
as Early Cambrian by Khalifa et al. (1988) based on the
presence of Archaeocyathids, sponge spicules, and Bac-
trophycus oblongum Zhang in the Igla Formation in Wadi
Semna.

Fig. 33 a, b Transverse section of archaeocyathid. a X 300, b X 420. W. Semna. c, d Transverse section of archaeocyathid shows septa, but wall
are recrystallized. c X 300, d X 420. W. Semna. e Tangential section of archaeocyathid shows outer porous wall. X 500. W. Semna. f Organic wall.
X. 2000. W. Igla. g Fragment of archaeocyathid cup shows porous outer and inner walls. 1 X 250. W. Semna. h Sponge spicule. X 250. W. Semna
(all photos after Khalifa et al., 1988)
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9.2 Cambrian Fauna of Sinai and Eastern Desert

The oldest Cambrian unit in southwest Sinai and north
Eastern Desert of Egypt is the Araba Formation. The Araba
Formation is exposed in Um Bogma, Wadi Feiran, and

Abu Durba areas in southwest Sinai, while in north Eastern
Desert it is exposed in G. Zeit, and north Wadi Qena,
Fig. 35. In all the above mentioned areas, the Araba For-
mation overlies directly the Precambrian basement. The
Araba Formation consists of fluviatile to shallow marine,
cross-bedded sandstone, and minor conglomerates at its
base. It can be subdivided into three discrete units. The
basal unit includes basal conglomerate and fluviatile,
cross-bedded sandstone. The middle unit comprises shallow
marine, dark red silt, and fine sandstone. This is the
ichnofossil-bearing unit. The upper unit is predominated by
trough cross-bedded sandstone. The Araba Formation
attains up to 190 m thick.

In Abu Durba area, the lower part of the Araba Formation
includes some meters of limestone holding stromatolites and
archaeocyathids of Early Cambrian age (Omara, 1972). Said
(1980) reports a carbonate bed at that area that yielded algal
stromatolites which have been identified as belonging to the
species Vetella ushbasica known from the lower Cambrian
of Kazakhstan. This Lower Cambrian age is supported by
Klitzsch (1990) and Seilacher (1990) based on ichnofossil
assemblages, but the body fossils identified by Omara (1972)
are doubted by Elicki et al. (2013).

The Araba Formation includes a rich ichnofossil content
of Lower Cambrian age. This content was previously studied
in detail by Klitzsch (1990), Seilacher (1990), and later by
Elicki et al. (2013).

In these studies, 20 Cambrian ichnofossil species are
described. These are 9 ichnofossil species specific to the
Eastern Desert, 7 ichnofossil species specific to Sinai, and 4
ichnofossil species recorded in both the Eastern Desert and
Sinai. The specific species to the Eastern Desert are
Diplichnites isp., Dimorphichnus cf. quadrifidus (Seilacher,
1990), Diplocraterion isp., Arenicolites isp., Teichichnus
rectus (Seilacher, 1955), Planolites montanus (Richter,
1937), Helminthopsis tenuis, isp. indet. (?Dydimaulichnus, ?
Archaeonassa), and biomat structures. The specific species
to Sinai are Rusophycus burjensis (Hofmann et al., 2012),
Cruziana isp., Dimorphichnus quadrifidus (Seilacher, 1990),
Dimorphichnus cf. obliquus (Seilacher, 1955), Bergaueria
sucta (Seilacher, 1990), ?Bergaueria isp., and Fucusopsis
isp. The ichnofossil species reported from both the Eastern
Desert and Sinai are Rusphycus aegypticus (Seilacher,
1990), Cruziana salomonis (Seilacher, 1990), and Skolithos
isp. and Palaeophycus tubularis (Hall, 1847), Figs. 36
and 37.

9.3 Burgess Shale Fauna

The Middle Cambrian Burgess Shale is one of the most
unique fossil assemblages in the geologic archives, which

i

Fig. 34 a, b Hyperammina bulbosa Cushman and Waters, X 25;
c Hyperammina glabra Cushman and Waters, X 25; d Haplophrag-
moides ciscoensis Harlton, X 40; e Haplophragmoides margus Harlton,
X 35; f Ammobaculites stenomecus Cushman and Waters, X 50;
g Ammobaculites suttonensis Cushman and Waters, X 50; h, i
Trochammina rudis Cushman and Waters, X 50 (all photos after
Soliman & Habib, 1974)

Fig. 35 Location of areas of exposures of the Araba Formation in
northeastern Desert and southwest Sinai (after Elicki et al., 2013)
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Fig. 36 a, b Rusophycus burjensis Hofmann, scale bar = 2 cm; c, d Rusophycus aegypticus (Seilacher, 1990), scale bar = 2 cm; e Cruziana
salomonis (Seilacher, 1990), scale bar = 2 cm; f Planolites montanus (Richter, 1937), scale bar = 2 cm; g Dimorphichnus cf. obliquus (Seilacher,
1955); h Bergaueria sucta (Seilacher, 1990) (a–f after Elicki et al., 2013, g, h after Seilacher, 1990)
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Fig. 37 a Diplocraterion isp., diameter of lenscap 6.5 cm; b Arenicolites isp., diameter of lenscap 4 cm; c, d Teichichnus rectus (Seilacher,
1955), scale bar = 1 cm; e Palaeophycus tubularis (Hall, 1847), scale bar = 1 cm; f Planolites montanus (Richter, 1937), scale bar = 3 cm;
g Helminthopsis tenuis, diameter of lenscap 6.5 cm; h Skolithos isp., poorly preserved Rusophycus aegypticus (Seilacher, 1990), scale bar = 1 cm
(all figures after Elicki et al., 2013)
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includes more than 170 species representing at least eight
known and perhaps even more previously unknown phyla.
Most of the fossils are unique to the single locality and
represent taxa that went into extinction by the end of the
Cambrian. The Burgess Shale is a fossil-bearing deposits
cropping out in the Canadian Rockies of British Columbia,
Canada.

The Burgess Shale encompasses a remarkable assem-
blage of fossils of soft-bodied organisms, many of them were
not recognized from nowhere else, accompanied by
biomineralized organisms. It gives the most complete
glimpse of Lower Paleozoic life. The Burgess Shale faunal
assemblage includes trilobites, many worm phyla as anne-
lids, and several groups of soft-bodied arthropods transi-
tional in structure between the trilobites and the modern
arthropod groups, jellyfish and sea anemones, a particular
scaley mollusk, a holothurians echinoderm, an ancestral
chordate, and several representatives of totally extinct
groups, Fig. 38. The Burgess Shale soft-bodied fossils are
preserved as flattened carbonaceous films along the bedding
planes of the shale in amazing detail.

This black shale deposit apparently formed at the base of
a steep algal reef where unstable muds slid down into a
deeper basin which was a toxic, hydrogen sulfide-generating
environment excluding bacteria and scavengers. As a result,
organisms which were swept into or swam into the area were
asphyxiated, died, and were buried without being destroyed.
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Mesozoic Sedimentary Succession in Egypt

Nageh A. Obaidalla, Kamel H. Mahfouz, and Amr A. Metwally

Abstract

The three Mesozoic divisions (Triassic, Jurassic, and
Cretaceous) are represented in Egypt by sedimentary rocks
on the surface and subsurface areas by different percent-
ages in the different geographic provinces of Egypt.
Generally, the Triassic and the Jurassic sedimentary
successions confined to the northern part of Egypt, while
the Cretaceous sedimentary rocks are well represented all
over the Egyptian geographic provinces. The distribution
of the Mesozoic sedimentary rocks may be related to the
intensive erosion following the regional uplifting of the
most parts of Egypt due to several tectonic events such as
the Pan-African Orogeny at the end of the Proterozoic Era,
the collision of the Gondwana and Laurasia at the end of
the Paleozoic Era, the formation of the Central Atlantic
Ocean during the Late Jurassic (rifting of Laurasia from
Gondwana), the South Atlantic rifting during the Late
Cretaceous (breakup of Africa from South America), and
finally, the formation of Syrian Arc Structure at the end of
the Cretaceous. The Cretaceous strata are characterized by
different facies in the different localities of Egypt, due to
the impact of the rifting of Africa and South America
continental plates at this time and the deformation of the
Syrian Arc Event which led to the rejuvenation of old
faults and form several sedimentary basins. The northern
region of Egypt shows more or less complete Mesozoic
sedimentary successions, but the central and southern
regions show missing for the Lower Mesozoic strata

(Triassic, Jurassic, and several strata of the Lower
Cretaceous sedimentary succession).

Keywords

Mesozoic successions � Proterozoic Era � Syrian Arc
Structure � Egypt

1 Introduction

The Mesozoic sedimentary rocks in Egypt are differentiated
into three systems which are arranged from older to younger
into Triassic, Jurassic, and Cretaceous. These rocks are dis-
tributed by different percentages on the surface (exposed
rocks) and subsurface (unexposed rocks) in the different
geographic provinces (Western Desert (WD), Eastern Desert
(ED), and Sinai (SN)) of Egypt (Fig. 1). The Triassic and
Jurassic successions represent the minor percentage of the
Mesozoic sedimentary rocks, but the Cretaceous strata rep-
resent the major percentage at both the surface and subsurface
geographic provinces of Egypt. The Triassic and Jurassic
sedimentary rocks are mainly restricted to the northern parts
of Egypt, while they are missing in the other parts of Egypt
(Figs. 2 and 3). This missing may be linked to the intensive
erosion following the regional uplifting of the most parts of
Egypt due to the Pan-African Orogeny at the end of the
Proterozoic Era, the collision of the Gondwana and Laurasia
at the end of Paleozoic Era, the formation of the Central
Atlantic Ocean during the Late Jurassic (rifting of Laurasia
from Gondwana), the formation of the South Atlantic Ocean
during the Late Cretaceous (rifting of Africa from South
America), and the deformation of Syrian Arc Event at the end
of the Cretaceous (Fig. 4). The final event continued until the
Eocene Epoch (Morgan, 1990). In these parts of Egypt, the
sedimentary rocks of the Early and/or Late Cretaceous age
overlie the Precambrian rocks, especially in the south parts of
Egypt. This indicates that these parts were high positive
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structural over long time after the orogeny. Moustafa (2020)
believed that the missing of the almost Triassic and Jurassic
sedimentary rocks may be due to the effect of a phase of
deformation started in the Middle-Late Triassic (divergent
motion of the Eurasian and Afro-Arabian Plates).

On the contrary, the Cretaceous sedimentary rocks are
widely distributed in Egypt covering * 40% (Fig. 5). The
sedimentary rocks of the Cretaceous are characterized by
different facies due to the formation of several sedimentary
basins in the different localities of Egypt. These sedimentary
basins were controlled by the fragmentation of Gondwana
Continent due to the formation of the Atlantic Ocean.

The northern parts of Egypt (e.g., SN and north ED) reveal
approximately complete surface Mesozoic sedimentary
sequences from Triassic to Cretaceous. Also, in the northern
WD, these complete sequences are well documented from the
subsurface data of the activities of the petroleum companies.
On the other hand, the southern parts of Egypt are only
represented by the Cretaceous sedimentary rocks.

The Mesozoic sedimentary successions in Egypt have
been great attention by many authors such as Kerdany and
Cherif (1990) and Issawi et al. (2009). Also during the last
century, a lot of the stratigraphic works were carried out,
several works on the Mesozoic sedimentary rocks in the
different localities in Egypt on specific time intervals (e.g.,
Abdallah et al., 1963; Abdel-Gawad et al., 2011; Abed et al.,
1996; Al Far, 1966; Awad & Ghobrial, 1965; EGPC, 1992;
El-Naggar, 1970; El Nakkady, 1955 ; Ghorab, 1961; Hantar,
1990; Hermina et al., 1989; Kerdany & Cherif, 1990;
Khalifa & Abu El-Hassan, 1993; Klitzsch, 1978, 1990; Kora
et al., 1994; Luger, 1985; Norton, 1967; Obaidalla & Kas-
sab, 2000; Obaidalla et al., 2018, 2020; Sadek, 1926; Said,
1961, 1962, 1971; Saber et al., 2009; and others). The
accumulated results of these publications and other pub-
lished works, especially in the last two decades, need to link
with the other to summarize and simplified the different rock
units of the Mesozoic sedimentary rocks. At the same time,
the vertical and lateral relationship between almost Mesozoic

Fig. 1 Geological map of the Mesozoic sedimentary rock units in Egypt (modified after Conoco, 1987)
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rock units needs more investigation to be clearer for the
readers. So, the main aims of the present work are as fol-
lows: (1) trace the main tectonic events which effect on the
formation of the Mesozoic sedimentary succession,
(2) merge and simplify the similar rock units upon the pri-
ority, and (3) define the vertical and lateral rock units rela-
tionship. The sedimentary successions of the three systems
of the Mesozoic (Triassic, Jurassic, and Cretaceous) are
discussed in the following paragraphs.

2 The Triassic Successions

The Triassic sedimentary rocks are mainly of tidal flat and
deltaic sedimentation, and the marine one was deposited only
on a limited place at the extreme northeast part of Egypt at the
Arif El Naga Domal Structure (Fig. 6). This indicates that the
Triassic marine was restricted to the northeast part of Egypt and
most of the Egyptian places were positively exposed area. This
may be due to the Pan-African Orogeny at the end of the
Proterozoic Era or the collision of the Gondwana and Laurasia
plates at the end of the Paleozoic Era. Also, the first phase of the

fragmentation of the Gondwana Continent was at the end of the
Triassic Period and was represented by the drifting of
the Cimmeria Blocks (Turkey, Iran, and Tibet). The impact of
the Pan-African Orogeny is documented by the nonconformity
relationships between the Precambrian basement rocks and
Early and/or Late Cretaceous sedimentary rocks at the south of
Egypt such as: Barramiya area along the Idfu-Meras Road, west
Fawakher,Wadi (W.) Hamamat and Gebel (G.) Duwi along the
Qift-Qusier Road, W. Quieh near the Red Sea coast, W. Shait
east of Kom Ombo, W. Haudian (Abraq area) northwest of
Shalatin (Fig. 7). The impact of the collision of the Gondwana
and Laurasia plates is documented by the occurrence of dis-
conformity between the Late Paleozoic sedimentary rocks and
the Jurassic and/or the Cretaceous strata (Abrams et al., 2016;
Klitzsch et al., 1979, 1990; Wycisk, 1984).

The marine strata at Arif El Naga dome are of Middle
Triassic, which indicates that the Tethys Ocean covered this
area of Egypt at that time (Fig. 8). The Triassic fluvio-marine
rocks are recorded in four localities: (1) Central SN at Nekhl,
Hamra, and Ayun Musa regions and southwest SN at Um
Bogma (Qiseib Formation (Fm.)), (2) Northern ED (W.
Araba and Abu El Darag), (3) southwest Egypt at Abu Ras

Fig. 2 Geological map of the Triassic sedimentary rock units in Egypt (modified after Conoco, 1987)
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Plateau (Abu Ras or Lakia Fm.), and (4) North WD at Ala-
mein, Faghur, and Abu Gharadig (Eghei Group).

The distribution of the Triassic rock units is restricted in
the north of Egypt. This distribution indicates that the facies
of the Triassic strata are changed from continental (fluviatile)
to shallow-deep marine facies from south to north (Fig. 9).

2.1 The Arif El Naga Formation

Awad (1946) described this formation at G. Arif El Naga
Domal Structure (Fig. 6). Said (1971) and Abed et al. (1996)
assigned the Arif El Naga Fm. at the type locality to the
Middle Triassic age. G. Arif El Naga Domal Structure
locates at the extreme northeast of Egypt; * 10 km west of
the eastern Egyptian border and * 40 km SSE of the
El-Qusaima region. Said (1971) subdivided the Arif El Naga
Fm. into three informal units:

A. The Arif El Naga (A) Unit: It composes of fluvial to
fluvio-marine strata of * 50 m thick, which subdivided
into basal part of * 23 m thick of non-fossiliferous
varicolored, medium-grained quartzite sandstone with
minor claystone, the upper part is * 27 m thick and
consists of sandstone, limestone, and claystone beds
carrying vertebrate remains, plant imprints, and fossil
wood. Also, this part contains bivalves fossil such as
Trigonodus tenuidentatus and Unionites fassaensis.

B. The Arif El Naga (B) Unit: It measures * 18 m thick
of argillaceous limestone and claystone beds with the
ammonite Beneckia levatina and the bivalve Neoschizo-
dus orbicularis. The age of both (A) and (B) units is
Middle Triassic. They were deposited in tidal
flats-shallow neritic settings.

C. The Arif El Naga (C) Unit: It is * 117 m thick of
fossiliferous limestones, marls, and shales. The age of the
“C” beds is late Middle–early Late Triassic. Zak (1964)

Fig. 3 Geological map of the Jurassic sedimentary rock units in Egypt (modified after Conoco, 1987)
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Fig. 4 Main tectonic events affected on the distribution of the Mesozoic sedimentary successions in Egypt
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classified this unit into three parts from base to top as:
basal unit is * 35 m thick of fossiliferous limestone
(e.g., Paraceratites binodosus, Gevanites inflatus, and
Gevanites awadi) cutting by an olivine basalt dike; the
middle part is * 31 m thick of limestone and marl with
the ammonite Gevanites epigonus, bivalve Pseudopla-
cunopsis fossistriata, and vertebrate remains; the upper
part consists of * 51 m thick limestone and gypsum
with many dolomite and marl intercalations. It contains
some poorly preserved nautilids, gastropods, crinoid
stems, echinoid spines, and the marker conodont
Pseudofurnishius murcianus of the late Middle Triassic.
This indicates shallow marine setting with local hyper-
saline conditions.

El-Azabi and El-Araby (2005) subdivided Arif El Naga
Fm. into two facies: the lower clastic facies (Early-Middle
Triassic age) deposited under continental to shallow subtidal
setting. But the upper carbonate facies (Late-Middle–earliest
Late Triassic age) deposited under intertidal to shallow

subtidal settings. They (op. cit.) demonstrated unconformity
relationship between Arif El Naga Fm. and the Jurassic
Mashabba Fm.

2.2 The Qiseib Formation

Qiseib Fm. was introduced by Abdallah and Adindani
(1963) at W. Qiseib, north ED. It belongs to the
Permo-Triassic age (Klitzsch, 1990; Wanas & Soliman,
2018). The Qiseib Fm. overlies the Upper Carboniferous
Aheimer Fm. and underlies the Lower Cretaceous Malha
Fm. at W. Qiseib, north ED. The Qiseib Fm. is * 43 m
thick in the type locality, but it reaches * 140 m thick at W.
Araba and * 100 m thick at central SN. The lower part of
the Qiseib Fm. contains red beds mainly variegated brown,
purple, and gray shale and siltstone and minor sandstone.
At W. Araba, this lower part contains tree trunks fossil and
other plant remains of the Permian age (Klitzsch, 1990),
while the upper part composes of thin carbonate clastic beds,

Fig. 5 Geological map of the Cretaceous sedimentary rock units in Egypt (modified after Conoco, 1987)
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Fig. 6 a general view of the G. Arif El Naga; b 3D view shows the Domal Structure of the G. Arif El Naga (Google Earth Images)

Mesozoic Sedimentary Succession in Egypt 175



which contain marine fossils of Middle Triassic age. At Abu
Darag area, the upper part belongs to the Middle Triassic; it
contains the gastropod Naticopsis and the pelecypods
Hoernesia and Pleuromya spp. (Weissbrod, 1969).

The subsurface Qiseib Fm. was recorded in many wells
such as Abu Hamth-1, Nekhl-1, Hamra-1, and Ayun Musa-2.
It reaches * 376 m thick at Abu Hamth-1 well, which
consists of lower clastic red beds of an Early to Middle
Triassic age including many thin coal seams. Horowitz
(1970) defined the palynomorphs Sulcatisporites kraeuseli,
Verrucosisporites applanatus, Corollina meyeriana, Cya-
thidites minor, and Concavisporites jurienesis. These lower
clastic beds are capped with * 36 m of limestones rich in
Middle Triassic marine fossils (Druckman, 1974).

2.3 The Lakia Formation

The Lakia Fm. was presented by Klitzsch and Léjal-Nicol
(1984) northeast G. Uweinat, southwest Egypt. It lies above
the Late Carboniferous Northern W. Malik Fm. which rep-
resented by a thick succession of * 350–400 m of
coarse-bedded clayey sandstone and mudstone. The age of

the Lakia Fm. is of Permian–Triassic age (Klitzsch, 1990).
The middle and upper parts of Lakia Fm. contain fossilized
wood trunks of the Triassic age. The lower part of this
section is of Permian age (Klitzsch, 1990). The Lakia Fm. is
equivalent to the Abu Ras Fm. (Issawi et al., 1999), which
contains fluvial and lacustrine strata at the northwestern side
of the Gilf Kebir Plateau, southwest Egypt. This formation
was formed due to the erosion of the older strata in large
places of south and central Egypt due to the uplift of these
places. Wycisk (1993) proposed the Permo-Triassic–Early
Jurassic age for the Lakia Fm. in NW Sudan.

2.4 The Eghei Group

This rock unit is only recorded from the subsurface Triassic
rocks in the northern WD. Its type section is at G. Eghei, SE
Libya (Norton, 1967). The Eghei Group composes of red
Nubian Magna facies conglomerate, massive cross-bedded
arkose sandstone, siltstone, and shale. Keeley et al. (1990)
believed that the Eghei Group is unconformably overlain by
the Jurassic Mashabba Fm. (G. Maghara, northern SN) and
the Jurassic Bahrein and Ras Qattara/Wadi Natrun fms. in

Fig. 7 Nonconformity between the Precambrian basement rocks and the Lower Cretaceous Nubian sandstone
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the northern localities of Egypt (El Nady, 2015; Keeley
et al., 1990). The Eghei Group is stratigraphically equivalent
to the Fadda Fm. of the Ramon Group, Fadda Borehole-1,
northern SN, Egypt (Gwin & Nasr, 1940). The Fadda Fm.
forms of sandstone intercalated with dolomite and shale with
some coal seams.

3 The Jurassic Successions

The Jurassic sedimentary rocks are represented in the
northern places of Egypt. They are exposed in northern ED
(Khashm El-Galala, Sadek, 1926) and SN (Maghara, Al Far,
1966; Barthoux & Douvillé, 1913; Minsherah, Farag &
Shata, 1954; Arif El Naga, Bartov et al., 1980). In the
northern parts of the WD, the Jurassic strata are only
recorded in the petroleum boreholes as subsurface sequen-
ces. On the other hand, the Jurassic rocks are missing as the
Triassic ones due to the impact of the Pan-African Orogeny
or the collision of the Gondwana and Laurasia plates. By the
end of the Jurassic, the Gondwana Continent was separated
from the Laurasia due to the formation of Central Atlantic
Ocean (Fig. 10). The marine strata in the northern localities
indicate that the Tethys Ocean covered this area of Egypt at
that time. The Jurassic rock units are well distributed

(Fig. 11) toward the north places of Egypt. The facies of the
Jurassic rocks are dominated by shallow-deep marine facies,
especially toward northern localities (surface strata in north
SN, north ED and subsurface one in the northern WD) of
Egypt (Fig. 12). These marine facies were interrupted by
continental facies (fluvio-marine). The thickest and most
complete surface Jurassic rocks (* 1900 m) in Egypt are
that of the G. Maghara (Fig. 13), northern SN, Egypt (Al
Far, 1966). The stratigraphic succession of the G. Maghara
consists of six rock units (formations). These are three fluvial
formations (Mashabba, Shusha, and Safa) alternative to three
marine ones (Rajabiah, Bir Maghara, and Masajid). The Safa
Fm. (Figs. 14, 15 and 16) contains cross-bedded sand-
stone, siltstone, shale, and economic coal beds (Adindali &
Shakhov, 1970). The rock units of G. Maghara are as
follows.

3.1 The Jurassic Rocks of the Gebel Maghara

3.1.1 The Mashabba Formation
It was introduced by Al Far (1966) to describe the oldest
Jurassic strata (W. Sadd El Mashabba, G. Maghara). The
lower part of this rock unit is unexposed. The exposed rocks
compose of* 100 m thick of fluvio-marine, pale sandstone,

Fig. 8 Paleogeographic map for the continents during the Triassic Period (after Scotese, 2001)

Mesozoic Sedimentary Succession in Egypt 177



thickly bedded, with thin interbeds of fossiliferous claystone
and marine limestone. The limestone beds contain corals,
bivalves, and algae, while the clay layers contain plant
fossils such as Equisitites sp., Gleichenites sp., Laccopteris
sp., and Weichseilia sp. Keeley et al. (1990) suggested latest
Pliensbachian/earliest Toarcian for the Mashabba Fm. It is
overlain by Rajabiah Fm. at G. Maghara. Zak (1964) and
Bartov et al. (1980) described about 21 m thick of ferrugi-
nous silty shale, alternating with limestone, dolomite, marl,
and variegated sandstone beds, with basal silty pisolitic,
ferruginous shale at G. Arif El Naga and believed that these
strata represent the oldest Jurassic rocks (Toarcian age).
These strata probably represent the initial Jurassic trans-
gression phase which peaked in the Toarcian age and reflects
deposition in shallow shelf marine environment probably
saline or brackish lagoon environment (Bartov et al., 1980;

Zak, 1964). These strata were recorded in the subsurface
boreholes at Nekhl-1 and Hamth-1, Hamra-1, Halal-l,
Tineh-1, and Ayun Musa-2 (Jenkins, 1990). On the other
hand, Abed et al. (1996) demonstrated that the Jurassic strata
at G. Arif El Naga are absent due to the occurrence of a
hiatus at this time. The Mashabba Fm. is equivalent to the
Jurassic successions at Khashm El-Galala (Sadek, 1926).
Also, Farag (1948) recorded the Jurassic rocks at Ras
El-Abd (* 4 km southern Khashm El-Galala). Moreover,
El Nakkady (1955) defined a surface Jurassic rocks near the
Northern Galala Plateau.

3.1.2 The Rajabiah Formation
It was also designated by Al Far (1966) to define * 292 m
thick of grayish, stylolitic, hard, coralline, and algal lime-
stone of shallow marine reefal depositional conditions. It lies

Fig. 9 Facies distribution of the Triassic sedimentary rocks in Egypt (modified after Guiraud & Bosworth, 1999)
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Fig. 10 Paleogeographic map for the continents during the Jurassic Period (after Scotese, 2001)

Fig. 11 Simplified sketch shows the vertical and lateral relationships of the Jurassic sedimentary rock units in the G. Maghara, Gulf of Suez, and
north WD, Egypt
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between Shusha Fm. at top and Mashabba Fm. at bottom at
W. El Rajabiah, G. Maghara. This formation represents the
oldest marine deposits in the G. Maghara. The uppermost
part (* 9 m thickness) of the Rajabiah Fm. composes
mainly of limestone and yields the earliest ammonite
(Grammoceras) in the succession which is assigned to the
Toarcian age (Arkell, 1952, 1956). Keeley et al. (1990)
assigned the Rajabiah Fm. to the latest Toarcian/Early
Aalenian to Late Pliensbachian age. Also, this formation
contains abundant genera of bivalve fossils such as: Trigo-
nia, Nucula, Lapha, Mactromya, Cuspidaria, Barbatia,
Astarte, and Protocardia (Al Far, 1966). This rock unit is
unconformably overlain by the Shusha Fm.

3.1.3 The Shusha Formation
Al Far (1966) described * 271 m thick of tidal
flat-deltaic-fluvio-marine sandstone and siltstone with shale,
limestone, and coal beds with abundant ironstone concre-
tions, at the Shushet El Maghara, south of Bir Maghara, G.
Maghara. The Shusha Fm. is relatively rich in plant remains
through the shale beds such as Marathiopsis anglica, Sta-
chypteris turkestanica, Eboracia lobifolla, and Thinfeldia
rhomboidalis (Al Far, 1966; Issawi et al., 2009). Also,
corals, brachiopods, and bivalves (Nucula sp.) are occurring
within the limestone beds (Al Far, 1966). There is a con-
troversy in the assignment of the accurate age of this for-
mation. For examples, Keeley et al. (1990) assigned the

Fig. 12 Facies distribution of the Jurassic sedimentary rocks in Egypt (modified after Guiraud & Bosworth, 1999)
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Shusha Fm. to latest Toarcian/Early Aalenian. While Ker-
dany and Cherif (1990) assigned it to Aalenian, the Shusha
Fm. shows a sharp contact with the underlying Rajabiah and
the overlaying Bir Maghara fms.

3.1.4 The Bir Maghara Formation
Al Far (1966) designated this formation to describe a thick
massive limestone, with thin sandstone, shale, and rarely
coal beds at Bir Maghara and Bir Moweirib. According to Al

Fig. 13 Panorama field view of G. Maghara Domal Structure

Fig. 14 Field view of the Safa and Masajid fms. at the G. Maghara Domal Structure shows the remnants of the extracted coal ore
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Fig. 15 Field view of the Safa and Masajid fms. at the G. Maghara Domal Structure

Fig. 16 Field view of the Bir Maghara, Safa, and Masajid fms. at the G. Maghara Domal Structure
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Far (1966), it is classified into three formal rock units as
follows:

A. The Mahl Member: It consists of * 93 m thick hard
coralline fossiliferous massive limestone intercalated by
marly limestone and claystone beds at W. Mahl. The
lowermost part of Mahl Member is marked by the
occurrence of high amount of pyrite, while the uppermost
part composed of algal grit-like limestone. Picard and
Hirsch (1987) raised the stratigraphic rank of this mem-
ber to formation.

B. The Moweirib Member: It attains about * 133 m thick
of alternating claystone and limestone beds intercalated
with sandstone beds at Bir Moweirib. The claystone beds
are silty and calcareous and contain ironstone concretions.
The top * 10 m of this member contains fossiliferous
marl beds which grading upward to ripple-mark, concre-
tionary, and ferruginous sandstone.

C. The Bir Maghara Member: It consists of * 216 m
thick of fossiliferous claystone, marl, limestone, and
sandstone beds.

In our point of view, the International Stratigraphic Code
prevents the duplications in the nomenclature of the rock
units. So, our opinion is to merge this member (Bir Maghara
Member) to the Moweirib Member, because there is simi-
larity in the lithology of the two members.

Middle Bajocian age was given to the rocks of Moweirib
and Mahl members by Al Far (1966) due to the occurrence
of the index ammonite Dorsetensia sp. and Otoites sp., while
the Bir Maghara Member was assigned to the Late Bajocian
due to the occurrence of the index ammonite, such as: Tel-
ermoceras, Normannites, Kosmoceras, Leptosphinctes, and
Thamboceras. The present member also contains bra-
chiopods, pelecypods, and gastropods fossils. The lithology
and faunal content of the Bir Maghara Fm. point to shallow
marine environment (continental shelf, inner-shallow outer
shelf setting).

3.1.5 The Safa Formation
Al Far (1966) defined * 215 m deltaic, coastline, and
fluvio-marine rocks at W. Safa, G. Maghara. The Safa Fm.
composes of sandstone (cross-bedded, ripple-marked), alter-
nating with siltstone and coal beds (especially at the lower
part), which contains shale and limestone interbeds (Figs. 14
and 15). These beds contain several plant fossils including
Pitlophyllum cutchens, Cycadites karatubensis, Zamites
feneconis, and Otozamites sp. (Issawi et al., 1999). The
lowermost beds of the Safa Fm. carry species of ammonoidea
(e.g., Thambites) which assigns this formation to the Early

Bathonian age. This formation also includes many benthonic
foraminiferal species such as: Haplophragmoides spp.,
Nodosaria dolioligera, Glomospira compacta, and Quinque-
loculina compressa of inner shelf environment. Keeley et al.
(1990) assigned the Safa Fm. to the Bathonian.

Unconformable relationship marked the contact between
the Safa Fm. and the underlay Bir Maghara Fm. This surface
is characterized by the abrupt facies change between the
carbonate facies of Bir Maghara Member (upper part of Bir
Maghara Fm.) and the swampy terrigenous facies of the
lower part of Safa Fm. Farag and Omara (1955) described
about 80 m thick of sandstone, marl, and limestone rocks
containing Rhynchonella spp. at G. Minshireh. The lithology
and faunal contents of the Safa Fm. indicate swamp-fluvial
environment with some interruption of marine invasions at
different occurrences.

3.1.6 The Masajid Formation
Al Far (1966) defined Masajid Fm. as a younger one of the
G. Maghara rock units. Al Far (1966) described a total
thickness of * 575 m thick of shallow marine shelf lime-
stone beds at W. Masajid, G. Maghara. Al Far (op. cit.)
classified the Masajid Fm. into two formal rock units
(members) as follows:

A. The Kehailia Member: It represents that the lower part
of Masajid Fm. encompasses * 132 m thick of alter-
nating sandstone, claystone beds, marly, and glauconitic
limestone which is partly coralline and algal.

B. The Arousiah Member: It marks the upper part of
Masajid Fm. and represents marine environmental
depositional setting. It comprises * 443 m thick-
bedded limestone intercalated with claystone and
sandstone beds. The middle part of Masajid Fm. (lower
part of Arousiah) carries ammonite Erymnoceras fauna
(Callovian), while the upper part of this member yields
the Oxfordian Euaspidoceras fauna. The Kimmeridgian
is missing at the G. Maghara. Moreover, Abdelhady
(2014) and Abdelhady and Fürsich (2015) introduced
the Tauriat Fm. which is equivalent to the upper part of
the Maasjid Fm. of Al Far (1966). Meantime, they
(op. cit.) changed the lithostratigraphic ranking of the
Kehailia and Arousiah (Al Far, 1966) from member to
formation. So, they subdivided the Jurassic succession
in the G. Maghara which overlay the Shusha Fm. into
seven formations in stratigraphic order (Fig. 11): the
Mahl (Aalenian), the Bir Maghara (Bajocian), the Safa
(Early Bathonian), the Kehailia (Middle-Late Batho-
nian), the Arousiah (Callovian), the Tauriat (Oxfordian),
and the Masajid (Early Kimmeridgian).
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3.2 The Jurassic Rocks of the Gulf of Suez

It was firstly described by Barthoux and Douvillé (1913).
Subsequently, Sadek (1926) described * 220 m thick of the
Jurassic rocks between G. Ataqa and El-Galala El-Bahariya.
The lower part of this measured succession is non-
fossiliferous, while the upper part was assigned to Batho-
nian (Sadek, 1926). Also the Jurassic successions were
recorded at Ras El-Abd and Khashm El-Galala, which is
described as follows.

3.2.1 The Jurassic Rocks at Ras El-Abd
The Jurassic rocks were subdivided into three informal units
(Darwish et al., 1984). The lower unit consists of varicolored
sandstone. The middle unit attains * 72 m thick of shale
intercalated with limestone and minor sandstone beds. This
unit contains brachiopods, bivalves, and gastropods shell.
Also, flora and benthic foraminifera contents were recorded
(e.g., Abd-Elshafy & El-Saadawi, 1982). This part is
assigned to Bathonian age as suggested by Hegab and Aly
(2004). The upper unit consists of intercalation of sandstone
and shale beds that underlie the sandstone Malha Fm.
(Lower Cretaceous).

3.2.2 The Jurassic Rocks at Khashm El-Galala
It was subdivided into two formations according to
Abd-Elshafy (1988) and Abu El-Hassan and Wanas (2003).
These formations are Rieina at base and Ras El-Abd at top
(Fig. 11). This classification was also followed by Sallam
and Wanas (2019) and Ruban et al. (2019).

A. The Rieina Formation

It ranges from * 70 m at Ain Sukhna section to * 10 m at
Ras El-Abd section. It consists of varicolored cross-bedded
sandstone intercalated with several ledges of hard sandstone,
which is capped by claystone bed (* 1.5 m) that contains
plant-leaf imprints. A bed of Thalassinoides burrows
(* 0.5 m) marks the contact between the Rieina Fm. and
the overlying Ras El-Abd Fm. (Ruban et al., 2019). The
Rieina Fm. is of Bajocian age.

B. The Ras El-Abd Formation

According to Ruban et al. (2019), it consists mainly of
intercalated shale and carbonate (limestone and dolostone)
beds. It ranges from * 100 m to * 150 m at Ras El-Abd
and Ain Sukhna, respectively. Two remarkable coquina and
rhynchonellid limestone beds are marked this formation. The
lower coquina limestone bed varies in thickness between
* 4 and * 7 cm and contains bivalve shells (e.g., Nica-
niella pisiformis, Modiolus sp.) The rhynchonellid bed is

subdivided into two beds. The lower bed (* 1 m thick)
contians Globirhynchia concinna and Echyrosia expansa
along with bivalve shells such as Pholadomya orientalis,
Neocrassina (Coelastarte) excavatus, and N. pisiformis.
Also, gastropods are present, which are represented by
Buckmanina laevis and Amphitrochus mogharensis. The
upper bed (* 8–14 cm) includes Globirhynchia triangulata
and E. expansa (El-Qot et al., 2009). The Ras El-Abed Fm.
is of Bathonian-Oxfordian age.

3.3 The Subsurface Jurassic Successions

Thick sequences of subsurface Jurassic sedimentary rocks
were recorded in the north WD by the activities of petroleum
exploration. These rocks were introduced and mentioned by
several petroleum specialized workers such as Hantar (1990),
Wever (2000), Moretti et al. (2010), El Nady (2015), and El
Diasty et al. (2016). The different sedimentary Jurassic rock
units are summarized in the following (Fig. 11).

3.3.1 The Bahrein Formation
WEPCO Petroleum Company introduced this formation to
describe the sedimentary continental (fluvial) Jurassic strata
which underlie the marine Jurassic rocks in many parts of
the north WD at the Betty-I well (29° 40′ N and 27° 45′ E)
between 3888 and 4437 m. The name was introduced to
replace the Eghei Group (see the Triassic successions, the
same chapter), which was proposed by Norton (1967) for the
continental section above the Carboniferous strata. Bahrein
Fm. consists of red color clastic sandstone with thin pebble,
siltstone and shale, occasionally carbonaceous or pyritic.
Also, anhydrite beds are recorded. The Bahrein Fm.
unconformably overlies the Triassic rocks (El Nady, 2015;
Moretti et al., 2010). It unconformably lies below the
Jurassic marine Khatatba Fm. The Eghei/Bahrein boundary
is very difficult, according to the similarity in the lithologic
character and the lacking of index fossils. On the other hand,
the Bahrein/Khatatba formational boundary easily defined at
the vertical facies change from the continental clastic of the
Bahrein and the marine carbonate facies of the Khatatba Fm.
In some boreholes in the north WD, there is a huge hiatus
between the Early Jurassic Bahrein Fm. and the Early Cre-
taceous Alam El Bueib Fm.

El Nady (2015) and El Diasty et al. (2016) replaced
Bahrein Fm. by the non-Marine (fluvial/lacustrine) silici-
clastic rocks the Ras Qattara Fm. The Ras Qattara Fm.
consists of non-marine massive sandstone with some shale
interbeds, especially toward the top.

In the eastern parts of the north WD, Bahrein Fm.
changes laterally into the marine carbonate Wadi Natrun Fm.
(Fig. 11). The maximum thickness of the Behrein Fm. was
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recorded in Betty-I where it reaches * 550 m thick. The
Bahrein Fm. was assigned to early Middle (?) Jurassic age
(Moretti et al., 2010). It might be correlated with the out-
cropped Mashabba Fm. at the G. Maghara, north SN.

3.3.2 The Wadi Natrun Formation
It was suggested by Norton (1967) to describe the marine
limestone strata, which are equivalent to the fluvial rocks
of the Bahrein Fm. The age of this formation is
Toarcian-Bajocian (Hantar, 1990; Kerdany & Cherif, 1990).
The limestone strata are dolomitic toward the upper part. The
type locality was recorded in the W. Natrun-I Borehole
throughout the interval between 3594 and 4056 m (Norton,
1967). The carbonate of the type locality (W. Natrun-I
Borehole) is mostly dolomitic. The Wadi Natrun Fm. is
unconformably overlain the Eghei Triassic Group (EGPC,
1992; El Diasty, 2015; El Nady, 2015). The Wadi Natrun
Fm. is conformably overlain by Khatatba Fm. The contact
between these two formations is easily defined either by
paleontological evidence or by lithostratigraphic character-
istics. Wadi Natrun Fm. could be equivalent to the surface
Rajabiah Fm. The Wadi Natrun Fm. is known only in the
eastern part of the north WD and has * 833 m at Natrun
T-57-1 well (Hantar, 1990). Shallow marine and low energy
depositional setting characterize Wadi Natrun Fm. (e.g.,
Hantar, 1990; Ibrahim et al., 2001).

3.3.3 The Khatatba Formation
It was introduced by Norton (1967) to describe the sandstone
and shale subsurface beds in the north WD. The upper part
of this formation in the eastern and northeastern parts of the
WD contains limestone beds (Keeley et al., 1990; Shalaby
et al., 2011). Its type section is at Khatatba-I Borehole (30°
13′ 44″ N and 30° 50′ 07″ E) of the north WD. Issawi et al.
(1999) believed that the carbonate beds of Khatatba Fm.
could be equivalent to the lower part of Bir Maghara Fm. in
G. Maghara. The Khatatba Fm. rests over the Wadi Natrun
or Bahrein fms. (Fig. 11) in some parts of the WD (EGPC,
1992; Hantar, 1990). Also, it rests over the Ras Qattara Fm.
in some places of the WD such as Shushan Basin (Shalaby
et al., 2011). Also, Khatatba Fm. underlies Masajid Fm. in
most area except in the south where it underlies uncon-
formably the Lower Cretaceous Burg El-Arab Fm. Khatatba
Fm. was deposited in deltaic to shallow marine settings
(Hantar, 1990; Shalaby et al., 2011).

3.3.4 The Masajid Formation
It was described by Al Far (1966) as mentioned earlier at the
W. Masajid, G. Maghara, north SN. This formation repre-
sents the younger rock units of Jurassic subsurface section in
the north WD. The Masajid Fm. composes of a massive
limestone succession which is cherty toward the northeast
and central parts of the north WD. While shale beds dominate

at the base and top toward the northern and eastern parts of
the area. The Masajid Fm. overlies the Khatatba Fm. and
underlies the Lower Cretaceous Alam El Bueib Fm. The
Masajid Fm. thickness reaches * 450 m in the W. Natrun
area (W. Natrun-I Borehole). It attains* 840 m in Nile delta
(Q-72-1 Borehole). It was deposited in an inner-middle ner-
itic settings (Hantar, 1990; Schlumberger, 1984; Tawadros,
2011). The age of the Masajid Fm. is assigned to Oxfordian
to Kimmeridgian (Gentzis et al., 2018; Hantar, 1990).

3.3.5 The Sidi Barrani Formation
Hantar (1990) introduced Sidi Barrani Fm. to define a thick
dolomitic limestone bed which lies between * 1899 and
* 4301 m in Sidi Barrani Borehole (30° 41′ 39″ N, 25° 28′
0″ E). It attains * 2404 m in Sidi Barrani-I well. The lower
part of this formation consists of sandstone, shale, and
anhydrite. The Jurassic part of Sidi Barrani is equivalent to
Masajid Fm., while its upper part is comparable to the
Lower Cretaceous Alam El Bueib Fm. It overlies the
Khatatba Fm. and underlies the Alam El Bueib Fm.
The Sidi Barrani Fm. has a limited occurrence at the
northwestern portion in the north WD. It was recorded in
some wells which are located between Matruh and Sidi
Barrani district. The Sidi Barrani Fm. is deposited in a quite
open marine environment. This is evidenced by the scarcity
of the clastic and the abundance of organic material (Hantar,
1990). The geologic age of Sidi Barrani Fm. is Middle
Jurassic–Early Cretaceous.

4 The Cretaceous Successions

The Cretaceous strata cover the most areas (* 40%) of the
different regions of Egypt (Fig. 5). The Cretaceous was
characterized by the important episode fragmentation of the
Great Gondwana Continent, especially the drifting of South
America away from Africa due to the opening of South
Atlantic Ocean (Fig. 17). Also, at the end of this period
(Turonian, Scheibner et al., 2003), Egypt, especially the
northern parts, was deformed by the Syrian Arc Event
(Fig. 4).

This continental rifting was associated with a major phase
of intercontinental rifting in parts of west and central Africa
and to a less degree in east Africa (Issawi et al., 2009).
Rifting also occurred in some small zones such as southeast
Sirt in Libya and northwest of Egypt (Guiraud & Bosworth,
1999). Active rifting was also concentrated further south-
wards within the interpolate domain, where some large rift
basins were formed (e.g., the Blue Nile in Sudan, Guiraud &
Bellion, 1995). The final fragmentation between Africa and
South America occurred at * 100–105 Ma (e.g., Albian–
Cenomanian, Issawi et al., 2009; Moustafa, 2020). The
Atlantic Ocean was completely opened in the Santonian age
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(Mascle et al., 1988). At the same time, the Tethys Ocean
began to close during the Turonian age (Guiraud & Bos-
worth, 1997). The closure of the Tethys Ocean triggered
multiple phases of rifting resulting from the multiple phases
of this ocean closure along the African–Arabian Plate
(Issawi et al., 2009). The closure episodes of the Tethys were
associated with N–S shortening and the collision between
north Africa and Europe (Argyriadis et al., 1980; Sengor
et al., 1984). This event led to the formation of Syrian Arc
Mountains, which extend from northwestern Libya to Syria
passing by northern Egypt. Maghara, Yelleg, Halla, Arif El
Naga, and Minsherah mountains are examples for this event
in north SN, Egypt.

Generally, the Cretaceous Period is characterized by
Tethys transgression over Egypt during Early Cretaceous
(Aptian age). The surface Cretaceous successions are well
distributed all over the Egyptian geographic regions (Fig. 5).
These successions cover the most areas of Egypt from south
to north and from east to west and reflect a lateral variation
in the lithology from one place to other at different geologic
ages (Fig. 18). These variations led to the occurrence of
several names for the Cretaceous rock units of same geologic
age (e.g., Six Hills and Gilf El Kebir, Galala and Raha;
Rakkiyat and Matulla, Abu Qada and Maghra El-Hadida).

Moreover, the Cretaceous rock units change laterally and
interfinger with the equivalent ones from north to south (e.g.,
Sudr or Khoman and Dakhla; Halal and Raha) and from east
to west (e.g., Halal or Raha and Bahariya and Maghrabi). In
the oases of the WD (e.g., Baris, Kharga, Dakhla, Farafra,
Bahariya), the Cretaceous sedimentary successions build the
walls of the scarps surrounding the depressions. At the ED,
the Cretaceous strata are well represented at both south and
north parts. At SN, the Cretaceous sedimentary rocks are
well distributed.

The facies distribution of Lower Cretaceous rock units
indicates that the major areas of Egypt (central and southern
Egypt) were represented by continental facies (Fig. 19). On
the other hand, the marine facies dominated the north parts of
Egypt, especially during the Aptian–Albian age. The Late
Cretaceous Epoch is characterized by a major transgressive
phase all over Egypt, which led to form proper marine facies.
During the Cenomanian–Turonian age, the marine facies
cover the most parts of north Egypt, where these marine
facies are changing to continental one toward the south
(Fig. 20). In contrast, the Coniacian–Santonian age is char-
acterized by restricted marine facies in the northern parts of
Egypt, whereas the main areas are represented by continental
facies or were positive parts (Fig. 21). This may be due to the

Fig. 17 Paleogeographic map for the continents during the Cretaceous Period shows the formation of Atlantic Ocean and the rifting of Gondwana
Continent (after Scotese, 2001)
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intensive impact of the Syrian Arc Event on the most pro-
vinces of Egypt. At Late Cretaceous (Campanian–Maas-
trichtian age), the Tethys covers mostly all areas of Egypt
(Fig. 22). This age was characterized by the dominated deep
marine facies all over Egypt except for the southern parts
which were covered by fluviatile-shallow marine facies. The
Cretaceous sedimentary rocks are here classified depending
on the different geographic provinces as follows:

4.1 The Surface Lower Cretaceous Sedimentary
Rocks

4.1.1 The South Western Desert

A. The Gilf El Kebir Formation

In southern Egypt at the Gilf El Kebir Plateau, there are
undifferentiated thick clastic sedimentary rocks (* 250 m
thick), which was described by Klitzsch et al. (1979). This

formation is made up of fluviatile, deltaic sandstone rests
unconformably over the Late Paleozoic strata (WadiMalik Fm.
of Carboniferous Period). Stratigraphically, Wycisk (1984)
assignedGilf ElKebir Fm. to the Early Cretaceous (Berriasian–
Berremian age) at theG.Kamil near Sudanese/Egyptian border,
where Gilf El Kebir Fm. rests unconformably over the Car-
boniferous strata, according to the occurrence of plants
imprints. The formation is the lateral comparable to Six Hills
and Abu Ballas fms. (Klitzsch et al., 1979).

B. The Six Hills Formation

It was originally designated by Barthel and Boettcher
(1978) to describe the Early Cretaceous strata at WD. It
reaches about 500 m thick at its type locality near the
Mut-Bir Tarfawi road and G. Nusba El-Balgum northeast of
Tarfawi, WD. It was also named by Klitzsch (1978) and
Klitzsch et al. (1979) as an informal rock unit “Basal clastic
unit” or Desert rose unit, respectively. It forms of ill-sorted
grained sandstone. Its upper part is made up of multi-color
ill-sorted sandstone (Klitzsch et al., 1979). These strata are

Fig. 18 Simplified sketch shows the vertical and lateral relationships of the Cretaceous sedimentary rock units in Egypt
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characterized by a large-scale cross-bedding with some
massive, horizontally beds, small-scale ripple siltstone and
sandstone. Klitzsch (1986) used Abu Simbil Fm. (* 200 m
thick) instead of the Six Hills Fm. near Lake Nasser. The
Six Hills Fm. is unconformably overlying Precambrian
rocks and conformably overlain by Abu Ballas Fm. (Her-
mina et al., 1989). Six Hills Fm. was deposited in a
fluvial-dominated flood-plain environment (Hendriks &
Kallenbach, 1986).

C. The Abu Ballas Formation

It was originally suggested by Barthel and Boettcher (1978)
to describe marine sandstone which lies at * 200 km
southwest of the Dakhla Oasis, WD. It was also named by
Klitzsch et al. (1979) as an informal unit “Lingula shale

unit”. The strata of Abu Ballas Fm. contain some fossils of
brachiopods, pelecypods, and gastropods which indicated a
shallow marine environment (Barthel & Boettcher, 1978).
They (op. cit.) attributed the Abu Ballas Fm. to Late Jurassic
to Early Cretaceous and believed that the strata of Abu
Ballas Fm. were deposited in a shallow, partially intertidal,
estuarine environment. Schrank (1982) suggests Aptian age
based on the occurrence of abundant plant remains. It was
changed upwards from lower and middle clay beds to upper
silty to sandy beds (Klitzsch et al., 1979). Boettcher (1982)
subdivided Abu Ballas Fm. into three claystone and four
siltstone and sandstone units. He (op. cit.) thought that this
reflects a transgression-regression sea level. Its thickness
ranges from a few meters to * 100 m (Klitzsch et al.,
1979). Klitzsch (1986) used Lake Nasser Fm. instead of the
Abu Ballas Fm. around Lake Nasser. The Abu Ballas Fm. is

Fig. 19 Facies distribution of the Lower Cretaceous sedimentary rocks in Egypt (modified after Guiraud & Bosworth, 1999)
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conformably overlying the Six Hills Fm. and conformably
overlain by the Sabaya Fm.

D. The Sabaya Formation

It was proposed by Klitzsch et al. (1979) to describe a
* 30–300-m-thick succession which overlies the sedimen-
tary rocks of Abu Ballas Fm. The type locality is at G. Qulu
El-Sabaya, Abu Tartur Plateau, about 90 km west-southwest
of Kharga Oasis along the road to Mut. The Sabaya Fm. has
a wide surface extension in the WD from the Gilf El Kebir in
the south toward the Dakhla and Kharga oases toward the
north. It composes of fluvial, sandstone, and conglomeratic
sandstone with cross-bedding, especially at the basal
part. The lower strata of the Sabaya Fm. generally are
formed by rivers in a flood-plain environment (Hendriks &

Kallenbach, 1986). They (op. cit.) suggested that the Sabaya
Fm. was truncated by several paleosols which reflect intense
vegetation around the rivers and incision of laterally
migrating stream channels into the flooding-plain sediments.
Sabaya Fm. is assigned to an Albian age and laterally
comparable to the marine Kharita Member, northern WD
(Kerdany & Cherif, 1990).

4.1.2 The Sinai and the Northern Eastern Desert

A. The Malha Formation

Abdallah et al. (1963) described the strata of the Malha Fm.
at the western side of Gulf of Suez. Malha Fm. uncon-
formably overlies the Precambrian in some places such as

Fig. 20 Facies distribution of the Cenomanian–Turonian sedimentary rocks in Egypt (modified after Guiraud & Bosworth, 1999)
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W. Feiran, west southern SN (Fig. 23). Also, it uncon-
formably overlies the Paleozoic rocks in others (Klitzsch
et al., 1990). Malha Fm. consists of fluvial sandstone,
kaolinite (Fig. 24), cross-bedding intercalated with local
conglomeratic beds, and paleosols. It is overlain in the most
places by marine strata of the Raha (Fig. 25) or its equiva-
lent Galala fms. Darwish (1992) assigned Jurassic–Early
Cretaceous to the sandstone of Malha Fm. in the Northern
Galala Plateau. Klitzsch et al. (1990) defined Wadi Qena
Sandstone in the north of W. Qena and the W. Dakhl as an
equivalent rock unit to the Malha Fm. The Wadi Qena
Sandstone rests unconformably over the Precambrian base-
ment rocks (Klitzsch et al., 1990). Allam and Khalil (1988)
described * 160– * 180 m thick of the Malha Fm. at the
Arif El Naga area. It composes of white and variegated
cross-bedded poorly sorted ferruginous sandstone with

siltstone and shale intercalations. Mostly, the Malha Fm. at
north SN unconformably overlies Jurassic rocks and con-
formably underlies Cenomanian Halal Fm. (Fig. 26).
El-Azabi (1999) described mottled, red, brown, purple,
violet, black, and white sandstone as the Malha Fm. at G.
Shabrawet. Also, Soliman (2001) described * 74 m thick
of sandstone, siltstone, and kaolinitic claystone at the same
area. The sandstones are poorly to medium sorted and
varicolored (white, gray, yellow, red, violet, and brown).
The siltstone and claystone dominate its upper part. Soliman
(2001) assigned it to the Barremian–Early Aptian.

B. The Risan Aneiza Formation

It was originally proposed by Said (1971) for the marine
succession at Bir Lagma, northern of G. Maghara, north SN.

Fig. 21 Facies distribution of the Coniacian–Santonian sedimentary rocks in Egypt
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It composes of * 110 m thick of a sequence of sandstone
and calcareous sandstone intercalated with fossiliferous
limestone and marl. Said (1971) assigned it to the Aptian–
Albian age. Abdel-Maksoud (2006) assigned the age of the
Risan Aneiza Fm. to Barremian–Albian age according to the
occurrence of ammonite fossils (Figs. 27, 28, 29 and 30).
El-Azabi (1999) described the Risan Aneiza Fm. at
G. Shabrawet west the Suez Canal and subdivided the for-
mation into the lower carbonate/clastic unit of Aptian age
and the upper carbonate-dominated unit of Albian age.

Moreover, Soliman and Wanas (2004) described the Risan
Aneiza Fm. at G. Manzour, east G. Maghara, and subdivided
it into two parts A and B. Part A composes of about 92 m
thick of sandstone, claystone, and limestone beds. The

sandstones are fine to coarse-grained, yellow, and brown,
ferruginous, dolomitic, siliceous, and gypsiferous. Part B
consists of * 48 m thick of sandstone, claystone, and lime-
stone interbeds with increasing of carbonate rocks upwards.
Part B rests conformably over part A. The sandstone of part B
is fine to coarse-grained, calcareous, or dolomitic. Recently,
Salama et al. (2018) described * 230 m thick of shallow
marine (homoclinal ramp) deposits of Risan Aneiza Fm. from
G. Raghawi (north SN). They (op. cit.) assigned it to Late
Barremian–Middle Albian depending on the occurrence of
orbitolina, rudists, and ammonites fauna. Also, Salama et al.
(2021) recoded the Risan Aneiza Fm. at base of G. Manzour,
G. El Tour Kumanyia, and G. Minsherah and assigned the
Aptian–Early Albian age for it.

Fig. 22 Facies distribution of the Campanian–Maastrichtian sedimentary rocks in Egypt (modified after Guiraud & Bosworth, 1999)
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Fig. 23 Field photo for the basement rocks (Precambrian) and the Malha (Early Cretaceous) at W. Feiran, southern Sinai

Fig. 24 Mines of kaolinite within the Malha Fm. at the W. Budra and Abu Zeinema area, southwestern Sinai
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4.2 The Subsurface Lower Cretaceous
Sedimentary Rocks

The subsurface Lower Cretaceous strata are represented in
the south of Egypt at the west and east of the river Nile in
Kom Ombo provinces (e.g., Kom Ombo Basin) and in the
northern portion of the WD, such as: Matruh and Abu
Gharadig basins. These strata were defined by the petroleum
companies which worked there.

4.2.1 The Kom Ombo Basin
The subsurface Lower Cretaceous sedimentary rock units at
the Kom Ombo Basin (Upper Egypt) are represented by the
same surface Lower Cretaceous successions in the south of
Western Egypt (see details about these rock units in the
previous part). These rock units in a stratigraphic order are
Six Hills, Abu Ballas, and Sabaya fms. Issawi et al. (2016)
described about 150 and 250 m thick of Six Hills and Abu
Ballas fms., respectively, at Kom Ombo-3 Borehole (west of
the River Nile). Meantime, Issawi et al. (2016) described
these formations from the east side of the River Nile at the
Nukra-1 and Kharit-1 boreholes and measured 550 and
400 m thick for the Six Hills Fm. and 300 and 150 m thick

for the Abu Ballas Fm., respectively. They (op. cit.) believed
that Sabaya Fm. is missing at all boreholes.

4.2.2 The Northern Western Desert

A. The Burg El-Arab Formation

There are several sedimentary basins in the north of the WD
such as Matrouh, Shoushan, Faghur, Alemein, and Abu
Ghardig. The Lower Cretaceous rocks in this part of Egypt
are represented by Burg El-Arab Fm., which was subdivided
into four members. Its type locality lies at the Burg El-Arab
well (30° 55′ 20″ N, 29° 31′ 28″ E), the interval from
* 4054 to * 2305 m depth. This formation overlies con-
formably the Late Jurassic carbonate Masajid Fm. (Hantar,
1990; Shalaby et al., 2011). At some places, it uncon-
formably overlies the Wadi Natrun/the Bahrein strata
(Early-Middle Jurassic age) or the Paleozoic or the Pre-
cambrian rocks. Burg El-Arab Fm. conformably underlies
Bahariya Fm. Hantar (1990) subdivided this formation into
four members, namely in stratigraphic order are: Alam El
Bueib/Matruh, Alamein, Dahab, and Kharita (Fig. 18).

Fig. 25 Field photo of the Malha (Early Cretaceous) and Raha (Late Cretaceous) rock units. at the W. Feiran, southwestern Sinai
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– The Alam El Bueb Member

It consists of sandstone with frequent shale and limestone
beds in the lower and upper parts, respectively. The type
locality of this member lies at Alam El Bueb-I well (30° 38′
39″ N, 29° 08′ 37″ E), the interval from * 4297 to
* 3927 m depth.

In some boreholes, the Alam El Bueb Member was
named in different rock units by different petroleum com-
panies such as Matruh and Shaltut (El Diasty, 2015; El
Nady, 2015; Gentzis et al., 2018; Moretti et al., 2010). The
lower part of this unit was sometime named by the Betty Fm.
(El Diasty, 2015; El Nady, 2015; Gentzis et al., 2018;
Hantar, 1990; Moretti et al., 2010). This member reaches its
maximum thickness at Alamein-I Borehole (* 1820 m). It
ranges from Barremian to Aptian (El Diasty, 2015; El Nady,
2015; Gentzis et al., 2018; Moretti et al., 2010). El Atfy et al.
(2019) assigned this member to the Late Hauterivian–Early
Barremian age. It is marked by shallow marine setting with
continental influence toward the south (Hantar, 1990).

– The Matruh Member

It composes of pyritic calcareous shale which includes car-
bonaceous layers in its upper part with few carbonate and
sandstone interbeds. This unit is stratigraphically equivalent
to the Alam El Bueb Member. The type locality is at the
Mersa Matruh-I Borehole at the interval from * 4572 toFig. 26 Field photo of the Malha, Risan Aneiza, and Halal fms. at the

G. Halal, northern Sinai

Fig. 27 Field photo of the Risan Aneiza Fm. at Risan Aneiza Village, northern Sinai
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Fig. 28 Field photo of the Risan Aneiza and Halal fms. at Naquib Ouda, Maghara area, northern Sinai

Fig. 29 Field photo of the Risan Aneiza Fm. at G. Manzour, Maghara area, northern Sinai
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* 2585 m depth. The base of this unit was recorded in
Siqeifa-I Borehole, where it rests unconformably over the
Middle Jurassic Sidi Barrani Fm. Hantar (1990) assigned
Matruh Member to Neocomian–Aptian that deposits in
shallow marine with continental influence near the top.

– The Alamein Member

This member is widely distributed all over the Northern WD
(El Atfy et al., 2019; El Diasty, 2015; El Nady, 2015;

Gentzis et al., 2018; Moretti et al., 2010). It composes of
microcrystalline dolomite with shale beds. This member
overlies Alam El Bueb and underlies the Dahab members
with sharp contact. The type locality of this member was
recorded at the Alamein-I well (30° 36′ 39″ N, 28° 43′ 52″
E) between the intervals from * 2573 to * 2489 m depth.
The Alamein Member grades laterally into shale toward the
north in the Matruh area (Hantar, 1990). Generally, the
thickness of this member ranges from * 20 to * 80 m
thick all over the northern WD. On the other hand, in some

Fig. 30 Barremian–Albian ammonites fossils of Risan Aneiza Fm., Risan Aneiza Village, northern SN, Egypt (after Abdel-Maksoud, 2006)
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places its thickness reaches about 92–97 m thick at
Alamein-1 and Kanayis-1, respectively. Bosworth and Tari
(2021) believed that this member was deposited in a shallow
marine setting and gave it Aptian to Albian age.

– The Dahab Member

It forms of a gray shale with siltstone and sandstone beds. It
rests conformably over Alamein Member and under the
Kharita Member with sharp contact. The type locality of this
member is at the Dahab-I Borehole (30° 48′ 24″ N, 28° 45′
25″ E) at the interval from* 3354 to* 3180 m depth. The
age of the Dahab Member is Aptian–Early Albian (Bosworth
& Tari, 2021; Hantar, 1990). A shallow marine setting
characterizes this member (Bosworth & Tari, 2021).

– The Kharita Member

The Kharita Member composes of sandstone with shale and
carbonate beds. Its type locality of this member is at the
Kharita-I Borehole (30° 33′ 48″ N, 28° 35′ 32″ E) at the
interval from * 2890 to * 2501 m depth. This member
rests conformably over the Dahab Member or unconformably
over the older sedimentary rock units of the Mesozoic Era or

the basement rocks of the Precambrian Eon. It underlies
conformably all over the northern WD the famous Bahariya
Fm. It reaches * 1100 m at Mersa Matruh-I Borehole. The
Kharita Member was assigned to Albian–Cenomanian age
(Bosworth & Tari, 2021; El Diasty, 2015; El Nady, 2015;
Gentzis et al., 2018; Moretti et al., 2010). It was deposited
under fluvial conditions (Norton, 1967; Said, 1962). On the
other hand, El Diasty (2015) suggested shallow marine set-
ting for Kharita Member at Abu Ghardig Basin. Moreover,
Shehata et al. (2018) recorded this member at the west of the
Beni-Suef Basin and believed that the strata of this member
were deposited under fluvial conditions.

4.3 The Surface Upper Cretaceous Sedimentary
Rocks

4.3.1 North Western Desert Successions

A. The Bahariya Formation

Said (1962) introduced this formation to describe the con-
tinental friable, false-bedded sandstone, claystone, and

Fig. 31 Field photo shows the type section of the Bahariya Fm. at the G. El Dist, Bahariya Oasis, WD, Egypt
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ferruginous with fine siltstone bands in the north part of the
WD. Its type section lies in G. El Dist, Bahariya Oasis
(Fig. 31). Bahariya Fm. covers the floor and scarps of this
oasis with strata range in thickness from few meters to
* 170 m thick (Moustafa, 1980). In the drilling boreholes
(Box-1), the thickness of Bahariya Fm. reaches about 705 m
thick. It reaches maximum thickness (* 1143 m) at the
Kattaniya-1 borehole (Issawi et al., 2009). This formation
builds the most isolated hills in the central and southern parts
of the Bahariya Depression. Soliman and Khalifa (1993)
described Bahariya Fm. and subdivided it into three informal
units in the central part of the depression: the lower
interbedded siltstone and sandstone, the middle
cross-bedded sandstone, and the upper ferruginous sand-
stone. The Bahariya Fm. was dated as Cenomanian age in
the type section (Hataba & Ammar, 1990; Said, 1962;
Soliman & Khalifa, 1993; Soliman et al., 1970). It uncon-
formably overlies the Kharita Member or directly covers the
basement rocks (El-Bassyouny, 1970). The Bahariya Fm.
unconformably underlies the Heiz (Late Cenomanian) Fm.
(Khalifa & Abu El-Hassan, 1993) or El-Naqb (Early-Middle
Eocene) Fm. (El-Bassyouny, 2004). Bahariya Fm. includes
vertebrate remains (iconic dinosaurs) such as the carnivorous
Carcharodontosaurus, and Spinosaurus, and the herbivo-
rous Aegyptosaurus, and Paralititan (Nothdurft et al., 2002;
Smith et al., 2001). El-Akkad and Issawi (1963) interpreted
the Bahariya Fm. as a deltaic paleoenvironment with marine
sea incursions. Issawi et al. (2009) indicate that the fluviatile
and marine environments setting alternated over the Bahar-
iya region, where the fluviatile setting was prevailing in the
lower parts and decreasing upwards and the marine setting
increased gradually upward with time.

B. The Heiz Formation

Heiz Fm. was defined by El-Akkad and Issawi (1963) to
describe the mainly carbonate units with clastic interbeds,
including dolomitic sandstone bed at the base and dolostone
bed at the top of * 30 thick at the Bahariya Oasis. It
unconformably overlies Bahariya Fm. and unconformably
underlies Hefhuf Fm. Heiz Fm. is widely distributed in the
Bahariya Depression and represents the upper escarpment
face that overlies the Bahariya Fm. in the central and
southern parts of the oasis, while it is absent northward in the
Naqb of the Bahariya Oasis. Its thickness ranges from * 5
to * 24 m thick (Khalifa & Abu El-Hassan, 1993). They
contributed that the Heiz Fm. consists of sedimentary cycles
from claystone at the base to dolostone at the top, which
deposited in an inner shelf paleoenvironment setting in the
central and southwestern of the oasis, changed to the outer
shelf paleoenvironment setting in the northeastern portions
of the depression. Heiz Fm. contains Heterodiadema libyca,

Hemiaster fournelli, Dosinia delettrei, Exogyra plecifera,
Ostrea nicasei, Ostrea mermeti, Ostrea flabellata, and
Ostrea africana of the Late Cenomanian age (El-Akkad &
Issawi, 1963).

C. The Abu Roash Formation

Norton (1967) proposed this formation to describe the
mainly rocks consist of carbonate limestone interbeds with
clastic shale and sandstone. Norton (op. cit.) described the
rocks of this formation from the subsurface rocks at
Mubarak‐1 well (north WD), which unconformably overlies
Bahariya Fm. and underlies Khoman Fm. It was subdivided
into seven informal rock units from the base to the top: G, F,
E, D, C, B, and A. These units could be distinguished
lithologically due to the alternatives between the clastic (G,
E, C, and A) and the pour carbonate units (F, D, and B). The
thickness of the formation ranges between 250 and 750 m
thick. The exposure deposits of this rock unit were described
by Beadnell (1902) at G. Abu Roash (type section), west
Giza Pyramids. Its base is unexposed and unconformably
underlies the Eocene succession (Faris, 1948). Abu Roash
Fm. was subdivided into six informal rock units by Jux
(1954). These units in a stratigraphic order are: the Sand-
stone, Rudistae, Limestone, Acteonella, Flint, and Plicatula
Series (Fig. 18). Abdel-Gawad et al. (2011) assigned the
lower series (Sandstone, Rudistae, Limestone) to the Middle
Turonian and the Acteonella, the Flint Series to the Upper
Turonian, and the Plicatula Series to the Middle Coniacian.
Said (1962) assigned the Abu Roash Fm. to the Late
Cenomanian to Santonian age. Recently, Salama et al.
(2017) assigned G unit to Late Cenomanian, while the
reminder units are of Turonian to Coniacian age.

D. The Hefhuf Formation

It was defined by El-Akkad and Issawi (1963) at the type
section in the G. Hefhuf, Bahariya Oasis. It was named Ain
El Wadi Limestone by Omara et al. (1970). This formation
occurs in the Bahariya and Farafra oases. It attains * 120 m
thick and is made up of dolostone with intercalation of
sandstone, shale, and phosphatic beds. It unconformably
overlies Heiz Fm. and underlies Khoman Fm. Khalifa (1977)
and Khalifa et al. (2002) revised the term the Hefhuf Fm. and
separated the upper phosphatic member from the Hefhuf Fm.
and redefined it as an independent rock unit named the Ain
Giffara Fm., assigned to the Campanian–Maastrichtian age.
Khalifa (1977) subdivided the Hefhuf Fm. into three informal
units: the lower dolostone, middle dolostone-claystone, and
the upper claystone-sandstone. The Hefhuf Fm. is rich in
macrofossils such as Ostrea dichotoma, Protocardia mobit-
ica, Isocardia chargensis, and Cardium spp. of Campanian
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age (Youssef & Abdel Aziz, 1971). Khalifa and Tanner
(2017) believed that the strata of Hefhuf Fm. were deposited
in shallow marine environment ranging from supratidal to
subtidal setting and gave them Turonian–Santonian age.

E. The Wadi Hennis Formation

It was introduced by Dominik (1985) to describe the clastic
sequence at Wadi Hennis, northeast to the Farafra Depres-
sion. It composes of bituminous claystone and glauconitic
sandstone. It unconformably underlies the Khoman Fm.
(Obaidalla et al., 2020) or the Hefhuf Fm. (Dominik, 1985).
Obaidalla et al. (2020) considered the Wadi Hennis Fm. to
be of the Santonian age due to its stratigraphic position
below the lowermost Campanian Globotruncanita elevata
Zone that recorded in the basal part of the Khoman Fm.
Hermina (1990) assigned this formation to the Lower
Campanian age and believed that it is equivalent to Quseir
Fm. In Farafra area, the Wadi Hennis Fm. is the oldest
exposed succession with limited extent in the core of the
northeast-southwest anticline within the area between W.
Hennis and Ain El Maqfi (Hermina, 1990). Obaidalla et al.
(2020) believed that Wadi Hennis Fm. was mainly deposited
under continental environment (fluvial).

F. The Khoman Formation

Kerdany (1968) described the subsurface chalky limestone at
Ain Khoman, southern Bahariya Oasis, as the Khoman Fm.
This formation is exposed as surface rocks between the
southern parts of Bahariya to Farafra depressions. Also, it is
exposed at Abu Roash area, near Pyramids Plateau. It
unconformably overlies Hefhuf or Abu Roash or Bahariya
fms. and unconformably underlies the Apollonia or Dabaa or
Naqb or Tarawan or the upper part of the Dakhla fms. At
Aqabaat area (Fig. 32), Mahfouz et al. (2021a) stratigraph-
ically subdivided * 59 m of the exposed Khoman Fm. into
three members: the White Desert, the Gunna, and the Aqa-
baat. These members are represented by the planktonic
foraminiferal zones from the Globotruncana aegyptiaca to
Igorina pusilla, which cover the Campanian to Danian time
interval. At the subsurface, the Khoman Fm. attains
* 144 m thick at Sahl Baraka borehole (Obaidalla et al.,
2020), which is represented by planktonic foraminiferal
zones from G. elevata to Praemurica uncinata that cover the
Campanian to Danian time. Tassy et al. (2015) assigned the
age of the Khoman Fm. to the Coniacian–Maastrichtian age.
They (op. cit.) believed that the Khoman Fm. is uncon-
formably overlain Abu Roash Fm. and underlain Appolonia

Fig. 32 Field photo shows the Khoman Fm. at the Farafra Oasis, WD, Egypt
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Fm. Obaidalla et al. (2020) evidenced that the carbonate
facies chalky limestone rocks of the Khoman Fm. were
intertonguing with the siliciclastic facies shale of the Dakhla
Fm. at Sahl Baraka borehole (Fig. 18) with shale interbeds.
At WD-7-1 borehole, the Khoman Fm. has its maximum
thickness * 1644 m (Hantar, 1990). The Khoman Fm. is
missing completely toward the south at Abu Minqar and
Dakhla areas. Khoman Fm. was deposited under proper
marine environment, from outer shelf to upper bathyal set-
tings (Mahfouz et al., 2021a; Obaidalla et al., 2020).

4.3.2 South Western Desert Successions

A. The Maghrabi Formation

The Maghrabi Fm. was defined by Barthel and Herrmann-
Degen (1981). It attains about 60 m thick of fine-grained,
bioturbated marine sandstone and claystone. Maghrabi Fm.
unconformably overlies Early Cretaceous (Albian) Sabaya
Fm. Its type section lies in the southern portion of the WD at
Dakhla Basin along Kharga-Dakhla Road. TheMaghrabi Fm.
is of Cenomanian age (Hendriks, 1986). The basal sandstone
parts are marked by abundant plant remains (mainly leaves of
angiosperms), while the upper parts are composed of shale
and sandy glauconitic beds including abundant pelecypod
shells as well as fish teeth. South of Ammonite hill, remains of
a dinosaur were found in the Maghrabi Fm. (Kerdany &
Cherif, 1990). Maghrabi Fm. changes laterally toward the
north of the WD to the Bahariya Fm. At the same time, it is
laterally changed to non-fossiliferous sandstone and clay-
stone toward the south and west of the Dakhla Depression,
where the Maghrabi Fm. represents by a continental sand-
stone sequence, almost devoid of fossils.

B. The Taref Formation

It was defined by Awad and Ghobrial (1965) at G. Taref
(type section), northern Kharga Oasis. The Taref Fm. con-
sists of fine coarse-grained, cross-bedded sandstone with a
conglomeratic base. Generally, it is distributed in the central
and southern parts of Egypt, covering the central parts of the
WD from the Kharga region and extended westwards and
southwestwards. In addition, it is distributed in the central
ED (Issawi et al., 1978). Taref Fm. unconformably overlies
the basement rocks or Maghrabi Fm. and underlies Quseir
Fm. Attia (1955) stratigraphically subdivided the Taref Fm.
(Turonian–Santonian) into three rock units, the Abu Aggag,
Timsah, and Um Barmil. El-Naggar (1970) separated these
three units into formal lithostratigraphic units (formations).
The Taref Fm. Is * 100 m thick at the G. Taref (Kharga
Oasis, Awad & Ghobrial, 1965). It attains * 130 m thick
along Red Sea coast, * 150 m at the downstream side of

W. Qena, * 200 m at W. El-Mashash (Issawi et al., 1978),
60–80 m at Sabaya–Mahamid area, and * 13 m at Kom
Ombo Graben, whereas it measures * 120 m at G. Silsila at
the upthrow side of the northern fault limiting the Kom
Ombo Graben, * 100 m in W. Abad east of Idfu and
* 150 m at the plains south of Dakhla Oasis (Issawi et al.,
2009). In the subsurface, its average thickness reaches
* 110 m increasing to the south of the Dakhla Depression
(Ghoubachi, 2001). Awad and Ghobrial (1965) believed that
Taref Fm. was mainly deposited under continental environ-
ment (fluvial) with near shore marine intercalations. This
formation is of Turonian age (Hermina, 1990).

C. The Quseir Formation

The Quseir Fm. was firstly defined by Ghorab (1956) to
describe the variegated, vividly colored shale alternating
with sandstone beds. Youssef (1957) introduced the Quseir
Variegated Shale at G. Atshan, Quseir region. In the WD
(Dakhla and Kharga oases), this formation was named
informally “purple shale” by Beadnell (1909) and “varie-
gated shale” by Said (1962) and Awad and Ghobrial
(1965). Also, Barthel and Herrmann-Degen (1981) named it
formally as the Mut Fm. Omara et al. (1976) subdivided
Quseir Fm. into two members, the Mut (red claystone) at
the base and the Hindaw (varicolored, gypsiferous shales,
claystones, argillaceous sandstone, and siltstone with some
sandstone lenses) at the top. The type locality of the Mut
Member is at the Mut Region and unconformably rests on
the Taref Fm., whereas the type locality of the Hindaw
Member is at the Hindaw Village, and it is overlain by
Duwi Fm.

Generally, Quseir Fm. is widely distributed all over the
Egyptian geographic regions. Said (1990) mentioned that
this formation contains Campanian ammonites index fossils
(e.g., Canadoceras cottreaui and Manambolites pivetaui).
This formation deposits in very shallow marine (tidal flats),
but the basal strata of it contain remains of freshwater rep-
tiles, gastropods, terrestrial plant debris, and dinosaur
skeletons (Hendriks et al., 1984). Dominik (1985) believed
that the Quseir Fm. is equivalent to the Wadi Hennis Fm.
The Quseir Fm. includes some vertebrate fossils as Corax
bosanii, Lamma appendiculata, and Schizoria stromeri (El
Nakkady, 1951). It was considered of Campanian age
(Youssef, 1957). Recently, Sallam et al. (2018) recorded and
described the sauropod dinosaur Mansourasaurus shahinae
gen. et sp. nov., from Quseir Fm. in Dakhla Oasis.

D. The Duwi Formation

Duwi Fm. was defined by Youssef (1957) to describe the
varying thickness of phosphatic beds alternating with clay-
stone, siltstone, marl, oyster limestone, and sandstone beds
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Fig. 33 Field photo of the Duwi Fm. at the G. Duwi, Quseir area, Red Sea coast, Egypt

Fig. 34 Field photo shows the Duwi Fm. at Abu Tartur area, WD, Egypt
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rich in glauconite at the type section in the G. Duwi, Quseir
area, Red Sea coast. The strata of this formation were named
Phosphate Fm. (by Said, 1962, 1971). It unconformably
overlies Quseir Fm. and underlies Dakhla Fm. The Duwi
Fm. is formed a belt in Egypt, where it is represented in the
Red Sea (Quseir–Safaga region, Fig. 33), Nile Valley
(Mahamid–Sebaiyia–Qena region), and New Valley
(Kharga–Dakhla region, Fig. 34). It occurs as phosphatic
bearing units (beds or lenses). The deposit of the Duwi Fm.
indicates reworking and disturbed deposition with clear
unconformity evidence, which indicates high-energy shal-
low marine with a highly oscillating bottom (El Ayyat,
2015). Also El Ayyat (2015) described black shale strata
within the Duwi Fm. at Abu Tartur, WD. It is equivalent to
Hefhuf Fm. (El-Akkad & Issawi, 1963) in Bahariya and
Farafra regions.

Hendriks et al. (1987) introduce Rakhiyat Fm. at the
central W. Qena to describe * 85 m thick of shale inter-
calated with phosphate beds. He (op. cit.) believed that it is
equivalent to the Quseir and Duwi fms. The lower and
middle parts are characterized by the presence of phosphatic
intraformational conglomerate sandstone, siltstone, marl,
and limestones beds, which are indicated a repeated change
of low- and high-energy deposition due to tidal influence as
well as to syn-sedimentary tectonism. The upper part of

Rakhiyat Fm. consists of shale deposited in low energetic
conditions (Hendriks & Luger, 1987).

E. The Dakhla Formation

Said (1961) introduced it to describe the siliciclastic facies
shale strata at Rasheda Village at the north of Mut area, the
Dakhla Oasis. It unconformably overlies Duwi Fm. and
unconformably underlies Tarawan or Kurkur fms. Dakhla
Fm. attains * 230 m thick, which consists of dark shale,
marl, and interbeds of siltstone, sandstone, and limestone.
Awad and Ghobrial (1965) subdivided Dakhla Fm. into
three members: Mawhoob (black shale rocks) at base, Baris
(oyster mudstone rocks) at middle, and Kharga (gray shale
rocks) at top (Fig. 35). The Kharga Shale Member was
informally subdivided by Luger (1985) into Lower Kharga
Shale and Upper Kharga Shale units. The contact between
these two units marked the Cretaceous/Paleogene boundary,
which is characterized by the occurrence of conglomerate
bed (disconformity) within the Kharga Member (Mahfouz &
Metwally, 2020). The Dakhla Fm. changes laterally north-
wards at Farafra-Bahariya oases, WD into Khoman Fm.
(Obaidalla et al., 2020). El-Naggar (1970) defined the
Sharawna (shale intercalated by marl beds) Fm. equivalent to
the Dakhla Fm.

Fig. 35 Field photo shows the Dakhla Fm. at El Qasr area, Dakhla Oasis, WD, Egypt
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In the Nile Valley (W. Hamama–G. Qrieya) and the Red
Sea (Quseir–Safaga) regions, Dakhla Fm. was subdivided
into two members: the Hamama (pink marl–chalky lime-
stone rocks) at the base and the Beida (black to gray shale
rocks) at the top (Abdel Razik, 1972). Obaidalla et al.
(2017) considered that the Hamama Member at the G.
Qreiya represents a tongue of the Sudr Fm., according to
the similarity on the lithology and facies. Also, they
(op. cit.) considered that the Hamama Member is equivalent
in the geologic age to the Late Campanian–Maastrichtian.
Dakhla Fm. covers the Maastrichtian–Paleocene time
interval (Mahfouz et al., 2021b). It changed laterally
northwards at the north ED and SN into the Sudr Fm. (El
Ayyat & Obaidalla, 2013).

At these localities (ED and WD), the Dakhla Fm. repre-
sents a tongue, where it overlies the Khoman or the Sudr Fm.
by its the upper part of the Danian age. The rocks of the
Dakhla Fm. were deposited under proper marine environ-
ment, in outer shelf settings at the ED (El Ayyat & Obai-
dalla, 2013). In the WD, Dakhla Fm. was deposited in

shallow marine ranging from inner shelf to outer shelf set-
tings (Metwally et al., 2021; Obaidalla et al., 2006).

F. The Kiseiba Formation

It was defined by Klitzsch and Léjal-Nicol (1984) and
Hendriks et al. (1984) at the type section in the escarpment
of Bir Kiseiba, south WD. It was named Quseir Clastic
Member and Shab Clastic Member by Issawi (1973). It is of
the Campanian–Maastrichtian age. Luger (1988) correlated
the Kiseiba Fm. with the Mut, Duwi, and lower part of the
Dakhla fms. The Kiseiba Fm. unconformably overlies the
basement rocks and underlies the Paleocene Kurkur Fm. It
consists of fine-grained sandstone, flaser, and small-scale
cross-bedding with intercalation of shale, siltstone with
phosphatic, and bones beds at a different level of this sec-
tion. The thickness ranges from * 150 to * 300 m (Hen-
driks et al., 1987). Tantawy (1994) defined the Kiseiba Fm.
at G. El Kaddab, Kurkur Oasis, and G. El Borga instead of
the Dakhla Fm.

Fig. 36 Field photos show: a the contact between the Abu Aggag Fm. and basement rocks, Abraq area; b the paleosol layer at the contact
between the Cenomanian Abu Aggag Fm. and Precambrian basement rocks
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4.3.3 The South Eastern Desert Successions

A. The Abu Aggag Formation

The Abu Aggag Fm. was proposed by El-Naggar (1970) to
describe the fluvial strata at W. Abu Aggag, northeast of
Aswan. It attains * 30–40 m thick of basal conglomerates,
upgraded into violet to red, coarse-grained, cross-bedded,
and kaolinitic sandstone with many paleosol layers in the
uppermost parts (El-Naggar, 1970). It unconformably over-
lies Precambrian (basement) rocks (Figs. 36 and 37) and
conformably underlies the Timsah Fm. The formation is
distributed in the Aswan area, Lake Nasser, the W. Timsah–
G. Dif region, and Abraq area northwest Shalatin, Red Sea,
Egypt. The Abu Aggag Fm. is characterized by rare fossils,
fluvial environment with poorly preserved plant fossils
(Kerdany & Cherif, 1990). The Abu Aggag thickness
increases north and northeastwards at W. Natash (* 120–
155 m, Said et al., 1976) and Deir El Kanaiess (* 175–
250 m, Abdel Razik, 1972). Kerdany and Cherif (1990)
assigned the geologic age of Abu Aggag Fm. to Turonian (?).

B. The Timsah Formation

This formation was described by El-Naggar (1970). It
consists of claystone and siltstone which are rich in organic

matter at some levels, especially toward the top. Also, it is
intercalated with fine sandstone beds, which are cross
bedded and bioturbated especially at the base and contain
oolitic iron ore bands toward the top. Its type section lies at
the G. Timsah, northeast of Aswan. Timsah Fm. uncon-
formably underlies the Um Barmil Fm. It is of Coniacian
age (Kerdany & Cherif, 1990). Its thickness ranges from
* 5 to * 130 m and it attains * 40 m thick at the type
section. It is distributed in the northeast of Aswan at the W.
Timsah and G. Dif. Also, it is recorded in the other
localities such as Kalabsha, Garf Hussein, Korosko, Abu
Simbil, and Abraq, northwest Shalatin, Red Sea, Egypt. The
rocks of the Timsah Fm. are deposited in fluvio-marine
environment.

C. The Umm Barmil Formation

Umm Barmil Fm. was introduced by El-Naggar (1970) at G.
Umm Barmil, northeast of Aswan to describe the cross
bedded medium-coarse-grained sandstone. It correlates with
Taref Fm. (Klitzsch, 1984). The thickness of the strata of this
rock unit is * 86 m. Kerdany and Cherif (1990) believed
that the rocks of this formation are deposited under conti-
nental (fluvial) environment conditions. The Umm Barmil
Fm. unconformably underlies the Kiseiba Fm. around
Aswan and the Dakhla Fm. westward of Aswan. Klitzsch
(1986) and Hendriks et al. (1987) assigned Umm Barmil Fm.

Fig. 37 Field photo shows the remnants of the basement (Precambrian) rocks at the base of the Abu Aggag Fm., Abraq area, Egypt
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to the Santonian–Early Campanian, where some beds of this
formation contain small lamellibranches and Ostrea
rouvillei.

4.3.4 The North Eastern Desert and Sinai
Successions

A. The Halal Formation

Said (1971) introduced the Halal Fm. to describe * 450 m
thick of the white to light gray hard crystalline limestone and
dolomite with few marl bands at the G. Halal, east Maghara
area, north SN. The upper part of the Halal Fm. is mainly
interbedded with chalky white fossiliferous limestone. Saber
et al. (2009) described the strata of the Halal Fm. at G. Yelleg
(* 420 m thick), G. Maaza (* 270 m thick), and G. Min-
sherah (* 220 m thick). They (op. cit.) demonstrated that
the upper part of Halal Fm. contains ammonite’s fossils.
Also, it occurs at G. Lebni, east Maghara area, north SN
(Fig. 38). Bachmann et al. (2003) and Aly et al. (2005) stated
that Halal Fm. unconformably overlies Risan Aneiza and
unconformably underlies Wata Fm. At G. Halal (type

locality), the Halal Fm. unconformably overlies Risan Aneiza
Fm. (Fig. 26). The rocks of this formation contain the Late
Cenomanian Neolobites vibrayeanus (d’Orbigny) in the
middle part and Calycoceras spp., Vascoceras cauvini Chu-
deau, andMetengonoceras dumbli (Cragin) in the uppermost
part (Saber et al., 2009). Also, it includes common bivalves
such as Ceratostreon flabellatum (Goldfuss), Ilymatogyra
africana (Lamarck), Gyrostrea delettrei (Coquand), and
Costagyra olisiponensis (Sharpe); gastropods such as
Strombus incertus (d’Orbigny) and Nerinea gemmifera
Coquand; coralline sponges such as Steineria sp., and Acti-
nostromarianina sp. (Abdel-Gawad, 2001; Abdel-Gawad &
Gameil, 1995). The geologic age of the Halal Fm. is of the
Cenomanian (Abdel-Maksoud, 2006; Saber et al., 2009).
Generally, the rocks of Halal Fm. were deposited under
marine conditions, from middle to outer shelf setting.

B. The Raha Formation

Ghorab (1961) introduced it to describe the marls, varicol-
ored gypsiferous and glauconitic shale, marly limestone, and
sandstone strata at the Raha Plateau, west-central SN, Egypt.
The thickness of the exposed Raha Fm. differs from one

Fig. 38 Quarry of SN Cement Company shows the Halal Fm. at G. Lebni, east of Maghara area, north SN, Egypt
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locality to others at SN such as: * 100 m thick at the
Sheikh Attiya, east SN (Kerdany & Cherif, 1990); * 140 m
thick at W. Feiran, west SN (Obaidalla & Kassab, 2000);
and * 190 m thick along the Tih escarpment (Kerdany &
Cherif, 1990). It unconformably overlies the Malha Fm. at
W. Feiran, southwestern SN (Fig. 39). The geologic age of
the Raha Fm. is Cenomanian (Kora et al., 1994). This age
was conformed according to the occurrence of the Ceno-
manian index megafossils such as: echinoids (Hemiaster
cubicus) and oyster (C. flabellatum and I. africana). Kassab
and Obaidalla (2001), according to the integrated study of
the index fossils of the ammonite and the planktonic for-
aminifera, assigned the age of the Raha Fm. at W. Feiran to
the Cenomanian–earliest Turonian age. In the subsurface,
the Raha Fm. consists of an interbedded carbonate and
clastic rocks intercalated with carbonate one with a great
thickness of * 310, * 316, and * 326 m at the Darag,
Nekhl, and Abu Hamth boreholes in the central SN,
respectively. The siliciclastic facies of the Raha Fm. changes
laterally toward the north SN to the carbonate facies of the
Halal Fm. (Fig. 18). Obaidalla (2002) believed that the strata
of the lower part of Raha Fm. at W. Feiran were deposited in
a restricted environment (lagoon), but the middle and upper
strata of this formation were deposited under continental
shelf (inner-middle shelf) environment.

C. The Galala Formation

Abdallah and Adindani (1963) defined it to describe the
sedimentary rocks in the western coast of the Gulf of Suez

along Galala Plateaus and southwards until the middle part
of the W. Qena. It reaches * 180 m thick and differentiated
into two informal lithostratigraphic units: the lower clastic
unit (interbedded marl, shale, and sandstone) and the upper
carbonate unit (limestone and dolomite). The Galala Fm.
was assigned to the Middle-Late Cenomanian age by
Wilmsen and Nagm (2013) and Nagm and Bamousa (2020)
especially at the Northern Galala Plateau, according to the
occurrence of N. vibrayeanus and V. cauvini ammonite
index fossils. Southwards, at Southern Galala Plateau, W.
Hawashiya, and northern W. Qena, Nagm (2015) believed
that the geologic age of Galala Fm. is of Upper Cenoma-
nian–Early Turonian according to the occurrence of the Late
Cenomanian and Early Turonian ammonites index fossils.
Galala Fm. unconformably overlies Malha Fm. (Early Cre-
taceous) at the Galala Plateaus and W. El-Dakhl, or the
Paleozoic Naqus Fm. southward at W. Hawashiya and
northern W. Qena region (Nagm & Bamousa, 2020). Galala
Fm. unconformably underlies the Maghra El-Hadida Fm. at
the North Galala Plateau and conformably underlies Abu
Qada Fm. at the Southern Galala (Nagm, 2015; Wilmsen &
Nagm, 2013). Also, they (op cit.) added that the Galala Fm.
unconformably underlies Umm Omeiyid Fm. at W. Hawa-
shiya and northern W. Qena. Recently, Nagm et al. (2021)
believed that the age of the Galala Fm. at W. Um-Artah and
W. Hawashiya is latest Cenomanian according to the
occurrence of calcareous nannofossil index fossils (e.g.,
Axopodorhabdus albianus and Helenea chiastia). They
(op. cit.) added that Galala Fm. is characterized by the
presence of Cenomanian molluscan fossils (e.g., Ostrea

Fig. 39 Field photo shows the Raha Fm. at W. Feiran, southwestern Sinai, Egypt
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olisiponensis, O. africana, O. flabellata, Periaster oblongus,
Tylostoma elatius, Diplopodia variolaries, Heterodiadema
libycum, Nerinea bicatenata, and Exogyra olisoponesis).
The strata of the Galala Fm. were deposited under conti-
nental shelf (inner-shallow outer shelf) environment (Nagm
& Bamousa, 2020; Nagm et al., 2021). The Galala Fm. is
equivalent to Halal and Raha fms. at north and south SN
(Fig. 18).

D. The Abu Qada Formation

It was introduced by Ghorab (1961) to describe the alter-
nating green-gray soft shale and hard yellowish marly
limestone at W. Abu Qada, west-central SN, Egypt. Said
(1962) described an Early Turonian ammonites bed at the
central and southwest SN and the west bank of Gulf of Suez
areas. At W. Abu Qada, the strata of Qada Fm. are rich in the
Turonian ammonites fossils (Fig. 40). In the east-central SN,
Kora and Genedi (1995) described the Abu Qada Fm. at W.
E1 Ghaib (* 26 m), G. Gunna (* 39 m), G. Dhalal
(* 58 m), Sheikh Attia (* 79 m), and W. Taba (* 23 m).
It contains large-sized oysters and ammonites. They (op. cit.)
assigned Abu Qada Fm. to Late Cenomanian–Early Turo-
nian age, due to the presence of Late Cenomanian oyster
fossils in its lower part and the Early Turonian ammonites
fossils at its upper part such as: Vascoceras douvillei and
Choffaticeras segne. At W. Feiran, based on the study of
ammonite and planktonic foraminifera, Kassab and Obai-
dalla (2001) assigned the age of this formation to the Early

Turonian. At west bank of the Gulf of Suez (W. El-Dakhl),
the Abu Qada Fm. assigned to the latest Cenomanian–Early
Turonian age (Nagm, 2015) according to the presence of
latest Cenomanian ammonite fossils, V. cauvini and the
Early Turonian Vascoceras proprium, Choffaticeras spp.,
and Wrightoceras munieri. Nagm and Bamousa (2020)
assigned the age of the Abu Qada Fm. to the Early Turonian
at W. Irkas and W. Abu Rimth according to the presence of
the characterized ammonite fossil C. segne. Obaidalla (2002)
and Nagm et al. (2021) noted that the strata of Abu Qada
Fm. were deposited under middle-outer shelf environment.
The Abu Qada Fm. conformably overlies Galala Fm. at the
west bank of the Gulf of Suez (Nagm, 2015; Nagm &
Bamousa, 2020) and the Raha Fm. at W. Feiran, west-central
SN (Kassab & Obaidalla, 2001). Generally, an Oceanic
Anoxic Event (OAE2) globally marked the Cenomanian/
Turonian (C/T) boundary (e.g., Mort et al., 2008; Voigt
et al., 2006). On the other hand, this boundary in Egypt is
marked by a hiatus (Kassab & Obaidalla, 2001; Wilmsen &
Nagm, 2013) which led to the absence of the signal of the
Cenomanian/Turonian anoxic event.

E. The Wata Formation

Ghorab (1961) introduced this formation to describe
* 102 m thick hard cliff massive limestone and dolomite,
with very minor clastic facies (marl and shale beds) at W.
Wata, west-central SN. Kora and Genedi (1995) described
the strata of the Wata Fm. as a well-bedded dolomitic

Fig. 40 Field photo shows the Turonian ammonite fossils within the marly limestone of the Abu Qada Fm. at W. Abu Qada, west-central Sinai,
Egypt
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limestone and rudist limestone with minor chert concretions
at east-central SN (* 44 m thick at G. Dhalal, * 70 m
thick at G. Gunna, * 19 m thick at W. El-Ghaib, and
* 12 m thick at Taba). Wata Fm. conformably overlies
Abu Qada Fm. and unconformably underlies Matulla Fm.
(Fig. 41). In the northern SN, Saber et al. (2009) described
the Wata Fm. at the G. Minsherah (* 80 m) and G. Yelleg
(* 115 m). They (op. cit.) assigned it to the Turonian age
according to the occurrence of the index ammonite fossils
such as: Pseudaspidoceras flexuosum, C. segne, and
Mammites nodosoides of Early-Middle Turonian at the
lower part, and Late Turonian index ammonite fossils such
as: Coilopoceras requienianum at the uppermost part of the
formation. Furthermore, Saber et al. (2009), the upper part
of Wata Fm. carries the gastropod Nerinea requieniana and
yielded rudist assemblage of Distefanella cf. lombricalis,
Praeradiolites ponsianus, Durania arnaudi, Durania
gaensis, and Radiolites sauvagesi. Kassab and Obaidalla
(2001) at W. Feiran assigned the age of this formation to
the Late Turonian according to the ammonite and the
planktonic foraminifera studies. Wata Fm. at W. Feiran was
deposited in the middle shelf environment (Obaidalla,
2002).

F. The Maghra El-Hadida Formation

It was originally defined by El-Akkad and Abdallah (1971)
to describe the strata (* 142 m thick) that consist of hard,
dolomitic limestone, dolomite varicolored marls, and sand-
stone beds at W. Maghra El-Hadida, southeast of G. Ataqa,

near Suez district. This formation is distributed at G. Ataqa
area, Galala Plateaus, and northern W. Qena. The lower parts
of this formation are rich in the Turonian ammonites. It
unconformably overlies Galala Fm. and underlies Matulla.
Maghra El-Hadida Fm. is equivalent to Abu Qada and Wata
fms. at SN (Nagm, 2009). In addition, Saber et al. (2009)
used the Wata Fm. at the SN region as the time-equivalent
strata of Maghra El-Hadida Fm. At W. Araba, Nagm et al.
(2010a, 2010b) assigned its age to Late Cenomanian–Late
Turonian age, according to the occurrence of the latest
Cenomanian index ammonites (e.g., Metoicoceras geslini-
anum and V. cauvini) and the Turonian index ammonite
(e.g., V. proprium, Choffaticeras spp., W. munieri, C.
requienianum). In the Northern Galala, Nagm and Bamousa
(2020) assigned the Maghra El-Hadida Fm. (* 65 m thick)
to the latest Cenomanian–Early Turonian. They traced the
C/T boundary within Maghra El-Hadida Fm. Maghra
El-Hadida Fm. was deposited in shallow marine conditions
(inner-middle shelf setting).

G. The Um Omeiyid Formation

It was introduced by Klitzsch and List (1980) to describe
* 56-m-thick cross-bedded, continental sandstone at W.
Umm Omeiyid, north ED, Egypt. Wilmsen and Nagm
(2013) assigned Um Omeiyid Fm. to the Middle-Late
Turonian at W. Qena district. This is because its stratigraphic
position overlain the Late Cenomanian–Early Turonian
Galala Fm. Um Omeiyid Fm. unconformably overlies Galala
Fm. (Wilmsen & Nagm, 2013). Hermina et al. (1989)

Fig. 41 Field photo shows the Wata Fm. at W. Feiran, southwestern Sinai, Egypt
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restricted Um Omeiyid Fm. to the Turonian age and they
believed that the strata of this formation were deposited
under continental conditions.

H. The Matulla Formation

Matulla Fm. was proposed by Ghorab (1961) to describe
* 170 m of clastic facies sandstone and shale intercalated
with limestone and marl at W. Matulla, west-central SN.
Kora and Genedi (1995) described the Matulla Fm. in the
east-central SN at Sheikh Attia (* 89 m thick), W. E1
Ghaib (* 62 m thick), G. Dhalal (* 22 m thick), and W.
Taba (* 22 m thick) and assigned its age to the Coniacian–
Santonian age according to the occurrence of the Coniacian–
Santonian index megafossils (e.g., Heterotissotia neocer-
atites, Plicatula ferryi, Crassostrea heinzi). It uncon-
formably overlies Wata Fm. and underlies Sudr Fm.
Obaidalla and Kassab (2000) assigned the age of Matulla
Fm. at SN to Coniacian–Santonian age according to the
integrated study of the ammonite and the planktonic for-
aminiferal fossils. Abdel-Gawad et al. (2007) described
Matulla Fm. at southern Galala Plateau, north ED, and

assigned its age to the Coniacian–Early Campanian (?)
according to the occurrence of the index megafossils
Gyrostrea thevestensis, Nicaisolopha tissoti, and Nicaisolo-
pha nicaisei. Obaidalla et al. (2018) described the upper part
of the Matulla Fm. at five stratigraphic sections: Sudr
Al-Hitan, W. Sudr, Abu Qada, Ain-Markha, and W. Feiran.
They concluded that the uppermost part of Matulla Fm. is of
Campanian age (Fig. 42). Obaidalla et al. (op. cit.) traced the
Santonian–Campanian boundary within the uppermost part
of the Matulla Fm. at the base of the organic-rich black shale
which indicates a dysoxic-anoxic oceanic event during the
earliest Campanian age. Kallenbach and Hendriks (1986) at
central W. Qena, NE of Masak El-Rakhiyat and south of W.
Um Omeiyid used the Hawashiya Fm. instead of the Matulla
Fm.

I. The Sudr Formation

It was defined by Ghorab (1961) at its type section in the W.
Sudr (* 247 m), west-central SN. It consists of snow-white
chalky limestone which vertically changes into marly lime-
stones. The Sudr Fm. is commonly distributed in SN and

Fig. 42 Field photo shows the uppermost part of the Matulla Fm. underlies the Sudr Fm. at Abu Qada, southwestern Sinai, Egypt
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north ED. It unconformably overlies Matulla Fm. and
underlies Dakhla Fm. (Figs. 43 and 44). Generally, the basal
part of Sudr Fm. in Egypt is marked by the occurrences of
rich phosphatic materials (Fig. 45). The Sudr Fm. is of
Campanian–Maastrichtian age (Faris et al., 2018; Mahfouz
et al., 2018; Salman et al., 2021). It is very rich with oyster
fossils such as Pycnodonte vesicularis especially at the lower
part (Fig. 46). It also contains bivalves fossils such as Pecten
faraferences (El Ayyat & Obaidalla, 2013) heteromorph
ammonites (Abdel-Gawad, 1990). At the same time, this
formation is rich within the microfossils especially the
planktonic foraminiferal taxa of Campanian–Maastrichtian
age such as: G. elevata, Gansserina gansseri, and Plum-
merita hantkeninoides (Mahfouz et al., 2018; Salman et al.,
2021). The rocks of the Sudr Fm. were deposited under
marine environment ranging from middle shelf to lower
continental slope (El Ayyat & Obaidalla, 2013). El-Akkad
and Abdallah (1971) and Abdallah and Eissa (1971) intro-
duced the Adabiya and the G. Thelmet fms. west the Gulf of
Suez instead of the Sudr Fm. The similarity in the lithology
of the Adabiya and the G. Thelmet fms. with the Sudr Fm.
lead to gathering these formations in one name, the Sudr Fm.
according to the priority. Ismail and Boukhary (2001) used
the name G. Thelmet Fm. at the Southern Galala and

assigned it to the Campanian age. Moreover, the petroleum
company geologists used Brown Limestone Beds in the Gulf
of Suez as informal rock unit for the phosphatic limestone
beds. On our point of view, these beds represent the basal
strata of the Sudr Fm. This is evidenced by the presence of
brown phosphatic strata at the base of the Sudr Fm. at almost
localities in north ED and SN (Fig. 45).

J. The Maghra El Bahari Formation

Maghra El Bahari Fm. was defined by El-Akkad and
Abdallah (1971) to describe the clastic beds at W. Maghra El
Bahari, G. Ataqa, west Gulf of Suez. Maghra El Bahari Fm.
unconformably overlies Adabiya Fm. at G. Ataqa and
unconformably overlies Maghra El-Hadida Fm. at G.
Shabrawet. It attains * 80 m thick and is composed of
unfossiliferous sandstone (continental red beds) with minor
claystone, marl, and conglomerate intercalations. The
Maghra El Bahari Fm. is of Maastrichtian–Early Paleogene
(?). Wanas and Abu El-Hassan (2006) subdivided Maghra El
Bahari Fm. into two informal units: the lower clastic unit
(unfossiliferous sandstone, siltstone, and silty claystone) and
the upper carbonate and evaporate deposits which indicate
alluvial and lacustrine environments.

Fig. 43 Field photo shows the Paleocene Dakhla Fm. above the Campanian–Maastrichtian Sudr Fm. at W. Nukhul, Abu Zeinema, southwestern
Sinai, Egypt
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4.4 The Subsurface Upper Cretaceous
Sedimentary Rocks

4.4.1 The Western Desert Successions
Mostly, all the surface WD sedimentary rock units are well
represented as subsurface successions with different thick-
ness. These rock units were recorded by several workers
such as: Schrank and Mahmoud (1998), El Beialy et al.
(2010), Moretti et al. (2010), Shalaby et al. (2011, 2016), El
Nady (2013, 2015), El Diasty (2015), El Diasty et al. (2016),
Gentzis et al. (2018) and Bosworth and Tari (2021).

4.4.2 The Eastern Desert Successions
Several surface formations of the ED and SN are recorded as
subsurface sequences by the activities of the petroleum
companies, especially in Gulf of Suez (e.g., Awad & Serag
El Din, 2009; Elhossainy et al., 2021). Also, the Quseir,

Duwi, and Dakhla fms. were documented in the WD (Kom
Ombo and Dakhla basins) due to the activities of the pet-
roleum and underground water companies (e.g., Issawi et al.,
2016; Schrank & Mahmoud, 1998).

5 Conclusions

The studies which carried out on the Mesozoic sedimentary
successions in Egypt suggest that the creation of these rocks
was controlled by different types of global tectonic events.
The important tectonic events are: the Pan-African Orogeny
(end of the Proterozoic Era), the collision of the Gondwana
and Laurasia plates (end of the Paleozoic Era), the rifting of
the South Atlantic Ocean due to the fragmentation of
African Plate from South American Plate (Late Cretaceous),
and finally, the deformation of Syrian Arc Event

Fig. 44 Field photo shows the Paleocene Dakhla Fm. above the Campanian–Maastrichtian Sudr Fm. at W. Tarfa, north ED, Egypt
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(termination of Cretaceous). Due to the effect of these tec-
tonic events, the Triassic and Jurassic sedimentary rocks are
missed in the most provinces of Egypt and confined to the
north parts, where they are represented in the surface and
subsurface boreholes in the north ED and north WD,
respectively. The sedimentary facies of these two periods
are characterized by continental to marine facies. On the
other hand, the Cretaceous sedimentary rocks are well dis-

tributed all over the geographic provinces of Egypt. These
rocks are well represented in the surface and subsurface
with different lateral and vertical change in the sedimentary
facies due to the formation of numerous sedimentary basins.
The Cretaceous rocks are characterized by proper marine
facies approximately all over the different provinces in
Egypt, with some fluviatile-shallow marine facies at the
south places of Egypt.

Fig. 45 Field photo shows the phosphatic materials within the lower part of the Sudr Fm. at the W. Taref, north ED, Egypt
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Mesozoic Oceanic Anoxic Events
and the Associated Black Shale Deposits
as a Potential Source of Energy

Tarek Anan and Adam El-Shahat

Abstract

Oceanic anoxic events (OAEs) are considered as periods
of oxygen deficiency in many oceans; accompanied by
accumulation of organic-rich black shales. Mesozoic
anoxic events were recognized based on the presence of
black shales that are rich in organic matter. The most
significant anoxic events during the Mesozoic are the
Early Toarcian, the Early Aptian, and the Cenomanian–
Turonian. The less significant events are the Valanginian-
Hauterivian, the Hauterivian-Barremian, the Aptian-
Albian, the Late Albian, the Albian-Cenomanian, and
the Coniacian-Santonian. The recognized OAEs in Egypt
are the Early Aptian (OAE 1a), the Aptian-Albian (OAE
1b), the Late Albian (OAE 1c), the Albian-Cenomanian
(Breistroffer, OAE 1d), and the Cenomanian–Turonian
(Bonarelli Event, OAE 2). However, the most widely
recoded event is the OAE 2. The Cretaceous oceans
hosted huge amounts of organic-rich black shales that
sufficient to source all of the hydrocarbons. Black shales
are considered as the most important source of hydrocar-
bons. The exploitation of black shales to generate
hydrocarbons becomes a vital substitutional resource for
energy. Such utilization of black shales may compensate
the shortage of hydrocarbons in Egypt. Detailed filed
work and analytical data are required before final
estimation of black shale resources in Egypt.
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1 Introduction

Oceanic anoxic events (OAEs) were first described by
Schlanger and Jenkyns (1976). These events are global-scale
periods of marine anoxia that associated with a widespread
accumulation of organic carbon-rich fine sediments. The
responsible factors for this phenomenon remain problematic.
However, the general assumption was that during some
intervals in the geological time, intensified oxygen minimum
horizons prevailed in many oceans. Schlanger and Jenkyns
(1976) concluded that the essential factor leading to
enhanced organic carbon accumulation was reducing oxygen
content in ocean bottom waters (less than 1.0 ml O2 per
1.0 L H2O). Oxygen deficiency was formed due to two
factors: (i) water column stratification and (ii) increases in
primary productivity. OAEs were believed to be accompa-
nied by major fluctuations in the global carbon cycle. Car-
bon isotope excursions have been reported across pelagic
and shallow-water marine carbonate successions (Danelian
et al., 2004; Farrimond et al., 1990; Karakitsios et al., 2010;
Kemp et al., 2005; Schouten et al., 2000).

Oceanic anoxic events were recorded in different geologic
periods, such as Early to Middle Paleozoic, end Permian,
and Mesozoic events. Varved black shales in the Cambrian
(Zhuravlev & Wood, 1996), graptolite shales in both the
Ordovician and Silurian (Berry & Wilde, 1978) or Devonian
and Carboniferous black shale deposits point to deposition
from oxygen deficient deep water during the Early and
Middle Paleozoic times. The end-Permian oceanic anoxic
event was widespread and indicated by the presence of
laminated organic black shales that contain abundant pyrite
and was deposited in shallow to deep water settings (Wignall
& Twitchett, 2002). The Mesozoic anoxic events are wide-
spread and can be correlated globally.

Leckie et al. (2002) declared that most oceanic anoxic
events are associated with extensive volcanism that accom-
panied by the release of methane hydrates (Beerling et al.,
2002). During these circumstances, CO2 content increases

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-95637-0_7&amp;domain=pdf
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and causes global warming (Fig. 1). These situations lead to
intensive chemical weathering on the continents that in turn
will enhance nutrient discharge to the oceans (Fig. 1).
Finally, this will lead to increase the production of organic
matter in the oceans (Jenkyns, 2010). In addition, during
most oceanic anoxic events, the water became euxinic (i.e.,
the water is anoxic and sulfidic) (Jenkyns, 1988; Wester-
mann et al., 2013).
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This chapter aims to shed some light on the presence of
OAEs during the Mesozoic, the accumulation of organic-
rich black shales during these events, the occurrence of
OAEs in Egypt, and the utilization of such black shales as a
source of energy.

2 Mesozoic Oceanic Anoxic Events

Mesozoic oceanic anoxic events are determined based on the
presence of black shales that are rich in organic carbon.
These black shales contain huge amounts of carbon

sufficient to source the majority of the petroleum and natural
gas (Schlanger & Cita, 1982). Multiple periods of wide-
spread anoxic conditions (Fig. 2) have been recorded in the
Mesozoic Era (Schlanger & Jenkyns, 1976). The events have
durations varying between a few hundreds of thousands of
years and up to a million years. During the Mesozoic Era
(Fig. 2), oceanic anoxic events of global significance are:
(1) the Early Toarcian Event (Posidonien-schiefer event,
T-OAE, Mazzini et al., 2010), (2) the Early Aptian Event
(Selli event, OAE 1a, Malinverno et al., 2010), and (3) the
Cenomanian–Turonian Event (Bonarelli Event, OAE 2). The
less significant oceanic events (Fig. 2) in the Mesozoic Era
are: (1) the Valanginian-Hauterivian Event (Weissert Event),
(2) the Hauterivian-Barremian Event (Faraoni Event), (3) the
Aptian-Albian Event (OAE 1b, Paquier Event), (4) the Late
Albian (OAE 1c), (5) the Albian-Cenomanian Event (OAE
1d, Breistroffer Event), and (6) the Coniacian-Santonian
Event (OAE 3). Description of the most widespread oceanic
events (Early Toarcian, Early Aptian, and Cenomanian–
Turonian) will be discussed in the following sections.

Fig. 1 Illustration of the various geochemical processes that are associated with OAEs, after Jenkyns (2010)
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Fig. 2 The position of the different Mesozoic OAEs. Red arrows
denote the most significant events. Figure after Jenkyns (2010). The
geological time scale (GTS 2012) is given in Gradstein et al. (2012)

2.1 The Early Toarcian (T-OAE)

This event is considered as the earliest OAE in the Meso-
zoic. It is associated with a mass extinction (eastern Tethyan,
Wignall et al., 2006) and accumulation of organic carbon
(Jenkyns et al., 2001). The Early Toarcian Event showed
increased organic carbon sequestration. The total organic
carbon (TOC) of black shales of this event varies between
0.60 and 19 wt% (Jenkyns, 1988, 2010; Jenkyns et al.,
2002). Such variation is interpreted to be a result of water
depth, different redox conditions, and degree of organic
productivity. Carbon isotope content of bulk organic matter
during this event drops below − 30‰ from background
levels of generally − 26 to − 27 ‰. However, the carbon
isotope content of carbonates fluctuates due to diagenetic
alterations (the Pindos Zone, Greece, Kafousia et al., 2010).
Fluctuations in the global carbon cycle were recorded in the
T-OAE (Remírez & Algeo, 2020). In the Northwest Euro-
pean Shelf, T-OAE displays large organic carbon isotope
excursion (− 5 to − 7 ‰) and high TOC content (*10%)
(Remírez & Algeo, 2020).

2.2 The Early Aptian (OAE 1a, Selli Event)

It is the earliest major OAE in the Cretaceous period. Like
the Early Toarcian event, the Selli Event is characterized by
the global accumulation of black shales in continental shelfs
and marginal environments (Gröcke et al., 1999; Heimhofer
et al., 2004). In addition, the Selli Event is associated with
pronounced turnover in calcareous nannoplankton (Erba,
1992) and severe extinction of siliceous and calcareous
plankton (Heimhofer et al., 2004). Palaeotemperature data
showed an abrupt increase in sea surface temperature of
about 8 °C in the OAE 1a that in turn followed by a cooling
trend (Ando et al., 2008). Recently, Percival et al.
(2021) studied the OAE 1a at different localities; Pacific,
Tethyan, Arctic, and South Atlantic areas. They stated that
volcanic carbon emissions accompanied by magmatic
degassing are the trigger of the OAE 1a.

2.3 The Cenomanian–Turonian
(OAE 2, Bonarelli Event)

The Cenomanian–Turonian OAE 2 is the most extensively
studied event among the all OAEs throughout the geologic
times. During this event, global accumulation of organic-rich
fine sediments was recorded (Schlanger & Jenkyns, 1976;
Tsikos et al., 2004). In addition, a positive carbon isotope
excursion in marine carbonates of 2–3‰ and in bulk organic
matter of 4–6‰ was recorded. Jenkyns et al., (2007) rec-
ognized the highest carbon isotope excursions in and around
the Atlantic Ocean where huge amounts of black shales were
deposited. According to the orbital time scale of Sageman
et al. (2006), the time span of the OAE 2 is about 600 ka.

During the OAE 2, the mid-Atlantic oceanic rift had
created a basin of about 4000–5500 km2 in the Northern
Hemisphere. This basin is known as the proto-North Atlantic
during the Cenomanian–Turonian times. Many researchers
(e.g., Algeo & Rowe, 2012; Hetzel et al., 2009) have
reported that the proto-North Atlantic was a semi-closed and
restricted basin with steep slopes. During the mid-
Cretaceous, sea-level transgression occurred and led to the
formation of an epicontinental sea across the North Ameri-
can continent (Fig. 3) (Haq et al., 1987; Miller et al., 2005).
This sea is called the Western Interior Seaway. Hancock and
Kauffman (1979) stated that during this interval, Europe
turned into an archipelago resulting from Late Cenomanian
transgression. Through the OAE 2, substantial amounts of
organic-rich sediments were globally accumulated. This in
turn led to enhanced burial of organic carbon that resulted in
a 13C enriched global carbon reservoir. So, there is a positive
excursion in the stable carbon isotope (d13C) (Fig. 4) of both
organic matter and carbonate rocks (e.g., Arthur et al., 1988;
Tsikos et al., 2004). Such positive excursion in d13C i



considered as a global phenomenon and may be used in
correlation of different OAE 2 successions (Voigt et al.,
2008).
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Fig. 3 Palaeogeographic reconstruction of the Cretaceous denoting section locations: Colorado, Western Platform, Tarfaya, Eastbourne, Gongzha,
Tappu, Mangaotane B, and Sawpit Gully (modified after Gangl et al., 2019; Zhou et al., 2015)

3 Oceanic Anoxic Events in Egypt

The Early Toarcian rocks in north Sinai (the Mashabba
Formation) contain black shales in its lower part. This shale
contains abundant plant remains such as Equisitites sp.,
Gleichenites cf. cycadina (Schrank), Laccopteris cf. densa
(Edwards), and Weichselia sp. (Al Far, 1966). The
Mashabba Formation was deposited in shallow marine
conditions with fluviatile and deltaic settings (Al Far, 1966),
so the Early Toarcian OAE is not recorded. There are no
isotopic data form the Mashabba Formation. The recorded
Mesozoic OAEs in Egypt are; the Early Aptian (OAE 1a),
the Aptian-Albian (OAE 1b), the Late Albian (OAE 1c), the
Albian-Cenomanian (Breistroffer, OAE 1d), and the Ceno-
manian–Turonian (Bonarelli Event, OAE 2). The most
widely distributed event in Egypt is the OAE 2.

The Early Aptian Event (OAE 1a, Selli Event)

The Early Aptian event has a limited distribution in Egypt;
only recorded in north Sinai. Salama and Abdel-Gawad
(2018) subdivide the Late Barremian-Late Albian succession
at Gabal Raghawi, north Sinai into 22 characteristic carbon

segments (C1–C22). They recognized the OAE 1a below the
Early-Late Aptian boundary at Gabal Raghawi. This event
corresponds to the Early Aptian ammonite Deshayesites
forbesi Zone.

The Aptian-Albian Event (OAE 1b)

Like the OAE 1a, this event is recorded only in north Sinai.
Salama and Abdel-Gawad (2018) reported the OAE 1b event
above the ammonite Acanthohoplites nolani horizon at
Gabal Raghawi, north Sinai. The negative carbon isotope
excursion (CIE) of the carbon segments (C11–C12) is
interpreted as the onset of the OAE 1b.

The Late Albian Event (OAE 1c)

This event has a limited distribution; only recorded at Gabal
Raghawi, north Sinai (Salama & Abdel-Gawad, 2018). The
beginning of negative CIE between the carbon segments
(C16–C17) refers the presence of OAE 1c.

The Albian-Cenomanian Event (OAE 1d, Breistroffer)

The OAE 1d event was determined at Gabal Raghawi, north
Sinai by Salama and Abdel-Gawad (2018). It was accom-
panied by a positive carbon isotope shift at the Albian-
Cenomanian boundary within the ammonite Mortoniceras
inflatum Zone.
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Fig. 4 Schematic representation of the for OAE 2 characteristic
positive carbon isotope excursion (CIE). Timescale after Meyers et al.
(2012). Figure after Kuypers et al. (2002)

The Cenomanian–Turonian Event (OAE 2, Bonarelli
Event)

This event is considered as the most extensive oceanic
anoxic event that has been studied in Egypt (Fig. 5). Dif-
ferent sections from Sinai Peninsula were chosen to study
the presence of the OAE 2. These sections are: Gabal Nez-
zazat (Shahin, 2007), Wadi El-Ghaib (Gertsch et al., 2010),
Wadi Feiran (El-Sabbagh et al., 2011), Gabal Musabaa
Salama, Gabal Ekma, and Gabal Qabaliate (Anan et al.,
2013). In the Eastern Desert, El-Sabbagh et al. (2011) rec-
ognized the presence of OAE 2 at Wadi Dakhl, whereas
Nagm et al. (2014) determined this event at Wadi Qena. In
the north Western Desert, Zobaa et al. (2011) recorded the
Cenomanian–Turonian oceanic anoxic event in the Razzak
oil field. Recently, Kassem et al. (2020) recorded this event
from subsurface samples in the October oil field, Gulf of
Suez.

Shahin (2007) recorded the OAE 2 in Gabal Nezzazat, west
central Sinai. He observed a dark shale layer in the Abu Qada
Formation below the Cenomanian–Turonian boundary. In
addition, he defined this event on the basis of foraminiferal
content and high positive d13C excursions in both the bulk
carbonate samples and oyster shells. He recorded two high
positive d13C excursions; 3.88 and 5.06‰ during this event.
Gertsch et al. (2010) recognized the OAE 2 in the restricted
shallow settings at Wadi El-Ghaib, Sinai. The oceanic
anoxia/dysoxia conditions in these shallow marine settings are
delayed because anoxic waters carried to shorelines during
transgression. Zobaa et al. (2011) recorded a positive d13Corg

excursion (2.01‰), and they believed this is correlated to the
OAE 2. They identified this event within the organic-rich shaley
limestone in the basal part of the Abu Roash “F” member.

Anan et al. (2013) determined OAE 2 in the Cenoma-
nian–Turonian Abu Qada Formation in three sections in
west central Sinai (Gabal Musabaa Salama, Gabal Ekma,
and Gabal Qabaliate, Fig. 5). Lithologically, the OAE 2
bearing sequence consists mainly of argillaceous limestone
and dark shale (Fig. 6) containing planktonic foraminifera,
calcispheres, thin-shelled bivalves, in addition to ammonites.
This horizon was deposited during periods of sea-level rise
between the Cenomanian and Turonian. The observed d13C
excursions are 3.04, 3.99‰ in Gabal Musabaa Salama, 4.51,
5.14‰ in Gabal Ekma, and 4.22, 5.24‰ in Gabal Qabaliate.
These high positive excursions in d13C are associated with
highly negative values of d18O. A shift to more negative
d18O values may be the result of warming and diagenetic
alterations. Kassem et al. (2020) recorded positive d13C
excursion (1.8‰) in the dark gray shale of the Abu Qada
Formation. At the Cenomanian–Turonian boundary, they
attributed the abrupt increase in organic matter (3.75 wt%)
to a depletion in the oxygen level and in turn increase in the
preservation of organic carbon.

Nagm et al. (2014) recognized the Cenomanian–Turonian
boundary event (OAE 2) in shallow marine succession at
Wadi Qena, Eastern Desert. The positive d13C excursion of
the studied interval reaches 6.5‰. The positive carbon iso-
tope excursions at Wadi Qena show the proceeding of the
oceanic event into the shallow-water succession. In northeast
Egypt, the OAE 2 was determined in shallow neritic envi-
ronments (Wadi Dakhl, El-Sabbagh et al., 2011). Anoxic
conditions that are associated with the OAE 2 are delayed
until the beginning of the Early Turonian in shallow shelf
successions.

4 Black Shale of the Oceanic Anoxic Events

North (1979) concluded that the Cretaceous oceans depos-
ited large amount of organic-rich black shales. However,
today, organic-rich and/or sulfur-rich shales accumulate in



the Black Sea (Kaiser et al., 2017). Schlanger and Jenkyns
(1976) highlighted that the OAEs contain widespread
deposition of black shale. These intervals correspond to
major sea-level rise. OAEs are associated with fluctuations
in the global carbon cycle (Schlanger & Jenkyns, 1976).
Such fluctuations are associated with positive and/or nega-
tive carbon isotope excursions in both pelagic and shallow
marine organic-rich fine sediments (black shale) (Farrimond
et al., 1990; Kemp et al., 2005). Black shales of the OAEs in
the Mesozoic were widely deposited in the Pacific Ocean
(Takashima et al., 2010), the Atlantic Ocean (Lipinski et al.,
2003), and the Tethys Ocean (Wang et al., 2001) (Fig. 7).
Among all OAEs, the Cenomanian–Turonian event (OAE 2)

is associated with widespread accumulation of black shales
(Gangl et al., 2019). Deposition of black shale in OAE 2
commenced in the Southern North Atlantic Ocean and the
Western Interior Seaway and spread to the North Atlantic
Ocean and the Tethys Ocean (Kuroda & Ohkouchi, 2006).
Black shales reserve huge quantities of carbon that sufficient
to source the majority of the hydrocarbons. Schlanger and
Cita (1982) stated that the highest ratio of hydrocarbon
source rocks accumulated during the times of oceanic anoxic
events.
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Fig. 5 Location of the OAE 2 in different parts of Egypt. (1) Gabal Nezzazat (Shahin, 2007), (2) Wadi El-Ghaib (Gertsch et al., 2010), (3) Wadi
Feiran (El-Sabbagh et al., 2011), (4) Wadi Dakhl (El-Sabbagh et al., 2011), (5) Razzak oil field, Western Desert (Zobaa et al., 2011), (6) Gabal
Musabaa Salama, Gabal Ekma and Gabal Qabaliate (Anan et al., 2013), (7) Wadi Qena (Nagm et al., 2014), and (8) October oil field, Gulf of Suez
(Kassem et al., 2020)

If oxygen is abundant in any depositional environment,
decomposition of organic matter occurs, and the CO2 is
returned to the water. As oxygen becomes limited,



deposition of organic matter will be protected from aerobic
decomposition. Such oxygen deficiency prevailed during the
OAEs. Oceanic anoxic events are considered as extremely
narrow time intervals, where the majority of the world’s
oceans transformed from carbon oxidizing to carbon storing
system (Schlanger & Cita, 1982). The rate of burial and
preservation of organic matter in marine environment
depends up on the rate of production, the rate of bulk sed-
imentation, and the rate of organic decomposition (Arthur &
Sageman, 1994; Sageman & Lyons, 2003).
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Fig. 6 Field photographs showing the Cenomanian–Turonian Abu
Qada Formation. a Dark gray shale of the Abu Qada Formation in
Gabal Ekma, West Sinai (after Anan, 2010). b Close up view of the
black shale of the Abu Qada, Gabal Nezzazat, West Sinai. Geologic
hammer for scale is 32.5 cm (after Anan, 2014)

Fig. 7 Distribution of organic-rich fine sediments through the
Cenomanian–Turonian boundary in the Atlantic and adjacent areas
(modified after Graciansky et al., 1986)

Organic-rich black shale is a characteristic feature through
the OAE 2 especially in deeper waters of the North Atlantic,
Tethyan, and surrounding margins (Mort et al., 2008; Voigt
et al., 2006). On the other hand, in shallow marine settings,
these black shales are generally missing, either because they
were not deposited or not preserved (El-Sabbagh et al.,
2011; Lüning et al., 2004). Different lithologies that are
associated with the OAEs contain elevated TOC values
compared with their interbedded sediments. Huge amounts
of organic-rich fine sediments occur on the eastern margins
of the Atlantic and along shelf margins (Jenkyns, 1985).
Black shales of the Atlantic contain benthic bivalve Inoce-
ramus that was deposited in dysoxic rather than truly anoxic
conditions (Thiede & van Andel, 1977).

5 Black Shale Associated with the OAEs
in Egypt

In Egypt, the black shales are extensively distributed. They
are widespread in different stratigraphic successions and
different ages (El-Kammar, 2008). As far as the writers are
aware, very little is known about the properties and organic
geochemistry of the black shales in Egypt. Most of the



previous detailed studies are concerned with black shales
which are not associated with the OAEs. The first study of
the Egyptian black shales was achieved by Said (1962) when
he studied the carbonaceous black shale horizons of the
Paleozoic Rod El-Hammal Formation at Wadi Araba, East-
ern Desert. After that, Mustafa and Ghaly (1964) studied the
black shale of the Quseir area, Eastern Desert. Troger (1984)
estimated the black shale resources in Egypt. He declared
that the resources in Quseir-Safaga and Abu Tartur areas are
4500 � (106) bbls and 1200 � (106) bbls, respectively. The
Upper Cretaceous organic-rich fine sediments in both the
Duwi Formation and Dakhla Shale contain potential oil
shale accumulations with estimated resources of approxi-
mately 15 billion tons (El-Kammar, 2008, 2017). The
lithofacies of the Campanian–Maastrichtian succession
include black shales, limestones, phosphates, glauconites,
and dolostone. The recorded black shales contain a sub-
stantial amount of organic matter.
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The unconventional petroleum reserves in black shales
are currently one of the most important and underutilized
energy resources. In Egypt, the knowledge about exploita-
tion of these black shales is very limited where the black
shale exploration endeavors are still very immature.

5.1 The Aptian Stage

During the Aptian time, marine transgression took place and
north Sinai and southern Western Desert were covered by
shallow sea (Said, 1990). In northern and southern Egypt, the
Alamein and Abu Ballas formations were deposited, respec-
tively. In northern parts of Sinai, the Risan Aneiza Formation
is composed mainly of delta front and prodelta sediments,
whereas in northern Western Desert, marine conditions
dominated, and carbonate and shale were deposited (Said,
1990). The Abu Ballas Formation is composed mainly of red
and green fossiliferous shales. The Aptian rock units may
include the Early Aptian Event (OAE 1a).

5.2 The Albian Stage

During the Albian, the sea level regressed northward.
Shallow marine sediments were deposited in the northern
Western Desert above the Dahab Shales (Said, 1990). The
Aptian-Albian event (OAE 2b) was traced at Gabal
Raghawi, north Sinai (Salama & Abdel-Gawad, 2018).

5.3 The Cenomanian–Turonian Stages

The marine Cenomanian–Turonian rocks are well-exposed
in the northeastern part of Egypt in Sinai and the Eastern

Desert (Said, 1990). In central and east Sinai, the Cenoma-
nian rocks are unconformably overlain by gray green shale,
dark gray shale, marl, and argillaceous limestone beds that
are rich in ammonites. Ghorab (1961) named this succession
the Abu Qada Formation. The average thickness of the Abu
Qada Formation is 35 m, whereas in northeastern part of
Sinai, the thickness reaches 50 m. This formation includes
the Cenomanian–Turonian boundary event. El-Shinnawi and
Sultan (1973) stated that the Abu Qada Formation is com-
posed of dark gray to blackish gray succession dominated by
Heterohelix globulosa. The Abu Qada Formation can be
traced in Sinai from north to south. The ammonite bed that
marks the Cenomanian–Turonian boundary occurs in
northern and central Sinai. This bed is absent in the southern
localities; Gabal Mukattab and Gabal Qabaliate.

Kora et al. (1993) placed the Cenomanian–Turonian
boundary in west Sinai within the middle part of the Abu
Qada Formation as the boundary between the oyster Exo-
gyra (Costagyra) olisiponensis and the ammonite Mammites
nodosoides zones. Ismail (2002) determined the OAE 2
within the Abu Qada Formation in Wadi Feiran, south
western Sinai in a black shale unit yielding planktonic for-
aminifera. A clear warming trend is recorded by Khalil
(2007) from the latest Cenomanian to the earliest Turonian;
based on the increased diversification of the ammonites.
Gertsch et al. (2010) studied the Cenomanian–Turonian
succession in the Wadi El-Ghaib, east Sinai. The studied
succession reflects shallow nearshore environment that
became deeper around the Late Cenomanian-Late Turonian.
Around Cenomanian–Turonian, the Abu Qada Formation
consists of red laminated, fossiliferous shales, and marls
with ammonites.

El-Sabbagh et al. (2011) studied the Cenomanian–Turo-
nian in Eastern Desert and in west Sinai. In the two studied
locations, the Abu Qada Formation is well developed and
consists of shales, marls, nodular marls, limestones, and
oyster-rich limestone beds. Zobaa et al. (2011) studied the
Cenomanian–Turonian boundary in the Razzak #7 oil well,
Razzak oil field (in north Western Desert) and reported a
positive excursion in the d13Corg within the basal part of the
Abu Roash “F” member. The lithology in this horizon is
composed of predominantly organic-rich, black shaley
limestone.

Anan (2014) described the Cenomanian–Turonian rock
units in west central Sinai. He recorded the Cenomanian–
Turonian boundary in the Abu Qada Formation that is
dominated by dark gray shale. Thickness of this formation
varies between 26 m in Gabal Esseilah to 47 m in Gabal
Nezzazat, West Sinai. In the Eastern Desert, Nagm et al.
(2014) studied the Cenomanian–Turonian boundary in Wadi
Qena. Such boundary is placed in the Galala Formation
between the Late Cenomanian Vascoceras cauvini and the
Early Turonian Vascoceratid zones. The recorded lithology



in the C/T boundary is shale and marly limestone. Kassem
et al. (2020) studied the Cenomanian–Turonian boundary
event in October oil field, central Gulf of Suez, and they
reported dark gray calcareous shale that is a characteristic
feature for the abrupt redox conditions of the OAE 2. In
addition, they reported a good to very good source rock
maturity of the Abu Qada Formation.
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6 Properties of Black Shale

Black shales are composed mainly of four components:
clastics, carbonates, organic matter, and pyrite (Röhl et al.,
2001). The content of organic matter ranges from 0.5 to
50 wt% of the whole rock. If the organic matter content is
below 10%, black shales are called bituminous mudstones;
whereas oil shales contain more than 10% organic matter
(Röhl et al., 2001). The content of hydrogen in organic
matter from black shales is much higher than that found in
other fossil fuels (Zhang et al., 2012). In addition, black
shales are characterized by low caloric value, low cohe-
siveness, high ash, and the high volatiles.

Black shales contain trace contents of some metals such
as vanadium, molybdenum, uranium, arsenic, zinc, and
antimony (El-Kammar, 2017). Moreover, depositional
basins of the black shales may receive exceptional amounts
of detrital materials, some elements such as zirconium,
thorium, and rare earth elements are enriched. Sources of
metals in black shales include seawater-derived material
(Slack et al., 2015), hydrothermal and/or multiple metal
sources (Young et al., 2013), post-depositional diagenetic
and metamorphic processes (Rimstidt et al., 2017), and
organic compounds and biomineralization (Rimstidt et al.,
2017). In addition, sulfate-reducing bacteria may cause the
deposition of sulfide minerals (Greenwood et al., 2013).
Parviainen and Loukola-Ruskeeniemi (2019) choose eight
black shale samples (from Finland, China, Canada, Poland
and Germany, Zambia, Sweden, South Korea, and USA) for
analyses. The studied black shales contain > 1% organic
carbon and over 1% sulfur. In addition, Parviainen and
Loukola-Ruskeeniemi (2019) recorded the abundance of
sulfide minerals in these black shales such as pyrite, pyr-
rhotite, chalcopyrite, sphalerite, galena, molybdenite, marc-
asite, bornite, vaesite, wurtzite, melnicovite, ullmannite,
stannite, and millerite.

Next to coal, organic content in black shales is more
enriched in hydrogen and therefore is comparatively more
liable to produce oil (Lille, 2003). Unlike lignite and bitu-
minous coal, the organic matter of black shales has a higher
hydrogen and lower oxygen content (Dyni, 2003). In black
shales, organic matter degradation is incomplete due to
oxygen depletion or even lack of oxygen. Such situations
cause enrichment of organic matter in black shales (Dyni,

2003). Hence, preservation of organic matter in black shales
is excellent.

Black shales contain non-clay minerals such as calcite,
dolomite, glauconite, quartz, apatite, and pyrite. The recor-
ded non-clay minerals are diverse in their origin. For
example, dolomite is diagenetic. The minor non-clay min-
erals include ankerite, Mg-calcite, and marcasite. Due to the
action of weathering, some minerals like gypsum, anhydrite,
hematite, and halite are recorded (El-Kammar, 2017). High
content of kaolinite in the black shales of the Dakhla Shale is
a result of extensive weathering (El-Shafeiy et al., 2014;
Keller et al., 2002). In addition, black shales contain smectite
that shows a strong tendency to form complexes with
organic molecules. El-Kammar (1993) determined that dis-
crete illite is not detected in the black shales, however, it
may interstratify with the smectite layers. Chlorite has a
limited distribution in the studied black shales.

7 Black Shale as a Source of Energy

Energy demand increases continually and the International
Energy Agency (IEA) predicts that this demands in 2030
will be more than two times in 1990 (Zhang et al., 2012).
This growing demand is the main reasons to seek for alter-
native fuel sources such as black shales. The total resources
of black shales in the world is 409 billion tons (Dyni, 2006).
Extensive exploration will for sure add more billions the
estimated resources. Huyck (1990) defined black shales as
the rock that contain > 0.5% organic carbon. Other
researchers stated that black shales contain > 1% of both
organic carbon and sulfur.

Black shales are of tremendous economic value as they
store the majority of the world’s hydrocarbons (Wignall,
1994). Recently, black shale is considered as the most
important source of hydrocarbons. Successful exploitation of
black shale was recorded in the USA, Canada, and South
America. The exploitation of black shales to generate
hydrocarbons becomes a vial substitutional resource for
energy (Xie et al., 2020).

Besides their importance in crude oil production, black
shales can be used in generating electricity and a source of
other valuable chemicals. Through the nineteenth century,
thermal processing of black shales started in Australia, USA,
Germany, Brazil, and Scotland. During the twentieth century,
black shales processing started in China. Nowadays, signifi-
cant quantities of black shales are mined in Estonia, Russia,
China, Brazil, and Germany (Dyni, 2003). Black shales act as
source rocks for oil and gas that will cover the most of energy
needs in modern societies. The exploitation of oil shale from
1880 to 2010 is shown in Fig. 8. The major part of production
comes from Estonia. Much smaller quantities come from
Russia, China, and Brazil (Clerici & Alimonti, 2015).
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Fig. 8 Black shales world production in millions of metric tons (after Clerici & Alimonti, 2015). The major production comes from Estonia

8 Utilization of Black Shale

According to Zhang et al. (2012), there are two ways to
exploit the black shales; combustion to generate energy and
retorting to extract oil. During the twentieth century, black
shales were used alone or mixed with coal for generating
power by combustion. The retorting technique includes the
distillation of kerogen by pyrolysis at temperatures > 700 °C
(Zhang et al., 2012). The utilization of black shales includes
two main processes; direct combustion and oil distillation
process. Finally, the low-grade black shale can be used in
cement industry (El-Kammar, 2017).

8.1 Direct Combustion

The older method of combustion is called pulverized com-
bustion, and it was first used in Estonia with a high-grade
black shale. To use a low-grade black shale (as low as
900 kcal/kg), a new technique was invented. This technique
is called fluidized bed combustion. The combustion process
includes three stages; the aerosol combustion, the fluid bed
combustion, and the circulation fluid bed combustion Zhang
et al. (2012).

8.2 Oil Distillation Process

In this process, a heat treatment method can be used to
extract oil from black shales. The essential step here is to
isolate the oil shale under the airless conditions and heat

up to temperature range (450–600° C), and then, the
physicochemical reaction occurs. The final products are
shale oil, coal gas, and semi-coke. The shale oil can be used
as a fuel directly, whereas the byproduct is taken as waste
such as coal gas and semi-coke Zhang et al. (2012).

8.3 Cement Industry

Low-grade black shales are in most cases suitable as raw
materials in cement industry (El-Kammar, 2017). Recently,
black shales are used by cement factories in the south Nile
Valley. The usage of black shales may be part of the energy
required for clinker production and that depends on the
kerogen content.

9 Economic Analysis

Figure 9 illustrates the material and energy balance of black
shale exploitation, the productivity value that contain the
shale oil, semi-coke, and ash slag (Zhang et al., 2012). The
outcome shows that the mass utilization of black shale
includes oil distillation process and electricity generation.
The investment in black shale industry will include the
refinery, the electricity generation, and the production of
building materials that can bring great opportunities for
society. Moreover, the development of black shale refining
industry can compensate for the shortage of petroleum in
Egypt. Confrontation of shortage in energy in Egypt (i.e., the
contradiction between demand and supply) will hinder the
development of our national economy. Hence, seeking for



new energy resources is the only solution to solve this
sophisticated problem.
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Fig. 9 Material and energy balance of black shale mass exploitation (after Zhang et al., 2012). Huyck, 1990, For the review, we selected eight
black shale deposits and occurrences containing > 1% organic carbon and over 1% sulfur. Moreover, microbial activity, specifically
sulfate-reducing bacteria, may trigger the precipitation of sulfide minerals, and the accumulation of metals may be promoted by porphyrins that
bind metals to form complexes (Greenwood et al., 2013); Malinverno et al. (2010)

10 Conclusions

Black shales accumulated through the OAEs in the Meso-
zoic are widely distributed in the majority of the world
oceans. Among all OAEs, OAE 2 is accompanied by
extensive accumulation of black shales. Black shales host
huge quantities of carbon that are sufficient to source the
hydrocarbons. The OAE 2 event is the most widely dis-
tributed oceanic anoxic event in Egypt. The marine Ceno-
manian–Turonian rock units are well-exposed in the
northeastern parts of Egypt. The exploitation of black shales
to generate hydrocarbons becomes a vial substitutional
resource for energy. The mass exploitation of black shales
includes direct combustion, oil distillation process, and the
low-grade black shale can be used in cement industry.
Detailed field work and chemical analyses are very vital to
give an accurate estimation of the black shale resources in
Egypt.
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The Evolution of Vegetation Through
the Cretaceous of Egypt
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Abstract

This work summarizes the results of previous investiga-
tions on the plant fossil remains since the last century
within the Egyptian strata, exclusively from the Creta-
ceous. Most of these data are often dispersed across many
poorly accessible sources or not written in English.
Cretaceous floras of Egypt are known from different
localities mainly in the Western Desert, as well as small
localities in southern Egypt and the Eastern Desert. The
plant-bearing successions were deposited mostly in fluvi-
atile and shallowmarine settings. The oldest floras from the
Aptian Abu Ballas (Kilf Kebir) Formation are dominated
by gymnosperms and free-sporing plants. Starting from the
Albian-early Cenomanian of the Sabaya Formation,
followed by the Bahariya Formation (early Cenomanian),
the Timsah Formation (Coniacian-Santonian), and ending
with the youngest assemblage of the Campanian Mut
Formation, turned into angiosperm-dominated communi-
ties. These assemblages are mostly well preserved and
comprise diverse lineages of macroflora, as well as
palynoflora. Our work focussed not only on previous
records, but also on localizing many curated specimens
while enhancing the available data on their palaeoecology
and palaeoenvironment.
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1 Introduction

Although there is an emerging consensus on the global cli-
mate patterns during the Cretaceous, details about the cli-
mate in North Africa, including Egypt, are currently poorly
resolved and estimates for terrestrial climate remain incom-
plete. A careful appraisal of the previous contributions
focussed on megaflora and palynology within this time
window in Egypt was essential and showed that many issues
concerning the climate and vegetation remain equivocal.
This motivated us to carry out this study as a step in a trial to
deduce and ultimately provide a clear understanding of the
vegetation and climate changes during the Cretaceous of
Egypt.

The Cretaceous strata host the richest fossil flora in
Egypt, not only macroflora but also palynomorphs. The
recorded floral assemblages from the Cretaceous in Egypt
are generally well preserved and encompass diverse groups
of macrofloral as well as microfloral algae, spores, and
pollen. They are known from different localities mainly in
the Western Desert, as well as a few localities in southern
Egypt and the Eastern Desert (Fig. 1). As previously out-
lined by the recent appraisal of El-Saadawi et al. (2020), the
Cretaceous strata host the most diverse palaeoflora in Egypt,
not only macroflora but also palynomorphs. Most of these
assemblages were described in poorly accessible sources or
even written in non-English languages, this motivated the
authors to undertake an overview that will certainly be
valuable for palaeobotanists working on the Cretaceous all
over the world. The main aim of this work is not only to
review previous records, but also to localize many curated
specimens as well as introduce more data about their
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palaeoecology and palaeoenvironment. This will be carried
out through descriptions of plant megafossils together with
palynomorph taxa from different spatial and temporal Cre-
taceous windows in Egypt (Fig. 2).
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Fig. 1 Location map of Egypt showing the plant-bearing sites

2 Abu Ballas Floras and Its Allies

The Abu Ballas Formation (Barthel & Böttcher, 1978) i
synonymous to the Lingula Shale of Klitzsch (1978). At its
type section at Abu Ballas Scarp in southern Egypt, it is
made of a highly fossiliferous 44-m thick silty shale, which
includes Lingula sp. and many others of invertebrates,
including lamellibranchiata, gastropoda, echinoidea, bra-
chiopoda, arthropods, as well as vertebrate remains

(Böttcher, 1982). Based on previous fossil content as well as
abundant plant remains and palynomorphs, the Abu Ballas
Formation has been dated as Aptian (Klitzsch & Hermina,
1989).

To the best of our knowledge, the oldest-known Creta-
ceous megafloral assemblages from Egypt come from the
Gilf Kebir and the Abu Ballas Formations. Both are partly
lateral equivalents and hence will be considered together to
avoid stratigraphic inconsistency around the Gilf Kebir
Formation. However, a few assemblages dated as
Jurassic-Early Cretaceous were previously described and
discussed earlier, see El-Saadawi et al. (2020).

Fossil leaves from the so-called Gilf Kebir Formation
(pre-Aptian) were first mentioned by Lejal-Nicol (1981a)
from the Akaba area, further assemblages are also
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Fig. 2 Correlation chart of the Cretaceous rock units (surface-exposed) in Egypt, complied after Klitzsch and Hermina (1989). Age of the
Cretaceous stages follow Gale et al. (2020)
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recognized in Klitzsch and Lejal-Nicol (1984), Klitzsch and
Wycisk (1987), and Lejal-Nicol (1987). These assemblages
are dominated by the fern taxon Weichselia reticulata
(Stokes and Webb) Fontaine (Fig. 3e), accompanied by
another fern determined as Phlebopteris Brongniart (Fig. 3
f), less frequent remains of conifers (Pagiophyllum,
Frenelopsis), and other gymnosperms (Pterophyllum,
Podozamites, and Ginkgoites) and the fern Cladophlebis.
Lejal-Nicol (1981a, 1987) identified most of the recorded
taxa to the species level but one must keep in mind that these
fossils are imprints in sandstones, which usually lack
detailed anatomical features of the gross morphology so that
even a generic identification can be contentious, such as the
case for Frenelopsis.
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Secondly, fossil leaves from the Abu Ballas Formation
(Aptian) were first mentioned by Barthel and Böttcher
(1978) from various localities in south Western Desert. In
contrast to the Gilf Kebir assemblages, these fossils come
from fine-grained sediments (silts and clays). W. reticulata
(Fig. 3d) is also frequent in these assemblages, as well as
Phlebopteris (Fig. 3a) (Barthel & Böttcher, 1978). Never-
theless, two assemblages display aquatic plants of possible
angiospermous affinities. The first and best-known assem-
blages comes from coastal sediments (Lejal-Nicol, 1981b)
and include Klitzschophyllites aegyptiacum Lejal-Nicol
(Fig. 3b), first determined as Hausmannia in Barthel and
Böttcher (1978), as well as W. reticulata, Leguminocarpon
abuballense Lejal-Nicol (a possible gnetalean), and other
Gymnosperms (Lejal-Nicol, 1981b). The second assem-
blage, coming from an oxbow lake deposit, was described by
Böttcher (1982) and contains W. reticulata, Phlebopteris
sp. and a single tiny, peltate leaf (Fig. 3c), similar to
Ploufolia (Sender et al., 2010).

On the western side of the Gulf of Suez, El-Saadawi and
Kedves (1991) described a presumably Lower Cretaceous
flora containing, among others, ferns, Otozamites, and
Araucaria. The persistent occurrence of W. reticulata,
xeromorphic fern, in most of the assemblages suggest a
rather dry climate for the period. A palynological investi-
gation carried out by Aboul Ela et al. (1989) did not offer a
detailed age dating for such an Early Cretaceous assemblage
and did not exclude Jurassic-Early Cretaceous age.

The flora of Gebel Dirra from the Sudan (Edwards, 1926;
Watson, 1983; Schrank, 1999) is very similar to the Gilf
Kebir Formation assemblages, containing W. reticulata,
Frenelopsis silfloana, Pseudofrenelopsis parceramosa, and
Cladophlebis sp. Similarly, the Crato flora of the Aptian age
(Coiffard et al., 2019 and references therein) is also alike to
both of the Gilf Kebir and Abu Ballas assemblages, dis-
playing Klitzschophyllites, Frenelopsis, and various gneto-
phytes with a physiognomy similar to Podozamites.
Nevertheless, it lacks W. reticulata and pinnate gymnosperm
foliage (e.g. Pterophyllum) and is also characterised by the

occurrence of various angiosperms. This difference can be
attributed to taphonomy, as well as facies control or climate.

Palynological results from the Dakhla Basin (Western
Desert) reveal that the transition from the Barremian (to early
Aptian?) non-marine Six Hills Formation to the overlying
Aptian shallow marine Abu Ballas Formation is characterised
by a rise in the abundance of the early angiosperm paly-
nomorphs from 3 to 4% in the Six Hills to about 30% in the
Abu Ballas Formation. According to Schrank (1982, 1983),
the most conspicuous angiosperm element in the Abu Ballas
Formation is the pollen genus Brenneripollls (Retimonocol-
pites peroreticulatus-reticulatus group of Schrank, 1982). In
addition to the co-occurrence of Afropollis, Asteropollis,
Clavatipollenites, and Retimonocolpites (Schrankipollis)
mawhoubensis Schrank that provide reliable dating data for
the Abu Ballas Formation, gymnosperms were also defined
comprising xerophytic elements of Ephedripites and Clas-
sopollis that denote arid climate.

3 Sabaya Formation, the First
Angiosperm-Dominated Assemblage

The Sabaya Formation (Barthel & Böttcher, 1978) was also
known as the Desert Rose Bed (Klitzsch et al., 1979) o
Albian to possibly early Cenomanian age (Kora et al., 1988).
Its type area is the group of hills at Qulu El-Sabaya, south of
Abu Tartur Plateau at the road between El Kharga and El
Dakhla, where it overlies the Abu Ballas Formation and is
overlain by the Plant Bed (Maghrabi Formation). It repre-
sents a lateral equivalent to Facies 1 of van Houten et al.
(1984) and the basal part of the Nubia Sandstone in the
central Eastern Desert (Ward & McDonald, 1979). However,
Klitzsch (1987) restricted the Sabaya Formation to those
sediments located south of Aswan to the area between Abu
Simbel and Selima. Lithologically, the Sabaya Formation is
composed of white, grey, yellowish brown and red, fine- to
coarse-grained, occasionally conglomeratic sandstone. In its
type locality, it comprises 60-m thick of fluvial sediments
(Klitzsch & Hermina, 1989).

Fossil leaves from the Sabaya Formation were first
revealed by Barthel and Böttcher (1978). This rock unit is
marked by the appearance of the first angiosperm-dominated
assemblages. Such an assemblage was collected at Plant Hill
in channelled sandstones (number 161177-1 of the Technical
University of Berlin ‘TU’ collection), a few metres above the
base of the Sabaya Formation (Barthel & Böttcher, 1978). It
comprises four angiosperm taxa (Böttcher, 1982; Klitzsch &
Lejal-Nicol, 1984; Kahlert et al., 2009): (1) Eucalyptophyllum
sabayense Kahlert, Rüffle, and Gregor, corresponding to the
Rogersia-type and the Ficophyllum-type of former publica-
tions (Fig. 4a), (2) Araliaephyllum-type (Fig. 4c),
(3) cinnamomoid-type (Fig. 4b), (4) Vitiphyllum-like (Fig. 4
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Fig. 3 Line drawing of leaves from the Abu Ballas (a–d) and Gilf Kebir (e–g) Formation. a Phlebopteris sp., b Klitzschophyllites aegyptiacum
Lejal-Nicol, c peltate leaf, d, eWeichselia reticulata (Stokes and Webb) Fontaine, f Phlebopteris sp., g leaf identified as Sagenopteris sp. Scale bar
is equal to 1 cm
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Fig. 4 Line drawing of leaves from the Sabaya Formation. a Eucalyptophyllum sabayense Kahlert, Rüffle and Gregor, b cinnamomoid-type,
c Araliaephyllum-type, d Vitiphyllum-type, e Araliaephyllum-type, f Frenelopsis sp., g unidentified parallel-veined leaves, h Weichselia reticulata
(Stokes and Webb) Fontaine. Scale bar is equal to 1 cm



d). All those leaves are micro- to notophyllous. Another
assemblage (090279-1) embraces one Araliaephyllum-like
leaf (Fig. 4e) and aW. reticulata pinna (Fig. 4h). In contrast,
other assemblages from the same unit contain only ferns and
gymnosperms such as those from 201077-7, located about
40 m above the base (Barthel & Böttcher, 1978). From this
assemblage, Klitzsch and Lejal-Nicol (1984) identified
Phlebopteris sp., Frenelopsis sp. (Fig. 4f), Araucaria sp.,
Brachyphyllum sp., and W. reticulata as well as unidentified
parallel-veined leaves (Fig. 4g). Two further localities
southward of the type area and on the Upper part of Gebel
Kamil were mentioned by Klitzsch and Lejal-Nicol (1984),
the first one containing Paradoxopteris stroemeri Hirmer and
Phlebopteris sp. Brongniart and the second one Frenelopsis
aff. parceramosa Fontaine and F. aff. ramosissima Fontaine
(non-angiosperm, especially conifers poorly preserved).
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The lack of accurate sedimentological description of the
localities precludes further understanding of the distribution
of angiosperms. It is however clear that at least two kinds of
plant associations existed in a fluvial context during the
Albian, one dominated by ferns and gymnosperms, similar to
the Aptian assemblages and to the older vegetation, and one
nearly exclusively dominated by angiosperms. Furthermore,
Kora et al. (1988) outlined the occurrence of silicified wood
and other badly preserved plant fragments within the Sabaya
Formation in the Darb El Arbain area, Southern Egypt and
northern Sudan. However, the lack of illustrations hinders a
better discussion of the recovered plant assemblages.

To the authors’ knowledge, no previous palynological
contributions have focussed on the Sabaya Formation, which
could be attributed to sampling bias as there are no enough
surface sections or even subsurface wells targeting it. The
megafloral assemblages of the Negev (Krassilov & Schrank,
2011) and Jordan (Abu Hamad et al., 2016) share some
similarities to the assemblages of Egypt. The assemblages
IQ2 from the Negev (Krassilov & Schrank, 2011) exhibit a
mixture of ferns, gymnosperms and micro- to notophyllous
angiosperms. Nevertheless, the Near-East assemblages are
characterised by quite a common occurrence of Sapindopsis
leaves, which presently remain unknown from Egypt. Fur-
thermore, the other assemblages described from the Negev
(Krassilov & Schrank, 2011) and Jordan (Hu & Taylor, 2014;
Abu Hamad et al., 2016) come from fine-grained sediments.
Despite these lithofacies differences, W. reticulata is com-
mon in both Egyptian and Near-Eastern assemblages.

4 Bahariya Formation and Its Equivalents
(Angiosperms-Dominated Flora)

In the northern Western Desert, the Cenomanian deposits are
named the Bahariya Formation after El Akkad and Issawi
(1963). Its type section occupies the floor and scarps of the

oasis depression around Gebel Dist and has an exposed
thickness of 170 m to more than 300 m underlying the
El-Hefhuf Formation (Dominik, 1985). It is composed of
sandstone, mudstone, and limestone, its upper part is richer
in shale than the lower one. The sandstones and mudstones
are tan, greenish grey, and glauconitic in parts, with many
trace fossils. According to Dominik (1985), the Bahariya
Formation was divided into two rock units: the lower Gebel
Ghorabi Member, represented by fluviatile sandstone. The
upper Gebel Dist Member (estuarine-shallow marine), which
is composed of intercalations of sandstone, siltstone, and
claystones, that are partly glauconitic. It is strongly
tide-influenced with some intercalations of lagoonal inputs.
Some workers (e.g. Dominik, 1985) treated the overlying El
Heiz Formation as a third member, which comprised cal-
careous or siliceous sandstones and claystones that charac-
terize gradual regression of lagoonal and supratidal origin.
Though, in this work, we consider it separately as El Heiz
Formation, following the widely accepted nomenclature of
El Akkad and Issawi (1963) and others. The Bahariya For-
mation is of early Cenomanian age, based on foraminifera
(Barakat et al., 1974). The fossil content of the Bahariya
Formation is highly diverse, including not only plant
macrofossil, but also terrestrial aquatic such as lungfishes,
turtles, crocodiles, and dinosaurs, plus marine vertebrate
fauna such as sharks, plesiosaurs, and the sea serpent
Symoliophis sp., besides lamellibranchiate, ammonites, and
mangrove-dwelling crabs (e.g., Dominik, 1985; Werner,
1989; Smith et al., 2001; Schweitzer et al., 2003). Dominik
(1985) concluded that the Bahariya Formation was deposited
first under fluviatile conditions, then under estuarine condi-
tions and finally under lagoonal conditions based entirely on
lithological and palaeontological evidence.

In addition to wood, the first record of plant megafossils
in the Bahariya Formation is initiated by Seward (1935),
followed by Stromer (1936) and Kräusel (1939) who
described Macclintockia cretacea Heer (closely resembles a
Nelumbonaceae), from Gebel Ghorabi as well as W. retic-
ulata and Nelumbites schweifurthii Fritel (Kräusel) from
Gebel El Dist.

Between 1980 and 1982, additional material was collected
from the Bahariya area which was first mentioned byDominik
(1985) and then described in Lejal-Nicol and Dominik (1987,
1990). This material comprises mainly W. reticulata associ-
ated with P. stroemeri Hirmer as well as two
angiosperms-dominated assemblages. Furthermore, the first
angiosperm-dominated assemblage comes from the Bahariya
Formation from Naqb El Farafra corresponding to fluvial
sandstone channel deposits. This assemblage consists mostly
of mesophyllous, simple, entire-margined leaves, identified
by Lejal-Nicol and Dominik (1990) as various species of
Cornophyllum (Fig. 5a), Laurophyllum (Fig. 5e), Magnoli-
aephyllum (Fig. 5b), Rogersia (Fig. 5d), and Liriophyllum
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Fig. 5 Line drawing of leaves from the Bahariya Formation. a Cornophyllum, b Magnoliaephyllum, c cinnamomoid-type, d Rogersia,
e Laurophyllum, f Liriophyllum, g Nelumbites giganteum Lejal-Nicol and Dominik. Scale bar is equal to 1 cm



(Fig. 5f), the latter being characterised by its emarginate apex.
In addition to these land plants, this assemblage also contains
Nelumbites giganteum Lejal-Nicol and Dominik, an aquatic
plant with nymphaealean affinities (Fig. 5g).
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Another angiosperm-dominated assemblage comes from
the El Tibnia locality which represents swamp clay sedi-
ments. This assemblage contains terrestrial plants identified
as a Vitiphyllum Fontaine by Lejal-Nicol (1990) and some
cinnamomoid-type leaves (Fig. 5c), as well as the aquatics
N. schweifurthii Fritel (Kräusel) and possibly N. giganteum
Lejal-Nicol and Dominik and various monocot-like leaves
(e.g. cf. Typhaephyllum). The W. reticulata specimens
described by Lejal-Nicol and Dominik (1990) are embedded
in grey siltstone deposits differing from both the sediment of
Naqb El Farafra (ferruginous sandstones) and El Tibnia
(brown claystones). Concerning the ecology of this species
in the Bahariya Formation, it is interesting to note that
Schweitzer et al. (2003) reported it from a mangrove
palaeosoil.

Later, Lyon et al. (2001), mentioned the occurrence of 30
morphotypes, of which 25 are angiosperms, while Darwish
and Attia (2007), mentioned more than 62 morphotypes,
unfortunately without detailed description and enough
illustrations of these morphotypes.

Further south, the equivalent Maghrabi Formation
(Fig. 2) yielded an angiosperm-dominated assemblage quite
similar to the assemblages reported from the Bahariya For-
mation (Klitzsch et al., 1979; Klitzsch & Lejal-Nicol, 1984).

Outside of Egypt, the flora of the Umm Badda Member of
the Omdurman Formation (Sudan) is quite similar to the
Bahariya assemblage, being dominated by angiosperms of
mesophyllous size (Hassan, 1973), but further taxonomic
revision is required for a better understanding of their
affinities. In contrast to the assemblages of Egypt and the
Sudan, the assemblages from Lebanon and Morocco are
dominated by ferns and gymnosperms (Krassilov & Bacchia,
2000, 2013). Angiosperms of these assemblages are of nano-
to microphyllous size. This suggests the existence of dif-
ferent vegetation belts between the tropics, the Egyptian and
Sudanese assemblages being close to the paleoequator and
wetter, while Moroccan and Jordanian assemblages being
closer to the tropics and dryer.

According to El Atfy et al. (2023), palynological
assemblages from the Bahariya Formation, mainly from
subsurface materials, are diverse and mostly dominated by
ferns, conifers products and angiosperm that represented
mostly by Afropollis (Winteraceae; Schrank, 2001). Ferns
are mainly represented by Filicopsida; Cyathaceae (Cyathi-
dites), Lygodiaceae (Triplanosporites), Matoniaceae
(Cibotiumspora jurienensis (Balme) Filatoff, Concavis-
porites, Trilobosporites, Matonisporites), Anemiaceae
(Cicatricosisporites), and Incertae Sedis (Leptolepidites),
aquatic ferns include Marsileaceae (Crybelosporites

pannuceus Srivastava, Gabonisporis vigourouxii Boltenha-
gen), and Salviniaceae (Ariadnaesporites). Non-gnetalaean
gymnosperms comprised Erdtmanithecaceae (Eucommi-
idites), Cycadales, Ginkgoales, and Bennettitales (Cycado-
pites, Exesipollenites, Monosulcites), and Conifers. Among
the conifers, representatives of the Cheirolepidiaceae
(Classopollis) are by far the most abundant, followed by
Araucariaceae (including Araucariacites and Balmeiopsis).
Gnetalaean gymnosperms are represented by Elaterate
Complex (Elaterocolites, Elateroplicites, Elaterosporites,
Senegalosporites, Sofrepites) and Ephedroides (Ephedrip-
ites, Equisetosporites, Steevesipollenites). Angiosperms,
except for Afropollis, are relatively infrequent but show a
progressive increase in diversity comprising eudicots,
monocots, and dicots. However, the most numerous ele-
ments are winteraceous angiosperms (Afropollis). This
contradicts the macroflora yield and could be attributed to
sampling or even spatial or even temporal differences among
the surface exposures and subsurface counterparts.

Microfloral elements described from the north Western
Desert were initially described from the Gebel Dist,
Bahariya Oasis and yielded early Cenomanian microflora
(Soliman & Sultan, 1976), however, a late Cenomanian age
may be assumed for this likely angiosperm-dominated
microflora that contains most advanced angiosperms tri-
porates and perhaps also a periporate pollen related to
Cretacaeiporites (Pl. 1–6 therein). Within the subsurface,
previous microfloral records (see review in El Atfy et al.,
2023), did not exhibit marked spatial differences among
different boreholes, except for variable distributions amid
the recorded palynomorphs. Of special importance here is
to highlight peaks of Afropollis jardinus (Brenner) Doyle,
Jardiné and Doerenkamp (El Atfy et al., 2023) have been
repeatedly recognized in Egypt (e.g. 11–64%: El-Beialy,
1994; 31–60%: Schrank & Ibrahim, 1995; 24–62%: Deaf
et al., 2014). This A. jardinus peak has been interpreted by
Schrank (2001) to be controlled by local humid conditions,
as the parent plant (alleged Winteraceae) is thought to
favour humid and coastal plains.

The Albian-Cenomanian (Maghrabi Formation) micro-
flora of the Dakhla Oasis (Schrank & Mahmoud, 1998) is
characterized by ferns (including Salviniaceae), dominant
Araucariacites and angiosperms, namely tricolpates
(Foveotricolpites), tetracolpates (Tetracolpites), and tricol-
porates (Tricolporopollenites, Nyssapollenites). It is possible
that the studied material from the Kharga 1 borehole, at 28
and 12 m (Saad & Ghazaly, 1976), represent Maghrabi
equivalents younger than Albian to early Cenomanian. The
presence of a triporate (Proteacidites Type A Saad &
Ghazaly, 1976; zone III) would be consistent with age not
older than late Cenomanian. However, similarity with the
Maghrabi palynofloras of Schrank and Mahmoud (1998),
e.g. presence of C. pannuceus Srivastava, combined with the



scarcity of triporates and absence of typical
Coniacian-Santonian markers probably favour an age older
than Santonian-Campanian, the age originally proposed for
zone III by Saad and Ghazaly (1976), which is also com-
parable with middle assemblage zone of Abdel Mohsen
(1992) from the Bulaq 15 well, south of Kharga Oasis.
However, Mahmoud and Essa (2007) studied the paly-
nomorph composition from three samples (El Nom borehole,
near Gebel Abraq area, SE Aswan), belonging to the
so-called Timsah Formation, which is considered by the
authors as an equivalent to the Maghrabi Formation, though
we think it is younger. Their results document the presence
of 48% fungal spores, 25% angiosperms, 14% gym-
nosperms, 11% spores, and 2% freshwater algae. Pterido-
phytic spores consist almost exclusively of Deltoidospora
and Triplanosporites. C. pannuceus Srivastava (spore of a
marsilean water fern), Balmeisporites, and Ariadnaesporites
(salvinealean spores) were also observed, as well as a single
occurrence of Cicatricosisporites, in addition to foveolate,
echinate and poorly preserved verrucate spores. Angios-
perms comprise mainly Foveotricolpites gigantoreticulatus
Schrank, small monocolpates, and tricolporates, however,
Rousea delicipollis Srivastava, reticulate tricolpates are rare.
Gymnosperms are not as common as angiosperms.
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From a palynological context, the most significant floral
criterion of the Maghrabi Formation is the absence of elat-
erates, which was also the case for a few microfloral
assemblages recovered from the Bahariya Formation (see El
Atfy, 2021 and references therein). This could correspond to
the megafloras, maybe a kind of wet phase.

5 Timsah Formation Floral Assemblage

East of Aswan, at Wadi Abu Aggag, the sandstone section
on top of the basement complex includes rich iron beds,
which was classified by Attia (1955) into three units: an
upper group above the iron beds, which are included in his
middle group and a lower group below the iron beds (Issawi
et al., 2009). Later, El-Naggar (1970) named these groups in
a descending order Um Barmil, Timsah, and Abu Aggag
Formation. The Timsah Formation (El-Naggar, 1970), which
is equivalent to Middle Group of Attia (1955), grey and red
shale and thin sandstones of Ward and McDonald (1979)
and to Facies 2 of van Houten et al. (1984), has been
described from its type section in Gebel Timsah area
southeast of Aswan (Klitzsch & Hermina, 1989). Litholog-
ically, it is made up of near-shore marine to deltaic silt and
fine-grained sandstone with thick shale intercalations. The
Timsah Formation is underlain by the Abu Aggag Formation
and disconformably overlain by the fluvial Umm Barmil
Formation (Klitzsch & Hermina, 1989).

Fossil leaves from the Timsah Formation were first
mentioned by Barthoux and Fritel (1925), who identified
Weichselia sp., Cycadomyelon fourtaui Fritel (a putative
cycadeoid wood), and several angiosperms. These fossils
come from a ferruginous sandstone lens near Aswan.

Among the angiosperms, Barthoux and Fritel (1925)
described four monocots. Although Zosterites sp., Arun-
dinites aff. groenlandica Heer, and Rhizocaulon sp. display a
clear parallel venation, what these authors consider a palm is
from material that is so poorly preserved that it remains
highly contentious. Concerning the dicot leaves, the frag-
mentary nature of some specimens raises doubts about their
identification and only six morphotype can be distinguished
(i.e. Laurus cailliaudi Fritel, Cinnamomum humei Fritel,
Magnolia barthouxi Fritel, Magnolia obtusata Heer,
Nelumbium schweinfurthi Fritel, and Phyllites rozierei Fri-
tel). In terms of physiognomy, these leaves are mostly
notophyllous, thus they are smaller than the leaves from the
Bahariya Formation.

In 1987, Germann et al. recognized another assemblage
from silt- and claystones overlying the horizon B of the
Timsah Formation, unfortunately without mentioning any
collection number. Following Lejal-Nicol identifications
mentioned in Germann et al. (1987), this assemblage should
contain Celastrophyllum latifolium Fontaine, cf. Ficophyl-
lum sp., Magnoliaephyllum bahariyense Lejal-Nicol and
Dominik, Paulliniacarpon n. gen. (sic., a nomen nudum),
Rogersia aff. angustifolia Fontaine, Rogersia aegyptiaca n.
sp. (sic.), Tiliaephyllum sp., and Ulmocarpon sp.

Assemblages from the Negev and the Sudan share some
similarities to the Egyptian Timsah assemblages and even
more similarities between them, probably due to the higher
number of specimens. Dewalquea-like leaves are found in
both the Negev (Krassilov et al., 2005) and the Sudan
(Schrank & Rüffle, 2003) and are also found in the TU
collection (Fig. 6b). Furthermore, their leaflets fit with the
venation and obovate shape of M. obtusata Heer described
by Barthoux and Fritel. Celtidophyllum sp. from Gebel
Mudaha (Schrank & Rüffle, 2003) is also similar to
P. rozierei Fritel while L. cailliaudi Fritel was also identified
there. The specimen B1378 identified as Ulmiphyllum cf.
brookense displays a tertiary venation similar to the speci-
men shown in Fig. 6a, especially the epimedial tertiaries
running parallel to the secondaries. Some leaves of Eocer-
cidiphyllites glandulosus Krassilov from the Negev are
similar to C. humei Fritel. Surprisingly, such taxa are
probably the only linkage to northern mid-latitude assem-
blages since they also occur in Europe (e.g. Halamski &
Kvaček, 2016). This is also noticed with the occurrence,
despite rarity of Normapolles pollen (Fig. 8r) from the
equivalent subsurface rock units (Abu Roash Formation)
within the north Western Desert, however, no other



published information is available about the occurrence of
this pollen group in southern Egypt.
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Fig. 6 Line drawing of leaves from the Timsah Formation. a Unidentified leaf, b Dewalquea-like leaf, c unidentified leaf, d unidentified leaf.
Scale bar is equal to 1 cm

In contrast to older floras, the vegetation seems to have
been rather homogeneous between the Sudan and the
Levant. The physiognomy of these assemblages has been
compared to tropical seasonally dry climate vegetation
(Schrank & Rüffle, 2003) or to Mediterranean vegetation
(Krassilov et al., 2005).

Palynologically, Sultan (1985) described microflora of
the Timsah Formation (described there as Nubia Sandstone).
The palynological content, especially from El Khalsab sec-
tion, consists of the diagnostic pollen Droseridites senonicus
Jardiné and Magloire (Fig. 8q), a taxon which occupied 8%
of the total yield and very characteristic within the
Coniacian-Santonian (El Atfy, 2021 and references therein).
In addition, relatively common ephedroid pollen (13%),



20% Sphaeripollenites (Cheirolepidiaceae?) that represent
xerophilic element, 3% pteridophytic spores and the most
dominant angiosperm which engrossed 39% of the total
palynomorph recovery. The palynological and leaf phys-
iognomic characteristics, together speak for a seasonally dry
paleoclimate.
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6 Mut Formation Flora and Its Counterparts

The Mut Formation (Barthel & Hermann-Degeen, 1981),
Quseir Formation (Youssef, 1957), and Variegated Shales
(Said, 1962) have been used for the same stratigraphic
sequence in the surroundings of Dakhla and Kahrga Oases
(Klitzsch & Hermina, 1989). According to Barthel and
Hermann-Degeen (1981), the Mut Formation reference area
at the lowest scarps along the road from Mut to El-Rashda
comprised vermilion to brick-red clays. This colour may
vary to grey and green near leaching horizons, near its top
but also within it, sandstones may occur rather frequently.
These strata attain more than 150 m thick (Klitzsch &
Schandelmeier, 1990). The depositional environment of the
Mut Formation was possibly fluvial to brackish and
restricted marine, as is indicated by the presence of glau-
conite in variegated shales and sands below El-Hindaw
Formation in the Ammonite I well (Barthel &
Hermann-Degeen, 1981).

The fossil flora from the Mut Formation (= Quseir Var-
iegated Shale) was first described by Kahlert et al. (2009). It
contains a highly diverse assemblage with 25 angiosperm
taxa, a high proportion of monocots (seven taxa) and rare
ferns (3 taxa, not mentioned in the original publication).
A partial revision of the monocots of these assemblages
revealed the occurrence of seven Alismatales taxa (e.g.
Cobbania pharao Coiffard and B.A.R. Mohr; Fig. 7a),
including two terrestrial Araceae with affinities with modern
tropical rainforest taxa. It further highlighted the need of a
robust revision of this collection since Kahlert et al. (2009)
only mentioned two Alismatales. In addition to the Alis-
matales, this assemblage is characterized by the common
occurrence of Nelumbo (Fig. 7b), Salvinia (Fig. 7c), and
mesophyllous, entire-margined leaves referred as Ficus
(Fig. 7f) or Dipterocarpophyllum (Fig. 7d), as well as other
monocots (Fig. 7e, g). The latter taxon was first defined from
Egypt by Seward (1935) from the Nubia Sandstone from
Wadi Zeraib and comprised Dipterocarpophyllum humei
Seward and Dipterocarpophyllum zeraibense Seward,
beside other two angiosperms of Dicotylophyllum balli
Seward and Dicotylophyllum egyptiacum Seward. These
leaves are mostly notophyllous and, interestingly, the last
taxa are trifoliate and display similarities with the Dewal-
quea-like taxa. Furthermore, Dipterocarpophyllum has been

also described by from the Kiseiba Formation (southern
Egypt) and from Jebel Abyad (North Sudan) by Lejal-Nicol
(1987). Other assemblages from the Mut Formation come
from Qena (Schrank, 1992). It shares with Baris the occur-
rence of Salvinia and simple, parallel-veined monocots
(Typhaephyllum).

The Kiseiba Formation which is, in part, a local equivalent
of the Mut Formation (Fig. 2) produced two assemblages
near Bir Kiseiba. The first assemblage (Lejal-Nicol, 1987)
displays Nelumbo, and a leaf corresponding to Ficus celtid-
ifolia Berry from Baris. In contrast to the above-mentioned
assemblage which preserved in claystones, the second
assemblage from Bir Kiseiba (Lejal-Nicol, 1987) comes from
ferruginous sandstones. According to Lejal-Nicol (1987), it
contains Credneria sp., Ficophyllum sp., Cassiaephyllum
aegyptiacum Lejal-Nicol, and cf. Rogersia angustifolia
Fontaine, without evidence of aquatics.

Outside Egypt, Campanian–Maastrichtian fossil assem-
blages are restricted to the Sudan, probably due to the
transgression which covered the Levant of North Africa. In
Gebel Abyad, the Kababish Formation produced an assem-
blage (Barazi, 1985; Lejal-Nicol, 1987; Coiffard & Mohr,
2015) from siltstones which contains among other Lejalia
and Typhaephyllum-like leaves also found in Baris. Three
assemblages were also collected in the Nukeila-Bir Atrun
area (Klitzsch & Wycisk, 1987; Lejal-Nicol, 1987). One
assemblage comes from claystones comprising Nelumbo,
Salvinia, and Typhaephyllum-like leaves as well as dicot
leaves, and is similar to the assemblage from Baris. Two
other assemblages come from sandstones and display mes-
ophyllous, entire-margined leaves reminding the second
assemblage from Bir Kiseiba.

Considered together, the Campanian assemblages from
North-eastern Africa fall in two groups: the assemblages
from claystones, corresponding to paludal-lacustrine
palaeoenvironments, display a mix of dicot leaves with a
high proportion of monocots and the occurrence of Nelumbo
and Salvinia. The second assemblages from sandstones,
corresponding to fluvial conditions, consist exclusively of
dicot leaves, mostly mesophyllous and entire margined.

Palynological data from the equivalent Quseir Formation
also point to a flora dominated by angiosperms, although
pteridophytes and gymnosperms are abundant, but not
diverse (Mahmoud, 2003). Based on the composition and
diversity of the palynoflora, as well as data from palynofa-
cies analysis, Mahmoud (2003) interpreted the source habi-
tats of the palynomorphs as a fluvio-lacustrine landscape
with abundant moist and aquatic habitats and subordinately
drier habitats (i.e. with Araucariacites, ephedroids, and other
gymnosperms) in the hinterland, in which the plants grew
under a warm and humid, tropical to subtropical,
palaeoclimate.
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Fig. 7 Line drawing of leaves from the Mut Formation. a Cobbania pharao Coiffard and B.A.R. Mohr, b Nelumbo sp., c Salvinia sp.,
d Dipterocarpophyllum sp., e Zingiberales leaf, f Ficus sp., g monocotyledon leaves. Scale bar is equal to 1 cm
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Fig. 8 Photomicrographs represent examples of taxa among the most significant Cretaceous palynomorphs recorded from Egypt; a, d water ferns,
b, c Ephedra, e–g elaterates, h Classopollis, i–r angiosperms, s incertae sedis. Scale bar is equal to 20 lm: a Crybelosporites pannuceus (Brenner)
Srivastava, b Equisetosporites ambiguus (Hedlund) Singh, c Ephedripites jansonii (Pocock) Muller, d Ariadnaesporites sp., e Elaterosporites
klaszii (Jardiné and Magloire) Jardiné, f Elaterocolpites castelainii Jardiné and Magloire, g Sofrepites legouxae Jardiné, h Classopollis brasiliensis
Herngreen, i Afropollis jardinus (Brenner) Doyle, Jardiné and Doerenkamp, j Afropollis kahramanensis Ibrahim and Schrank, k Dichastopollenites
ghazalatensis Ibrahim, l Stellatopollis sp., m Nyssapollenites sp., n Scabratriporites simpliformis van Hoeken-Klinkenberg, o Integritetradites
porosus Schrank and Mahmoud, p Cretacaeiporites densimurus Schrank and Ibrahim, q Droseridites senonicus Jardiné and Magloire,
r Plicapollis sp., s Reyrea polymorphus Herngreen
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7 Vegetation and Floristic Composition
and Palaeoclimate: Concluding Remarks

The fossil flora record (mainly leaves and palynoflora) of
Egypt offers a unique opportunity to follow the vegetation
changes in the tropics throughout the Cretaceous. The fol-
lowing remarks are of special importance:

1. The oldest assemblages from the Abu Ballas (Kilf Kebir)
Formation (Aptian) are dominated by gymnosperms and
free-sporing plants and demonstrate a dominance of
xeromorphic taxa such as W. reticulata and frenelopsids.
These assemblages seem to be dominated by ferns,
suggesting an open vegetation, maybe similar to what is
known in Europe (Coiffard et al., 2012), perhaps in
relation to a seasonally dry climate (and wildfire?).
Similar to European assemblages, this assemblage
introduces the earliest evidences of angiosperms in
Egypt.

2. The plant megafossils assemblages from the Sabaya
Formation (Albian to possibly early Cenomanian) are
only known by fluvial assemblages and some are already
dominated by angiosperms. The co-occurrence of
non-angiosperm- and angiosperm-dominated assem-
blages may be due to lateral variations of the vegetation.
The majority of micro- to notophyllous angiosperms as
well as the common occurrence of W. reticulata suggest
a (seasonally) dry climate.

3. The assemblages from the Bahariya Formation (early
Cenomanian) reveal the next change in the vegetation
with nearly complete disappearance of Mesophytic
forms, only W. reticulata being recorded. In this stage,
palustrine/lacustrine assemblages took a modern
appearance with the dominance of Nelumbonaceae and
various monocots (Typhaephyllum) which will remain
more or less unchanged till at least the end of the Cre-
taceous. W. reticulata occurs in nearly monodominant
assemblages interpreted as mangrove. The fluvial
assemblages consist of angiosperms displaying meso-
phyllous, entire-margined leaves suggesting a (sub) hu-
mid tropical climate.

4. The Timsah Formation (Coniacian-Santonian) assem-
blages are the less known and display strong singularities
compared to older (Bahariya) and younger (Mut) assem-
blages. W. reticulata make its last appearance while the
fluvial assemblages display strong similarities with con-
temporaneous assemblages from the Negev and the
Sudan suggesting a certain homogeneity of the vegeta-
tion between the equator and the tropics. This vegetation
was characterized, among others, by trifoliate to pedately
compound leaves usually attributed to the genus
Dewalquea. Surprisingly, such taxa are possibly the only

link to northern mid-latitude assemblages since they also
occur in Europe (e.g. Halamski & Kvaček, 2016). This is
also noticed with the occurrence, despite the rare advent
of Normapolles pollen within the north Western Desert.
In terms of physiognomy, these assemblages are domi-
nated by notophyllous taxa, suggesting that the climate
was dryer than both older and younger stages and
probably (seasonally) dry. The palustrine/lacustrine
assemblages are very similar to the older Bahariya
assemblages.

5. The youngest Cretaceous assemblages of the Mut For-
mation (Campanian) and its equivalents are characterized
by the full dominance of angiosperms. It is characterized
with the appearance of derived monocots, mostly Ara-
ceae giving, then a modern appearance. In contrast to the
Timsah assemblages, a shift to bigger leaf size (meso-
phyllous and bigger) and the nearly disappearance of
toothed leaves. This suggest a much wetter climates,
even wetter than the Bahariya assemblages.
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Dinosaur Faunas of Egypt—The Terrestrial
Late Cretaceous Vertebrate Record

Felix J. Augustin, Josephina Hartung, and Panagiotis Kampouridis

Abstract

Egypt has yielded some of the richest and most spectac-
ular records of Mesozoic terrestrial vertebrates from
Africa. Certainly, the best-known and most diverse of
these are the vertebrate assemblages of the Upper
Cretaceous Bahariya Formation (Cenomanian), which
includes numerous different taxa of fishes, abundant
remains of turtles and crocodyliforms, as well as several
different theropod and sauropod dinosaurs. Originally
discovered early in the twentieth century by famous
German palaeontologist Ernst Stromer von Reichenbach
and fossil collector Richard Markgraf, most of the
material has subsequently been destroyed during the
Second World War. Aside from the high diversity, the
Bahariya Formation also yielded some of the most bizarre
and iconic dinosaurs such as the giant theropods
Spinosaurus and Carcharodontosaurus or the enormous
sauropod Paralititan. Although the Bahariya Oasis has
yielded by far the most diverse and extensive remains of
Mesozoic terrestrial vertebrates from Egypt, other local-
ities from the Turonian, Campanian and Maastrichtian
offer additional important—albeit much less complete—
insights into the composition and evolution of African
Late Cretaceous terrestrial ecosystems. Some of these
assemblages, especially the latest Cretaceous Quseir
Formation, have just begun to reveal the richness and
diversity of their vertebrate fauna, often with spectacular
results, and certainly have the potential to yield further
significant insights into the evolution of the Cretaceous
life on land. In this chapter, we provide a summary of the
terrestrial Mesozoic vertebrate record of Egypt and thus
an overview of these remarkable dinosaur faunas.
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1 Introduction

Egypt has yielded one of the richest records of terrestrial
vertebrates from the Mesozoic of the African continent. All
Egyptian continental Mesozoic vertebrate assemblages are
Late Cretaceous in age, spanning from the beginning of that
period (Cenomanian) up to the latest Cretaceous (Maas-
trichtian), representing the final days of the dinosaur era.
Although the Mesozoic record of terrestrial ecosystems from
Africa is generally extensive, the Cretaceous, and especially
the Late Cretaceous, is poorly documented (Rauhut & Wer-
ner, 1997; Russell, 1995; Weishampel et al., 2004). There-
fore, the Egyptian Late Cretaceous vertebrate assemblages
play a key role in our understanding of the evolution of ter-
restrial ecosystems in Africa during the Cretaceous. More-
over, the Egyptian vertebrate assemblages yielded some of the
most astonishing and bizarre land vertebrates, including the
large-sized and potentially semi-aquatic carnivorous theropod
Spinosaurus (Ibrahim et al., 2014, 2020b; Stromer, 1915) or
the enormous sauropod Paralititan, one of the largest terres-
trial animals ever to walk the earth (Smith et al., 2001).

The most famous of these Egyptian terrestrial vertebrate
assemblages is the fauna from the Upper Cretaceous
(Cenomanian) of the Bahariya Oasis (Fig. 1), which was
discovered early in the twentieth century by German
palaeontologist Ernst Stromer von Reichenbach and fossil
collector Richard Markgraf. Over the course of three years
(1912–1914) a diverse array of vertebrates was recovered,
including numerous fishes, turtles, crocodyliforms, as well
as sauropod and theropod dinosaurs (Stromer, 1936).
Although the Bahariya Oasis has yielded by far the most
diverse and extensive remains of terrestrial vertebrates, other
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who uncovered and studied the rich vertebrate fauna from
Bahariya, certainly the most important Mesozoic vertebrate
locality from Egypt. Ernst Freiherr Stromer von Reichen-
bach was a nobleman of an old aristocratic family from the
medieval city of Nuremberg and a German palaeontologist.
He was a student of the famous German palaeontologist Karl
Alfred von Zittel, who conducted some of the first
palaeontological fieldwork in Egypt (see below) during
expeditions with the famous explorer of Africa Gerhard
Rohlf (Zittel, 1883). Stromer travelled three times to Egypt
(1902, 1903 and 1910) to discover new fossil sites and
collect vertebrate specimens. During his first two expedi-
tions, Stromer primarily collected mammal fossils from the
Palaeogene of the Fayum Depression (Kampouridis et al.,
this volume). During his second and third expedition to
Egypt, Stromer was accompanied by fossil collector Richard
Markgraf. Richard Markgraf was an Austro-German musi-
cian who joined a travelling musical group when he was
young, finally ending up sick and impoverished in Cairo. In
1897, he met German palaeontologist Eberhard Fraas, who
hired him because of his knowledge in Arabian to assist him
in his fieldwork. Fraas trained Markgraf in fossil collection
and, after recognising his talent and skills, hired him to

localities from the Turonian (Demathieu & Wycisk, 1990),
Campanian (Saber et al., 2018; Salem et al., 2021; Sallam
et al., 2016, 2018) and Maastrichtian (Rauhut & Werner,
1997; Smith & Lamanna, 2006) offer additional important—
albeit sparse—insights into the composition and evolution of
African Late Cretaceous terrestrial ecosystems.
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Fig. 1 Map of Egypt with the location of vertebrate-yielding sites from the Cretaceous. 1 Bahariya Oasis (Bahariya Formation); 2 track-sites near
Aswan (Abu Agag Formation), 75–80 km south of Aswan and 15 km south of Aswan respectively; 3 Dakhla Oasis (Quseir Formation); 4 Kharga
Oasis (Quseir Formation); 5 Nile Valley near Idfu (Quseir Formation); 6 Ammonite Hill Member of the Western Desert (Dakhla Formation). The
map was created with GMT6 (Wessel et al. 2013)

In this chapter, a summary of the Cretaceous terrestrial
vertebrate assemblages from Egypt is provided. After an
overview of the research history of Mesozoic terrestrial
vertebrates from Egypt (especially the early phase), each of
the different vertebrate assemblages is reviewed, starting with
the oldest fauna from the Cenomanian (Bahariya Formation)
and ending with the youngest one from the Maastrichtian
(Dakhla Formation). As a conclusion, the importance of the
Egyptian Mesozoic vertebrate assemblages for our under-
standing of past terrestrial ecosystems is shortly discussed.

2 Historical Overview

The early research history of the terrestrial Mesozoic verte-
brates of Egypt is closely connected to two men, Ernst
Stromer von Reichenbach and Richard Markgraf (Fig. 2),



continue collecting fossils for the Natural History Museum
of Stuttgart, Germany. Markgraf was one of the most sig-
nificant fossil collectors in Egypt, though he did not receive
any real fame or fortune for his accomplishments and lived a
very simple life.

Dinosaur Faunas of Egypt—The Terrestrial Late Cretaceous Vertebrate Record 255

Fig. 2 The German palaeontologist Ernst Stromer von Reichenbach (a) and the Austro-German fossil collector Richard Markgraf (b), who
collected the vast majority of the fossil vertebrates from Bahariya

Originally, the main purpose of Stromer’s third expedi-
tion to Egypt was the collection of mammal fossils in Wadi
el Natrun and in the Nile Valley. Stromer was not able to
collect the quantity of fossils he hoped and when his com-
panion Markgraf fell sick in winter 1910, Stromer had to
return to Cairo and hire a new guide. In January 1911, he
and his new guide travelled to the Bahariya Oasis for the first
time, where Stromer was not able to find any mammal fossils
but made another awe-inspiring discovery: he found the first
dinosaur fossils from Egypt. After Markgraf’s recovery,
Stromer entrusted him with collecting more fossils from the
Bahariya Oasis. In the years 1912–1914 Markgraf continued
his work there, gathering an incredibly rich collection of
fossils, which he sent to Munich, Germany, to be studied by
Stromer and comprising the famous gigantic theropod
dinosaur Spinosaurus (Stromer, 1915), among others.
Markgraf himself collected almost all fossils, that were later
published by Stromer and his colleagues, including several
new genera and species. Unfortunately, he was unable to
continue his fossil collection after 1914, because of the First
World War. Due to his sickness, Markgraf died in January

1916 in his home in Sinnuris, in Fayum (Stromer, 1916).
The last fossils that Markgraf collected in 1914 were not sent
to Stromer in Munich until 1922 (Stromer, 1926). This
material comprised several new species, including the
dinosaurs Carcharodontosaurus saharicus and Aegyp-
tosaurus baharijensis (Stromer, 1931, 1934b), as well as the
fishes Markgrafia libyca and Stromerichthys aethiopicus,
which were named in honour of collector Markgraf and
researcher Stromer, respectively (Weiler, 1935). Unfortu-
nately, during the Second World War almost all of Stromer’s
material from the Bahariya Oasis that was stored in Munich
was destroyed on 24 April 1944 during a bombardment by
the Allied Royal Air Force, and only few specimens sur-
vived, including the holotypes of Libycosuchus and Aegyp-
tosuchus among others (Smith et al., 2006).

More recent field activities with the aim to uncover fossil
vertebrates from the Mesozoic continental deposits of Egypt
have demonstrated the potential of these strata to yield fur-
ther spectacular and important material. One of the most
important among these is probably the field activities of the
Technical University of Berlin (1970s and 1980s) that
studied the stratigraphy, sedimentology and palaeontology
of the Bahariya and Dakhla formations (see below) among
others. The Bahariya Dinosaur Project of the University of
Pennsylvania continued the search for dinosaurs and other
vertebrates in the Upper Cretaceous Bahariya Formation and



recovered significant new material, most importantly the
holotype of an enormous sauropod dinosaur, Paralititan
stromeri (for an overview, see Nothdurft & Smith, 2002).
More recently, extensive fieldwork was conducted by the
Mansoura University in the Bahariya Formation (Salem
et al., 2018), and primarily in the latest Cretaceous Quseir
Formation (Saber et al., 2018; Sallam et al., 2016, 2018)
with spectacular results, including a new sauropod dinosaur
(Mansourasaurus) and a new crocodilian (Wahasuchus) that
have important palaeobiogeographic implications.
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3 The Vertebrate Fauna of the Bahariya
Formation (Cenomanian)

The Bahariya Formation yielded by far the most diverse and
richest vertebrate assemblage from the Mesozoic terrestrial
deposits of Egypt. The fauna from this formation has been
known for more than a century (see above) and is famous for
the presence of multiple large-sized carnivorous theropod
dinosaurs that lived among gigantic sauropods, several dif-
ferent crocodyliforms, turtles and numerous chondrichthyan
and osteichthyan fishes. Unfortunately, most of the fossil
vertebrates that were collected in the first half of the twen-
tieth century have been destroyed due to the allied bombing
of Munich during the Second World War. Thus, our
knowledge of this vertebrate assemblage is largely based on
the original descriptions by Stromer. However, more recent
fieldwork in the Bahariya Formation has offered important
new insights into this unique ecosystem, highlighting the
potential of these strata to yield significant new discoveries
(Lamanna et al., 2000; Salem et al., 2018; Schweitzer et al.,
2003; Smith et al., 2001; Tumarkin-Deratzian et al., 2004).

Vertebrate assemblages that are remarkably similar to that
of the Bahariya Formation are relatively widespread in
Northern Africa and roughly coeval continental deposits with
a comparable vertebrate fauna are known from Algeria
(Benyoucef et al., 2015; de Lapparent, 1960), Morocco
(Cavin et al., 2010; Ibrahim et al., 2020a; Sereno et al., 1996),
Niger (Sereno et al., 2004), Tunisia (Benton et al., 2000;
Fanti et al., 2012) and Sudan (Buffetaut et al., 1990; Rauhut,
1999; Werner, 1994). These Upper Cretaceous strata are
often referred to the ‘Continental Intercalaire’, an informal
unit comprising mostly Lower Cretaceous to Upper Creta-
ceous continental deposits (de Lapparent, 1960; Kilian, 1931;
Lavocat, 1954; Taquet, 1976). Perhaps the most important of
these Upper Cretaceous continental deposits in terms of
vertebrate diversity is the Kem Kem beds of southern and
southeastern Morocco, which yielded remains of chon-
drichthyan and osteichthyan fishes, amphibians, turtles,
squamates, crocodilians, pterosaurs, sauropods and ther-
opods (for a recent overview of the geology and palaeon-
tology of the Kem Kem beds, see Ibrahim et al., 2020a).

3.1 Geological and Palaeoenvironmental
Setting

The vertebrate fossils from the Bahariya Formation were
collected in the eponymous Bahariya Oasis, a large depres-
sion in the Western Desert of Egypt, 320 km southwest of
Cairo (Fig. 1). The rocks of this lithostratigraphic unit are
well exposed, forming the floor of the Bahariya Oasis and
most of the surrounding slopes (Fig. 3). The exposed
thickness of the formation varies between 90 m in the central
part of the Oasis and about 190 m in the northern parts
(Catuneanu et al., 2006; Khalifa & Catuneanu, 2008). The
Bahariya Formation has been regarded as Cenomanian in
age since the beginning of its research history (Stromer,
1914a), and that age was later corroborated based on
ammonite biostratigraphy (Luger & Gröschke, 1989), and
comparative studies of vertebrate and plant material (Lejal-
Nicol & Dominik, 1990; Schaal, 1984; Werner, 1990). The
Bahariya Formation mainly consists of mudstones, siltstones
and sandstones that were deposited on a low-gradient, low-
energy coastal plain at the southern shore of the Tethys
ocean (Khalifa & Catuneanu, 2008; Kirscher, this volume;
Lacovara et al., 2003). Most finds of terrestrial vertebrates,
including most dinosaurs, were collected from the base of
the exposed sequence.

The depositional environments of the Upper Cretaceous
sedimentary rocks of the Bahariya Formation range from
braided and meandering river systems to coastal floodplains,
tidal flats and channels, lagoons, mangrove forests and oyster
reefs (Khalifa & Catuneanu, 2008; Lacovara et al., 2003).
Several different groups of plants inhabited these extremely
productive coastal environments, as evidenced by abundant
plant remains of ferns, gymnosperms and angiosperms in the
Bahariya beds (Coiffard & El Atfy, this volume; El Atfy
et al., 2023; Lejal-Nicol & Dominik, 1990). The coastal areas
were colonised by mangrove vegetation dominated by the
tree fern Weichselia, which probably formed extensive
mangrove forests (Lacovara et al., 2003). Recently, evidence
for repeated wildfires during the deposition of the Bahariya
Formation has been identified (El Atfy et al., 2019). More-
over, invertebrates, such as small decapod crabs, have been
found within these mangrove habitats (Schweitzer et al.,
2003). The palaeoclimate during the deposition of the
Bahariya Formation has been reconstructed as warm
and humid (Khalifa & Catuneanu, 2008; Lacovara et al.,
2003).

3.2 Fishes

The Bahariya Formation contains an extremely rich and
diverse fish fauna with up to twenty species of cartilaginous
and more than ten species of bony fish. They are by far the



most diverse and abundant vertebrate group in the Bahariya
Formation, thus certainly playing a crucial role in this
palaeoecosystem, and as such deserve special consideration
here.
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Fig. 3 Geological map of the Bahariya Formation (a) and field photo of Gebel El Dist (b), from where many important vertebrate specimens have
been collected. Geological map modified after El Atfy et al. (2019). Photo of the Gebel El Dist locality kindly provided by Haytham El Atfy

3.2.1 Chondrichthyes
Cartilaginous fishes are represented by Elasmobranchii,
specifically Euselachii, which comprise sharks and rays.
Among euselachians, hybodontiform sharks are well-known
from their isolated teeth and vertebrae, as well as their large
morphological variety of fin spines (Stromer, 1927, 1936;
Weiler, 1935). Besides a comprehensive overview of the
taxonomy of the Bahariya elasmobranchian fauna, Stromer
(1927), as one of the most detailed studies, investigated the
microstructure of these hybodontiform fin spines using thin
sections (e.g. Stromer, 1927: pl. III, Figs. 1–14). He further-
more erected two new species of hybodontiform sharks based
on material from Bahariya. The fauna also contains a rich and
diverse assemblage of neoselachians assigned to Selachi-
morpha (modern sharks) and Batoidea (rays, skates, and
sawfish). Selachimorpha are represented by Lamniformes
(mackerel sharks) like Scapanorhynchus, Squalicorax, Cre-
todus, Cretalamna (Murray, 2000; Slaughter & Thurmond,
1974; Smith et al., 2006; Stromer, 1927; Vullo et al., 2007;

Werner, 1989, 1990) and Haimirichia, which was previously
also classified as Odontaspis, Serratolamna and Carcharias
(Cavin et al., 2010; Vullo et al., 2016).

Among batoids, Sclerorhynchidae are very similar but not
closely related to extant sawfishes. They share an elongated
rostrum with lined, lateral protruding, barbed, and hook-like
teeth. The family is represented by several different species,
like, for example, Peyeria and Markgrafia (Stromer, 1927;
Weiler, 1935). The most extensively studied and best-known
taxon is the peculiar sclerorhynchid Onchopristis numidus
(Fig. 4). Well-preserved, articulated remains of a rostrum,
including teeth, were described and figured by Stromer
(1917). Isolated teeth are also very abundant in the Kem
Kem beds of Morocco (Ibrahim et al., 2020a; Villalobus-
Segura et al., 2021). Recent size estimations using the ros-
trum length revealed a total body length of up to four meters
(Villalobus-Segura et al., 2021). Other unusual scle-
rorhynchid sawfishes are Schizorhiza (Stromer and Weiler,
1930) and Squatina, the ‘angelshark’ (Slaughter & Thur-
mond, 1974). The Bahariya batoids also include the enig-
matic groups Myliobatidae (eagle rays), represented by
Rhinoptera, Hypolophites and Trygon (Stromer, 1927;
Weiler, 1935) and Mylobatiformes (butterfly ray) such as
Gymnura (Weiler, 1935; Werner, 1989).
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Fig. 4 Rostrum and partial cranium of the large sawfish Onchopristis numidus from the Upper Cretaceous Bahariya Formation. Modified after
Stromer (1925)

3.2.2 Osteichthyes
Bony fishes are almost as diverse as chondrichthyans in the
Bahariya Formation. Actinopterygii (ray-finned fishes) are
represented by several taxa such as Bawitius, an archaic
looking, giant, polypterid bichir (Grandstaff, 2006; Grand-
staff et al., 2012; Smith et al., 2006; Stromer, 1936),
Coelodus, a pycnodontid (Stromer, 1936), and Enchodus, an
aulopiform (Stromer, 1936; Weiler, 1935). Furthermore,
Lepidotes (Stromer, 1936; Weiler, 1935) is assumed to occur
in the Bahariya Formation based on scales and few isolated
teeth (Weiler, 1935: pl. II, Figs. 5–8 and 13). However, the
material is probably referable to polypterids such as Bawitius
(Grandstaff, 2006, 2012; Smith et al., 2006; Stromer, 1936),
although Lepidotes is a well-known taxon, of which com-
plete skulls are known from the Kem Kem beds of Morocco
(Forey et al., 2011). Another actinopterygian is the predatory
Stromerichthys, known from articulated cranial remains
(Stromer, 1936; Weiler, 1935), and named by Weiler (1935)
in honour of Ernst Stromer von Reichenbach.

There are three actinopterygian fishes that are under
nomenclatural debate such as Paranogmius (Cavin & Forey,
2008; Stromer, 1936; Weiler, 1935), which is known from
cranial remains and a partial vertebral column (Weiler, 1935;
Fig. 4). The specimens, like many other, were destroyed
during the Second World War and today it is assumed to be
conspecific with Concavotectum moroccensis (Cavin &
Forey, 2008). The second taxon is Saurodon, which was
identified by Stromer (1936). Saurodontids were already
mentioned by Weiler (1935) based on isolated teeth. Weiler
(1935) and Stromer (1936) furthermore mentioned another
possible ichthyodectid, Portheus, but only few conical teeth
were potentially identified. The third taxon is Plethodus
(Cavin & Forey, 2001; Stromer, 1914a, 1936; Weiler, 1935).
Two species were identified based on teeth and palatal
remains, but the holotypes were destroyed during the Second

World War. Today, some species of Plethodus are believed
to belong to Palaeonotopterus (Cavin & Forey, 2001).

Although Osteichthyes are not as diverse as cartilaginous
fishes, they are represented by some peculiar groups such as
lungfishes and coelacanths. Both are often referred to as
‘living fossils’ and belong to Sarcopterygii (lobe-finned
fishes). Lungfishes (Dipnoi) exhibit a basal sarcopterygian
bauplan and retained the ability to breathe air. They are
represented by the well-known and abundant Ceratodus
(Churcher & Iuliis, 2001; Stromer, 1914a, 1914b, 1936),
which has an almost worldwide distribution ranging from
the early Triassic (Romano et al., 2016) to the earliest
Eocene (Cione et al., 2011). Ceratodus from Bahariya was
studied in detail by Peyer (1925) and Churcher and Iuliis
(2001) based on the typically isolated tooth plates. Besides
Ceratodus, several authors (Churcher & Iuliis, 2001;
Slaughter & Thurmond, 1974) reported remains of Neocer-
atodus from the Bahariya Formation and Churcher and Iuliis
(2001) suggest that some specimen of Neoceratodus belong
to another genus, Retodus (Churcher et al., 2006). Ceratodus
probably lived in a freshwater habitat in the Bahariya For-
mation as Dipnoi are known to live in freshwater environ-
ments during the Mesozoic (Cavin et al., 2007). Another
freshwater inhabitant isMawsonia lybica, a giant coelacanth,
the holotype of which was also lost during the Second World
War (Grandstaff, 2006; Stromer, 1936; Weiler, 1935). The
number of North African species of Mawsonia is currently
under debate (Carvalho & Maisey, 2008; Cavin & Forey,
2004). Mawsonia is otherwise well-known from the Early
Cretaceous of Brazil and could reach up to 6.5 m in body
length (e.g. Carvalho & Maisey, 2008). Fossil remains of
this genus are very abundant in the Bahariya Formation,
especially cranial material, and therefore, it represents one of
the most characteristic faunal elements of the Bahariya
assemblage (Grandstaff, 2006; Weiler, 1935).
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3.3 Testudinata

Turtle remains are numerous in the Upper Cretaceous sedi-
mentary rocks of the Bahariya Formation but usually
incomplete and poorly preserved (Stromer, 1934a). Only one
genus and species has been named from these deposits to
date, Apertotemporalis baharijensis (Stromer, 1934a).
Additional material was described by Stromer (1934b) and
referred to the Pleurodira. This includes several purported
pleurodiran carapacial and plastral fragments from Gebel El
Dist and Gebel Mandische (Stromer, 1934a). A partial
femur, previously described as a testudinid humerus by
Daqué (1912), from the upper part of the Gebel El Dist
section was tentatively assigned to the Pelomedusidae by
Stromer (1934b). Moreover, Stromer (1934b) referred a
large cervical vertebrae and fragments of a large carapax,
both collected from a basal level near Gebel Majesre, to the
Pleurodira, noting some similarities with the Chelidae.
Interestingly, the well-known Kem Kem beds of Morocco
have also exclusively yielded pleurodiran turtle remains to
date (Ibrahim et al., 2020a).

3.3.1 Apertotemporalis baharijensis
The genus and species Apertotemporalis baharijensis
(Fig. 5) was erected for three fragmentary cranial remains
discovered at Gebel El Dist (Stromer, 1934a). The speci-
mens were found close to each other in a greyish sandy
mudstone layer at the base of the exposed section. Two of
them show a perfect fit and together comprise the partial
braincase and the ear regions. The third element probably is
part of the anterior part of the skull (Stromer, 1934a).
Stromer (1934b) noted similarities to several cryptodiran and
pleurodiran turtles but did not conclude to which higher
taxon the new genus and species belonged. Subsequent
studies generally classified Apertotemporalis as a bothre-
mydid pleurodiran (de Lapparent de Broin, 2000; Pérez-
García, 2017; Zalmout et al., 2005).

3.4 Crocodyliformes

Crocodilian remains are numerous in the Bahariya Forma-
tion and belong to at least three, possibly up to five different
taxa: Libycosuchus brevirostris, Stomatosuchus inermis and
Aegyptosuchus peyeri, as well as two indeterminate genera.
These taxa differ markedly from each other in some cases,
ranging from small and probably terrestrial forms (Libyco-
suchus) to very large, semi-aquatic and probably piscivorous
animals (Stomatosuchus).

3.4.1 Libycosuchus brevirostris
The first crocodilian described from the Bahariya Formation
was Libycosuchus brevirostris (Fig. 6), which was founded

on a well-preserved skull and lower jaws, as well as three
dorsal vertebrae and one caudal vertebra, all assignable to
one individual (Stromer, 1914b). The material was collected
in 1911 from the lower-most horizon at Gebel El Dist in the
northern part of the Bahariya depression. Stromer (1914b)
erected the new family Libycosuchidae for the genus, which
he presumed to be most closely related to Notosuchus and
Theriosuchus (Stromer, 1914b, 1933, 1936). Stromer
reconstructed Libycosuchus as a terrestrial carnivorous ani-
mal (Stromer, 1914b, 1936), a notion also supported by later
studies (Buffetaut, 1976). In contrast to most other vertebrate
material described by Stromer, the holotype specimen of
Libycosuchus survived the Second World War (Sereno &
Larsson, 2009; Tumarkin-Deratzian et al., 2004). Additional
material of Libycosuchus was collected during the early
2000s from the Bahariya Formation, including articulated
dentaries and two associated vertebrae from two separate
localities (Tumarkin-Deratzian et al., 2004). In general,
libycosuchids were a family of small, short-snouted and
likely terrestrial predatory crocodilians with a wide distri-
bution across the Cretaceous of northern Africa (Buffetaut,
1976). Recent phylogenetic analyses place Libycosuchus
(and the family Libycosuchidae) within the Notosuchia, a
very successful group of terrestrial crocodyliforms, primarily
known from the Cretaceous of Gondwana (Larsson & Sues,
2007; Pol et al., 2014).

3.4.2 Stomatosuchus inermis
The holotype of Stomatosuchus inermis (Fig. 7) comprises a
partial skull, the right lower jaw, as well as a fragmentary
cervical and sacral vertebra of one individual (Stromer,
1925). The holotype specimen represents a very large
crocodilian, with an estimated skull length of almost 2 m
when complete (Stromer, 1925). Aside from the huge size,
the cranium of Stomatosuchus is also remarkable for its
peculiar anatomy, including the long, flat and broad skull,
very small teeth and the weak symphysis of the lower jaws
(Stromer, 1925). Additional cranial material of the genus
was described by Stromer (1933). Due to the peculiar
anatomy of the genus, Stromer (1925) erected the new
family Stomatosuchidae to encompass this genus, the phy-
logenetic relationships of which, however, remaining
unclear for decades, also because the remains of Stomato-
suchus were destroyed during the Second World War.
Recently, a very similar crocodyliform genus, Lagano-
suchus, has been described based on mandible remains from
the Echkar Formation of Niger (Laganosuchus thaumastos)
and the Kem Kem beds of Morocco (Laganosuchus
maghrebensis) (Sereno & Larsson, 2009). Like Stomato-
suchus, Laganosuchus is a member of Stomatosuchidae,
which was placed within Neosuchia by Sereno and Larsson
(2009). Stomatosuchids were reconstructed as semi-aquatic
crocodyliforms hunting for fish in shallow water (Sereno &
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Fig. 5 Holotype partial cranium of the turtle Apertotemporalis baharijensis from the Upper Cretaceous Bahariya Formation in dorsal (1a) and
ventral view (1b). Modified after Stromer (1934a)

Fig. 6 Holotype material of the crocodyliform Libycosuchus brevirostris from the Upper Cretaceous Bahariya Formation. 1–4 Cranium in dorsal
(1), ventral (2), posterior (3) and right lateral view (4); 5 lower jaw in dorsal view; 6–8 three dorsal vertebrae in right lateral (6), posterior (7), right
lateral (8a) and posterior view (8b); 9 caudal vertebra in posterior (9a) and left lateral view (9b). All to the same scale, cranium about 165 mm long.
Modified after Stromer (1914b)



Larsson, 2009; Stromer, 1936); it has even been suggested
that Stomatosuchus possessed a pelican-like gular pouch
below the lower jaw (Nopcsa, 1926; Stromer, 1933), though
there is currently no evidence for this (Sereno & Larsson,
2009).
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Fig. 7 Reconstruction of the holotype skull of the crocodyliform Stomatosuchus inermis from the Upper Cretaceous Bahariya Formation in dorsal
(a) and left lateral view (b). The skull has a length of almost 2 m. Modified after Stromer (1936)

3.4.3 Aegyptosuchus peyeri
A partial skull, comprising the braincase and skull roof as
well as several isolated teeth discovered in 1912 at Gebel El
Dist several meters above the basal-most dinosaur layer,
were the basis for the erection of a new genus and species,
Aegyptosuchus peyeri (Stromer, 1933). Additional referred
material includes an articular, and several cervical, dorsal
and caudal vertebrae, a coracoid, scapula, ilium, ischium,
pubis, femur and a metatarsal (Stromer, 1933). However,
Stromer (1933) cautioned that the referral of these postcra-
nial specimens to Aegyptosuchus is somewhat speculative.
The holotype of Aegyptosuchus was one of the few remains
that survived the Allied bombing of Munich during the
Second World War. Like for the other peculiar crocodyli-
form taxa from the Bahariya Formation, Stromer (1933)
erected a distinct family for the genus, Aegyptosuchidae.
Recent cladistic phylogenetic analyses recovered Aegypto-
suchus as a derived eusuchian, most closely related to
Aegisuchus from the Upper Cretaceous Kem Kem beds of
Morocco (Holliday & Gardner, 2012). Notably, Ibrahim
et al. (2020a) suggested that Aegyptosuchus is almost
indistinguishable from Stomatosuchus based on the pre-
served elements and that the former might turn out to be a

junior synonym of the latter; the same might then be true for
Aegisuchus and Laganosuchus, respectively (Ibrahim et al.,
2020a). In this case, the family Aegyptosuchidae would be
synonymous with Stomatosuchidae (Ibrahim et al., 2020a).

3.4.4 Indeterminate Crocodyliforms (‘Krokodilier
G and F’)

Due to the fragmentary nature of most crocodilian remains
from the Bahariya Formation and an associated lack of
overlapping material, Stromer (1933) discussed the diffi-
culties of deciding how many crocodyliforms were really
present in the assemblage. He concluded that a minimum of
five genera are probably represented by the material: Liby-
cosuchus brevirostris, Stomatosuchus inermis and Aegypto-
suchus baharijensis, as well as two indeterminate
crocodyliforms (Stromer, 1933, 1936). The two indetermi-
nate forms are Stromer’s ‘Krokodilier (crocodilian) G’ and
‘Krokodilier F’, which differ significantly from all the other
known crocodilians of the Bahariya Oasis (Stromer, 1933).
‘Krokodilier G’ is based on a partial lower jaw from an
unknown locality of the Bahariya Oasis (Stromer, 1933).
‘Krokodilier F’ is known too from a fragmentary lower jaw
that was collected three kilometres east of Ain Gedid
(Stromer, 1933). Stromer (1933) noted that ‘Krokodilier F’
is overall similar to Bottosaurus from the Upper Cretaceous
of North America but, based on some noteworthy anatomical
differences and the spatio-temporal separation of the two
forms, he concluded that they are probably not congeneric
(Stromer, 1933). Later, Kuhn (1936) erected two genera,



Stromerosuchus and Baharijodon, which he based on frag-
mentary and indeterminate material of Stromer; these are,
however, nowadays considered to represent nomina dubia
(e.g. Nothdurft & Smith, 2002).
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3.5 Dinosauria

At least five different genera of dinosaurs have been iden-
tified in the Cenomanian deposits of the Bahariya Formation,
including three theropods and two sauropods: Spinosaurus
aegyptiacus, Carcharodontosaurus saharicus and Bahari-
asaurus ingens, as well as Aegyptosaurus baharijensis and
Paralititan stromeri. Furthermore, additional but indetermi-
nate mid- to large-sized theropods and two more sauropods
were possibly present in the faunal assemblage of the
Bahariya Formation (see below). The vertebrate fauna is thus
characterised by the presence of three (possibly up to five)
large-bodied carnivorous theropods. This rather unusual
faunal composition, also known as ‘Stromer’s Riddle’
(McGowan & Dyke, 2009), has also been observed in some
other North African localities, most famously the Kem Kem
Beds of Morocco (Ibrahim et al., 2020a). Despite early
reports to the contrary (Stromer, 1914a, 1914b), ornithis-
chians are apparently absent from the Bahariya Formation.
Evidence of ornithischians is extremely rare in the contem-
poraneous well-known (and better sampled) Kem Kem beds
of Morocco, consisting of one fragmentary tooth crown and
a footprint (Ibrahim et al., 2020a).

3.5.1 Spinosaurus aegyptiacus
Spinosaurus (Figs. 8, 9 and 10) is probably the most famous
Egyptian dinosaur and one of the most iconic dinosaurs in
general, mostly owing to its bizarre anatomy and the enor-
mous size of the animal as well as its inferred palaeoeco-
logical adaptations. The type material of this genus was
found in 1912 by Richard Markgraf approximately 3 km
north of Gebel El Dist in the northern part of the Bahariya
Oasis and described by Stromer in 1915. The material was
recovered from a white muddy sandstone layer situated at
the base of the Gebel El Dist profile near the floor of the
Bahariya Oasis (Stromer, 1914a, 1915). The bones were
found close to each other but were disarticulated, randomly
arranged and some of them suffered minor distortion and
breakage (Stromer, 1915). The type material comprises the
left and right partial mandibles with teeth but missing the
posterior parts, a left angular, a fragment of the left maxilla,
more than a dozen isolated teeth, two cervical vertebrae,
seven dorsal vertebrae, three sacral vertebrae, one anterior
caudal vertebra, fragmentary dorsal ribs and several gas-
tralia, all belonging to one individual (Stromer, 1915). Later,
Stromer (1933) questioned the assignment of the caudal
vertebra to the holotype individual. More recently, the

referral of the holotype material to one individual was also
questioned by Rauhut (2003), though most authors agree
with Stromer’s (1915) interpretation of all the holotype
material being derived from one individual (Dal Sasso et al.,
2005; Evers et al., 2015; Ibrahim et al., 2020a). The speci-
men was probably exposed to surficial weathering before
discovery as indicated by the bleached and cracked
appearance of some bones; most bones are, however, well-
preserved with delicate processes and laminae being present
(Stromer, 1915). Interestingly, the right dentary exhibits a
weak thickening, likely representing a pathology caused by
injury (Stromer, 1915).

Stromer (1915) noted that Spinosaurus likely had a long
and narrow snout, conical teeth and exceptionally long
spinal processes (up to eight times higher than the centrum).
He rejected the idea of these extremely elongated spinal
processes having functioned as attachment sites for muscles
or as a fatty hump, and compared them to pelycosaurs and
extant lacertilians concluding that they instead likely formed
a narrow sail (Stromer, 1915); later, he suggested them to be
akin to display structures (Stromer, 1936). Based on the
holotype description of Spinosaurus, Stromer (1915) erected
the Spinosauridae, a diverse family now including several
different genera from South America, Africa, Asia and
Europe (for an overview of spinosaurid diversity, see Evers
et al., 2015; Hone & Holtz, 2017). Additional remains
probably also referable to the type species S. aegyptiacus
comprising vertebrae, teeth and ribs are known from a
similar horizon near Gebel El Dist and from Gebel Maisara
to the south (Stromer, 1915).

Another specimen comprising isolated teeth, five cervical
and dorsal vertebrae, and a series of seven caudal vertebrae
from Gebel El Harra was referred to ‘Spinosaurus B’, dif-
fering from the type material and perhaps representing
another species (Stromer, 1934b). Russell (1996) referred
‘Spinosaurus B’ to the new genus and species Sigilmas-
sasaurus brevicollis, which he based on isolated material
from the Kem Kem beds of Morocco; in the same paper, he
also erected a new species of Spinosaurus, Spinosaurus
maroccanus, for material from Morocco (Russell, 1996).
Alternatively, the material pertaining to ‘Spinosaurus B’ was
also referred to C. saharicus (Sereno et al., 1996). For a
detailed discussion of ‘Spinosaurus B’ and its systematic
affinities (including a potential synonymy with S. aegyptia-
cus or Sigilmassasaurus), see Evers et al. (2015) and Ibra-
him et al. (2020a). In addition, Stromer (1934a) described
further postcranial material, including a femur and tibiae that
he referred to ‘Spinosaurus B’. Although the Spinosaurus
remains described by Stromer have been destroyed during
the Second World War in Munich, they are still among the
best-preserved and most complete specimens of the genus.

Additional material discovered since then in Algeria,
Tunisia and most prominently a partial skeleton from the



Kem Kem beds of Morocco (Ibrahim et al., 2014, 2020b;
this specimen was also suggested as a neotype for the genus,
but see Evers et al., 2015 for an alternative view on the
association of the material), have shed new light on the
anatomy and palaeoecology of Spinosaurus. Especially the
partial skeleton from Morocco has been interpreted as
showing several features (e.g. weakly developed hind limbs
and a unique tail anatomy indicating a propulsive function in
water) that indicate semi-aquatic habits of Spinosaurus
(Ibrahim et al., 2014, 2020b), a notion independently con-
firmed by stable isotope data of spinosaurid bones and teeth
(Amiot et al., 2010a), as well as taphonomical data (Beevor
et al., 2021). This interpretation has been questioned
recently, however, based on taphonomical, biomechanical
and anatomical considerations (Evers et al., 2015; Hender-
son, 2018; Hone & Holtz, 2019, 2021). Concordant with a
presumed semi-aquatic habit, Spinosaurus and related gen-
era have been interpreted as (at least partially) piscivorous
animals based on a gut content (Charig & Milner, 1997),

biomechanical modelling (Cuff & Rayfield, 2013) and stable
isotope analysis (Amiot et al., 2010a; Hassler et al., 2018);
this idea of a fish-eating Spinosaurus has also been proposed
already by Stromer (1936: 71). Moreover, based on these
new specimens (primarily a partial snout from Morocco), it
has been shown that Spinosaurus was among the largest of
all theropod dinosaurs (Dal Sasso et al., 2005).
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Fig. 8 Holotype material of the theropod dinosaur Spinosaurus aegyptiacus from the Upper Cretaceous Bahariya Formation. 1 Anterior caudal
vertebra in posterior (1a) and right lateral view (1b); 2 fragmentary gastral rib; 3 left angular in external (3a) and internal view (3b); 4 gastral rib; 5
smallest tooth; 6 left lower jaw in internal view; 7 first left tooth of the lower jaw; 8 second largest isolated tooth from the right upper jaw; 9 largest
isolated tooth from the right upper jaw; 10–11 two medium-sized teeth from the posterior part of the upper jaw; 12 right lower jaw in external and
dorsal view; 13–15 three fragmentary ribs; 16 three sacral vertebrae in right lateral view (16a), anterior view of sacral vertebra (16b), and neural
arch of sacral vertebra in right lateral view (16c); 17–19 neural arch and spinal processes of anterior dorsal vertebrae in right lateral view.
Figures 1–4, 6 and 12–19 as well as 5 and 7–11 to the same scale, respectively. Modified after Stromer (1915)

3.5.2 Carcharodontosaurus saharicus
The second theropod genus that was described from the
Bahariya deposits is Carcharodontosaurus saharicus
(Figs. 11 and 12), an extremely large-sized carnivorous
dinosaur, rivalling the famous Tyrannosaurus in size (Ser-
eno et al., 1996). The holotype of this genus was collected in
1914 by Richard Markgraf from a basal marl horizon at
Gebel Harra (Stromer, 1931). The holotype comprises two
femora, a left fibula, both pubes, a left ischium, three cer-
vical vertebrae, a caudal vertebra, a fragmentary rib and
chevron as well as a fragmentary cranium including the
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Fig. 9 Holotype material of the theropod dinosaur Spinosaurus aegyptiacus from the Upper Cretaceous Bahariya Formation. 1 Neural arch of an
anterior cervical vertebra in posterior (1a), and right lateral view (1b); 2 middle or posterior cervical vertebra in right lateral view; 3 middle dorsal
vertebra in right lateral (3a), and anterior view (3b); 4 middle dorsal vertebra in posterior (4a), right lateral (4b), ventral (4c) and dorsal view (4d); 5
posterior dorsal vertebra in right lateral (5a) and posterior view (5b); 6 posterior dorsal vertebra in right lateral view. All to the same scale.
Modified after Stromer (1915)



braincase, frontals and parietals, nasals, maxilla and teeth
(Stromer, 1931). Based on the resemblance of the teeth to
those of the shark genus Carcharodon, Stromer (1931)
named the new theropod Carcharodontosaurus. He also
referred teeth from the ‘Continental Intercalaire’ of Algeria
to this genus, originally described as Megalosaurus sahari-
cus (Deparet & Savornin, 1925). Based on the description of
this material, Stromer (1931) coined the family Carcharo-
dontosauridae, a highly successful family of very large
carnivorous dinosaurs, mainly known from the Cretaceous
of Gondwana (for an overview of carcharodontosaurid
diversity, see Novas et al., 2005, 2013). Additional remains,
including a right ilium, from the lower-most level at Gebel el
Dist were later assigned to Carcharodontosaurus (Stromer,
1934b), though their referral to this genus is questionable
(Rauhut, 1995).
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Fig. 10 Reconstruction of the skeleton of Spinosaurus aegyptiacus. The parts of the skeleton that were known to Stromer are shaded. Modified
after Stromer (1936)

Carcharodontosaurus seems to have been relatively
widespread in the Upper Cretaceous of Northern Africa,
remains of this genus having been recovered from Algeria

(Benyoucef et al., 2015), Morocco (Sereno et al., 1996),
Niger (Brusatte & Sereno, 2007) and Tunisia (Fanti et al.,
2012). As for Spinosaurus, especially spectacular discoveries
in the Kem Kem beds of Morocco, including a well-pre-
served skull missing the lower jaws, have greatly improved
our understanding of this taxon (Sereno et al., 1996). This
skull, which was also proposed to serve as the neotype for the
genus (Brusatte & Sereno, 2007), has an estimated total
length of 1.6 m, which is longer than that of the famous
Tyrannosaurus rex from North America, making C. sahari-
cus one of the largest meat-eating land vertebrates of all time
(Sereno et al., 1996). More recently, cranial remains from the
Upper Cretaceous (Cenomanian) Echkar Formation of Niger
were designated as the holotype of a new species of Car-
charodontosaurus, C. iguidensis (Brusatte & Sereno, 2007).
In contrast to Spinosaurus, Carcharodontosaurus is regarded
as a terrestrial animal preying mostly upon large-sized land
vertebrates (Amiot et al., 2010a, 2010b; Beevor et al., 2021;
Hassler et al., 2018; Stromer, 1936).
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Fig. 11 Holotype material of the theropod dinosaur Carcharodontosaurus saharicus from the Upper Cretaceous Bahariya Formation. 1 Isolated
tooth; 2 unerupted anterior tooth from the left maxilla; 3 cross-section of a right unerupted maxillary tooth; 4 cranium in right lateral (4a), dorsal
(4b), and posterior view (4c); 5 endocast of the brain cavity in right lateral (5a) and dorsal view (5b); 6 left maxilla in internal (6a) and external
view (6b); 7 right nasal in dorsal and external (7a) and internal (7b) view; 8 axis in anterior view; 9 anterior cervical vertebra in left lateral view; 10
anterior caudal vertebra in right lateral (10a) and anterior view (10b); 11 chevron in right lateral (11a), anterior (11b) and dorsal view (11c); 12 left
ischium; 13 left pubis (13a) with cross-sectional views of the shaft (13b–c); 14 left femur in anterior view (14a) and reconstructed ventral view of
the right femur (14b); 15 left fibula in anterior view (15a) and cross-sectional views (15b–d). Figures 1–3 and 4–15 to the same scale, respectively

3.5.3 Bahariasaurus ingens and Deltadromeus
agilis

The third large-bodied theropod dinosaur from Bahariya is
the enigmatic and rather poorly known Bahariasaurus
ingens (Figs. 13 and 14). The holotype material of this genus
has been recovered from a mudstone horizon at Gebel
Ghorabi near the northern margin of the Bahariya depression
(Stromer, 1934b). The material comprises two dorsal verte-
brae, a neural arch, ribs, three coalesced sacral vertebrae, a
right ischium and both pubes, all attributable to one indi-
vidual (Stromer, 1934b). Moreover, Stromer (1934a) refer-
red several additional specimens to this taxon, including a
cervical vertebra and two dorsal vertebrae discovered 4 km
south of Gebel Ghorabi, a left and right pubis from Gebel
Ghorabi, a right scapula from Ain Murun in the north-
western part of the depression, a right ischium discovered
2.5 km east of Gebel El Dist, two caudal vertebrae and two
small conjoined pubes discovered 3.5 km east of Gebel El
Dist, a small right ischium discovered 1 km south of Gebel

El Dist, as well as three dorsal vertebrae, two caudal verte-
brae, a neural arch, a left and right femur, and a left fibula
from Gebel El Dist. In addition, he assigned a cranial frag-
ment, nine caudal vertebrae, a left scapula and a left coracoid
from Gebel El Dist to this genus (Stromer, 1934b). Like
Spinosaurus and Carcharodontosaurus, Bahariasaurus was
an extremely large-sized theropod (Stromer, 1934b), the
right femur from Gebel El Dist being only slightly shorter
than that of T. rex (Sereno et al., 1996).

In light of the poor preservation and the size differences
of the material mentioned above, Stromer (1934a) cautioned
that the material might pertain to more than one species or
even genus. In fact, the classification and taxonomic status
of Bahariasaurus has proven to be especially challenging.
Although Stromer (1934a) did not regard Bahariasaurus as
being closely related to the other theropod genera of the
Bahariya Formation, Rauhut (1995) suggested that both
Bahariasaurus and Carcharodontosaurus might in fact
belong to the Carcharodontosauridae. Some of the material



(including left coracoid, pubes, right tibia, left fibula, right
femur), referred to Bahariasaurus by Stromer (1934a), was
later assigned to Deltadromeus agilis, which was founded on
a partial skeleton from the Kem Kem beds of Morocco
(Sereno et al., 1996). Recently, Bahariasaurus was even
regarded as a nomen dubium, while several elements
assigned to it were referred to Deltadromeus (Ibrahim et al.,
2020a), thus agreeing with the classification of Sereno et al.
(1996). Deltadromeus in turn has been classified as a basal
coelurosaur (Sereno et al., 1996), as being closely related to
ornithomimosaurs (Rauhut, 2003), as a noasaurid (Sereno
et al., 2004), a basal ceratosaur (Carrano & Sampson, 2008;
Chiarenza & Cau, 2016) or a neovenatorid, and thus closely
related to Carcharodontosaurus (Apesteguía et al., 2016). In
yet another recent study, Bahariasaurus was considered as a
valid taxon distinct from Deltadromeus, but closely related
to the latter and both, together with Aoniraptor from South
America, forming the Bahariasauridae, a family (originally
coined by von Huene, 1948) of megaraptoran theropods
(Motta et al., 2016). Therefore, at least three, but possibly
five (if Bahariasaurus and Deltadromeus as well as S.
aegyptiacus and ‘Spinosaurus B’ are indeed distinct), dif-
ferent large-bodied theropods were likely present in the
Bahariya faunal assemblage. Remains of Bahariasaurus,
including six caudal vertebrae, have also been found in the
‘Continental Intercalaire’ of Niger (de Lapparent, 1960).
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Fig. 12 Reconstruction of the holotype cranium of Carcharodontosaurus saharicus in left lateral view. Modified after Stromer (1936)

3.5.4 Indeterminate Theropods (aff. Erectopus
sauvagei and cf. Elaphrosaurus bambergi)

Stromer (1934a) referred the distal part of a right femur to aff.
Erectopus sauvagei (Fig. 14), a taxon originally known from

the Lower Cretaceous of France (vonHuene, 1932). The femur
was recovered in 1912 from a basal mudstone horizon at Gebel
El Dist (Stromer, 1934b). A proximal tibia found in approxi-
mately the same horizon from Ain Murun was referred to the
same taxon as the femur (Stromer, 1934a). A third element, a
much smaller distal tibia, from Gebel Mandische was also
tentatively assigned to aff. E. sauvagei, though likely repre-
senting a younger individual than the other two elements
(Stromer, 1934a). All the material referred to aff. E. sauvagei
most probably represents an indeterminate theropod
(Weishampel et al., 2004). Two tibiae fromGebel El Dist were
referred to aff. Elaphrosaurus bambergi (Fig. 14) (Stromer,
1934b), a taxon originally known from the famous Upper
Jurassic dinosaur beds of Tendaguru, Tanzania (Janensch,
1920). Stromer (1934a) also assigned a right femur fromGebel
Mandische to this taxon, that he initially classified as an orni-
thopod dinosaur (Stromer, 1914a). It should be noted that
Stromer (1934a: 43–44) cautioned that the elements are overall
similar to Elaphrosaurus, but do show significant differences
and thus—together with the markedly different age—they
certainly represent a different species but might be related to
Elaphrosaurus. Like the other indeterminate theropodmaterial
mentioned above, the specimens referred to cf. Elaphrosaurus
likely represent an indeterminate theropod dinosaur
(Weishampel et al., 2004). Recently, the presence of an inde-
terminate abelisaurid has been preliminarily reported based on
a cervical vertebra (Salem et al., 2018; Salem et al., 2022).

3.5.5 Aegyptosaurus baharijensis
The first sauropod remains described from the Bahariya
Formation were unearthed in 1911 by Richard Markgraf



at Gebel El Dist (Stromer, 1932). The material comprises
a dorsal vertebra, two caudal vertebrae, a left fragmentary
scapula, left humerus, both ulnae, both radii, both femora
and the left tibia, all belonging to one individual. Upon
this material Stromer (1932) erected the new genus and
species Aegyptosaurus baharijensis (Fig. 15), which he

referred to the Titanosauridae, a relatively widespread
family of sauropods from the Cretaceous known primarily
from Gondwana. Additional material belonging to a much
smaller individual was tentatively assigned to this taxon
by Stromer (1932), including an indeterminate vertebra,
one caudal vertebra and two cervical vertebrae from
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Fig. 13 Material of the theropod dinosaur Bahariasaurus ingens, including the holotype (4, 9, 10), and indeterminate theropods from the Upper
Cretaceous Bahariya Formation. 1 Pubes of Bahariasaurus in left lateral view (1a) and in cross-sectional view (1b); 2 pubes of an indet. theropod
in left lateral (2a), posterior (2b), and cross-sectional view (2c); 3 pubes of Bahariasaurus in posterior (3a) and cross-sectional view (3b); 4 pubes
of Bahariasaurus in posterior (4a) and cross-sectional view (4b); 5 dorsal vertebra of an indeterminate theropod in posterior (5a) and right lateral
view (5b); 6 fragmentary rib of an indeterminate theropod; 7 right ischium of Bahariasaurus; 8 three sacral vertebrae of Bahariasaurus in ventral
view; 9 rib of Bahariasaurus; 10 right ischium of Bahariasaurus; 11 middle caudal vertebra of Bahariasaurus in posterior (11a) and left lateral
view (11b); 12 left ischium of Bahariasaurus; 13 posterior cervical vertebra of Bahariasaurus in left lateral view; 14 posterior dorsal vertebra of
Bahariasaurus in right lateral (14a) and anterior view (14b); 15 right pubis of Bahariasaurus in right lateral (15a) and cross-sectional view (15b);
16 neural arch of an anterior caudal vertebra of Bahariasaurus in posterior view; 17 anterior caudal vertebra of Bahariasaurus in left lateral (17a)
and anterior view (17b); 18 posterior caudal vertebra of Bahariasaurus in anterior (18a) and left lateral view (18b); 19–23 posterior caudal
vertebrae of indeterminate theropods in ventral (19), right lateral (20), anterior (21), right lateral (22) and anterior view (23); 24 posterior dorsal
vertebra of Bahariasaurus in right lateral (24a) and anterior view (24b); 25 anterior caudal vertebra of Bahariasaurus in right lateral view; 26
middle caudal vertebra of Bahariasaurus in anterior (25a) and right lateral view (25b). All to the same scale. Modified after Stromer (1934b)



Gebel El Dist. Moreover, an isolated ungual phalanx of a
large-sized sauropod (comparable in size to the holotype
specimen) found at Gebel El Dist was referred to
Aegyptosaurus (Stromer, 1932). Subsequently, fragmen-
tary material from the ‘Continental Intercalaire’ of Niger
has been referred to Aegyptosaurus by de Lapparent
(1960), comprising caudal vertebrae, a partial rib and
proximal portions of two metatarsals; this material might,
however, represent indeterminate sauropod remains
(Weishampel et al., 2004). More recently Aegyptosaurus
was placed as a basal member of Titanosauria (Upchurch
et al., 2004).
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Fig. 14 Material of theropod dinosaurs from the Upper Cretaceous Bahariya Formation. 1 Left tibia of cf. Elaphrosaurus in anterior (1a) and
cross-sectional view (1b); 2 left tibia of cf. Elaphrosaurus in anterior (2a) and cross-sectional view (2b); 3 left fibula of Bahariasaurus in medial
(3a) and cross-sectional view (3b–c); 4 left tibia of aff. Erectopus in anterior (4a) and cross-sectional view (4b); 5 right femur of Bahariasaurus in
anterior (5a), lateral (5b) and cross-sectional view (5c–d); 6 right proximal femur of cf. Elaphrosaurus in lateral view; 7 partial astragalus of an
indeterminate theropod dinosaur in anterior (7a) and dorsal view (7b); 8 right proximal tibia of aff. Erectopus in dorsal (8a) and lateral view (8b); 9
right distal femur of aff. Erectopus in posterior (9a) and ventral view (9b); 10 right proximal femur of an indeterminate theropod in dorsal (10a)
and posterior view (10b); 11 phalanx of an indeterminate theropod in right lateral (11a) and dorsal view (11b); 12 ungual phalanx of an
indeterminate theropod in right lateral (12a) and dorsal view (12b); 13 left scapula of Bahariasaurus in lateral view; 14 left coracoid of
Bahariasaurus in medial view; 15 right ilium of Carcharodontosaurus in medial view; 16 left proximal humerus of an indeterminate theropod in
anterior (16a) and cross-sectional view (16b–d); 17 left humerus of an indeterminate theropod in posterior (17a) and cross-sectional view (17b–e);
18 right metatarsal IV of an indeterminate theropod in posterior (18a), dorsal (18b) and ventral view (18c). All to the same scale. Modified after
Stromer (1936)

3.5.6 Paralititan stromeri
The second named sauropod dinosaur from the Bahariya
faunal assemblage and the largest animal from this fauna is
Paralititan stromeri (Smith et al., 2001). In fact, the genus
represents the only tetrapod taxon from Bahariya named
since Stromer’s descriptions of this vertebrate assemblage. It
was founded on a partial skeleton, including two fused sacral
vertebrae, two caudal vertebrae, dorsal and sacral ribs, both
fragmentary scapulae, both humeri, and the distal part of a
metacarpal (Smith et al., 2001). The specimen represents one
of the largest known sauropods, with a humeral length of
1.69 m (Smith et al., 2001). A dorsal vertebra from Gebel El



Dist (Fig. 15) originally described by Stromer (1932) was
tentatively referred to Paralititan (Smith et al., 2001). The
initial phylogenetic analysis of Smith et al. (2001) recovered
Paralititan as a titanosaurid, while later, it was classified as a
lithostrotian titanosaur (Upchurch et al., 2004). Recent
studies recovered Paralititan as a saltasaurid titanosaur
together with several other Late Cretaceous titanosaurs
(Gorscak & O’Connor, 2019; Sallam et al., 2018). The
holotype material of P. stromeri was discovered at Gebel
Fagga in strata representing tidal channel and tidal flat facies,
thus indicating that sauropods habitually entered mangrove
environments (Smith et al., 2001). A shed tooth crown of
Carcharodontosaurus was discovered between the bones of
the holotype, indicating that the theropod scavenged on the
carcass of Paralititan (Smith et al., 2001). Due to a

presumed low water energy at the site, the carcass and the
theropod tooth were most likely not transported to this
locality, suggesting an autochthonous assemblage (Smith
et al., 2001).
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Fig. 15 Holotype material of the sauropod dinosaur Aegyptosaurus baharijensis (1–9) and an indeterminate sauropod dinosaur (10), both from
the Upper Cretaceous Bahariya Formation. 1 Left humerus in anterior (1a) and cross-sectional view (1b–c); 2 right ulna in anterior (2a) and cross-
sectional view (2b–c); 3 left radius in posterior (3a) and cross-sectional view (3b); 4 middle caudal vertebra in left lateral (4a), anterior (4b) and
posterior view (4c); 5 ungual pedal phalanx in medial (5a) and cross-sectional view (5b–c); 6 left tibia in lateral (6a) and cross-sectional view (6b);
7 left femur in posterior (7a) and cross-sectional view (7b–c); 8 left scapula in lateral view; 9 anterior caudal vertebra in posterior (9a) and right
lateral view (9b); 10 dorsal vertebra of an indeterminate sauropod dinosaur (might pertain to Paralititan stromeri, see text for explanations and
Smith et al., 2001). All to the same scale. Modified after Stromer (1932)

3.5.7 Indeterminate Sauropods (cf. Dicraeosaurus
sp. and an Indeterminate Rebbachisaurid)

A poorly preserved caudal vertebra recovered from an
unknown locality was referred to cf. Dicraeosaurus sp. by
Stromer (1932). Dicraeosaurus is originally known from the
Upper Jurassic dinosaur beds of Tendaguru, Tanzania
(Janensch, 1914). Due to the fragmentary nature of the
specimen and the temporal separation from other Dicraeo-
saurus occurrences, however, Stromer (1932) emphasised
the tentative nature of this referral. In addition, Smith et al.



(2001) noted the presence of a possible rebbachisaurid in the
Bahariya faunal assemblage based on an isolated scapula.
Rebbachisaurid remains are also known from several coeval
deposits of northern Africa, including the Kem Kem beds of
Morocco (Ibrahim et al., 2020a; Lavocat, 1954), and the
‘Continental Intercalaire’ of Tunisia (Fanti et al., 2012).
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3.6 Plesiosauria

Remains of plesiosaurs are relatively common in the
deposits of the Bahariya Formation but they mostly occur as
isolated and fragmentary specimens (Stromer, 1935).
Intriguingly, the fossils of plesiosaurs seem not to occur in
the basal-most layers of the Bahariya depression, from
which the majority of the vertebrate material was recovered
(especially terrestrial ones), but instead they derive from a
higher position in the sequence that probably reflects a
marine depositional environment (Stromer, 1935). More-
over, the remains of plesiosaurs differ from those of the
terrestrial vertebrates (e.g. dinosaurs) in terms of preserva-
tion and mostly comprise brownish bones as opposed to the
often greyish to whitish bones of the dinosaurs (Stromer,
1935). This is in accordance of the presumed habitat of these
predatory marine reptiles (Stromer, 1935, 1936). Similar to
the other vertebrate groups, however, the most abundant and
best-preserved specimens of plesiosaurs are known from
Gebel El Dist (Stromer, 1935).

Although Stromer (1935) expected at least part of the
plesiosaur material to belong to previously known species
(because of the marine habitat and thus an assumed wider
geographic distribution), he was unable to assign any of the
material to a pre-existing plesiosaur taxon. Moreover, due to
the fragmentary nature of the plesiosaur remains, Stromer
(1935) also refrained from erecting a new genus or species
based on the available material. Nonetheless, he distin-
guished at least four, and possibly up to seven, different
plesiosaurs (‘Plesiosaurier A–D’) represented by isolated
and associated cranial and postcranial material. Stromer
(1936) noted that ‘Plesiosaurier D’ closely resembles Tri-
nacromerum from the Upper Cretaceous of North America,
thus suggesting a possible close relationship to that genus.
Stromer (1936) favoured a near-shore and/or brackish
habitat for the plesiosaurs of the Bahariya Formation, a
hypothesis agreeing well with the presumed distinctiveness
of the plesiosaur fauna. Interestingly, plesiosaur remains
have not yet been reported from the Kem Kem beds of
Morocco (Ibrahim et al., 2020a), despite a high degree of
faunal similarity between both the Kem Kem and the
Bahariya faunas and plesiosaurs representing a common
faunal element in the latter.

3.7 Squamata (Simoliophis sp.)

Stromer (1914a, 1914b) reported the remains of a small
snake from the Bahariya Formation, which were later
described in detail by Nopcsa (1925). The material com-
prises numerous cervical, dorsal and caudal vertebrae, as
well as rib fragments belonging to several individuals
(Nopcsa, 1925). The remains were mostly recovered by
Richard Markgraf, except for one individual that was col-
lected by Ernst Stromer von Reichenbach (Nopcsa, 1925).
Nearly all of the specimens originate from marine strata
above the basal-most dinosaur bearing horizon, only one
weathered vertebra was collected from this lower-most
horizon (Nopcsa, 1925). Both Stromer (1914b) and Nopcsa
(1925) referred the material to Simoliophis (spelled ‘Symo-
liophis’), otherwise known from the Cenomanian of France
and Portugal, and at the time representing the oldest snake in
the fossil record. Nopcsa (1925) also erected the family
Simoliophidae for this genus. Originally referred to the type
species, Simoliophis rochebrunei, the material from Egypt
probably represents a new unnamed species of Simoliophis
(Rage & Escuillié, 2003). Moreover, according to Rage and
Escuillié (2003), Nopcsa (1925) actually mixed the vertebrae
of two distinct snakes, one of them representing an unnamed
genus; however, this view was subsequently challenged by
Rage et al. (2016), who argued in favour of only one species
(Simoliophis sp.) being represented by the material from
Bahariya.

The dorsal vertebrae and dorsal ribs are remarkably thick
and show a dense bone microstructure (pachyostosis),
which, together with the predominantly marine depositional
setting for most Simoliophis remains, led Nopcsa (1925) to
conclude that Simoliophis inhabited marine environments.
This interpretation was recently confirmed by Rage et al.
(2016), who regarded Simoliophis as a slow swimmer,
capable of long but shallow dives and inhabiting shallow
marine and brackish environments. The pachyostotic verte-
brae and ribs, already noted by Nopcsa (1925), might have
been an adaptation to counteract buoyancy caused by the air-
filled lungs (Nopcsa, 1925; Rage et al., 2016). The roughly
coeval Kem Kem beds of Morocco yielded a diverse snake
fauna with five different taxa of snakes, including Simolio-
phis (Ibrahim et al., 2020a). Thus, snakes probably were a
common and diverse faunal element in the early Late Cre-
taceous of North Africa.

3.8 Palaeoecology

The palaeontology of the Bahariya Formation indicates an
extremely productive ecosystem, comprising a wide range of



e

fluviatile, brackish, tidal and near-shore marine environ-
ments, which supported a diverse vegetation dominated by
extensive mangrove forests. The palaeoecosystem of the
Bahariya Formation is characterised by a very high faunal
diversity of vertebrates and an overabundance of predatory
taxa, the latter of which has also been referred to as ‘Stro-
mer’s Riddle’ (McGowan & Dyke, 2009). Like in other
roughly contemporaneous North African deposits (see
above), aquatic and semi-aquatic taxa dominate the verte-
brate assemblage from the Bahariya Formation. Especially
numerous and diverse are the fishes with more than 20 taxa
of cartilaginous fishes and more than 10 taxa of bony fishes.
The fishes are not only taxonomically diverse but also with
regard to their palaeoecology—some groups like lungfishes
and polypterids likely inhabited freshwater ecosystems,
while others such as hybodontid sharks were inhabitants of
the marine realm (Stromer, 1936); still others likely lived in
brackish environments, like the large coelacanth Mawsonia
and the huge sawfish Onchopristis (Ibrahim et al., 2020a).
Many tetrapods of the Bahariya Formation likely were at
least partially dependent on this rich fish assemblage. This
includes the abundant plesiosaurs, which likely hunted in
brackish to near-shore marine environments as originally
suggested by Stromer (1936). Moreover, at least three and
up to five different crocodyliforms are present in the
Bahariya ecosystem, most of which probably had a pisciv-
orous diet. The small and likely terrestrial Libycosuchus is a
notable exception and likely hunted small prey on land.
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The overabundance of large-sized theropods in the local
faunal assemblage is one of the most outstanding features of
the Bahariya Formation and was originally also noted by
Stromer (1936). At least five, and potentially up to eight,
different theropods have been reported from the Bahariya
Formation, three of which (Spinosaurus, Carcharodon-
tosaurus and Bahariasaurus/Deltadromeus) are among the
largest terrestrial carnivores of all time. This peculiarity has
also been observed in coeval deposits of Northern Africa,
most prominently in the Kem Kem beds of Morocco (Cavin
et al., 2010; Ibrahim et al., 2020a; Russell, 1996). Based on
the high diversity and abundance of fishes in the early Late
Cretaceous of North Africa, it has been suggested that the
great majority of carnivorous tetrapods, including the ther-
opods, fed on aquatic prey items (Russell, 1996; Stromer,
1936). This might be particularly true for the spinosaurids
from the Bahariya assemblage (Spinosaurus aegyptiacus and
‘Spinosaurus B’/Sigilmassasaurus) which likely subsisted
on a fish diet (see above). An alternative theory that has been
brought forward to account for the dominance of large car-
nivorous dinosaurs, is a sampling bias towards large ther-
opods (McGowan & Dyke, 2009); however, this hypothesis
has been rejected recently, and thus the overabundance of
predators might indeed be real (Ibrahim et al., 2020a).

The abundance of large terrestrial (or semi-aquatic)
carnivores contrasts sharply with the rarity of terrestrial
herbivores, which so far only comprise sauropod dino-
saurs. This includes the large-sized Aegyptosaurus, th
gigantic Paralititan and two indeterminate sauropods (a
dicraeosaurid and a rebbachisaurid). Again, this situation
is similar to that of other North African vertebrate
assemblages of a similar age (Benyoucef et al., 2015;
Ibrahim et al., 2020a). One potential reason for this might
be the patchy distribution of vegetation in these coastal
environments (Ibrahim et al., 2020a). Evidence for ther-
opod dinosaurs feeding on the sauropods exists in the form
of a shed tooth crown of the large-sized Carcharodon-
tosaurus between the holotype skeleton of Paralititan
(Smith et al., 2001). Ornithischians, albeit being a common
faunal component in most Early and Late Cretaceous
Mesozoic terrestrial ecosystems, are completely absent
from the Bahariya Formation. Mammals and birds are also
completely absent from the Bahariya Formation thus far.
Furthermore, neither of them has been described from the
well-sampled Kem Kem beds of Morocco, or other con-
temporaneous deposits of Northern Africa that yielded a
similar vertebrate fauna (Ibrahim et al., 2020a). It has been
hypothesised that small multicuspid crocodyliforms with a
presumed insectivorous and herbivorous diet replaced
mammals in the Kem Kem ecosystem (Ibrahim et al.,
2020a) and the same might have been true for the Bahariya
ecosystem. Other small-sized terrestrial vertebrates are
unknown from the Bahariya assemblage as well, the small
marine squamate Simoliophis being the only exception.
Pterosaurs have only recently been reported from the
Bahariya Formation based on an isolated first-wing pha-
lanx (Salem et al., 2018), although they are a common
faunal element in the very similar Kem Kem beds (e.g.
Martill et al., 2020).

4 Tetrapod Trackways from the Abu Agag
Formation (Turonian)

The Abu Agag Formation has yielded tetrapod footprints
from the Upper Cretaceous (Demathieu & Wycisk, 1990).
The tracks were originally discovered in the 1980s during
stratigraphical and sedimentological fieldwork by the
Technical University of Berlin in southeastern Egypt (Fig. 1)
and northern Sudan (Demathieu & Wycisk, 1990). As ver-
tebrate tracks are generally rarely reported in the Cretaceous
of Northern Africa and the time interval covered by the Abu
Agag Formation is poorly known in the region, these foot-
prints offer important insights into the composition and
palaeoecology of these terrestrial ecosystems.
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4.1 Geological and Palaeoenvironmental
Setting

The fluviatile sedimentary rocks of the Abu Agag Formation
comprise basal conglomerates that grade up into coarse-
grained cross-bedded sandstones and mudstones, directly
overlying Precambrian basement (Demathieu & Wycisk,
1990; El Sharkawi & Mesaed, 1996; Klitzsch & Wycisk,
1987). The Abu Agag Formation represents a regressional
phase in the area and is in turn overlain by the shallow
marine Upper Cretaceous (Coniacian–Santonian) Timsah
Formation (El Sharkawi & Mesaed, 1996). The depositional
environments of the Abu Agag Formation range from
channel lag deposits (basal conglomerates) to distal channels
of low sinuosity rivers and braided streams (cross-bedded
sandstones), as well as to floodplain deposits with occasional
paleosol development (mudstone-dominated facies to the
top) (Demathieu & Wycisk, 1990; El Sharkawi & Mesaed,
1996). The age of the formation is considered to be Turonian
(El Sharkawi & Mesaed, 1996; Hendriks et al., 1987;
Klitzsch & Wycisk, 1987), though it might turn out to be
somewhat older due to the lack of conclusive dating for the
succession (Demathieu & Wycisk, 1990).

4.2 Tetrapod Trackways

The tracks of the Abu Agag Formation occur in several
different stratigraphic horizons at three different locations in
Egypt, 75–80 km south and 15–30 km north of Aswan
(Demathieu & Wycisk, 1990). The first location, situated
80 km south of Aswan, preserves four different trackways,
for which tracemakers could be identified (Demathieu &
Wycisk, 1990). The first of these trackways is a small pen-
tadactyl trackway resembling the ichnogenus Capi-
tosauroides and probably representing a small amphibian,
similar to a salamander with an estimated total length of
40 cm. The second trackway comprises two footprints that
are comparable to the ichnotaxon Rhynchosauroides and
likely were produced by a small lepidosaur, about 20 cm in
length. The third trackway shows similarities to Rotodacty-
lus and consists of two left footprints of a small quadrupedal
animal, probably an archosaur with long limbs. The fourth
trackway comprises a manus imprint and two small tridactyl
footprints that are comparable to the ichnogenus Ambly-
dactylus and were likely made by a very small ornithischian
dinosaur. In addition, the site yielded indeterminate tracks
that were probably made on wet mud and thus are badly
preserved; in contrast, the identifiable tracks were likely
produced on dry sediment.

The second locality from the Abu Agag Formation that
preserves tetrapod tracks is situated 75 km south of Aswan

(Demathieu & Wycisk, 1990). Although the footprints from
this site are generally poorly preserved, two different track-
ways were identified. Among them is a small trackway that
resembles the ichnotaxon Rhynchosauroides, and was likely
produced by a small lepidosaur with a length of about 40 cm.
The second trackway consists of two footprints from a small
quadrupedal animal of uncertain affinities, comparable to the
ichnogenus Gallegosichnus, but it might have been pro-
duced by a mammal-like animal. The third location, 15 km
north of Aswan, yielded indeterminate tracks that were made
in wet mud and thus are badly preserved, as well as one large
and well-preserved four-toed footprint resembling Chi-
rotherium (Demathieu & Wycisk, 1990). The latter probably
represents a large archosaur with an estimated total length of
4–5 m.

The tracks are all preserved in fluviatile to lacustrine
sedimentary rocks that were laid down in low-energy envi-
ronments of channel and overbank deposits (Demathieu &
Wycisk, 1990). Remarkably, the tracks are mostly assign-
able to small animals—tracks of large vertebrates are miss-
ing with the exception of one footprint of a large-sized
archosaur. The local vertebrate assemblage as reconstructed
from the ichnites includes amphibians, lepidosaurs, mam-
mal-like animals, small (ornithischian?) dinosaurs, as well as
small and large archosaurs of uncertain affinities (Demathieu
& Wycisk, 1990). If some of the small tracks from the Abu
Agag Formation indeed represent ornithischians, as sug-
gested by Demathieu and Wycisk (1990), this would con-
stitute one of the only (if not the only) record of
ornithischians from post-Cenomanian deposits in Africa (see
also Lamanna et al., 2004). Similarly, the small tracks
potentially produced by mammals (Demathieu & Wycisk,
1990) would represent one of the very few mammalian
occurrences in Upper Cretaceous deposits from continental
Africa. Unfortunately, the poor preservation of these tracks
makes their assignment uncertain (Demathieu & Wycisk,
1990; Lamanna et al., 2004).

5 The Vertebrate Fauna of the Quseir
Formation (Campanian)

The Upper Cretaceous Quseir Formation has yielded a
diverse fauna of terrestrial vertebrates, representing the sec-
ond richest Cretaceous continental assemblage from Egypt
after the Bahariya Formation (see above). Numerous different
groups are known from these deposits, including fishes,
turtles, crocodyliforms and dinosaurs. Due to the young age
of the formation, this vertebrate fauna offers most important
insights into latest Cretaceous (Campanian–Maastrichtian)
terrestrial ecosystems of continental Africa, a time period that
is extremely underrepresented on this continent.
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5.1 Geological and Palaeoenvironmental
Setting

The Quseir Formation has a widespread distribution in
Egypt but the majority of fossil vertebrate material has been
reported from the Dakhla and Kharga Oases in the Western
Desert of Egypt as well as from the Nile Valley (Fig. 1). The
Quseir Formation is also known as the ‘variegated shale’ of
the Nubia Formation (Awad & Ghobrial, 1966; Lamanna
et al., 2004; Said, 1962), Baris Formation (Hendriks et al.,
1987; Lamanna et al., 2004), Mut Formation (Barthel &
Herrmann-Degen, 1981; Mahmoud, 2003), or the upper part
of the Nubia Sandstone (Klitzsch et al., 1979; Mahmoud,
2003); the ‘Nubian Sandstones’ (German ‘Nubischer Sand-
stein’) of Stromer and Weiler (1930) from the Nile Valley
are probably also referable to the Quseir Formation. The
formation consists of variegated shales, mudstones and
siltstone, with occasional phosphatic horizons (Sallam et al.,
2016).

The depositional environment, in which these sediments
were laid down, ranges from fluviatile, to brackish and
shallow marine (Sallam et al., 2016). The palaeoflora as
reconstructed by studies of the palynomorph assemblage
from central Egypt is dominated by angiosperms, but pteri-
dophytes, aquatic plants and freshwater algae seem to have
been abundant as well, indicating warm and humid palaeo-
climatic conditions (Mahmoud, 2003). Recently, evidence
for wildfires in the ecosystems of the Quseir Formation has
been mentioned based on the presence of charcoal attribu-
table to gymnosperms (El Atfy et al., 2016). The Quseir
Formation has been interpreted to be early to middle Cam-
panian in age (Mahmoud, 2003; Sallam et al., 2016). In
addition to the terrestrial (or semi-terrestrial) vertebrates
outlined below, the Quseir Formation also yielded diverse
but mostly fragmentary remains of elasmobranchians, tele-
osts and lungfishes (Churcher, 1995; Churcher & Iuliis,
2001; Churcher et al., 2006; Claeson et al., 2014; Stromer &
Weiler, 1930), as well as scarce remains of marine reptiles
including elasmosaurid sauropterygians and mosasaurs
(Churcher, 1995; Stromer & Weiler, 1930).

5.2 Testudinata Indet.

Turtle remains are abundant in the Quseir Formation of the
Kharga and Dakhla Oases and mostly consist of isolated
shell elements—so far no cranial remains of turtles are
known from the Quseir Formation (Sallam et al., 2016).
Noteworthy among these turtle remains is a well-preserved
and nearly complete shell that comprises both the carapace
and plastron, missing most of the peripherals and the

epiplastron (Sallam et al., 2016). The specimen belongs to a
medium-sized turtle with an estimated carapace length of
50 cm and was discovered by a team from the Mansoura
University south of Kharga Oasis in the basal part of the
formation (Sallam et al., 2016). The turtle has been referred
to the Pleurodira and shows similarities to Pelomedusoides
(Sallam et al., 2016). In addition, four well-preserved and
mostly complete turtle shells have been preliminarily
reported, three of them comprising a complete plastron with
a partial carapace and one comprising a plastron and cara-
pace (Gawad & Abuelkheir, 2018). The specimens were
discovered south of Kharga Oasis in the upper part of the
Quseir Formation (Sallam et al., 2016). All of them probably
belong to bothremydid pleurodires.

5.3 Crocodyliforms

Numerous crocodyliform remains have been collected from
the Quseir Formation, comprising both cranial and postcranial
remains of at least three different neosuchians (Saber et al.,
2018; Sallam et al., 2016). These include an indeterminate
dyrosaurid (Lamanna et al., 2004), a gavialoid neosuchian
(Saber et al., 2020; Sallam et al., 2016) and the recently
described Wahasuchus egyptensis (Saber et al., 2018).

5.3.1 Wahasuchus egyptensis
The type material of Wahasuchus was collected in the early
2000s from the Dakhla Oasis by a team of the Mansoura
University (Saber et al., 2018). The holotype consists of a
partial skull and a fragmentary left mandible assignable to
one individual (Saber et al., 2018). Referred material com-
prises a partial braincase and skull roof, a partial left maxilla,
a partial right premaxilla, a left dentary, a partial right
mandible, two dorsal vertebrae, a right femur, a distal right
tibia and a proximal left humerus (Saber et al., 2018).
Wahasuchus probably represents a basal neosuchian that is
remarkably different from both Gondwanan and European
Late Cretaceous crocodyliforms, pointing to some degree of
endemism in the Late Cretaceous terrestrial vertebrate faunas
of Northern Africa (Saber et al., 2018). Therefore, Saber
et al. (2018) suggested that some representatives of this Late
Cretaceous North African fauna may have been regionally
adapted to the southern Tethys area. This contrasts with the
supposed affinities of other Late Cretaceous vertebrate
groups such as titanosaurian sauropods, which show close
relationships to members of neighbouring landmasses (South
America, Eurasia) and thus suggests some degree of faunal
interchange (Sallam et al., 2018). Wahasuchus likely was a
semi-aquatic generalist preying upon fishes, turtles and ter-
restrial vertebrates (Saber et al., 2018).
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5.3.2 Crocodyliformes Indet.
A left humerus, originally described as pertaining to an
ornithischian (Awad & Ghobrial, 1966), was later referred to
an indeterminate dyrosaurid crocodilian (Lamanna et al.,
2004). The presence of dyrosaurids in the Quseir Formation
has previously been also suggested by Churcher and Iuliis
(2001). Dyrosaurids are generally regarded as predators of
marine to brackish environments with a wide distribution
and ranging from the Upper Cretaceous to the Eocene (de
Andrade & Sayão, 2014; Khosla et al., 2009). Furthermore,
well-preserved cranial remains of a long-snouted neosuchian
crocodilian are known from the Kharga Oasis near Baris
(Sallam et al., 2016). The largely complete skull probably
pertains to a ‘thoracosaur’ gavialoid and thus might repre-
sent the oldest member of the Gavialoidea (Saber et al.,
2020; Sallam et al., 2016). Stromer and Weiler (1930)
reported on isolated crocodilian teeth and a partial femur
from the ‘Nubian Sandstone’ of the Nile Valley that they
referred to the Goniopholidae. Interestingly, these gonio-
pholid teeth seem to be different from those described by
Gemmellaro (1921) from the overlying Duwi Formation of
the Nile Valley (see below).

5.4 Dinosauria

Dinosaur remains are relatively common in the deposits of
the Quseir Formation, belonging to both theropod and
sauropod dinosaurs (Salem et al., 2021; Sallam et al., 2016).
Recently, a reasonably complete and well-preserved saur-
opod, Mansourasaurus shahinae, has been described from
this formation representing the first named dinosaur taxon
from the post-Cenomanian of Egypt (Sallam et al., 2018).
Ornithischian remains mentioned by Awad and Ghobrial
(1966) were later shown to represent a dyrosaurid
crocodilian, thus limiting the occurrence of ornithischians to
pre-Turonian times in continental Africa (Lamanna et al.,
2004).

5.4.1 Theropoda Indet.
Theropods are represented mostly by isolated, fragmentary
and indeterminate remains. Two isolated teeth that were
found in 1993 near El Atrun in the Kharga Oasis by Dale
Russell and Charles Churcher were tentatively referred to
Spinosaurus and Carcharodontosaurus but were never
described in detail (Churcher, 1995). An indeterminate
partial caudal vertebra and a proximal fibula were recovered
during expeditions of the Mansoura University from the
Dakhla and Kharga Oasis respectively (Salem et al., 2021).
The fibula described by Salem et al. (2021) resembles those
of abelisaurids and might indicate the presence of this
theropod family in the Quseir Formation. Abelisaurids are in
general poorly documented from the Upper Cretaceous of

Africa (for an overview, see Salem et al., 2021); a tooth from
the overlying Duwi Formation of the Nile Valley near Idfu
(see below) has also been referred to the Abelisauridae by
Smith and Lamanna (2006). A small proximal theropod tibia
from the ‘Nubian Sandstones’ of the Nile Valley was
described by Stromer and Weiler (1930), and might poten-
tially also belong to an abelisaurid (Smith & Lamanna,
2006).

5.4.2 Mansourasaurus shahinae
Mansourasaurus has a special role in the vertebrate assem-
blages of Egypt as it represents the best-known terrestrial
vertebrate from the post-Cenomanian of the entire African
continent (excluding Madagascar) and as such offers unique
insights into the relationships of Egyptian Late Cretaceous
ecosystems (Sallam et al., 2018). The holotype of Man-
sourasaurus comprises cranial fragments, both dentaries,
cervical and dorsal vertebrae, ribs, scapulocoracoid, sternal
plate, both humeri, a radius, metacarpal III, three meta-
tarsals, osteoderms and indeterminate fragments, all per-
taining to one individual (Sallam et al., 2018). This partial
skeleton was discovered during an expedition of the Man-
soura University in the upper part of the Quseir Formation in
the Dakhla Oasis (Sallam et al., 2018). A phylogenetic
analysis performed by Sallam et al. (2018) recovered Man-
sourasaurus as a saltasaurid titanosaurian and, more
specifically, as the sister taxon of the Late Cretaceous
European titanosaur Lohuecotitan. This clade (Man-
sourasaurus and Lohuecotitan), in turn, is closely related to
Late Cretaceous titanosaurs from central Asia (Nemeg-
tosaurus and Opisthocoelicaudia) and Europe (Ampelo-
saurus and Paludititan) (Sallam et al., 2018).

Therefore, Mansourasaurus offers new insights into the
palaeobiogeography of African terrestrial vertebrates during
the Late Cretaceous, providing evidence for a latest Creta-
ceous dispersal between Europe and northern Africa (Sallam
et al., 2018). This theory has been previously proposed by
several authors, although the exact timing and nature of
these dispersals have remained controversial (for an over-
view of Late Cretaceous biogeographical relationships
between Europe and Africa, see Buffetaut & Le Loeuff,
1991; Csiki-Sava et al., 2015; Gheerbrant & Rage, 2006;
Pereda-Suberbiola, 2009; Rabi & Sebők, 2015). Man-
sourasaurus provides additional and important evidence for
a close biogeographic connection between Africa and Eur-
ope (Sallam et al., 2018).

5.4.3 Sauropoda Indet.
Aside from the well-preserved holotype specimen of Man-
sourasaurus shahinae, the Quseir Formation has yielded two
more partial skeletons of titanosaur sauropods. Both of them
have been recovered from the Kharga Oasis, but neither of
them has been properly described in detail yet (Lamanna



et al., 2017; Salem et al., 2020). The first was discovered in
the 1970s by a team of the Technical University of Berlin
and comprises five dorsal vertebrae, and several appendic-
ular elements (Díez Díaz et al., 2017; Lamanna et al., 2017).
This specimen was only described in an unpublished thesis
thus far, but a detailed study of the material is currently
ongoing (Lamanna et al., 2017). The second skeleton was
discovered in 2017 by a team from the Mansoura University
and includes a cervical vertebra, five dorsal vertebrae, a
caudal vertebra, and the articulated right tibia and astragalus
(Salem et al., 2020). Work is currently in progress to
describe this specimen as well (Salem et al., 2020). The
preliminary results point to the presence of at least two
different titanosaur sauropods in the Quseir Formation of
Egypt (Salem et al., 2020).
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In addition, several indeterminate sauropod remains have
been described from the Quseir Formation recently. This
includes a partial left femur from the Kharga Oasis, and the
associated proximal parts of both the right tibia and fibula
from the Dakhla Oasis, all referable to titanosauriform
sauropods (Salem et al., 2021). Moreover, Salem et al.
(2021) described a partial titanosauriform cervical vertebra
from the Kharga Oasis, and two isolated titanosaurian caudal
vertebrae from the Dakhla Oasis. Interestingly, one of the
isolated caudal vertebrae exhibits a camellate internal mor-
phology that is also found in saltasaurine titanosaurians and
thus might suggest affinities of at least one sauropod from
the Dakhla Oasis to this clade of Late Cretaceous South
American titanosaurs (Salem et al., 2021). The sauropod
dinosaurs from the Quseir Formation thus possibly show
affinities to both South American and Laurasian titanosaurs
(see above), indicating more complex biogeographical rela-
tionships of the Late Cretaceous dinosaurs from this region
than previously thought.

5.4.4 Mammalia? Indet.
Stromer and Weiler (1930) reported a very small tooth from
the ‘Nubia Sandstone’ of the Nile Valley that was discovered
near Mahamid. The tooth has a preserved length of 5 mm,
but the lower part (at least 3 mm) was lost during excavation
(Stromer & Weiler, 1930). The tooth is elongated and flat
with an oval cross-section at the base and a chisel-like
morphology near the apical part (Stromer & Weiler, 1930:
pl. I, Fig. 4a–e). Due to its peculiar morphology that is
uncommon in reptiles, Stromer and Weiler (1930) referred it
tentatively to an indeterminate mammal. At the same time,
however, they stress that this referral should be viewed with
caution due to the fragmentary preservation of the tooth and
its peculiar morphology. Although the assignment of the
tooth to a mammal is far from certain, it deserves a notion
here, being the only report of a Mesozoic mammalian from
Egypt.

6 The Vertebrate Fauna of the Duwi
Formation (Campanian–Maastrichtian)

Fragmentary remains of abelisaurid theropods and
crocodyliforms are known from the uppermost Cretaceous
Duwi Formation of the Nile Valley (Fig. 1) (Gemmellaro,
1921; Smith & Lamanna, 2006). This represents one of only
two occurrences of terrestrial vertebrates from the Maas-
trichtian of Egypt, the other being sauropod and turtle
remains from the overlying Dakhla Formation (see below).

6.1 Geological and Palaeoenvironmental
Setting

The Duwi Formation has a widespread distribution in central
and southern Egypt, including the Dakhla and Kharga Oases
as well as the Nile Valley. It is underlain by the Quseir
Formation and overlain by the Dakhla Formation (El-
Younsy et al., 2017), both of which also yielded terrestrial
vertebrates, including dinosaurs (see above and below). The
formation mainly consists of shales, limestones and phos-
phates and several massive oyster layers (Abdelhady et al.,
2020; El-Ayyat & Kassab, 2004). The sediments were
deposited in a shallow marine setting and marked the onset
of fully marine conditions in Egypt following the late Cre-
taceous marine transgression of the region (El Ayyat, 2015;
El-Ayyat & Kassab, 2004). The Duwi Formation is con-
sidered to be late Campanian to early Maastrichtian in age
(El Ayyat, 2015; El Beialy, 1995; Hamama & Kassab, 1990;
Kassab & Mohamed, 1996). The ‘Phosphates’ (German
‘Phosphate’) of Stromer and Weiler (1930) from the Nile
Valley between Mahamid and Edfu (= Idfu) are probably
referable to the Duwi Formation based on: (i) their distinc-
tive richness in phosphatic layers; (ii) the abundance of
oyster shell layers; and (iii) the ‘Phosphates’ are overlying
the ‘Nubian Sandstone’ (the latter likely representing the
Quseir Formation, which underlies the Duwi Formation, see
below).

The marine deposits of the Duwi Formation have yielded
a fauna of relatively low diversity, including invertebrates
(El-Ayyat & Kassab, 2004; Hamama & Kassab, 1990;
Kassab & Mohamed, 1996), osteichthyan and chon-
drichthyan fishes (Holloway et al., 2017; Salama et al., 2021;
Sallam et al., 2016; Stromer & Weiler, 1930), and marine
tetrapods such as sauropterygians (plesiosaurs) and mosa-
saurs (Churcher & Iuliis, 2001; Gemmellaro, 1921; Sallam
et al., 2016). Terrestrial vertebrates are represented only by
the presence of isolated and fragmentary crocodyliform and
theropod remains (Gemmellaro, 1921; Smith & Lamanna,
2006). Isolated teeth of crocodyliforms were referred to the
marine dyrosaurid Dyrosaurus phosphaticus and to an



indeterminate member of the Goniopholidae (Gemmellaro,
1921). The terrestrial vertebrates (theropod dinosaurs and the
semi-aquatic goniopholid crocodyliforms) were likely
washed into the sea and thus offer insights into the faunal
composition of the nearby coast. The low faunal diversity of
the Duwi Formation and the occurrence of autochthonous
oyster beds probably are the result of stressed environmental
conditions (Abdelhady et al., 2020); additionally, the oyster
shell layers are indicative of repetitive storm events
(Abdelhady et al., 2020). The palaeoclimate was probably
humid and tropical as evidenced by the palynomorph
assemblage (El Beialy, 1995).
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6.2 Abelisauridae Indet.

Gemmellaro (1921) reported the occurrence of several iso-
lated theropod tooth crowns and an ungual phalanx that were
recovered from Upper Cretaceous strata of the Nile Valley
near Idfu (for details, see also Smith & Lamanna, 2006).
Originally, the teeth were assigned to ‘Megalosaurus’ cre-
natissimus (Gemmellaro, 1921), a theropod known from the
Upper Cretaceous of Madagascar (Depéret, 1896), which
was later referred to the new genus Majungasaurus cre-
natissimus (Lavocat, 1955). Subsequent discoveries of more
complete skeletal material from Madagascar showed
Majungasaurus crenatissimus (= ‘Majungatholus’ crenatis-
simus) to be a derived abelisaurid theropod (Krause et al.,
2007; Sampson et al., 1998). More recently, Smith and
Lamanna (2006) re-evaluated the affinities of the theropod
teeth from the Duwi Formation, showing that one tooth
almost certainly belongs to an abelisaurid theropod (Smith &
Lamanna, 2006). Although it is unlikely that the tooth
indeed belongs to Majungasaurus crenatissimus due to the
isolation of Madagascar prior to the Late Cretaceous, the
study demonstrates that it represents a derived (instead of a
more basal) abelisaurid (Smith & Lamanna, 2006). The
presence of a derived abelisaurid in uppermost Cretaceous
(post-Cenomanian) deposits from continental Africa has
important biogeographic implications, suggesting connec-
tions between Africa and South America (where these
derived abelisaurids likely originated) until the Late Creta-
ceous and thus weakens the hypothesis that Cretaceous
African land vertebrates developed in isolation (Smith &
Lamanna, 2006).

7 The Vertebrate Fauna of the Dakhla
Formation (Maastrichtian–Palaeocene)

The Maastrichtian strata of the Dakhla Formation have
yielded an isolated but well-preserved sauropod femur
(Rauhut & Werner, 1997) that is one of only two

Maastrichtian occurrences of terrestrial vertebrates from of
Egypt (Fig. 1)—the other being isolated theropod and
crocodyliform remains from the slightly older Duwi For-
mation of the Nile Valley near Idfu (see above). In addition,
abundant and diverse remains of marine turtles are known
from the same strata of the Dakhla Formation (Ammonite
Hill Member) as the sauropod femur (de Lapparent de Broin
& Werner, 1998). Although earlier fieldwork in the region
conducted by the famous German palaeontologist Karl
Alfred von Zittel from the University of Munich already lead
to the discovery of marine reptiles and turtles, the material
was unfortunately destroyed during the Second World War,
similar to the famous Bahariya collection of Ernst Stromer
von Reichenbach (see above). Subsequent expeditions of the
Technical University of Berlin recovered a rich vertebrate
assemblage, including the sauropod femur and most of the
turtle remains.

7.1 Geological and Palaeoenvironmental
Setting

The Dakhla Formation consists of dark grey shales that are
often intercalated with fossiliferous siltstones and sandstones
(Tantawy et al., 2001). The age of the Dakhla Formation
ranges from the Campanian–Maastrichtian boundary to the
early Palaeocene based on macrofossil (bivalves, ammo-
nites) and microfossil (foraminifera, calcareous nannofos-
sils) biostratigraphy (Tantawy et al., 2001). The sauropod
femur described by Rauhut and Werner (1997) was found in
the Ammonite Hill Member of the Dakhla Formation, which
crops out only in the westernmost margin of the Dakhla
Basin and comprises a lower Maastrichtian and an upper
Palaeocene part (Rauhut & Werner, 1997). The Ammonite
Hill Member consists of highly fossiliferous mudstones,
siltstones, sandstones and limestones that represent an
interfingering of distal alluvial to deltaic shallow marine
depositional settings (Barthel & Herrmann-Degen, 1981;
Rauhut & Werner, 1997). The palaeoclimate as inferred
from clay minerals during the time of the deposition has
been reconstructed as tropical to subtropical with seasonal
humid conditions (Tantawy et al., 2001).

The fauna of the Ammonite Hill Member includes
numerous invertebrate groups (bioturbation trace fossils of
crustaceans, ammonites, bivalves, gastropods, echinoids,
corals), plant remains (fruits of the mangrove plant Nypa),
fishes (osteichthyans, elasmobranchians), as well as marine
and terrestrial tetrapods (Barthel & Herrmann-Degen, 1981;
Hedeny et al., 2021; Rauhut & Werner, 1997). Among the
marine tetrapods are fragmentary remains of mosasaurs
(Prognathodon), and elasmosaurid plesiosaurs (Rauhut &
Werner, 1997; Werner & Bardet, 1996). Additionally,
abundant and diverse remains of marine to brackish turtles



were collected from the Ammonite Hill Member, probably
representing at least six different species (de Lapparent de
Broin & Werner, 1998). A sauropod femur is the only
definitive representative of the terrestrial vertebrate fauna
and indicates near-shore conditions (Rauhut & Werner,
1997).
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7.2 Testudinata

Turtles are the most abundant vertebrates from the Ammo-
nite Hill Member of the Dakhla Formation (de Lapparent de
Broin & Werner, 1998). The material ranges from isolated
remains to nearly complete skulls and shells, belonging to at
least six different species (de Lapparent de Broin & Werner,
1998). The vast majority of the turtle specimens was col-
lected in 1979 and 1980 by a team from the Technical
University of Berlin under the leadership of Werner Barthel.
Five different species of bothremydid pleurodirans and one
indeterminate cryptodiran (known only from a humerus) are
present in the assemblage (de Lapparent de Broin & Werner,
1998). Based on the humerus morphology of the indeter-
minate cryptodiran that closely resembles extant marine
turtles, it was regarded as a marine turtle (de Lapparent de
Broin & Werner, 1998). The bothremydids comprise inde-
terminate forms, Taphrosphys sp. and T. cf. sulcatus, as well
as Arenila krebsi and Zolhafah bella, the last two of which
were newly erected for material recovered from the
Ammonite Hill Member (de Lapparent de Broin & Werner,
1998). Due to the marine depositional environment in which
their remains have been found and the peculiar shell orna-
mentation, the bothremydids are likewise interpreted as
inhabitants of marine and perhaps brackish environments (de
Lapparent de Broin & Werner, 1998).

7.3 Sauropoda Indet.

The sauropod femur from the Dakhla Formation was also
recovered in 1980 by the team from the Technical University
of Berlin, from the Great Sand Sea of the Western Desert of
Egypt, west of the Dakhla Oasis (Rauhut & Werner, 1997).
The femur is well-preserved and nearly complete, only the
proximal and distal portions are slightly abraded. Based on
the presence of a well-developed lateral bulge of the femur,
Rauhut and Werner (1997) argue that the femur might
belong to either a brachiosaurid or a titanosaur sauropod.
Due to the overall greater resemblance to brachiosaurids
(and Brachiosaurus in particular) than to titanosaurs, the
authors favour close affinities to this family and thus refer
the femur to a brachiosaurid. The relatively small size of the
specimen (proximo-distal length of 724 mm), together with
the probable adult ontogenetic stage of the individual as

indicated by the robustness of the shaft, suggests that the
sauropod represented by the femur was a comparatively
small animal (Rauhut & Werner, 1997). If indeed belonging
to a brachiosaurid, the femur would represent the youngest
record of the family in the fossil record, providing evidence
for the survival of the lineage up to the latest Cretaceous.
Moreover, the femur underscores how little is actually
known of Late Cretaceous terrestrial ecosystems from con-
tinental Africa.

8 The Importance of Egyptian Mesozoic
Terrestrial Ecosystems

The Mesozoic terrestrial vertebrate assemblages of Egypt as
a whole offer significant insights into the diversity of ter-
restrial vertebrates in Africa and the evolution of continental
Mesozoic ecosystems. Among these assemblages, the
Bahariya Formation yielded by far the richest and most
diverse vertebrate fauna, including numerous different
chondrichthyan and osteichthyan fishes, abundant remains of
turtles, several different crocodyliforms, as well as theropod
and sauropod dinosaurs. In addition, it was the first well-
known Cretaceous vertebrate fauna from Africa and many
families that are now known from numerous different
localities around the world (especially from Gondwana),
have first been established on material from Bahariya. Most
prominently, this includes the holotypes of the very large
theropods Spinosaurus and Carcharodontosaurus, serving
as the basis for the Spinosauridae and Carcharodontosauri-
dae, respectively. Although similar faunas are now known to
have been widespread across Northern Africa, the fauna
from the Bahariya Formation represents the first well-studied
of these early Late Cretaceous vertebrate assemblages and
also yielded some of the best specimens (e.g. the holotypes
of Spinosaurus, Carcharodontosaurus, Bahariasaurus,
Aegyptosaurus) if not the only material of the respective
vertebrate taxa known so far (e.g. Paralititan, Libycosuchus,
Stomatosuchus).

Despite the sparse and often fragmentary terrestrial ver-
tebrate remains recovered from the other Upper Cretaceous
formations of Egypt (i.e. Abu Agag, Quseir, Duwi and
Dakhla formations), they nonetheless offer significant
insights into the evolution of life on land in the later parts of
the Late Cretaceous, including the latest Cretaceous (Cam-
panian, Maastrichtian)—a period, which is extremely poorly
represented in continental Africa. Even isolated finds (single
teeth and bones) can thus hold valuable information on
palaeobiogeography (e.g. the abelisaurid tooth from the
Duwi Formation) and the faunal composition of these latest
Cretaceous vertebrate faunas (e.g. the sauropod femur from
the Dakhla Formation). Some of these formations (especially
the Quseir Formation) have just begun to reveal the richness



and diversity of their vertebrate fauna, often with spectacular
results—the holotype specimen of Mansourasaurus and its
implications for the palaeobiogeography of the latest Cre-
taceous Tethys realm being a prime example. In the future,
these rather poorly known vertebrate assemblages from the
later part of the Late Cretaceous have a great potential to
yield further significant insights into the evolution of the
Cretaceous life on land in what is still one of the most
enigmatic continents with respect to its vertebrate palaeon-
tology—Africa.
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Cretaceous Wildfires in Egypt - Inferences
for Palaeoecology and Palaeoenvironments
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Abstract

Based on numerous findings of fossil charcoal worldwide,
the Cretaceous is considered a high-fire period in Earth’s
history. Macro-charcoal, as direct evidence for the
occurrence of palaeo-wildfires during deposition of
Cretaceous strata, has so far been reported from three
different localities in Egypt: (1) the pre-Aptian Malha
Formation of Wadi Budra, Sinai, (2) the early Cenoma-
nian Bahariya Formation at Gebel El Dist at the Bahariya
Oasis in the Western Desert and (3) the Campanian
Quseir Formation from the Baris Oasis in the south
Western Desert. These findings support the view, that the
Cretaceous was globally a high-fire world. However,
further research on charcoal from additional Cretaceous
deposits of Egypt is necessary to offer a more complete
picture regarding the interactions between wildfires and
vegetation but also dinosaurs and other animals that lived
during this important time in the evolution of life.

Keywords

Wildfire �High-fire world � Pre-Aptian � Cenomanian �
Campanian

1 Introduction

Although wildfires and their immediate destructive effects
on ecosystems as well as human economies are often por-
trayed by the media, as well as politicians, as devastating
catastrophic events that should be prevented (Cochrane,
2019), such events represent a natural source of disturbance
in many ecosystems, at least since the Silurian Period
(Glasspool et al., 2004). After more than 400 million years
of co-evolution of the biosphere and wildfires, some biotas
depend on the more or less regular occurrence of wildfires
(e.g. Scott et al., 2014), to maintain an ecological balance.

On a long (geological) timescale, the occurrence, fre-
quency and severity of wildfires is controlled by the available
fuel (vegetational biomass), climatic factors (i.e. temperature,
seasonality, rainfall) and the atmospheric oxygen content
(e.g. Scott, 2000; Scott et al., 2014). Variability of these
factors over time had a profound impact on the frequency and
intensity of wildfires, leading to phases with globally few
occurrences of wildfires, as well as phases with globally
increased fire activities (Diessel, 2010; Jasper et al., 2021;
Scott, 2000, 2010; Scott et al., 2014). Both the Permian and
the Cretaceous periods have been considered high-fire
intervals, where the frequency of such events increased
globally (e.g. Brown et al., 2012; Jasper et al., 2021; Scott,
2000; Scott et al., 2014). The Cretaceous Period is of par-
ticular interest with regard to the evolution of modern
ecosystems. It was during this period that the biosphere
experienced an enormous restructuring, with the appearance
and radiation of angiosperms in the Early Cretaceous, and the
rise of this plant group to dominance in many continental
ecosystems (Coiffard et al., 2012)—a dominance that persists
today. In recent years, it has become evident that the evo-
lutionary success of angiosperms was very likely linked to
fire ecology and that various positive feedback mechanisms
between angiosperms and wildfires may have influenced the
early radiation and dispersal of this plant group (Belcher &
Hudspith, 2017; Belcher et al., 2021).
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2 Cretaceous Wildfires and Their Impact
on Ecosystems

Modern plant taxa and vegetation types with origins dating
back to the Cretaceous Period probably experienced evolu-
tionary pressures related to fire regimes of increased fre-
quency and possibly intensity (e.g. He et al., 2012, 2016;
Lamont & He, 2017). Therefore, the emergence of angios-
perms and their initial spread occurred under global high-fire
conditions and were most likely had been directly influenced
by such events (e.g. Belcher & Hudspith, 2017; Bond &
Scott, 2010; Brown et al., 2012). Bond and Scott (2010)
argued that angiosperms, that have higher production and
reproduction rates than the gymnosperms they were to
replace and consequently were able to outcompete the latter
under fire regimes that imparted a selective pressure for rapid
and opportunistic post-fire recolonization. In turn, this may
have fuelled a positive feedback for the gradual replacement
of the previously gymnosperm-dominated vegetation by
angiosperm-dominated, highly diverse and more fire-prone
communities, potentially increasing the incidence and
intensity of fire propagation in these environments (e.g.
Belcher & Hudspith, 2017; Belcher et al., 2021; Bond &
Midgley, 2012). In addition, a novel vertical stratification in
plant communities, enabled by angiosperm habitat parti-
tioning may have led to a more efficient connection of the
understorey portions to the canopies via ladder fuels. This
may have had a significant impact on gymnosperm-
dominated canopies with crown fires increasing fire inten-
sity and presenting a greater disadvantage to gymnosperm
taxa that had evolved to survive the lower-temperature and
less damaging surface fires in these environments (e.g.
Belcher et al., 2010; Bond & Scott, 2010).

Fossil charcoal, as direct evidence of palaeo-wildfires, is
widely distributed in many deposits worldwide, ranging

from the Silurian Period to the Holocene (Glasspool et al.,
2004; Scott, 2000, 2010). This is due to the fact that char-
coal, as the product of incomplete combustion of biomass, is
chemically almost inert and is thus highly resistant to
chemical and biological degradation (Jones & Chaloner,
1991; Scott, 2000, 2010). However, charcoal is brittle and is
susceptible to mechanical pressure, which may cause it to
shatter into very small pieces during normal compaction of
sediments during diagenesis (Itter et al., 2017). Under con-
ditions of reduced compaction, charcoal retains its
three-dimensional structure and may exhibit extremely
well-preserved anatomical characteristics (Crawford & Bel-
cher, 2014). This, together with its distinctive black colour,
black streak when touched, silky lustre, as well as homog-
enized cell walls (as seen under SEM) provide unique
characteristics that are frequently used to identify fossil
charcoal (Jones & Chaloner, 1991; Scott, 2000, 2010).

3 Cretaceous Wildfires in Egypt

Cretaceous strata host the richest fossil flora in Egypt
(El-Saadawi et al., 2020, Coiffard & El Atfy, in press). The
floral assemblages are generally well-preserved and
encompass diverse macrofloral elements as well as palyno-
floras. Despite the sporadic nature of the Egyptian fossil
record of mesofossils, including fossil charcoal, they play an
important role in the interpretation of palaeoenvironmental
and palaeoclimatic developments in the continental realm.
The charred plant remains represent important components
of the North African (Fig. 1) palaeoflora during the Creta-
ceous (El Atfy et al., 2016).

Fossil charcoal, as direct evidence for the occurrence of
palaeo-wildfires is so far known from three different time
windows in the Cretaceous of Egypt (Fig. 2).

Fig. 1 Palaeogeographic position of Egypt as part of northern Gondwana during the studied periods in the Cretaceous, for more detail see
Kirscher et al. (this volume)
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3.1 Malha Formation, Sinai

The oldest known palaeo-wildfire record within the Creta-
ceous of Egypt comes from a dark grey, kaolinitic shale
collected from Wadi Budra, west-central Sinai, Egypt from
the pre-Aptian Malha Formation, where gymnospermous
charcoal (Fig. 3) provides reliable evidence for the occur-
rence of wildfires in a typical pre-angiosperm vegetation
consisting of pteridophytes and various gymnosperm groups
(El Atfy et al., 2022).

3.2 Bahariya Formation, Bahariya Oasis

The second and best-studied charcoal occurrence within the
Cretaceous of Egypt comes from the type profile of the
Cenomanian Bahariya Formation at Gebel El Dist at the
Bahariya Oasis in the Western Desert (El Atfy et al., 2019).
Charcoal has been studied in detail from six different

horizons of shale, claystone and sandstone. Gymnosperms,
as well as angiosperms and pteridophytes, have been iden-
tified from this material (Fig. 3). Of considerable interest is
the presence of one horizon dominated by charcoal that can
be attributed to ferns, which shows great similarities to
Paradoxopteris/Weichselia, probably growing in mangrove-
like vegetation. These results indicate that the iconic dino-
saurs, like the carnivorous Spinosaurus and Carcharodon-
tosaurus, as well as the herbivorous Aegyptosaurus and
Paralititan (e.g. Nothdurft et al., 2002; Smith et al., 2001;
Stromer, 1915, 1931, 1932), which have been found in the
Bahariya Formation, dwelled in a landscape frequently
affected by wildfires.

3.3 Quseir Formation, Baris Oasis

The third occurrence of fossil charcoal from Egypt, again of
exclusively gymnospermous affinity (Fig. 3), is known from

Fig. 2 Map of Egypt showing the position of the localities where Cretaceous macro-charcoal has been documented so far (red dots)
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Fig. 3 Examples of Cretaceous charcoal from Egypt. a Overview of a split surface of a sample from the pre-Aptian Malha Formation from Wadi
Budra, Sinai, exhibiting numerous macro-charcoal fragments (black arrows), scale bar = 2 cm (from El Atfy et al., 2022); b SEM image of
charcoal from the Malha Formation exhibiting homogenized cell walls (white arrow), a diagnostic character of charcoal (from El Atfy et al., 2022);
c SEM image of charcoal from the Campanian from Baris area, exhibiting the cross-section of three-dimensionally preserved wood with thick,
homogenized cell walls (from El Atfy et al., 2016); d–h SEM images of macro-charcoal from the early Cenomanian Bahariya Formation (Gabal El
Dist profile at the Bahariya Oasis) (from El Atfy et al., 2019); d cross-section of fern xylem; e fern tracheid with scalariform pitting; f cross-section
of gymnosperm wood showing more or less rectangular cross-section of tracheids; g angiospermous charcoal exhibiting vessels with scalariform
sieve-plate and axial parenchyma; h detail of pitting on vessel wall consisting of small uniseriate pits in cell walls shared with tracheids
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the Campanian Quseir Formation from the Baris Oasis in the
south Western Desert (El Atfy et al., 2016). Here the wild-
fires probably occurred in a vegetation dominated by
angiosperms and pteridophytes, with only minor gym-
nosperm component, which grew under warm and wet cli-
matic conditions, as demonstrated by previous palynological
studies (e.g., Mahmoud, 2003).

All in all, the charcoal data from the Cretaceous of Egypt
support the view, that the Cretaceous was globally a
high-fire world. However, further research on charcoal from
Cretaceous deposits of Egypt is necessary to provide a more
complete picture regarding the interactions between wildfires
and vegetation, as well as dinosaurs and other animals living
during this important period of Earth’s history.
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Palaeoenvironmental and Palaeontological
Study of the Gabal Ekma Section (Egypt)
Throughout the Coniacian-Santonian
Boundary

Brahimsamba Bomou, Thierry Adatte, and Jorge E. Spangenberg

Abstract

The Gabal Ekma section, located in the Sinai desert
(Egypt), is characterised by shallow marine deposits of
mixed siliciclastic/carbonate sediments of the Matulla
Formation which includes the Coniacian and Santonian
stages. The section exhibits significant accumulation of
organic-rich intervals and phosphatic layers associated
with fossiliferous vertebrate remains. The Coniacian-
Santonian (CS) carbon isotopic patterns appear to be
recognised in the Egyptian section and are used to
characterise the interval of the CS oceanic anoxic event
(OAE 3). However, this latest Cretaceous OAE appears
not to be truly important on a global scale but was more
dependent on local or regional conditions. These are
mainly limited to shallow-water environments and epi-
continental seas of the equatorial and South Atlantic
basins and the Western Interior Seaway. Based on a
weathering index and mineralogy, climate gradually
evolved from warm and seasonal climate to arid condi-
tions during the late Coniacian up to the base of the
Santonian (Michel Dean Event). Then a significant
change to more humid and tropical conditions is observed
above the Michel Dean Event (early Santonian), which
persisted up to the Buckle Event (base on the late
Santonian), coinciding with the organic-rich shales
deposits in deeper environments. Fluctuations in total
phosphorus (Total-P) contents are clearly independent
from detrital input but seem to be controlled by regional
anoxia and phosphogenesis. Total-P contents are indeed
depleted in the organic-rich interval, suggesting intense P
regeneration due to anoxic conditions. This type of P

regeneration may explain the formation of the bone bed
located at the C-S boundary characterised by very
well-preserved shark teeth and vertebra, associated with
phosphatised nodules in a sandy phosphatic matrix.

Keywords

Coniacian-Santonian boundary � OAE3 � Bone-bed �
Gabal Ekma section

1 Introduction

During the Cretaceous period, several episodes of climate
and palaeoceanographic change dramatically affected marine
environments and resulted in a succession of oceanic anoxic
events (OAE). They are characterised by major and wide-
spread deposition of laminated sediments enriched in
organic matter, which coincide with positive shift in d13C
values (Arthur et al., 1990; Jenkyns, 1980; Schlanger &
Jenkyns, 1976). The largest OAE took place near the end of
the Cenomanian and is known as OAE 2. The OAE 3, of
Coniacian to Santonian age, is thought to be the youngest of
the Cretaceous OAEs (e.g., Arthur et al., 1990; Hofmann
et al., 2003; Jenkyns, 2010). However, associated
organic-rich deposits appear to be spatially limited. They are
documented from the eastern tropical Atlantic Ocean, Ivory
Coast, and Ghana (Hofmann et al., 2003; Holbourn &
Kuhnt, 1998; Wagner, 2002), Venezuela (Erlich et al., 1999;
Rey et al., 2004), the Brazilian shelf (Mello et al., 1989),
Mexico (Sohl et al., 1991), and the Western Interior Seaway
of North America (Dean & Arthur, 1998). Deposition of
organic-rich sediments appears therefore to represent a
regional rather than global event (Wagner, 2002; Wagner
et al., 2004; Wagreich, 2009, 2012). Additionally, the
organic-rich sediment deposits are rarely synchronous and
occur in different time intervals within the Coniacian and
Santonian, depending on the palaeo-location of the basin
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(Locklair et al., 2011). Moreover, carbon isotope records
associated with OAE 3 lack major excursions. For example,
in the reference record of the English Chalk, the OAE 3
interval is characterised by two minor and gradual positive
d13C excursions of only 0.5‰ (Jarvis et al., 2006), culmi-
nating in the middle-late Coniacian and middle Santonian,
respectively. Interestingly, d13C values decrease across the
Coniacian-Santonian boundary in numerous sections like
Eastbourne (G.B.), Olazagutia (Spain) or Tingri (Tibet)
(Jarvis et al., 2006; Lamolda & Paul, 2007; Wendler et al.,
2009). As previously stated by Wagreich (2012), the
Coniacian-Santonian interval can therefore not be consid-
ered to be a true OAE.

Contrary to the other Cretaceous OAEs, only a few
studies have been performed to date the control and the
evolution of organic carbon burial during that period (e.g.,
Davis et al., 1999; Erlich et al., 1999; Hofmann et al., 2003;
Jenkyns et al., 1994; Locklair et al., 2011; Wagner, 2002).
Recently, Locklair et al. (2011) showed that organic carbon
accumulation rates were quite elevated, regardless of the low
amplitude of the carbon isotope excursions. Moreover,
unlike older OAEs, the burial flux of carbonate was rather
high during the Coniacian-Santonian interval, which may
explain the absence of a significant d13C excursion.

The focus of the present chapter is to study the
palaeoenvironmental and palaeoclimatic evolution recorded
in the Gabal Ekma section (Sinai, Egypt), which is char-
acterised by organic-rich sediments and phosphatic
bone-bed layers deposited in shallow-water environment,
throughout the Coniacian-Santonian interval. Using a
multidisciplinary approach based on sedimentology, min-
eralogy, phosphorus analyses, stable carbon isotopes, and
major elements (weathering indices), the main goal of this
study is to explore the expression of the OAE 3 in these
shallowest environments and better constrained the phos-
phorus behaviour and the organic-rich deposits in regional
anoxia context.

2 Geological Setting and Lithology

The Gabal Ekma (GE) section is located in west-central
Sinai, Egypt (GPS: 28° 41′ 17.76° N; 33° 17′ 21.92° E),
along the east coast of the Gulf of Suez (Fig. 1a). The section
belongs to the NW-tilted Ekma block, which is part of the
Syrian arc folding system which was active during the
Turonian-Coniacian interval (El-Azabi & El-Araby, 2007).
The Gabal Ekma section comprises mixed siliciclastic/
carbonate sediments assigned to the Matulla Formation
(El-Azabi & El-Araby, 2007). The Matulla Fm is intercalated

between the Wata Fm (Turonian) and the Sudr Chalk Fm
(Campanian–Maastrichtian) and includes the Coniacian and
Santonian stages (Fig. 1b, c) (El-Azabi & El-Araby, 2007).

The Matulla Fm was defined for the first time by Ghorab
(1961) and described in several sections in Sinai and in the
east coast of Egypt. Most of the sections are located in the
western part of Sinai as the Gabal Somar, Wadi Sudr, Wadi
Abu Qada, Gabal Musala, Wadi Matulla, Gabal Nezzazat,
Wadi Feiran, and Gabal Ekma sections (Abdel-Gawad et al.,
2004; El-Azabi & El-Araby, 2007; Farouk et al., 2016;
Khalil & Mashaly, 2004; Kora et al., 2002; Samuel et al.,
2009; Zalat et al., 2012). This formation can be encountered
in the eastern part of Sinai close to the Aqaba gulf in the El
Sheik Attia sections (Mandur, 2011), and finally in the
eastern part of Egypt (Abdel-Gawad et al., 2007). This for-
mation, found primarily in western Sinai, comprises three
main units: a lower siliciclastic unit, a middle
clastic/carbonate unit of Coniacian age, and an upper pre-
dominantly clastic Santonian unit (El-Azabi & El-Araby,
2007; Kora et al., 2002; Obaidalla & Kassab, 2002). The
depositional environment evolved from a siliciclastic coast-
line to a subtidal environment (Fig. 1d; Bauer et al., 2003).

At Gabal Ekma, sediments are very diverse, comprising
shale, siltstone, sandstone, limestone, dolostone, and iron-
stone with a huge accumulation of oysters. The sandstone is
often cross-bedded with symmetric ripples due to wave
activity. The shale intervals are mainly laminated and are not
bioturbated (Fig. 2). Three “bone-bed” intervals comprise
abundant vertebrate remains (bones and shark teeth) embed-
ded in a phosphatic matrix (Fig. 2). These lithologies suggest
shallow depositional environments ranging from intertidal
(e.g., cross-bedded sandstone; Fig. 2, GE 58) to slightly
deeper subtidal environment (El-Azabi & El-Araby, 2007).

The first 5 m of the section is characterised by centimetric
to metric sandstone beds, with a particular oyster bed at 1 m
(GE 4), followed by an 8 m thick interval of finely laminated
shale enriched in organic matter (Fig. 2, GE 29), intercalated
by two sandstone beds. A change in lithology is observed
from 13 to 30 m, with centimetric and metric sandstone beds
alternating with metric dolostone beds (GE 54). These levels
are enriched in teeth and bones remains (Fig. 2, GE 52; 58).
At 30 m, a particularly well-preserved bone bed is observed
(GE 58). Above, the lithology changes again to shales and
silty shales (Fig. 2, GE 85) which are enriched in organic
matter from 30 to 43 m. A succession of metric sandstone
beds is alternated with plurimetric interval of marls from 43
to 69 m. The marls interval exhibits plants debris, in par-
ticular between 57 and 60 m. The topmost of the section
consists of chalk of the Sudr Chalk Fm dating of Campanian
(e.g. El-Azabi & El-Araby, 2007).
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Fig. 1 Location and paleogeographic location of the section of Gabal Ekma section during the late Coniacian
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Fig. 2 Lithology of the Gabal Ekma section, Sinai, Egypt
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3 Material and Methods

A total of 148 samples were collected throughout the Gabal
Ekma section with a resolution of 0.15–1 m. The palaeon-
tological remains were washed and are currently under
analysis in the INSEM laboratory of the University of
Montpellier (France) for the shark teeth, and in the labora-
tories of MNHN, Paris (France), and Claude Bernard
University Lyon (France) for the vertebrate materials.
Altered and recrystallised parts were removed from the
collected samples, and the whole-rock powders were ground
in a mechanical agate grinder.

Organic carbon stable isotope analyses were achieved at
the Institute of Earth Surface Dynamics, University of
Lausanne (IDYST-UNIL) on decarbonated bulk rock pow-
ders by flash combustion on a Carlo Erba 1108 elemental
analyser coupled to an isotope ratio mass spectrometer via a
ConFlo II interface (Thermo Fisher Scientific Delta V Plus).
The d13Corg values are reported relative to VPDB. The
reproducibility was better than 0.1‰ (1r).

XRD analyses of the whole rock were carried out for all
the samples using a X-TRA Thermo-ARL Diffractometer at
the Earth Sciences Institute of the University of Lausanne
(ISTE-UNIL). The samples were prepared following the
procedure of Kübler (1987) and Adatte et al, (1996). The
error fluctuates between 5 and 10% for the phyllosilicates
and is 5% for the grain minerals.

Total phosphorus measurements were performed at
ISTE-UNIL by applying the ascorbic acid molybdate blue
method (Eaton et al., 1995). The blue colour intensity,
depending on the phosphorus concentration, was measured
with a Perkin Elmer Lambda 25 UV/Vis spectrophotometer.
The PO4 concentration in mg/L was acquired by calibration
using internal standard solutions with an precision better
than 5%.

Major element concentrations were determined by X-ray
fluorescence spectrometry (XRF), employing a Philips
PW2400 XRF spectrometer at ISTE-UNIL. Major element
analyses were conducted on glass beads after fusion using
lithium tetraborate. The detection limits are around 0.01%,
and the external reproducibility (1r) varies from 0.5 to 5%,
depending on the element. The accuracy of the analyses was
estimated by analyses of standard reference materials
(NIM-G; SDC; BHVO; QLO).

On the basis of major-element concentrations, the
Chemical Index of Weathering (CIA) and the Weathering
Index of Parker (WIP), were calculated to characterise
detrital sources and palaeoclimatic conditions (Fedo et al.,
1995, 1997; Nesbitt & Young, 1982; Yan et al., 2010). The
Chemical Index of Alteration (CIA; Nesbitt & Young,

1982) has been used to assess the weathering of unstable
minerals, while the Weathering Index of Parker (WIP;
Parker, 1970) has been used to estimate the degree of
chemical weathering by tracing the labile elements mass
transfer such as alkali and alkaline earth elements (e.g.,
Price & Vebel, 2003; Gertsch et al., 2011). However, to use
these indices, the CaO molar proportion must be limited to
that derived from a silicate mineral (Nesbitt & Young,
1982, 1989; Yan et al., 2010). Due to the occurrence of
carbonates (calcite, dolomite) and apatite, an adjustment is
required (McLennan, 1993; Yan et al., 2010). After the
correction for the phosphates, the remaining content of CaO
is still greater than that of Na2O, thus indicating that the
CaO values cannot be used (Yan et al., 2010). As a result,
the original formula was adjusted according to formulas (1)
and (2), where the CaO content is replaced by the Na2O
content (McLennan, 1993).

The CIA (in molar proportion) is expressed as:

CIA ¼ Al2O3 � 100= Al2O3 þNa2O
� þNa2OþK2Oð Þ

ð1Þ
The WIP (in molar proportion) is expressed as:

WIP ¼ 100� 2� Na2O=0:35ð Þþ MgO=0:9ð Þ½
þ 2� K2O=0:25ð Þþ Na2O

�=0:7ð Þ� ð2Þ

In both formulas, the Na2O� content replacing the CaO
content.

4 Results

4.1 Organic Carbon Stable Isotopes

Due to low calcite amounts, carbon stable isotope analyses
were performed on organic matter. Values fluctuate mainly
between − 26 and − 24‰ with a maximum of − 22.5‰
(Fig. 3). An overall decreasing trend is observed throughout
the section. Despite the scarcity of measurements, some
significant positive shifts (up to 3‰) are identified along the
section. First one at 6 m (GE 17; − 22.5‰), then at 29.7 m
(GE 58; − 22.8‰), at 35.1 m (GE 77; − 22.7‰), at 40.1 m
(GE 93; − 23.6‰) and finally at 49.4 m (GE 121; − 24.0‰)
following by a plateau up to 58 m. Four important negative
excursions are also observed at 7.7 m (GE 20; –26.2‰), at
29.8 m (GE 59; − 25.3‰), at 35.7 m (GE 79; − 26.1‰),
and at 62.4 m (GE 141; − 26.0‰). Unfortunately, between
13 and 29 m, carbon isotope data are not available due to
dolomitic lithology and absence of organic matter in the
sediment.
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4.2 Bulk-Rock Mineralogy

The great diversity of lithology observed at Gabal Ekma
(Fig. 2) is well reflected by the highly variable concentrations

in quartz (3–87%), phyllosilicates (4–69%), K-feldspar
(0–26%), plagioclase (0–16%), goethite (0–16%), dolomite
(0–70%), gypsum (0–57%), and calcite (0–42%) (Figs. 3 and
4b). The non-quantified phase, which reaches 42%,

Fig. 3 d13C organic record (in ‰VPDB), bulk-rock mineralogy data (in %) based on XRD analyses and total phosphorus (in ppm on a log scale)
of the Gabal Ekma section. Grey intervals correspond to organic-rich shale interval, dark grey for high enrichment in organic matter, and light grey
for lesser enrichment
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corresponds mainly to poorly crystallised minerals such as
apatite, goethite, hematite, and phyllosilicates (kaolinite,
smectite, and mica).

Gypsum and halite represent secondary minerals, which
probably resulted from water table fluctuations under arid
conditions. Major minerals (e.g. calcite, phyllosilicates) do
not show any significant long-term trend. Quartz increases to
the detriment of phyllosilicates in the sandstone intervals and
inversely in the shale layers. Phyllosilicates increase from
the base to 15 m and then decrease gradually up to the C-S
boundary (30 m), above which they abruptly increase. This
peak in phyllosilicates occurs in a shale interval, just above
the bone-bed level (GE 58). Above, phyllosilicate contents
roughly increase up to the top of the section, with lower
values corresponding to sandstone levels. Quartz contents
relatively mirror the phyllosilicates, except for levels corre-
sponding to sandy-shale intervals (Figs. 3 and 4b). An
interval with high dolomite is observed between 15 and
27 m and corresponds to dolostone and calcarenite (Fig. 3
and 4b). A detritus curve (Fig. 4a, b) is calculated, resulting
from sum of detrital minerals like Quartz, Phyllosilicates,
K-Felspar, and Na-Plagioclase (Fig. 4b). Significant increa-
ses in detritus are observed along the clayed interval deposits
enriched in organic matter (Fig. 4, grey interval), alternated
with low detritus contents through the dolostone interval of
the late Coniacian (17–27 m, Fig. 4b).

4.3 Phosphorus

Total-P contents range from 77 to 18,700 ppm. Total-P
reaches very high values, particularly in the bone-bed GE 58
(18,700 ppm), which is characterised by huge accumulation
of fish teeth and vertebrate bones (enriched in P) and a
phosphatised matrix linked to a hardground composed of a
P-rich crust. Low values of total-P (around 100 ppm) are
observed in two main intervals (2–13 m and 30–43 m),
which correspond to shale enriched in organic matter.
Intermediate to higher values (1000–5000 ppm) are associ-
ated with shallow sandstone and dolostone lithologies also
containing fish teeth debris, particularly in the 13–30 m and
the 43–70 m intervals (Fig. 3).

4.4 Major Elements

The most abundant MEs are SiO2 (13–94%) and CaO (0–
27%), followed by Al2O3 (1–18.4%), MgO (0–14%), Fe2O3

(1–13%) and Na2O (0–9.5%) (Fig. 12). TiO2, K2O, Cr2O3,
and NiO are present in minor concentrations (< 2%). TiO2

and Al2O3 present the same trend as SiO2, except for the
shale intervals, in which these three elements are not closely
coupled (increase both in TiO2 and Al2O3, decrease in SiO2).

High CaO contents in the intervals between 13 and 25 m and
at 47 m are related to the presence of dolomite. The major
elements fluctuations are mainly driven by the mineralogical
composition (Fig. 4). SiO2 derived mainly from Quartz
content, TiO2 and Al2O2 from Phyllosilicates, MgO and
CaO from Dolomite, and the peak at 45 m for CaO from
Calcite contents. The links with the other elements are less
clear, but a relationship can be made between Fe2O3 and
Goethite. The similar trends between the detritus curve and
SiO2, TiO2, A2O3, and K2O suggest a detrital origin of these
elements (Fig. 4a, b).

4.5 Biostratigraphy

The Gabal Ekma section exhibits a scarce and low diversity
microfauna due to the nature of the sediments, which mainly
consist of sandstone and clay assigned to the Matulla Fm.
According to previous analyses in nearby sections located in
western central Sinai (Wadi Matulla and Gabal Nezzazat
sections), the lower and middle parts of the Matulla Fm is of
Coniacian age, and the upper unit is considered to be Santo-
nian, based on ammonites and foraminiferal assemblages
(Obaidalla & Kassab, 2002). In western central Sinai, the
middle unit of the Matulla Fm corresponds to the middle-late
Coniacian Metatissotia fourneli and Subtissotia africana
ammonites zones (Obaidalla & Kassab, 2002) and late
Coniacian Dicarinella concavata foraminiferal Zone
(El-Dawy, 1994). The upper unit of the Matulla Fm contains
ammonites indicating the Texanites texanus and Tissotia
semmamensis zones and foraminifera from the D. asymetrica
and Sigalia carpatica zones, indicating a Santonian age. These
correlations, including the biostratigraphical and lithostrati-
graphical data, remain relatively uncertain. El-Azabi and
El-Araby (2007), using correlations based on sequence
stratigraphy, identified a major sequence boundary (SB3) at
the C-S boundary, which may coincide with a phosphatic
hardground including a bone-bed (29–30 m, GE 58).

4.6 Systematic Palaeontology

Several levels rich in vertebrate bones and fish teeth,
informally termed “bone-beds” were identified throughout
the section. The first level located at GE 52 exhibits a
fragment of a large vertebra (7 cm of diameter) with
well-preserved centrum has been found and present a con-
cave articular facet (Fig. 2; GE 52). Given the size and
general shape of the vertebra, this specimen is assigned to a
Plesiosauria indet.

Above a particular level enriched in numerous vertebrate
remains (at 30 m; Fig. 2, GE 58) were collected from that
level and are described herein. Several vertebrae with two
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concave articular facets are assigned to bony fish
(Actinopterygii; Fig. 5a, b). A small vertebra, characterised
by a concave anterior articular facet and a convex posterior
one, is tentatively attributed to a Mosasauridae indet.
(Fig. 5c). This is likely a posterior caudal vertebra. Frag-
mented turtle ventral plastrons are the most abundant
remains of tetrapods and are tentatively attributed to

chelonian indet (Fig. 5d, e, g, h, and i). A long bone
(humerus or femur), damaged at both extremities is also
attributed to an indeterminate chelonian (Fig. 5f).

A large number of teeth of Chondrichthyes (elasmo-
branchs or selachians, which include sharks, rays, and chi-
maeras) were also recovered (Fig. 5k, l). The large amount
of teeth of various morphologies reveals their great diversity.

Fig. 4 a Major-element contents (% in weight) of the Gabal Ekma section. Grey intervals correspond to organic-rich shale interval. b Detritus
curve and mineral phases content (in %) based on XRD analyses
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5 Discussion

5.1 Carbon Isotope Correlations Through
Oceanic Anoxic Event 3

The Coniacian-Santonian OAE3 is less clearly expressed
than other OAEs (e.g., Selli and Bonarelli events), as is
shown by the carbon isotope record (Jarvis et al., 2006), and
seems to be a regional event rather than a real global OAE,
as was already suggested by Wagreich (2012). However,

small perturbations in d13C are present in several sections
around the world, which are not systematically associated
with organic carbon deposits (e.g. in Tibet; Wendler et al.,
2009). The very low amplitude of the carbon isotope fluc-
tuations can be explained by the high accumulation rate of
carbonate relative to organic carbon (Locklair et al., 2011).
A relationship between the carbon isotope excursions and
sea-level fluctuations has also been suggested (e.g., Jarvis
et al., 2006; Jenkyns et al., 1994; Voigt & Hilbrecht, 1997;
Wendler et al., 2009), considering that the highest d13C
values recorded during C-S events (e.g. White Fall and

Fig. 5 Bone-bed assemblages of level GE 58 (Gabal Ekma section). a, b Actinopterygii vertebra; c Mosasauridae indet; d, i Chelonian indet; k,
l Chondrichthyes teeth
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Horseshoe Bay events) coincide with substantial sea-level
rise.

Despite the weak amplitude of the d13C fluctuations, a
tentative correlation is made between the records of the
English Chalk reference section (Jarvis et al., 2006) and the
Gabal Ekma section (Fig. 6). Several isotope events have
been identified in the English Chalk section (Jarvis et al.,
2006), suggesting repeated carbon perturbations rather than
a major single global event. These carbon isotope events are
however globally recognised and used as significant global
stratigraphic tool (Jarvis et al., 2006). From the late Conia-
cian to the late Santonian, ten carbon isotope events are
recognised in the English Chalk reference curve: Kings-
down, k1, k2, Michel Dean, Bedwell, Haven Brow, Horse-
shoes Bay, Buckle, Hawks Brow, and Foreness (Jarvis et al.,
2006). According to the literature (e.g., El-Azabi &
El-Araby, 2007), the section of Gabal Ekma includes an
interval starting from the middle-late Coniacian up to the late
Santonian-early Campanian (Fig. 6).

Due to the absence of calcite content, organic carbon
isotopes have been used to tentatively correlate the Gabal
Ekma section with the inorganic carbon isotope reference

curve of the English Chalk. d13Corg and d13Ccarb values are
generally well coupled during the Mesozoic and Cenozoic
due to abundant skeleton-forming organisms, which domi-
nate the marine carbon cycle and dampened the isotope
response to perturbations (Bartley & Kah, 2004). Significant
decoupling or delayed excursions may, however, occur
between inorganic and organic carbon due to several
parameters such as a change in the organic matter source or
excessive carbon burial (Kump & Arthur, 1999). Anyway,
d13Corg values measured at Gabal Ekma show fluctuations
which can be tentatively correlated with the d13Ccarb refer-
ence curve established in the English Chalk by Jarvis et al.
(2006). Furthermore, a correlation has been extended to a
well-documented organic isotopic curve of Yezo Group
section, Japan (Fig. 6; Takashima et al., 2019), which is
relatively well constrained in term of biostratigraphy and
quite well correlated with reference curves (Takashima et al.,
2019). However, uncertainty still remains for the Foreness,
Buckle, and Bedwell isotopic events (Fig. 6; Takashima
et al., 2019). New interpretation is suggested for the Bedwell
and Michael Dean events location and seems well correlated
with Gabal Ekma and English chalk sections (Fig. 6).

Fig. 6 Synthetic correlation of the Gabal Ekma sections with the d13Cwood Yezo Group, Japan (Takashima et al., 2019) and the d13Ccarb reference
curve of the English Chalk (Jarvis et al., 2006). Chemical Index of Alteration (CIA and WIP) and Detritus (in %) are based on major-element
contents and bulk-rock mineralogy, respectively. For the CIA, the green colour indicates tropical and humid, yellow temperate humid and orange
arid conditions. Qualitative enrichment in organic matter is represented by dark grey boxes (strongly enriched) and light grey boxes (less enriched).
Intervals of humidy and/or high hydrolysis is marked by blue boxes
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Unfortunately, due to lack of data linked to absence of
organic carbon, no correlation could be made in the late
Coniacian (Fig. 6). At Gabal Ekma, the amplitude of d13Corg

shifts is significantly higher (3‰) compared to the d13Ccarb

values obtained in the English sections, but in the same order
with the amplitude of d13Corg shifts of the Yezo Group
section (2.5‰). This observation supports the hypothesis of
Locklair et al. (2011) suggesting that during OA3, organic
carbon burial is not fully represented in the d13Ccarb record.
The inorganic carbon response to widespread deposition of
organic-rich sediment in the equatorial Atlantic may
have been dampened by widespread deposition of car-
bonate carbon (chalk) on flooded shelves during the
Coniacian-Santonian interval.

5.2 Links Between Phosphorus, Anoxia
and Climatic Changes

The WIP and CIA are weathering indices used to infer
weathering processes and climatic fluctuations (Fedo et al.,
1997; Nesbitt & Young, 1982; Price & Vebel, 2003).
The CIA values varying from 80 to 100 suggest a tropical
and humid climatic conditions, a warm and seasonal climate
between 60 and 80, and a cold and/or arid climate with
values under 60 (Nesbitt & Young, 1982, 1989). The WIP
index has been used to assess the weathering profile on the
basis of alkali and alkaline earth metals (Na, K, Mg, and Ca),
which are favourably leached in areas of intensive chemical
weathering (Price & Velbel, 2003). The significant negative
correlation between CIA and WIP (R2 = − 0.61), suggests
that high WIP values indicate periods of increasing physical
weathering in an arid climate, while low WIP values indicate
intense chemical weathering in a humid climate (Fig. 6).
However, 4 points (GE 1, 35, 41, and 43) have been
excluded for the CIA interpretation due to the diagenetic
nature of the dolomitic beds, strongly enriched in MgO and
CaO contents, which decreases the original signal and
hampers the palaeoenvironmental interpretation.

During the late Coniacian, from the first organic-rich
shales interval (5–12 m) up to the top of the dolostone and
calcarenite beds (marked by the bone bed at 30 m), a
decreasing trend in the CIA index from warm and seasonal
climate to arid climate conditions is observed at Gabal Ekma
(Fig. 6). The detritus contents show a similar decreasing
trend, in particular during the dolostone and calcarenite beds
interval (12–23 m), suggesting a significative hydrolysis
reduction (Fig. 6). However, a decoupling phase between the
detritus contents and CIA is observed between 23 and 32 m.
This interval corresponds to the strong enrichment in quartz
versus phyllosilicates contents (Fig. 4b), consistent with
lithological change to sandstones beds (Fig. 2). Furthermore,
the decreasing trend observed in the detritus curve is also

probably due to dilution by carbonate production (dolostone
beds).

During the early Santonian, just above the Michel Dean
Event, CIA sharply increases indicating humid and tropical
conditions which persisted up to the Buckle Event, associ-
ated with high content of detritus which indicates higher
hydrolysis (Fig. 6). These humid conditions, which pre-
vailed in Egypt until the earliest late Santonian, coincide
with the shale and claystone deposits, enriched in organic
matter, and deposited in deeper environments (Fig. 6). Fur-
thermore, this deeper environment interval recorded in the
Gabal Ekma section, which corresponds to a maximum
flooding surface (El-Azabi & El-Araby, 2007) and to the
carbon isotope event Horseshoes Bay, is coinciding to a high
sea-level period in England (Jarvis et al., 2006), reinforcing
this correlation.

Total-P values show no significant correlation with
detrital inputs (R2 = − 0.25), suggesting that the main P
phase was not derived from detrital input but relative to
authigenesis and/or organic matter. Thus, fluctuations in
total-P do not seem to be related to detrital input but rather
driven by anoxia and also by phosphogenesis during hard-
ground formation (Bone-bed levels). Moreover, total-P is
strongly depleted in the organic-rich interval, suggesting
intense P regeneration due to anoxic conditions, comparable
to what is often observed in Cenomanian–Turonian
OAE-2 sections (e.g. Kraal et al., 2010; Mort et al., 2007,
2008). However, this anoxia occurring during the
Coniacian-Santonian OAE 3 interval seems still regional and
limited to restricted basin or shallow epicontinental envi-
ronment, the organic-rich sediment deposits are indeed
rarely synchronous and occur in different time intervals
within the Coniacian and Santonian (Locklair et al., 2011).
Phosphorus regeneration from sedimentary organic matter
may have been used for bone-bed phosphatisation (Suan
et al., 2012). These bone-bed levels, probably deposited by
storm deposits in shallow shoreface settings, are strongly
phosphatised and characterised by very well-preserved shark
teeth and vertebra, associated with phosphatised nodules in a
sandy phosphatic matrix. This type of P regeneration under
anoxic conditions may explain the main source of phosphate
required to phosphatised these bone-bed levels located close
to the C-S boundary (GE 58), similarly observed in
Triassic-Jurassic bone-beds by Suan et al. (2012).

6 Conclusions

The Coniacian-Santonian carbon isotopic curve patterns are
partly recognised at the Gabal Ekma section, mainly the
Santonian interval, and are used to characterised the interval
of the Coniacian-Santonian oceanic anoxic event (OAE 3).
Correlations are also proposed between the d13Corg record of
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the Gabal Ekma section, the Yezo Group (Japan), and the
d13Ccarb of the English Chalk reference record. However,
this event appears to be local or regional rather than global
event, depending mainly on local and regional conditions
and restricted mostly to shallow-water settings and epicon-
tinental seas.

Based on the weathering index CIA and WIP and bulk
mineralogy, the climate switched gradually from warm and
seasonal climate to arid conditions during the late Coniacian
up to the base of the Santonian (Michel Dean Event), fol-
lowed by a new change to more humid and tropical condi-
tions which persisted up to the Buckle Event (base on the
late Santonian), coinciding with laminated organic-rich
shales and claystone deposition.

Fluctuations in total phosphorus (Total-P) contents
appears not driven by detritism, but seem to be controlled by
regional anoxia and phosphogenesis. Total-P contents are
thus depleted in the organic-rich interval, suggesting intense
P regeneration due to anoxic conditions.

The phosphatisation of bone-bed levels is thus explained
by huge availability of phosphorus due to the P regeneration
under anoxic conditions, allowing the strong accumulation
and well preservation of shark teeth and vertebrate remains.
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Climatic and Environmental Changes During
Paleocene-Eocene Thermal Maximum
in Egypt: An Overview

Hassan Khozyem, Thierry Adatte, and Gerta Keller

Abstract

During the last decades, Egypt became a focal point for
studying the climate and paleoenvironmental changes
during the late Paleocene early of Eocene that is known as
the Paleocene-Eocene Thermal Maximum (PETM). This
chapter sheds light on the climatic and paleoenvironmen-
tal changes recorded from the Egyptian sedimentary
record, based on: biostratigraphy, sedimentology, and
geochemistry. We also introduce a complete raw data set
of Dababiya Global Stratigraphic Section and Point.

Keywords

GSSP � PETM � Carbon isotopic excursions �
Weathering � Hg-anomaly

1 Introduction

In the 1980s, the world’s governments paid attention to the
problem of climate change in which global temperatures
increased, sea levels rose, oceans became more acidic, and
many species were extinct. However, these changes are

repeatedly observed in deep-geologic time., similar to what
happened on Earth about 56 million years ago (PETM).
Therefore, it is a big challenge to understand the climatic and
paleoenvironmental changes occurred through that time to
better understand the current climatic changes.

The Paleocene–Eocene Thermal Maximum (PETM),
alternatively Eocene Thermal Maximum 1 (ETM1), and
formerly known as the Initial Eocene Thermal Maximum
(IETM) or Late Paleocene Thermal Maximum (LPTM); all
of the previous terms refer to a short-term global warming
event recorded within the sedimentary rocks of about 56
million years (My) in age. That time was a period of more
than 5–8 °C global average temperature rise. This climatic
event occurred at boundary interval between the late Pale-
ocene and early Eocene and extended for about 200 ky
(Zachos et al., 2001). The observed climatic and environ-
mental changes coincident with rapid shifts in both oxygen
and carbon isotopes, and perturbations in the carbon cycle.

Kennett and Stott (1991) documented first observation of
these changes when they observed rapid shifts in isotopes
(d18O and d13C) of specific foraminifera species obtained
from ODP-Site 690B (Ocean Drilling Program; Antarctica
Coast). Their study comes up with several criteria coinciding
with the well-known extinction event in benthic for-
aminifera; these criteria count as follows:

• Estimated increase in oceanic surface water temperature
by 3–4 °C, synchronous with an increase in deep ocean
water temperature by about 6 °C.

• abrupt negative carbon isotope shift in benthic and
planktic foraminifera (− 2‰ and − 4‰, respectively).

• Evolutionary and reproducible diversity trend of the
warm water planktons.

• An increase in kaolinite contents in recorded sediments
indicates an increase in detrital input.

• Regression in sea level led to a decrease in the water
depth gradient.
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In the terrestrial realm, the PETM event resulted in the
branching out of modern mammal species and their migration
across the northern hemisphere (Bajpai et al., 2008; Bowen
et al., 2002, 2004; Khozyem et al., 2021; Krause & Maas,
1990; Rana et al., 2008; Rodríguez, 1999; Wing et al., 2005).
As well as resulted in rapid shifts in plant communities
composition as observed in the late Paleocene in the Bighorn
Basin and Wyoming plant fossils communities (Metasequoia
occidentalis, planicostata, Corylites sp., Browniea serrata,
Macginitiea gracilis, Ginkgo adiantoides, Zizyphoides fla-
bella, Davidia antiqua, Fagopsiphyllum groenlandicum,
Cercidiphyllum genitrix; Wing & Currano, 2013).

1.1 Theories Explaining the PETM Event

Based on the data resolution and techniques, the criteria
observed by Kennett and Stott (1991) are then modified sev-
eral times; for example, a similar magnitude of increasing
temperature based on the d18O is observed by using theMg/Ca
ratio and ranging between 5 and 8 °C (Thomas et al., 2002;
Zachos et al., 2006). Similar magnitude of the temperature
increase (from5 to 8 °C)was also inferred using the biomarker
paleothermometer (TEX86 and GDGT), and similar results
were obtained (Sluijs et al., 2006; Weijers et al., 2007). The
evidence of temperature increase during the PETM is not only
approved bymarine sediments but also retrieved from analysis
of leaf margin, the mammals tooth enamel and calcareous soil
nodules (Bowen et al., 2001; Fricke et al., 1998; Fricke &
Wing, 2004; Khozyem et al., 2014; Koch et al., 2003; Trem-
blin et al., 2021; Wing et al., 2005).

Change in temperature is a direct environmental response
to carbon cycle perturbations and CO2 input in both ocean
and atmosphere. The increase of CO2 input in both ocean
and atmosphere is due to abnormal oxidation of carbon
reservoir, which led to extensive dissolution in deep-ocean
carbonate as a result of reducing the ocean water pH (Zachos
et al., 2005), as well as extensive silicate weathering as
indicated by increasing kaolinite input (Boll et al., 2000,
2001; Khozyem et al., 2013, 2015). Therefore, a leading
cause that forces the increase in temperature and its conse-
quences is massive CO2 input. However, the sources of the
enormous CO2 amounts released during the PETM are still
controversial. Five major scenarios were proposed to explain
the source of CO2 during PETM:

• Methane clathrates destabilization: the clathrates are
associated with the deep continental shelf deposits in a
stabilized phase of methane, but due to changes in
oceanic physicochemical conditions (Temperature, ocean
circulation, and/or slope failure), the clathrate can be
destabilized (Dickens et al., 1995, 1997; Katz et al.,
1999). When methane clathrate is destabilized, it is

released and oxidized to CO2. These stored clathrates
have negative d13C up to − 60‰ (Kvenvolden, 1993).

• Wildfire: during the Paleocene, massive peat and coal
were accumulated (Khozyem et al., 2021), and due to the
latest Paleocene dry conditions, increase in atmospheric
O2 contents and/or orogenic events, the compensation
took place and led to an increase in the CO2 input (Kurtz
et al., 2003; Moore & Kurtz, 2008).

• Thermogenic methane: burning the organic-rich sedi-
ments due to magma injection from the large igneous
provinces could explosively release the thermogenic
methane, as recorded through Cretaceous-Paleocene
organic-rich sediments in the North Atlantic province
(Svensen et al., 2004, 2010; Westerhold et al., 2009).

• Drying epicontinental seas: the rapid oxidation of organic
matter has resulted from drying of tectonically formed
epicontinental seas as observed in vast areas of central
Asia (Higgins & Schrag, 2006).

• Permafrost: DeConto et al. (2010) proposed that during
Paleogene, enormous quantities of carbon stored in per-
mafrost and peat could have been rendered, oxidized, and
released a vast amount of CO2.

Among the previous proposed CO2 sources; methane
clathrate destabilization is the most accepted scenario, and
recently it is conjugated with the large igneous provinces
effect as mean source of heating during end of Paleocene
(North Atlantic Igneous Province—NAIP) (Jones et al.,
2017a, 2017b, 2019; Keller et al., 2018; Khozyem et al.,
2014; Stokke et al., 2020).

1.2 Age and Duration of the PETM Event

The age estimation of the carbon isotope excursion
(CIE) onset has recently been designated to 56.011 Ma
using radiometric data (Westerhold et al., 2009). Dating
based on zircon crystals associated with bentonite layers
from the upper part of the CIE indicates age of 56.09 ±

0.03 Ma (Jaramillo et al., 2010). However, the stronomically
calibrated cyclostratigraphy indicates duration of 150–
220 ka for the CIE (Aziz et al., 2008; Röhl et al., 2007). The
calculations based on extraterrestrial 3He fluxes suggests a
duration between 120 and 220 ka for the PETM (Murphy
et al., 2000).

The accuracy of this determination depends on presence
or absence of the uppermost Paleocene dissolution levels.

Cyclostratigraphic studies were used to determine the
duration of the initial part of the PETM event, which con-
tinued for about 100 ky for both marine and continental
environments (Westerhold et al., 2011, 2018; Fig. 1). The
duration of the PETM initial period was determined to be
90–110 ky by using the flux of extraterrestrial Helium that
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matches well with the cyclostratigraphy results (Farley &
Eltgroth, 2003; Murphy et al., 2000). The fast üand abrupt
arbon isotopic excursions were affected mainly by
post-depositional alteration, condensation, and/or erosion of
the boundary interval sediments, except for few examples of
the PETM sections; therefore, tentative estimates from less
than 10 ky (marine) to 8–23 ky (continental) have been
proposed (McInerney & Wing, 2011).

1.3 Paleoposition Overview

Tethys is a potential region to investigate the causes and
mechanisms of the PETM event. During the PETM, Tethys
was a semi-restricted basin surrounded by vast numbers of
tectonically formed shallow epicontinental seas (Fig. 2)
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(Klootwijk et al., 1992; Oberhänsli, 1992; Oberhänsli &
Hsü, 1986; Selverstone & Gutzier, 1993). Therefore, it was
thought that Tethyan regions were essential organic carbon
reservoirs (Raymo & Ruddiman, 1992; Selverstone & Gut-
zier, 1993) and acts as warm saline deep water bodies that
affected ocean circulation during the PETM initial phase
(Kennett & Stott, 1990, 1991). From Maastrichtian to
Eocene, the Tethyan margins were located in the northern
tropical climatic zone. This zone is characterized by repeti-
tive upwelling episodes as recorded by the phosphate
deposits of the eastern Mediterranean, North and
North-Western Africa, Northern South America, and parts of
the Caribbean sea (Föllmi, 1996; Jarvis et al., 1994; Lucas
and Prevot-Lucas, 1995; Soudry et al., 2006).

A general overview of North African paleogeography
through the late Paleocene to early Eocene revealed forma-
tions of shallow marine platforms (Guiraud & Bosworth,
1999). Several E–W trending uplifted blocks were formed
along the Northern African Tethyan margin (Fig. 2; Guiraud
& Bosworth, 1999). The tectonic instability and active
subsidence affected most of northern Egypt (Said, 1990). All
the previous factors resulted in the formation of
semi-restricted basins, epicontinental seas, and shallow to
neritic seas. These deformations may be in solid relation to
the “Laramide event” described in Western Europe (Ziegler,
1990). The detailed investigation of semi-restricted basins
and epicontinental sections located at the eastern end of this
upwelling belt indicates similarities with the coeval deep-sea
sections in terms of benthic foraminifers extinctions,
planktic foraminifera turnover, as well as calcareous nan-
nofossils (Monechi et al., 2000b; Speijer, 1994; Speijer &
Schmitz, 1998; Speijer & Van der Zwaan, 1994; Speijer
et al., 1996; Tantawy, 1998).

2 Paleocene Eocene Thermal Maximum
in Egypt

As previously mentioned, Egypt was a part of the South
Tethyan margin during the late Cretaceous to early Paleo-
gene. The sedimentary successions during that time were
deposited within epicontinental seas under unstable shelf
conditions and were affected by tectonic instability linked to
the Syrian Arc orogeny (Guiraud & Bosworth, 1999;
Höntzsch et al., 2011) in the North. In Southern Egypt, the
deposition took place on stable shelf that was surrounded by
the Arabian Nubian craton (Fig. 2). In Egypt, most of the late
Cretaceous-early Paleogene sediments are made of clastic to
carbonate platform sediments (Fig. 2) and can be classified
into several formations starting at the base with Dakhla Fm,
Tarawan Fm, Esna Fm, and capped by Thebes formation
(Said, 1990). The Paleocene/Eocene boundary in Egypt is
well determined based on the calcareous nannofossils and

planktic foraminifera and placed at the middle to lower third
part of Esna Fm. (Fig. 3; Aubry & Salem, 2013). The PETM
was determined in Egypt based on several criteria: (1) An
abrupt negative shift in both organic and inorganic carbon
isotopes as well as nitrogen isotopes (Bolle et al., 2000;
Dupuis et al., 2003; Guasti and Speijer, 2007; Khozyem
et al., 2013, 2015; Schmitz et al., 1998; Speijer et al., 1997;
Tantawy et al., 2000). (2) Abrupt changes in different geo-
chemical proxies include weathering indexes, redox indica-
tors, and paleoproductivity indicators (Ghandour, 2020;
Keller et al., 2018; Khozyem et al., 2013, 2014, 2015;
Schulte et al., 2011; Soliman, 2003). (3) An abrupt change in
mineralogy at the PEB includes increased phyllosilicate,
quartz, and Kaolinite content, as well as the presence of
Palygorskite and sepiolite (Bolle et al., 2000, 2001; Dupuis
et al., 2003; Khozyem et al., 2013, 2014). Figure 4 shows the
locations and local names of Egypt’s most extensively
studied late Paleocene-early Eocene successions.

In this chapter, we will discuss the nature and tempo of
the Paleocene-Eocene Thermal Maximum event, and we will
introduce a complete data set with a brief explanation of the
PETM characteristics at the Dababiya GSSP.

3 Dababiya GSSP

In 2004, the International Union of Geological Science
(IUGS) accepted Dababiya site as the Global
Standard-Stratotype Sections and Points (GSSP). The golden
spike was placed at the base of Dababiya quarry beds after a
recommendation from the Paleocene/Eocene (P/E) working
group based on the following criteria:

a. The negative shifts in organic and inorganic carbon
isotopes.

b. Notable extinction of benthic foraminifera (Stensioina
beccariiformis).

c. Observed transient occurrence of planktic foraminifera
(Acarinina africana, A. sibaiyaensis, Morozovella
allisonensis) and the calcareous nannofossils (Rhom-
boaster spp. and Discoaster araneus) along with the
PETM interval.

d. High occurrence of dinoflagellate (Apectodinium; Aubry
et al., 2007).

Dababiya quarry beds are located at the base of Esna
formation in the massive quarry that located on the eastern
bank of the Nile River, 35 km south of Luxor city. The
Dababiya quarry deposits cover the time interval from the
late Paleocene to the early Eocene and are represented by
Tarawan chalk, Esna shale, and Thebes limestone.
The PETM in Dababiya quarry is 3.5 m thick in and consists
of five distinctive beds (Dupuis et al., 2003). The basal bed is
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formed of dark clay representing the PEB, graded upward to
shale, and partially silty-shale, overlain by phosphatic shale
followed upward by calcareous shale and marl. Although the
thickness of the PETM interval in Dababiya GSSP is vari-
able from the northeast to the northwest (Fig. 5), ranging
between 2 and 3.5 m, the observed variation in thickness is
due to its depositional setting that inferred by several authors
to be an asymmetrical submarine channel (Khozyem et al.,
2014; Schulte et al., 2011).

3.1 Stable Isotope Profiles

Inorganic carbon (d13Ccarb) and organic carbon (d13Corg)
isotopes analyzes have been conducted on the Dababiya
GSSP samples (sampled by Khozyem et al., 2014; Fig. 5).

At Dababiya, the d13Ccarb shows an expanded d13Ccarb

excursion with a gradual onset and recovery (Fig. 6).
Throughout the uppermost Paleocene, no changes were
observed in the d13Ccarb values, which are relatively stable
around 1‰ and correspond to the planktic zone P4c. Within
planktic zone P5, a gradual decrease in the d13Ccarb values
was observed, reaching its minimum values (− 4‰) 20 cm
below the top of planktic zone P5, representing the PEB
(Fig. 6). This gradual decrease is referred to as a pre-PEB

decrease. No values recorded for the d13Ccarb at the lower
Eocene interval (planktic zone E1) may be due to the
absence of carbonate and/or dilution by increased detrital
input. Then, initial recovery is occurred at the lower part of
planktic foraminifera (zone E2; upper part of Bed-2). The
d13Ccarb shift ranges between − 2 and − 3‰ and is followed
by rapid increases at Bed-3/Bed-4 contact to 0.39‰. Toward
the top of the studied section, no changes in d13Ccarb were
observed.

The organic carbon isotope (d13Corg) shows a similar
pattern to d13Ccarb. During the late Paleocene (zones P4c to
middle P5), d13Corg values are gradually increasing from −
25.8 to − 23.8‰, followed by abrupt decrease across the
PEB and reach its minimum value close to the base of zone
E2 (upper part of Bed-2; Fig. 6). In zone E2, the d13Corg

gradually increases but is still lower than its mean value
observed through the late Paleocene.

3.2 Biostratigraphy

It is well known that any environmental and climatic chan-
ges, directly and indirectly, impact the biota. The direct one
is recorded as the extinction of species or families of micro
and mega organisms. In contrast, the indirect impact can be
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observed by changes in the habituated state of the biota.
Microorganisms are susceptible to any changes that occur in
their environments. During PETM, both terrestrial and
marine biota have been affected. In marine environments,
extinction took place for benthic organisms, as well a partial
extinction event was observed in plankton. In the terrestrial
environment, migration and diversification of the biota were
the most observed impacts of environmental changes.

Several authors have extensively studied the biostratig-
raphy of Dababiya GSSP (e.g., Aubry et al., 2007; Berggren
& Ouda, 2003; Keller et al., 2018; Khozyem et al., 2014,
2015; Ouda & Berggren, 2003). Biostratigraphy of
Dababiya GSSP is studied based on high-resolution planktic
foraminifera. The standard biozonation scheme of Olsson
et al. (1999) and Pearson et al. (2006) was followed
(Fig. 7a). Four planktic foraminifera zones covering the time

Fig. 4 Plot of the most extensive PETM section studied in Egypt (see references in the supplementary data files)
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Fig. 7 a Selected ranges of planktic foraminifera, b calcareous nannofossil species from section located at 50 m to the left of the Dababiya GSSP,
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interval from 54.5 to 56.5 Ma were recorded (Keller et al.,
2018). The lowermost zone (P4c) is marked by the last
appearance (LA) of Globanomalina pseudomenardii, and
the dominated assemblage are Igorina tadjjikistanensis,
Acarinina soldadoensis, Subbotina hornibrooki, Moro-
zovella acuta, and M. aequa. (Fig. 7a). Second observed
planktic foraminifera biozone (zone P5) was determined
between LA of Gl. Pseudomenardii and first appearance
(FA) of Acarinina sibaiyaensis. This zone represents top-
most part of Paleocene. The topmost part of zone P5 is
characterized by 40% increase in species diversity and
decreased abundance of the dominant species, indicates the
onset of the PEB. Above the PEB, zone E1 is observed. It
1 m thick, the lower 42 cm represents barren interval. It is
composed of clay devoid of CaCO3, marking dissolution
and/or ocean acidification, followed by 5 cm of thick
radiolarian-rich interval associated with the transient PETM
fauna (dominated by A. sibaiyaensis and A. africana. FA of
A. africana and Morozovella allisonensis) followed upward
by 50 cm, marking the recovery phase. The second disso-
lution and/or ocean acidification interval with rare for-
aminifera in the upper 20 cm was recorded. Contact surface
between zone E1 and zone E2 placed at the first continuous
occurrence of Pseudohastingerina wilcoxensis and coincides
with the reappearance of the latest Paleocene existing
assemblages (Berggren & Ouda, 2003; Kaiho et al., 2006;
Kelly et al., 1996; Khozyem et al., 2014; Lu et al., 1998; Lu
& Keller, 1993, 1995; Luciani et al., 2007, 2016). No sig-
nificant species extinctions were observed even with
observed climate warming, decreased productivity, and
ocean acidification associated with PETM that could be
linked to species migrations into higher latitudes during
warming (Keller et al., 2018).

The Paleocene-Eocene boundary in Dababiya GSSP is
placed at the contact interval between the calcareous nan-
nofossils biozone (NP9a; Fig. 7b) and spans the late Pale-
ocene and NP9b covers the early Eocene. The calcareous
nannofossil assemblages are moderately diversified; the
preservation of observed fauna varies from poor to moder-
ate, and the barren/dissolution intervals recorded through
Bed-1 and lower part of Bed-2 (Fig. 7b). The dissolution
interval is followed by the first appearance of Rhomboaster
cuspis and R. bitrifida, D. araneus, and D. anarteus, whereas
C. eodelus appears earlier in NP9a and R. spineus, later in
NP9b, similar to the southeast Atlantic (Agnini et al., 2007),
and Kharga Oasis, Western Desert, Egypt (Tantawy, 2006).

Most observed calcareous nannofossils species of zone
NP9a extinct at the P/E transition; only Fasciculithus tym-
paniformis survived into the lower Eocene, presence of this
species, along with Fasciculithus tonii in the upper part of
Dababiya GSSP (Bed-4), is likely reworked, as they are
known to disappear at PETM onset (e.g., Agnini et al., 2007;
Monechi et al., 2000a; Raffi et al., 2005; Tantawy, 2006).

3.3 Bulk Rock and Clay Mineralogy

The upper Paleocene sediments at Dababiya GSSP (zone
P4c-P5) formed mainly of marl with 43% of calcite, 41% of
phyllosilicates, 7% of quartz, and less than 1% of anhydrite
with absence of phosphorus bearing minerals (apatite;
Table 1; Fig. 8a). Smectite was the significant phyllosilicates
mineral at this interval (mean value 68%) associated with
14% of illite, 7% of illite–smectite interstratification, 4% of
palygorskite, 4% of kaolinite, and 3% of chlorite.

An abrupt decrease in calcite is observed (less than 5%);
it is associated with an increase in phyllosilicates (58%),
quartz (8%), anhydrite (7%), and the presence of Ca-apatite
(7.5%). Goethite, K, and Na-feldspar are present in tiny
amounts (Table 1; Fig. 8a).

Bed 1 and 2 (1.1 m; zone E1 to the base of E2) are
marked by an abrupt increase in phyllosilicates, quartz,
goethite, and anhydrite, with the presence of K and Na
feldspars and low calcite contents. The low Ca-apatite con-
tent is due to reworked from underlying sediments with the
presence of rare coprolites.

The interval covering E1/E2 zonal boundary is charac-
terized by a sharp increase in calcite content (35%), coin-
cident with a high concentration of Ca-apatite (up 26%), and
a relative increase in anhydrite content. This interval is also
characterized by an abrupt decrease in smectite content
(45%) together with a sharp increase in kaolinite content (up
to 10%) and gradual increase in illite (19%), chlorite (12%),
illite–smectite (10.8%), and palygorskite (8.8%). Above this
level, marl is the primary dominant sediment to the top of the
studied section and corresponds to the upper zone E2 (Bed-4
to 5; Table 2; Fig. 8b).

3.4 Organic Matter and Mercury Contents

Dababiya GSSP samples are generally highly degraded poor
in organic matter content. Through zone P4c-P5, organic
matter content fluctuates between 0.2 and 0.4%; maximum
value is observed close to PEB. The OM content decreased
from the PE-boundary to 40 cm above and ranged from 0.08
to 0.24%. The TOC is enriched from the top of P5 to the
E1/E2 boundary, ranging between 0.59 and 1.3%. The TOC
in this interval is represented by Type-III organic matter
(Khozyem et al., 2015) derived from continental sources
and/or highly weathered marine OM; further to the top, TOC
is gradually decreased with an average of 0.43% (Fig. 9).

The mercury profile from the beginning of the section to
20 cm below the PEB (Fig. 9). Mercury shows a low con-
centration with average values of 51 ppb. The 20 cm below
the PEB shows a gradual increase in the Hg content,
reaching its maximum at the PEB (value of 201 ppb). From
the PEB to the E1/E2 contact, the Hg has high concentration
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Table 1 The bulk rock composition of the studied samples (in percentage) together with mineral ratios

Samples Phyll Quartz Feldspar Calcite Pyrite Anhydrit Apatite MIa DIb Detritusc

DBA-1 43.02 4.64 0.00 47.98 1.84 0.00 0.00 0.90 0.99 47.66

DBA-2 41.04 4.04 0.00 44.01 0.00 0.00 0.00 0.91 1.02 45.08

DBA-3 44.63 5.33 0.00 47.87 0.00 0.78 0.00 0.89 1.04 49.96

DBA-4 41.78 4.63 0.00 44.87 0.00 1.59 0.00 0.90 1.03 46.41

DBA-5 38.92 3.94 0.00 41.87 0.00 2.39 0.00 0.91 1.02 42.86

DBA-6 40.03 5.77 0.00 39.45 0.00 0.00 0.00 0.87 1.16 45.80

DBA-7 38.78 4.80 1.27 42.65 0.00 0.00 0.00 0.86 1.05 44.85

DBA-8 39.22 5.38 0.00 38.90 0.00 0.00 0.00 0.88 1.15 44.60

DBA-9 41.23 6.38 0.00 34.45 0.00 0.00 0.00 0.87 1.38 47.61

DBA-10 51.23 6.57 1.20 32.87 0.00 0.00 0.00 0.87 1.79 59.00

DBA-11 44.23 4.93 0.00 33.17 0.00 0.00 0.00 0.90 1.48 49.16

DBA-12 39.12 6.62 1.58 36.78 1.35 1.07 0.00 0.83 1.29 47.32

DBA-13 45.73 5.66 0.00 33.91 0.00 0.46 0.00 0.89 1.52 51.40

DBA-14 40.32 6.30 0.00 40.13 0.00 2.14 0.00 0.86 1.16 46.62

DBA-15 43.48 5.84 0.00 37.45 0.00 0.00 0.00 0.88 1.32 49.32

DBA-16 40.12 6.75 0.00 45.70 0.00 0.00 0.00 0.86 1.03 46.87

DBA-17 44.34 8.90 0.00 40.12 0.00 0.00 0.00 0.83 1.33 53.24

DBA-18 40.88 7.09 0.00 44.07 0.00 0.00 0.00 0.85 1.09 47.97

DBA-19 40.03 8.34 0.00 45.34 0.00 1.12 0.00 0.83 1.07 48.37

DBA-20 35.09 9.01 0.00 50.03 0.00 0.00 0.00 0.80 0.88 44.10

DBA-21 30.89 9.63 0.00 56.00 0.00 0.00 0.00 0.76 0.72 40.52

DBA-22 27.89 10.88 0.00 55.12 0.00 0.00 0.00 0.72 0.70 38.77

DBA-23 31.49 9.95 0.00 52.58 0.00 0.00 0.00 0.76 0.79 41.44

DBA-24 35.09 9.01 0.00 50.03 0.00 0.00 0.00 0.80 0.88 44.10

DBA-25 40.02 9.59 0.00 47.02 0.00 0.00 0.00 0.81 1.06 49.61

DBA-26 45.55 8.63 0.00 40.74 0.00 1.36 0.00 0.84 1.33 54.18

DBA-27 45.41 9.31 0.00 41.90 0.00 0.00 0.00 0.83 1.31 54.72

DBA-28 57.74 8.21 4.80 5.44 1.19 7.09 7.48 0.82 13.01 70.76

DBA-29 60.33 9.90 3.81 1.28 0.00 16.77 3.98 0.81 58.02 74.04

DBA-30 71.02 14.34 1.80 0.65 0.00 6.44 0.00 0.81 133.97 87.16

DBA-31 72.45 13.05 0.00 2.02 0.00 8.34 0.00 0.85 42.33 85.50

DBA-32 71.53 15.89 3.55 0.92 0.00 7.09 0.00 0.79 99.31 90.96

DBA-33 34.36 2.90 0.86 0.04 0.00 58.90 2.23 0.90 953.00 38.12

DBA-34 70.23 16.03 2.09 0.62 0.00 10.87 0.00 0.79 142.52 88.35

DBA-35 73.02 20.34 1.43 2.02 0.00 0.83 0.00 0.77 47.03 94.79

DBA-36 72.11 20.02 2.49 0.30 0.00 2.34 0.00 0.76 313.47 94.62

DBA-37 66.89 22.23 1.49 0.40 0.00 4.78 0.00 0.74 226.52 90.61

DBA-38 61.45 27.44 1.20 0.86 0.00 3.22 0.00 0.68 105.33 90.09

DBA-39 59.07 22.14 3.12 0.34 0.00 9.08 0.00 0.70 251.53 84.33

DBA-40 35.31 12.43 0.00 33.56 0.00 13.56 0.00 0.74 1.42 47.74

DBA-41 33.56 11.90 0.00 35.78 0.00 8.77 0.00 0.74 1.27 45.46

DBA-42 30.90 10.04 1.93 34.09 0.00 3.60 0.00 0.72 1.26 42.87

DBA-43 22.12 7.52 0.00 17.52 0.00 20.63 25.11 0.75 1.69 29.64

DBA-44 28.34 11.05 1.54 23.54 0.00 6.09 26.09 0.69 1.74 40.93

(continued)
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contents ranging between 93 and 314 ppb with an average
value of 187 ppb. Then it decreased to a mean value of
83.5 ppb.

Generally, the TOC-normalized Hg shows two remark-
able enrichments; the first is started from the base of the
section to top zone P4c with mean value of 443. The second

Table 1 (continued)

Samples Phyll Quartz Feldspar Calcite Pyrite Anhydrit Apatite MIa DIb Detritusc

DBA-45 25.89 8.77 1.48 28.07 0.00 2.58 28.43 0.72 1.29 36.14

DBA-46 22.68 7.58 1.60 10.38 0.00 25.43 25.49 0.71 3.07 31.85

DBA-47 16.90 6.34 0.00 18.32 0.00 30.12 27.87 0.73 1.27 23.24

DBA-48 27.18 8.30 0.00 36.89 0.00 8.57 14.51 0.77 0.96 35.48

DBA-49 21.51 7.59 0.00 28.10 0.00 9.67 30.90 0.74 1.04 29.10

DBA-50 30.12 8.34 0.00 31.34 0.00 3.23 26.09 0.78 1.23 38.46

DBA-51 30.17 5.08 0.00 40.00 0.00 1.51 13.66 0.86 0.88 35.25

DBA-52 38.01 7.45 0.00 42.21 0.00 1.04 10.45 0.84 1.08 45.46

DBA-53 30.87 5.83 1.51 43.12 0.00 0.70 8.90 0.81 0.89 38.22

DBA-54 37.28 5.99 0.00 51.28 0.00 0.00 4.98 0.86 0.84 43.27

DBA-55 28.92 4.05 0.00 45.29 0.00 6.45 7.34 0.88 0.73 32.97

DBA-56 34.45 4.34 0.00 53.51 0.00 0.00 6.92 0.89 0.72 38.79

DBA-57 33.04 5.18 0.00 57.20 0.00 0.00 3.46 0.86 0.67 38.22

DBA-58 31.63 6.02 0.00 60.89 0.00 0.00 0.00 0.84 0.62 37.64

DBA-59 33.96 5.39 0.00 57.34 0.00 0.00 0.00 0.86 0.69 39.35

DBA-60 33.52 5.70 0.00 55.70 0.00 0.00 0.00 0.85 0.70 39.22
a Maturity index calculated as Phyllosilicate/(Phyllosilicate + total feldspar + Quartz) (Bhatia, 1985)
bDetrital input calculated as DI = (Phyllosilicate + total feldspar + Quartz)/Calcite (Bolle et al., 2000; Khozyem et al., 2013)
cDetritus calculated as (Phyllosilicate + total feldspar + Quartz)
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Table 2 Clay contents of the phyllosilicate fraction in the studied samples (in percent)

Sample Kao Smectite Illite Chlorite Il-Sm Palygorskite Kao/Il + Chl

DBA-1 6.77 62.46 15.51 6.06 9.21 0.00 0.31

DBA-2 5.98 71.28 13.04 3.59 6.11 0.00 0.36

DBA-3 10.67 40.59 22.83 10.73 15.19 0.00 0.32

DBA-4 7.91 59.13 14.79 5.99 9.47 2.73 0.48

DBA-5 5.15 77.66 6.75 1.24 3.75 5.45 0.65

DBA-6 5.17 56.73 20.69 7.21 4.43 5.77 0.19

DBA-7 4.80 64.86 16.58 4.09 5.09 4.58 0.23

DBA-8 6.98 59.57 16.12 5.00 8.65 3.69 0.33

DBA-9 3.82 75.89 14.21 3.87 0.00 2.22 0.21

DBA-10 1.84 86.29 4.41 2.55 4.91 0.00 0.26

DBA-11 2.46 73.36 11.51 2.49 6.53 3.65 0.18

DBA-12 2.24 67.89 18.84 3.43 7.60 0.00 0.10

DBA-13 1.18 76.73 13.81 1.94 6.34 0.00 0.07

DBA-14 2.37 66.69 17.06 2.20 5.33 6.35 0.12

DBA-15 2.55 71.38 15.38 2.02 2.81 5.85 0.15

DBA-16 2.28 73.11 5.43 3.11 8.12 7.95 0.27

DBA-17 1.60 67.92 14.71 1.86 9.61 4.29 0.10

DBA-18 2.74 65.25 16.28 1.19 7.40 7.14 0.16

DBA-19 2.43 70.20 16.51 1.21 5.92 3.72 0.14

DBA-20 2.32 69.99 12.33 2.39 6.92 6.05 0.16

DBA-21 1.56 75.89 12.57 1.45 4.73 3.81 0.11

DBA-22 1.98 75.62 7.78 1.95 6.18 6.49 0.20

DBA-23 3.05 68.42 12.68 2.26 6.43 7.18 0.20

DBA-24 4.11 61.21 17.58 2.57 6.67 7.86 0.20

DBA-25 2.84 66.12 17.73 2.79 6.82 3.69 0.14

DBA-26 2.42 67.89 13.64 2.69 8.61 4.75 0.15

DBA-27 1.87 75.34 10.11 3.00 5.30 4.38 0.14

DBA-28 4.04 53.43 12.08 2.66 5.92 19.86 0.27

DBA-29 3.58 68.47 12.32 1.48 7.65 6.50 0.26

DBA-30 2.92 83.73 6.06 1.15 3.40 2.73 0.40

DBA-31 2.46 83.70 4.71 0.80 5.04 3.29 0.45

DBA-32 3.32 80.30 8.90 3.67 0.98 2.82 0.26

DBA-33 10.91 44.93 6.94 18.44 18.78 0.00 0.43

DBA-34 1.48 89.88 3.29 1.06 2.71 1.59 0.34

DBA-35 1.06 92.49 3.46 1.20 0.97 0.82 0.23

DBA-36 1.49 90.43 2.89 2.68 1.71 0.79 0.27

DBA-37 2.93 69.17 14.69 1.33 4.22 7.67 0.18

DBA-38 3.47 64.74 14.37 1.95 9.18 6.29 0.21

DBA-39 6.90 46.87 22.25 6.83 13.93 3.21 0.24

DBA-40 7.69 30.77 20.52 11.18 19.63 10.22 0.24

DBA-41 10.08 36.77 17.30 22.01 4.33 9.52 0.26

DBA-42 4.06 38.23 19.82 9.91 19.51 8.48 0.14

DBA-43 5.69 53.60 21.28 15.48 0.00 3.96 0.15

DBA-44 3.82 59.90 8.91 7.17 7.13 13.07 0.24

(continued)
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is a very high concentration of Hg/TOC at the interval from
20 cm to top of Bed-1, reaching * 1400. Above, Hg/TOC
shows a gradual decrease. The phyllosilicate normalized Hg
(Fig. 9) represents two spikes of enrichments covering the
intervals of Bed-3 and Bed-4 with values of 9 and 8,
respectively.

3.5 Geochemistry

The major elements in Dababiya GSSP (Table 3) correlate to
changes in clay content. However, there are no changes
observed in major elements through P4C.

Table 2 (continued)

Sample Kao Smectite Illite Chlorite Il-Sm Palygorskite Kao/Il + Chl

DBA-45 2.14 69.37 9.32 3.85 2.00 13.32 0.16

DBA-46 4.08 54.11 23.80 3.54 10.95 3.52 0.15

DBA-47 0.60 68.57 15.34 3.36 7.93 4.20 0.03

DBA-48 5.54 76.80 8.97 1.89 0.00 6.80 0.51

DBA-49 2.88 60.86 18.40 1.08 9.80 6.97 0.15

DBA-50 3.71 58.49 16.02 4.58 9.66 7.54 0.18

DBA-51 2.37 61.88 17.34 2.26 7.39 8.77 0.12

DBA-52 2.43 70.60 15.73 2.52 6.98 1.73 0.13

DBA-53 3.09 70.56 12.15 4.41 5.50 4.30 0.19

DBA-54 1.39 63.75 15.78 1.46 7.00 10.62 0.08

DBA-55 2.99 40.85 27.91 3.14 14.78 10.33 0.10

DBA-56 2.24 49.90 17.44 5.07 12.85 12.51 0.10

DBA-57 3.28 45.22 21.73 6.04 12.90 10.85 0.11

DBA-58 4.31 40.54 26.01 7.01 12.95 9.18 0.13

DBA-60 4.73 33.62 26.84 8.82 15.87 10.12 0.13
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Table 3 Raw data of the major elements analyzed for Dababiya GSSP

Sample SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5

DBA-1 33.16 0.45 11.17 4.13 0.03 2.41 19.94 2.32 0.29 0.40

DBA-2 33.40 0.46 11.23 3.75 0.03 2.30 20.43 2.24 0.36 0.49

DBA-3 33.54 0.44 11.09 3.43 0.03 2.27 20.36 2.37 0.32 0.51

DBA-5 33.71 0.43 10.82 3.48 0.04 2.21 20.41 2.34 0.36 0.56

DBA-6 36.04 0.43 11.48 3.62 0.03 2.31 18.67 2.35 0.49 0.53

DBA-7 36.52 0.44 11.50 3.97 0.04 2.34 18.11 2.40 0.54 0.58

DBA-8 37.62 0.44 11.87 3.98 0.03 2.35 16.89 2.43 0.55 0.58

DBA-9 39.22 0.45 12.21 3.97 0.03 2.37 15.90 2.47 0.65 0.57

DBA-10 39.08 0.46 12.22 4.25 0.03 2.43 15.88 2.48 0.61 0.53

DBA-11 38.55 0.46 12.13 4.23 0.03 2.37 16.23 2.45 0.58 0.54

DBA-12 38.71 0.46 11.91 4.22 0.03 2.47 16.14 2.52 0.55 0.54

DBA-13 37.21 0.44 11.36 3.90 0.03 2.44 17.38 2.26 0.53 0.51

DBA-14 35.86 0.42 10.84 4.26 0.04 2.39 18.36 2.38 0.42 0.47

DBA-15 35.03 0.42 10.63 3.91 0.04 2.40 19.68 2.21 0.45 0.47

DBA-16 33.93 0.39 9.95 3.33 0.03 2.35 20.96 2.16 0.34 0.45

DBA-17 34.06 0.39 9.88 3.26 0.03 2.37 21.26 2.13 0.39 0.42

DBA-18 32.76 0.36 9.32 3.04 0.04 2.38 22.71 2.03 0.28 0.41

DBA-19 31.79 0.34 8.66 3.15 0.04 2.38 23.67 1.95 0.21 0.38

DBA-20 30.14 0.32 8.24 2.83 0.04 2.42 25.32 1.85 0.10 0.40

DBA-21 30.59 0.31 7.85 2.76 0.04 2.53 25.37 1.79 0.13 0.42

DBA-22 30.64 0.30 7.70 2.59 0.04 2.56 25.55 1.67 0.14 0.44

DBA-24 30.26 0.30 7.70 2.38 0.03 2.64 25.72 1.65 0.14 0.50

DBA-25 30.36 0.32 7.95 2.53 0.03 2.52 25.24 1.73 0.11 0.56

DBA-26 35.07 0.35 9.11 2.81 0.02 2.42 21.47 2.13 0.32 0.79

DBA-27 33.40 0.33 8.55 2.63 0.02 2.36 23.13 1.85 0.21 0.72

DBA-28 40.41 0.48 12.10 3.88 0.01 2.90 5.48 4.35 1.00 1.26

DBA-29 47.89 0.89 17.48 5.48 0.01 2.95 2.62 3.87 0.63 0.83

DBA-30 54.71 0.87 15.16 5.05 0.01 3.12 1.20 3.52 0.87 0.32

DBA-31 52.66 0.86 15.09 6.36 0.01 3.04 1.49 3.55 1.17 0.56

DBA-32 58.69 0.97 14.80 3.17 0.00 3.26 0.83 3.56 0.79 0.10

DBA-34 57.90 0.92 14.26 3.09 0.00 3.12 1.44 3.57 0.77 0.10

DBA-35 59.12 0.91 14.22 3.60 0.00 3.09 0.57 3.43 0.86 0.14

DBA-36 59.06 0.85 13.81 3.82 0.01 2.88 1.18 3.62 0.86 0.18

DBA-37 58.63 0.72 12.58 5.61 0.01 2.50 1.87 3.17 1.29 0.42

DBA-38 56.50 0.63 10.64 3.69 0.01 2.08 5.42 3.03 1.40 0.36

DBA-39 51.62 0.57 10.52 4.62 0.01 2.18 6.27 3.07 1.70 1.22

DBA-40 32.79 0.32 6.16 5.88 0.01 1.94 23.02 1.70 0.91 1.19

DBA-41 33.85 0.31 6.11 5.74 0.01 1.91 22.62 1.83 0.89 1.13

DBA-42 37.25 0.43 9.39 6.61 0.02 2.36 15.66 2.68 1.29 7.61

DBA-43 28.67 0.30 6.94 4.54 0.01 1.70 27.03 1.76 0.83 7.36

DBA-44 34.13 0.36 8.45 4.47 0.01 1.91 20.58 2.07 0.94 6.54

DBA-45 31.06 0.31 7.39 4.32 0.02 1.78 24.77 1.53 0.70 7.17

DBA-46 28.28 0.31 7.50 8.46 0.02 1.68 24.88 1.91 0.83 6.15

DBA-47 29.19 0.32 7.43 3.25 0.02 1.66 26.52 1.95 0.67 7.01
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From the beginning of zone P5 up to the PEB, a gradual
decrease in SiO2, Al2O, TiO2, Fe2O3, Na2O3, and K2O
values are observed (mean values are 33%, 9%, 0.4%, 3%,
2%, and 0.3 respectively) and a notable increase in CaO
(mean 23%), with no changes in MgO, MnO, and P2O5

concentrations. Above the PEB, a level of 40 cm shows
abrupt enrichments in MEs (mean values 53% of SiO2, 13%
of Al2O3, 0.8% of TiO2, 5% of Fe2O3, 3% of MgO, 3% of
Na2O3, and 1% of K2O) coincident with a notable decrease
in MnO and CaO (0.01 and 4.28%, respectively). Further to
the top, all MEs gradually returned to the mean values
observed below the PEB except a rapid increase in P2O5

content (mean values of 6%; Table. 3).
Trace element concentrations and its normalized values

are used as environmental indicator in marine sediments
(Brumsack, 2006; Riquier et al., 2006; Tribovillard et al.,
2006). The Al-normalized trace elements (TEs) of Dababiya
have distinctive behavior cross the PETM interval. Cu/Al,
Zr/Al, and Pb/Al are enriched just above PEB in zone E1
and suddenly return to pre-PEB values. V/Al, U/Al, Mo/Al,
Cd/Al, Ni/Al, and Zn/Al are abruptly enriched, followed by
a sudden drop at the E1/E2 zonal boundary.

This drop brings all values of the Al-normalized TEs,
almost to the background values observed in the basal
Eocene (zone E1) and late Paleocene. Co/Al and Ba/Al
represent their minimum values at basal Eocene (zone E1),
whereas Co/Al is gradually increased above Bed-1 to the top
of the section (Table 4). A vast peak of Cr/Al concentrations
is observed in Bed-2 and Bed-3 returning to pre-PEB values
in Bed-4.

The REEs concentration of the studied samples is shown
in Table 5. The REEs content is normalized to
Post-Archaean Australian Shales (PAAS; McLennan, 1989).
The REE signatures provide information on secular varia-
tions in ancient marine environmental conditions regarding

and oxygenation conditions through the water column
(Holser, 1997; Kamber & Webb, 2001). In addition, REE
proxies provide crucial information on paleoceanography,
marine redox history, and biogenicity of marine precipitates
(Bellanca et al., 1997; German & Elderfield, 1990; Holser,
1997; Lawrence & Kamber, 2006; Shields & Webb, 2004;
Van Kranendonk et al., 2003; Webb & Kamber, 2000).
Therefore, the ratios of Ce/Ce* = CeSN/(0.5 LaSN + 0.5
PrSN). when the Ce-Anomaly tends to be negative, it
expresses the presence of anoxic conditions. The
Eu-Anomaly represents Eu/Eu* where Eu* = EuSN/
(0.5SmSN + 0.5GdSN) (Bau & Dulski, 1996; Nothdurft
et al., 2004) and its direct proxy for weathering (Table 6).

4 Discussion

Based on the introduced results, we will discuss some crit-
ical features associated with PETM events that provide
crucial information about the nature and tempo of this event.

4.1 Carbon Isotope Variations and Possible
Causes

The carbon isotopic profile across the PETM event is almost
globally identical and permits the identification and corre-
lation of this event in marine and terrestrial environments
(Keller et al., 2018; Khozyem et al., 2014, 2015). PEB itself
is characterized by abrupt (most of the PETM sections) or
gradual negative shift (few of the PETM sections; Sluijs &
Dickens, 2012). In Dababiya GSSP, both organic and inor-
ganic carbon isotope profiles are identical in trend. Carbon
isotope excursion (PETM-CIE) at Dababiya GSSP has three
specific intervals: Gradual decrease, CIE minimum, and

Table 3 (continued)

Sample SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5

DBA-48 28.26 0.30 7.27 2.89 0.02 1.63 27.81 1.76 0.43 6.69

DBA-49 28.14 0.29 6.97 3.18 0.02 1.57 27.73 1.60 0.56 7.92

DBA-50 30.29 0.33 7.99 3.40 0.02 1.75 25.41 1.80 0.48 5.81

DBA-51 31.40 0.36 8.68 3.54 0.02 1.85 24.27 1.90 0.42 3.14

DBA-52 31.80 0.35 8.66 3.35 0.02 1.82 24.19 1.79 0.36 2.52

DBA-53 32.03 0.34 8.74 3.43 0.02 1.85 23.88 1.77 0.34 1.80

DBA-54 29.51 0.34 8.44 3.11 0.02 1.75 25.93 1.72 0.20 1.13

DBA-55 27.45 0.31 7.89 2.75 0.02 1.66 28.33 1.42 0.15 1.34

DBA-56 25.81 0.29 7.48 2.60 0.02 1.55 29.82 1.23 0.12 1.58

DBA-58 26.91 0.32 8.02 2.69 0.02 1.58 29.01 1.14 0.12 0.70

DBA-59 25.86 0.32 7.77 2.78 0.02 1.55 29.97 1.14 0.09 0.77

DBA-60 25.86 0.32 7.77 2.78 0.02 1.55 29.97 1.14 0.09 0.77
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Table 4 Raw data of the trace elements analyzed for Dababiya GSSP

Sample Sc V Cr Co Ni Cu Zn As Sr Y Zr Nb Mo Cd

DBA-1 13.1 174.7 604.7 12.7 393.0 18.4 225.0 3.9 607.3 31.5 76.7 12.2 20.7 1.2

DBA-2 13.9 187.7 331.7 11.7 153.7 19.1 208.7 3.2 595.0 36.4 79.6 12.2 18.1 1.2

DBA-3 13.7 188.3 538.0 13.7 344.0 22.8 207.3 3.3 602.7 37.6 80.4 12.1 23.7 1.2

DBA-5 13.4 188.7 591.3 16.4 384.0 16.1 196.3 3.4 618.3 38.3 75.9 11.6 28.0 1.2

DBA-6 14.2 192.0 529.0 17.3 362.3 21.3 199.3 3.9 584.0 36.7 81.5 12.0 28.9 1.1

DBA-7 14.0 187.3 461.0 18.7 322.7 24.3 176.7 4.6 563.7 39.3 81.2 11.8 31.6 1.5

DBA-8 14.1 193.0 467.7 20.2 337.7 19.2 194.7 5.4 530.3 38.2 82.5 12.2 32.4 1.3

DBA-9 14.5 195.3 481.0 18.1 340.3 22.4 180.0 5.3 557.7 37.8 83.7 12.7 29.4 1.2

DBA-10 15.1 201.0 688.3 22.3 546.7 20.9 173.0 5.3 563.0 37.0 83.5 12.6 37.1 1.3

DBA-11 15.1 198.7 615.7 18.9 447.7 20.3 157.3 5.0 498.7 38.4 86.9 13.0 37.0 1.7

DBA-12 14.4 190.3 685.3 19.4 527.3 19.5 166.7 5.2 573.7 37.8 85.4 12.7 43.3 1.4

DBA-13 13.6 188.3 897.7 15.2 355.0 23.3 178.3 5.2 535.3 34.6 79.2 12.4 35.3 2.0

DBA-14 12.8 186.0 573.7 17.1 393.0 20.2 185.7 9.3 572.7 33.2 76.8 12.0 51.0 1.8

DBA-15 12.8 182.7 514.7 14.9 351.7 21.5 164.7 6.0 574.3 32.8 75.0 11.7 40.7 2.0

DBA-16 12.5 169.3 434.3 13.7 317.0 19.2 161.3 5.7 659.7 31.8 71.1 11.2 26.8 2.1

DBA-17 12.0 170.0 479.3 13.2 421.0 26.5 349.0 7.1 680.7 29.6 67.5 10.8 27.1 2.6

DBA-18 11.6 172.0 426.0 12.7 376.7 19.2 138.3 6.4 803.7 28.5 65.9 10.3 28.4 2.7

DBA-19 10.7 192.0 685.3 13.1 408.7 17.8 144.3 7.6 763.7 27.6 63.1 9.7 30.6 3.0

DBA-20 10.1 185.3 311.0 10.5 396.0 17.3 124.3 6.1 747.3 27.6 60.8 9.5 21.0 4.0

DBA-21 10.0 183.3 263.3 9.6 298.7 28.3 150.0 7.3 757.3 28.0 59.5 8.8 21.5 4.5

DBA-22 9.8 194.0 138.3 8.0 150.7 16.4 159.3 8.5 740.3 27.9 58.0 8.9 16.9 8.7

DBA-24 10.0 196.3 156.7 7.7 160.7 17.6 193.3 6.9 1176.7 30.2 58.6 8.5 16.7 10.0

DBA-25 9.9 219.9 287.4 8.8 206.6 17.6 239.1 8.1 1003.1 30.6 57.3 8.5 19.1 9.1

DBA-26 11.7 300.6 263.6 8.1 193.7 14.6 268.6 8.3 2197.3 39.4 65.9 9.4 26.7 8.4

DBA-27 11.4 270.2 287.4 7.6 226.2 19.5 307.0 7.3 1841.9 36.3 64.0 8.9 18.0 7.2

DBA-28 13.6 548.8 468.9 10.0 311.7 38.1 116.0 13.1 1885.6 65.9 95.8 12.5 73.4 1.5

DBA-29 12.7 757.7 484.0 9.7 538.3 75.1 653.0 32.3 995.7 48.4 227.3 19.6 65.8 13.7

DBA-30 12.5 2500.0 1133.3 9.2 545.3 106.3 426.0 29.3 730.3 44.2 232.7 17.6 173.7 9.7

DBA-31 13.3 2666.7 571.3 5.6 323.0 113.3 437.0 36.1 1236.7 57.5 236.0 17.6 187.7 10.4

DBA-32 12.6 3033.3 530.7 4.4 287.0 162.0 369.0 12.5 192.3 25.8 265.0 19.6 65.4 7.0

DBA-34 11.6 3183.3 405.3 3.7 240.0 160.7 325.7 15.2 265.7 28.5 260.0 18.6 67.6 5.7

DBA-35 11.4 3533.3 463.7 4.0 336.7 150.7 358.7 11.5 297.3 36.8 261.3 17.9 190.3 9.4

DBA-36 11.4 4420.0 603.0 6.0 435.7 193.3 396.7 14.1 375.0 40.9 244.0 17.0 251.7 7.8

DBA-37 11.9 3006.7 1053.3 4.4 247.7 204.3 552.3 24.8 561.3 36.5 198.7 13.0 323.3 7.8

DBA-38 9.8 4336.7 1316.7 3.3 181.3 200.3 308.7 16.8 879.0 37.6 182.7 11.7 193.3 5.9

DBA-39 10.2 8363.3 1018.3 6.3 538.0 189.3 774.3 34.3 640.0 68.1 168.3 10.7 1150.0 16.8

DBA-40 6.7 9866.7 1076.7 6.2 638.7 184.7 1450.0 24.9 1013.3 47.7 87.4 6.0 1810.0 25.5

DBA-41 6.6 9596.7 1033.3 6.3 616.7 109.7 1413.3 23.5 951.3 46.2 84.8 5.9 1836.7 25.3

DBA-42 10.5 1913.3 2116.7 7.7 433.0 104.0 502.3 19.2 739.0 45.3 92.3 9.5 103.7 5.1

DBA-43 8.4 974.0 1453.3 5.9 281.3 63.2 402.7 13.7 885.3 38.5 63.7 6.9 54.3 11.9

DBA-44 10.1 949.3 1780.0 7.2 329.3 70.0 408.0 16.3 741.3 38.2 77.1 8.8 52.7 7.4

DBA-45 9.0 932.0 1680.0 7.2 336.0 44.7 391.7 13.3 983.3 39.8 65.6 7.5 46.8 10.9

DBA-46 9.5 798.3 1140.0 9.3 285.3 73.0 467.3 149.0 1153.3 37.7 70.7 7.8 90.7 4.3

DBA-47 9.5 630.3 1060.0 7.4 249.3 48.3 319.7 15.2 1010.0 41.5 69.8 8.1 29.1 10.1
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gradual recovery (Fig. 6). Pre-CIE, the lower interval of the
section covered the latest Paleocene, starting from base of
the section up to zone P4c/P5, with almost no changes in
both carbonate and organic matter contents. That indicates
stability in the oceanic and terrestrial carbon cycle (Fig. 6).
This stability in the carbon cycle is reflected as no significant
changes in isotopic composition. The PETM gradual
warming started below the PEB (about 60 cm and 40 cm
below the PEB for d13Ccarb and d13Corg, respectively).

The observed gradual shifts in the d13Corg and d13Ccarb

below the PEB may be linked to the gradual temperature
increase at the latest Paleocene (Bowen & Zachos, 2010) as
a consequence of the volcanisms (North Atlantic volcanic
province, Caribbean volcanic activity, and mid-ocean ridge
volcanism; Courtillot & Renne, 2003; Storey et al., 2007).

Similar gradual d13Corg and d13Ccarb decreases have been
documented in Alamedilla, Spain (Lu et al., 1996) and
Spitsbergen, Norway; the latter is linked to North Atlantic
Igneous Province (Bowen & Zachos, 2010; Khozyem et al.,
2015; Sluijs et al., 2008; Speijer & Wagner, 2002; Wiec-
zorek et al., 2013). The observed time lag between CIE onset
in d13Corg and d13Ccarb is one of the essential criteria for this
interval, and it is unique for the Dababiya GSSP. The
observed time lag can be explained as a delayed terrestrial
environmental response to global warming that started from
the bottom ocean by releasing the carbon dioxide stored
within the continental shelf deposits (clathrate). Therefore, it
led to ocean acidification with massive input of light carbon
in both ocean and atmosphere that were observed as negative
values of the d13Ccarb (Bowen & Zachos, 2010; Renssen
et al., 2004). Therefore, first pulse of the PETM warming
was determined below the PEB, and it was mainly an
oceanic event.

Evidence of the gradual decrease in stable isotope ratios
(0–2 m below the PEB) in several sections including Spain

(Alamedilla; Lu et al., 1996), Uzbekistan (Aktumsuk; Bolle
et al., 2000), Egypt (Dababiya; Aubry et al., 2007), ODP site
690 (Bains et al., 2000), and in pedogenic carbonate from
Polecat Bench, Wyoming (Bowen et al., 2001) and Esplu-
gafreda, Spain (Khozyem et al., 2017) is determined to span
time interval of about 120 ky before the PEB (Speijer et al.,
2000) in marine and terrestrial sections.

Consequently, the released light CO2 into the atmosphere
is exhaled by terrestrial plants during the photosynthetic
activities, then back into the ocean sediments through the
weathering process and decayed OM. Both d13Corg and
d13Ccarb CIE- reached their minimum values through middle
part of Bed-2 (top zone E1; Note very negative d13Ccarb

values; Fig. 6) and were followed by gradual recovery. It is
noted that d13Ccarb was recovered before the d13Corg that
reached the recovery at the base part of zone E2. The d13Corg

CIE reaches its minimum within onset of the d13Ccarb PETM
recovery phase” (early zone E2; Bed-3) and is marked by
increase in TOC content in the upper part of Bed-3, as well
as a significant Ca-apatite increase. TOC appears to be ter-
restrial in origin that can explain the delayed response of the
continental environment to enormous light carbon input into
the atmosphere (Khozyem et al., 2015).

Delay in d13Corg CIE-minimum was observed in several
Egyptian PETM sections (Khozyem et al., 2013). This
delayed recovery of the d13Corg CIE minimum is may be due
to gradual exhalation of the light carbon released from vol-
canic sources and/or methane oxidation by different processes
such as: (i) increased continental silicate weathering under
hot-humid climate (Bowen & Zachos, 2010; Kelly et al.,
1996, 2005); (ii) photosynthetic fixation of the excess atmo-
spheric CO2 and formation wetlands (Bains et al., 2000;
Dickens et al., 1997; Zeebe et al., 2009); and (iii) increase in
primary ocean productivity (Torfstein et al., 2010). Globally,
the carbon isotope curves show abrupt negative shifts at the

Table 4 (continued)

Sample Sc V Cr Co Ni Cu Zn As Sr Y Zr Nb Mo Cd

DBA-48 9.1 644.7 1213.3 7.6 291.7 33.5 294.3 26.1 1001.7 39.1 60.7 7.7 24.2 8.5

DBA-49 9.0 596.0 1216.7 9.0 404.0 32.5 326.7 12.9 1073.3 40.6 58.9 7.2 36.9 8.8

DBA-50 10.0 450.3 993.7 9.5 343.0 34.8 329.3 12.5 991.0 41.7 64.8 8.4 28.1 6.5

DBA-51 11.0 356.3 686.7 9.1 281.0 32.8 307.3 18.1 835.7 37.3 68.8 9.4 28.9 6.0

DBA-52 10.6 307.3 549.7 8.6 236.0 30.8 308.3 11.9 831.7 35.3 67.1 9.4 28.4 4.4

DBA-53 10.9 277.7 552.7 10.3 306.0 93.7 334.0 10.8 780.3 35.7 67.0 9.3 29.6 3.6

DBA-54 11.1 245.3 387.7 10.3 224.3 29.0 220.0 8.4 766.3 35.9 65.3 9.0 22.2 2.3

DBA-55 10.5 240.3 404.0 8.0 211.7 40.2 198.7 8.1 939.0 40.3 66.0 8.7 24.8 2.9

DBA-56 10.0 215.0 359.7 9.9 214.0 41.6 189.7 5.6 1003.3 42.6 63.1 8.4 15.7 2.5

DBA-58 10.5 217.0 291.3 7.8 145.3 43.5 149.7 5.4 820.0 39.2 67.4 8.9 12.2 1.4

DBA-59 10.4 219.0 315.3 12.7 204.0 48.1 186.0 12.1 874.3 38.6 64.0 8.8 12.9 2.5

DBA-60 10.4 207.3 259.0 12.6 170.8 49.7 161.5 10.7 814.8 38.1 64.7 8.9 6.6 1.8
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Table 5 Raw data of the rare earth elements analyzed for Dababiya GSSP

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

DBA-1 31.37 48.07 6.11 24.33 4.52 1.13 4.56 0.64 4.33 0.89 2.53 0.36 2.46 0.37

DBA-2 33.50 50.47 6.62 25.50 5.18 1.17 5.05 0.71 4.67 0.98 2.86 0.40 2.76 0.43

DBA-3 34.13 51.17 6.69 26.60 5.09 1.14 5.15 0.73 4.89 1.12 3.02 0.43 2.93 0.44

DBA-5 33.67 50.60 6.54 26.07 5.06 1.32 5.10 0.74 5.06 1.03 2.98 0.42 3.00 0.47

DBA-6 34.03 51.60 6.63 26.07 5.18 1.20 5.48 0.76 4.90 1.12 3.08 0.45 2.96 0.46

DBA-7 35.20 53.73 6.89 27.67 5.47 1.28 5.34 0.75 5.05 1.10 3.18 0.47 2.97 0.51

DBA-8 35.70 55.13 6.94 28.13 5.66 1.29 5.63 0.75 5.23 1.10 3.12 0.47 3.10 0.52

DBA-9 36.03 56.97 7.10 28.47 5.64 1.25 5.84 0.77 5.29 1.04 3.13 0.42 3.05 0.49

DBA-10 34.97 54.73 6.96 28.07 5.12 1.25 5.29 0.79 4.88 0.99 3.03 0.47 2.93 0.48

DBA-11 35.90 55.63 7.18 27.57 5.44 1.20 5.49 0.80 5.32 1.04 3.16 0.46 3.00 0.49

DBA-12 35.73 54.03 6.76 27.90 5.40 1.20 5.31 0.72 4.80 1.05 2.98 0.46 3.02 0.48

DBA-13 32.37 49.73 6.37 25.30 4.74 1.13 4.79 0.72 4.59 1.06 2.81 0.41 2.77 0.44

DBA-14 31.07 47.50 6.16 24.73 4.76 1.14 4.43 0.66 4.45 0.93 2.62 0.39 2.70 0.42

DBA-15 31.27 47.03 6.02 23.60 4.49 1.09 4.94 0.68 4.30 0.94 2.67 0.39 2.68 0.42

DBA-16 29.67 44.93 5.69 23.03 4.68 1.06 4.77 0.64 4.17 0.83 2.65 0.37 2.61 0.41

DBA-17 28.03 42.77 5.43 22.00 4.14 0.95 4.26 0.57 3.84 0.79 2.37 0.33 2.39 0.36

DBA-18 26.87 40.63 5.37 20.77 4.33 0.97 4.33 0.57 3.79 0.82 2.38 0.35 2.28 0.34

DBA-19 25.70 38.27 5.01 19.77 3.68 0.89 3.91 0.53 3.87 0.80 2.31 0.33 2.30 0.34

DBA-20 25.50 37.23 4.93 19.50 4.00 0.96 3.86 0.54 3.65 0.74 2.28 0.32 2.06 0.34

DBA-21 24.53 35.67 4.81 19.57 3.88 0.90 3.75 0.52 3.60 0.76 2.26 0.32 2.15 0.34

DBA-22 24.97 36.07 4.86 19.27 3.67 0.85 3.73 0.55 3.68 0.79 2.14 0.32 2.19 0.36

DBA-24 25.57 36.03 4.94 19.33 3.82 0.88 3.90 0.57 3.92 0.80 2.49 0.37 2.38 0.37

DBA-25 25.18 35.91 4.97 19.43 3.74 0.96 4.03 0.58 3.88 0.76 2.34 0.35 2.32 0.40

DBA-26 30.41 41.19 5.81 22.84 4.42 1.13 4.46 0.71 4.81 1.06 3.13 0.45 3.15 0.53

DBA-27 28.32 38.80 5.42 21.75 4.32 1.04 4.58 0.69 4.25 0.97 3.01 0.45 3.14 0.50

DBA-28 40.06 51.57 7.60 31.53 6.43 1.65 7.15 1.09 7.81 1.87 5.42 0.82 5.45 0.88

DBA-29 24.13 28.77 4.89 20.97 4.05 1.07 4.78 0.76 5.63 1.28 3.83 0.56 3.77 0.58

DBA-30 28.93 31.97 5.93 24.27 4.68 1.19 5.35 0.76 5.66 1.16 3.33 0.46 3.25 0.51

DBA-31 28.57 28.97 5.64 24.60 5.42 1.25 6.20 0.94 7.08 1.59 4.87 0.74 5.16 0.83

DBA-32 21.83 25.93 4.58 19.87 3.67 0.77 3.35 0.55 3.61 0.77 2.19 0.35 2.70 0.41

DBA-34 26.30 26.23 4.27 16.40 2.98 0.71 3.33 0.51 3.57 0.75 2.43 0.36 2.58 0.42

DBA-35 21.50 22.30 3.50 13.90 2.79 0.63 3.39 0.54 4.20 0.93 2.92 0.45 3.02 0.44

DBA-36 13.40 19.37 2.94 12.00 2.81 0.69 3.61 0.58 4.38 1.10 3.42 0.52 3.67 0.54

DBA-37 22.00 26.87 4.64 19.40 3.43 0.85 3.81 0.61 4.45 1.02 3.19 0.50 3.45 0.52

DBA-38 24.83 29.17 4.80 18.53 3.78 0.83 4.25 0.61 4.10 0.96 2.90 0.41 2.96 0.44

DBA-39 33.53 34.03 6.04 24.07 4.98 1.14 6.16 0.94 6.87 1.65 4.93 0.73 5.05 0.78

DBA-40 24.70 23.17 4.63 18.90 3.76 0.96 4.75 0.71 4.98 1.16 3.52 0.51 3.23 0.54

DBA-41 24.30 22.87 4.42 18.67 3.83 0.94 4.61 0.67 4.78 1.10 3.27 0.49 3.24 0.51

DBA-42 28.90 35.73 5.45 21.90 4.31 0.97 4.86 0.67 5.01 1.12 3.45 0.50 3.65 0.59

DBA-43 25.23 30.37 4.64 18.60 3.61 0.89 4.02 0.58 4.16 0.93 2.95 0.43 2.93 0.48

DBA-44 26.67 33.57 5.07 20.20 3.90 0.97 4.52 0.65 4.38 1.02 3.04 0.45 3.10 0.50

DBA-45 26.83 32.80 4.86 19.93 3.87 0.94 4.08 0.62 4.53 0.99 2.94 0.45 3.05 0.49

DBA-46 26.50 32.87 4.87 19.73 3.93 0.98 4.27 0.63 4.31 0.99 3.01 0.43 2.98 0.49

DBA-47 28.67 35.40 5.43 22.10 4.13 1.10 4.74 0.70 4.86 1.09 3.25 0.46 3.23 0.52
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PEB. The abrupt changes in the carbon isotope shift may
indicate the presence of hiatus at the PETM onset as observed
worldwide, for examples in Egypt (Gebel Duwi and Gebel
Aweina; Speijer et al., 2000; Wadi Nukhul, Khozyem et al.,
2013), Italy (Forada section; Agnini et al., 2007), Spain
(Zumaya section; Schmitz et al., 1998), Uzbekistan (Aktash
section; Khozyem et al., in prep.; Trabakua section; Bolle
et al., 2000), DSDP Sites 401 and ODP Sites 690, 685, 689,
865, 1051, 1263, 1260B, and 1172D (Katz et al., 2003;
Mutterlose et al., 2007; Sluijs et al., 2008).

4.2 Weathering Inferred from Mineralogical
Composition

The weathering process has a vital role in drawing down
atmospheric CO2 during PETM events. The nature of the
weathering process during the PETM event can be studied
through a few sections that have the complete PETM sedi-
mentary record (i.e., Dababyia, Egypt; Alamandilla, Spain).
In addition, mineralogy and geochemical data can provide us
with valuable information on weathering by using specific
proxies.

Mineralogically, phyllosilicates are the most abundant
minerals in Dababiya GSSP. Below the PEB, the detrital
component (Phyllosilicate + total feldspar + Quartz) shows
marl composition where its values are around 50%; an
abrupt increase in the detrital component is observed above
the PEB and extended along the lower part of the CIE (from
the BEP to the middle of Bed 2). The increase in detrital
input was observed as well as within the detrital index
(Table 1; DI = (Phyllosilicate + total feldspar + Quartz)/
Calcite; (Bolle et al., 2000; Khozyem et al., 2013). The
detrital flux then decreases to the typical background
observed below the PEB up to the top of Dababiya GSSP.

The DI shows that the detrital input was derived from the
depositional setting in several rapid pulses (Fig. 10) that
may correspond to several minor regression/transgression
events during the early phase of the PETM events. During
these minor events, the sediment derived from the ocean was
moderate to highly mature, based on the maturity index
(MI = phyllosilicates/phyllosilicates + quartz + feldspars).
MI determines the degree of recycling from a sedimentary/
metasedimentary source (Bhatia, 1985). Through PETM-
CIE, mineralogical maturity shows two specific intervals; the
first, where there is high detrital input, the maturity index is
increased, which can be explained by the increased detrital
input and recycled upper Paleocene sediment (Table 1;
Fig. 11). The second is moderate MI (from top of Bed-1 to
middle Bed-2), which can be explained as deriving from
fresh weathered materials during the transgression phase.
Note that the absence of calcite may be linked to low pH
conditions during the early stage of the PETM, but the
increased detrital input can be counted as another reason for
this dilution.

The first explanation is more reasonable and amplifies the
signal from the detrital input. The phyllosilicate assemblage
at Dababiya GSSP comprises smectite, kaolinite, illite, illite–
smectite, chlorite, and palygorskite. The clay mineral ratios
of (Kaolinite/smectite, Kaolinite/illite + chlorite; Table 2;
Fig. 10) can improve our knowledge on weathering pro-
cesses. The relatively high kaolinite/ smectite can be
explained as an increase in humid conditions. At the same
time, the high kaolinite/illite + chlorite reflects the chemical
weathering. In the Dababiya GSSP, three notable intervals
with high Kaolinite/ smectite ratios are observed. Lower one
is recorded at basal part within zone P4c, the others are
coincident to PEB and the middle of Bed-2 and coincident to
with high kaolinite/smectite ratio (Fig. 10) and higher
kaolinite, chlorite, illite–smectite, and palygorskite contents

Table 5 (continued)

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

DBA-48 27.90 33.77 5.12 19.87 4.22 1.08 4.43 0.65 4.37 0.98 2.99 0.43 3.05 0.46

DBA-49 27.90 33.67 5.15 20.70 4.01 1.08 4.44 0.65 4.64 1.03 3.06 0.46 3.28 0.47

DBA-50 30.33 37.93 5.67 22.23 4.60 1.10 4.75 0.66 4.92 1.08 3.32 0.45 3.16 0.51

DBA-51 28.67 37.93 5.59 22.90 4.50 1.17 4.61 0.70 4.67 0.98 2.93 0.44 3.00 0.45

DBA-52 27.60 36.83 5.30 21.67 4.32 1.02 4.45 0.64 4.36 0.93 2.85 0.42 2.81 0.44

DBA-53 28.03 37.97 5.66 22.50 4.68 1.07 4.46 0.62 4.44 0.95 2.81 0.42 2.81 0.46

DBA-54 28.37 36.63 5.29 21.20 4.24 1.01 4.69 0.67 4.28 0.99 2.89 0.43 2.87 0.44

DBA-55 30.23 38.20 5.68 23.63 4.77 1.08 4.91 0.71 4.65 1.05 3.14 0.47 3.10 0.46

DBA-56 30.67 38.17 5.69 23.70 4.63 1.11 5.24 0.73 5.18 1.12 3.30 0.48 3.02 0.49

DBA-58 29.47 36.60 5.39 22.10 4.64 1.05 4.90 0.69 4.59 1.08 3.06 0.45 2.91 0.50

DBA-59 29.13 37.57 5.54 21.97 4.43 1.10 4.79 0.64 4.62 0.98 2.98 0.45 3.01 0.50

DBA-60 28.75 36.77 5.39 21.20 4.36 1.08 4.79 0.63 4.60 1.00 2.94 0.44 2.92 0.52
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Table 6 Calculations of elemental ratios used as different proxies

Sample CIA CIW ICV C-value Sr/cu Ga/Rb Eu/Eu* Mn* Ce/Ce* V/Cr V/(V + Ni) Porg Ba(Ef)

DBA-1 69.38 21.89 2.65 0.17 33.01 3.04 1.28 − 0.54 0.80 0.29 0.31 0.31 0.17

DBA-2 69.93 21.56 2.63 0.15 31.21 2.37 1.17 − 0.49 0.78 0.57 0.55 0.39 0.16

DBA-3 68.67 21.40 2.64 0.14 26.47 2.79 1.14 − 0.45 0.78 0.35 0.35 0.41 0.19

DBA-4 68.45 21.18 2.67 0.14 32.40 2.50 1.23 − 0.41 0.78 0.33 0.34 0.44 0.19

DBA-5 68.22 20.95 2.70 0.14 38.33 2.21 1.31 − 0.36 0.78 0.32 0.33 0.47 0.19

DBA-6 68.88 23.51 2.43 0.16 27.38 1.48 1.17 − 0.47 0.79 0.36 0.35 0.44 0.18

DBA-7 68.29 24.09 2.42 0.17 23.23 1.18 1.21 − 0.41 0.79 0.41 0.37 0.49 0.19

DBA-8 68.70 26.01 2.25 0.18 27.57 1.17 1.19 − 0.51 0.80 0.41 0.36 0.48 0.18

DBA-9 68.61 27.76 2.12 0.19 24.86 1.01 1.15 − 0.50 0.82 0.41 0.36 0.46 0.20

DBA-10 68.70 27.79 2.14 0.21 26.98 1.09 1.22 − 0.53 0.81 0.29 0.27 0.43 0.21

DBA-11 68.85 27.21 2.17 0.20 24.61 1.11 1.11 − 0.53 0.80 0.32 0.31 0.44 0.18

DBA-12 68.04 26.95 2.22 0.20 29.42 1.09 1.16 − 0.53 0.80 0.28 0.27 0.44 0.20

DBA-13 69.23 24.63 2.38 0.18 22.94 1.15 1.19 − 0.50 0.80 0.21 0.35 0.41 0.18

DBA-14 67.63 22.80 2.61 0.19 28.40 1.49 1.23 − 0.45 0.79 0.32 0.32 0.38 0.20

DBA-15 68.63 21.26 2.74 0.16 26.67 1.44 1.22 − 0.41 0.79 0.35 0.34 0.38 0.19

DBA-16 68.11 19.18 2.97 0.13 34.30 2.15 1.17 − 0.44 0.79 0.39 0.35 0.36 0.23

DBA-17 68.00 18.86 3.02 0.13 25.65 1.66 1.19 − 0.43 0.80 0.35 0.29 0.33 0.22

DBA-18 68.25 17.03 3.31 0.12 41.79 2.63 1.17 − 0.31 0.78 0.40 0.31 0.33 0.26

DBA-19 67.81 15.46 3.67 0.12 42.90 3.65 1.23 − 0.33 0.78 0.28 0.32 0.31 0.19

DBA-20 68.48 14.00 3.99 0.10 43.20 10.41 1.25 − 0.29 0.76 0.60 0.32 0.33 0.17

DBA-21 67.96 13.39 4.20 0.10 26.79 5.80 1.20 − 0.28 0.75 0.70 0.38 0.35 0.19

DBA-22 68.88 13.10 4.26 0.09 45.05 5.56 1.16 − 0.25 0.75 1.40 0.56 0.37 0.19

DBA-23 69.01 13.06 4.27 0.09 56.02 4.40 1.16 − 0.28 0.74 1.33 0.56 0.41 0.21

DBA-24 69.15 13.02 4.27 0.08 66.98 3.25 1.15 − 0.31 0.74 1.25 0.55 0.44 0.22

DBA-25 69.06 13.61 4.08 0.09 56.83 9.01 1.27 − 0.34 0.74 0.77 0.52 0.49 0.18

DBA-26 66.58 17.51 3.24 0.11 150.77 2.31 1.25 − 0.49 0.71 1.14 0.61 0.71 0.22

DBA-27 68.65 15.60 3.57 0.10 94.37 5.11 1.18 − 0.47 0.72 0.94 0.54 0.65 0.21

DBA-28 55.53 52.49 1.49 0.29 49.55 0.51 1.24 − 1.12 0.68 1.17 0.64 1.15 0.27

DBA-29 67.59 76.93 0.94 0.56 13.26 0.92 1.23 − 1.21 0.61 1.57 0.58 0.68 0.18

DBA-30 65.75 86.33 0.97 0.64 6.87 0.74 1.24 − 1.16 0.56 2.21 0.82 0.19 0.21

DBA-31 64.56 83.54 1.09 0.72 10.91 0.79 1.11 − 1.26 0.52 4.67 0.89 0.44 0.26

DBA-32 65.19 89.86 0.85 0.44 1.19 0.75 1.05 − 1.34 0.60 5.72 0.91 0.00 0.23

DBA-33 64.77 86.51 0.88 0.42 1.42 0.73 1.10 − 1.30 0.58 6.78 0.92 0.00 0.20

DBA-34 64.35 83.16 0.90 0.41 1.65 0.71 1.15 − 1.26 0.56 7.85 0.93 0.00 0.17

DBA-35 64.83 92.55 0.88 0.53 1.97 0.89 1.04 − 1.37 0.58 7.62 0.91 0.02 0.18

DBA-36 63.00 85.42 0.96 0.53 1.94 0.59 1.11 − 1.04 0.71 7.33 0.91 0.07 0.21

DBA-37 62.25 77.12 1.21 0.69 2.75 0.43 1.18 − 1.18 0.61 2.85 0.92 0.32 0.28

DBA-38 58.79 49.55 1.53 0.37 4.39 0.32 1.08 − 1.03 0.61 3.29 0.96 0.27 0.35

DBA-39 57.31 45.62 1.75 0.44 3.38 0.30 1.06 − 1.13 0.55 8.21 0.94 1.13 0.42

DBA-40 58.87 11.81 5.48 0.27 5.49 0.52 1.18 − 1.26 0.50 9.16 0.94 1.14 0.28

DBA-41 57.38 11.89 5.45 0.26 8.67 0.54 1.17 − 1.25 0.51 9.29 0.94 1.08 0.27

DBA-42 58.52 23.07 3.09 0.32 7.11 0.37 1.11 − 0.99 0.65 0.90 0.82 7.53 0.43

DBA-43 61.49 11.38 5.21 0.15 14.00 0.52 1.21 − 1.13 0.64 0.67 0.78 7.30 0.24

DBA-44 62.46 17.03 3.59 0.19 10.59 0.47 1.20 − 1.14 0.66 0.53 0.74 6.47 0.27
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(Fig. 8). This indicates low to medium detrital input under
semi-arid conditions at the basal part of the PETM interval
and increased detrital input during the upper part as evident
by increased quartz contents (Fig. 8), that may due to the
increased runoff (Bolle et al., 2000; Khozyem et al., 2013,
2015; Schulte et al., 2011).

4.3 Weathering and Paleoclimatic Conditions
Inferred from Geochemistry

The geochemical weathering proxies indicate an increase in
continental weathering that led to massive input of Si, Ti,
and Zr, and the presence of negative Eu/Eu* anomalies at the

Table 6 (continued)

Sample CIA CIW ICV C-value Sr/cu Ga/Rb Eu/Eu* Mn* Ce/Ce* V/Cr V/(V + Ni) Porg Ba(Ef)

DBA-45 66.33 12.99 4.52 0.16 21.98 0.78 1.20 − 0.83 0.66 0.55 0.74 7.11 0.27

DBA-46 61.71 13.10 5.08 0.29 15.81 0.46 1.22 − 1.08 0.66 0.70 0.74 6.08 0.35

DBA-47 61.90 12.29 4.63 0.11 20.90 0.73 1.28 − 0.69 0.65 0.59 0.72 6.94 0.30

DBA-48 64.79 11.55 4.79 0.10 29.93 1.26 1.27 − 0.65 0.65 0.53 0.69 6.63 0.28

DBA-49 64.92 11.16 5.02 0.11 33.06 1.09 1.31 − 0.69 0.64 0.49 0.60 7.86 0.31

DBA-50 66.25 13.59 4.15 0.12 28.45 1.42 1.21 − 0.73 0.66 0.45 0.57 5.74 0.31

DBA-51 67.31 15.16 3.73 0.13 25.45 1.90 1.28 − 0.75 0.69 0.52 0.56 3.06 0.24

DBA-52 68.75 15.18 3.68 0.12 27.03 2.38 1.19 − 0.74 0.70 0.56 0.57 2.44 0.24

DBA-53 69.19 15.47 3.62 0.13 8.33 2.77 1.20 − 0.58 0.69 0.50 0.48 1.73 0.23

DBA-54 69.84 14.00 3.92 0.11 26.46 5.14 1.18 − 0.55 0.69 0.63 0.52 1.06 0.18

DBA-55 72.48 12.22 4.39 0.09 23.34 4.04 1.14 − 0.50 0.67 0.59 0.53 1.27 0.20

DBA-56 74.33 11.15 4.76 0.08 24.14 4.60 1.18 − 0.48 0.66 0.60 0.50 1.52 0.22

DBA-57 75.68 11.65 4.56 0.08 21.50 4.33 1.16 − 0.49 0.66 0.67 0.55 1.07 0.21

DBA-58 77.03 12.15 4.35 0.09 18.87 4.06 1.14 − 0.50 0.67 0.74 0.60 0.63 0.19

DBA-59 76.60 11.47 4.62 0.09 18.18 5.13 1.26 − 0.50 0.68 0.69 0.52 0.70 0.18

DBA-60 76.60 11.47 4.62 0.09 16.39 5.15 1.26 − 0.50 0.68 0.80 0.55 0.70 0.17
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Fig. 10 Represents different mineralogical proxies and ratios (detrital input and mineralogical maturity as well as the humid vs. arid conditions)
that can be used to predict the nature of the weathering interval during the PETM
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CIE interval that coincident with high detrital input level
(Fig. 11).

Using the formula of major elements for sedimentary
provenance discriminant diagrams proposed by Roser and
Korsch (1988) can help to discriminate between the different
sources of the sediments

Discriminant Function 1 ¼ 0:607Al2O3 � 1:773TiO2

þ 0:760Fe2O3 � 1:500MgOþ 0:616CaO

þ 0:509Na2O� 1:224K2O� 9:090

Discriminant Function 2 ¼ 0:445TiO2 þ 0:070Al2O3

� 0:250Fe2O3 � 1:142MgOþ 0:438CaO

þ 1:475Na2O� 1:426K2O� 6:861:

The cross-plots indicate that the multi-compositional sil-
icate source has been subjected to intensive weathering
processes during the PETM, and their weathered products
form thick weathering interval at the Dabbaiya GSSP
(Fig. 11a). Several other weathering indexes can be valuable
to determine the nature of weathering during the PETM
event, among them chemical index of alteration (CIA) and
chemical index of weathering (CIW).

CIA of Nesbitt and Young (1982) is based on the rela-
tionship between alumina and alkalis following the formula
Al2O3/(Al2O3 + CaO* + Na2O + K2O) * 100; CIA values
are used to assess chemical weathering degree of prove-
nance. In combination with Al2O3−(CaO + Na2O)−K2O
ternary plot, they are helpful geochemical parameters for
studying the provenance and maturity of sedimentary rocks.
CaO* represents CaO in silicate-bearing minerals only, and
the CaO from non-silicate minerals (carbonate and phos-
phate) is excluded using the methodology proposed by
McLennan (1989). The content of CaOrest = CaO − (10/3)
* P2O5; if CaOrest < Na2O then the content of CaO* =
CaOrest, otherwise, CaO* = Na2O.

The CIA values of the CIE interval in Dababiya GSSP
(Table 6) range from 55 to 80. This result matches the
maturity index results and supports that the sediments in the
PETM interval are moderate to high mature. The A–CN–K
shows that the mineralogical composition of the PETM in
Dababiya GSSP is a mix between fresh weathered materials
and highly mature sediments (Figs. 10 and 11b, c). CIW also
provides information on the intensity of chemical weather-
ing. Compared to other weathering indices, CIW is a supe-
rior method involving a restricted number of well-known
components for consistent geochemical behavior during
weathering.

CIW formula as expressed by Harnois (1988) is equal
Al2O3/(Al2O3 + CaO* + Na2O) * 100 (Table 6). CIW
shows abrupt changes between the sequence boundary
interval to the middle part of Bed-2 (Fig. 11c). These abrupt
changes observed in CIW indicate that the high detrital input
in the Dababiya GSSP is linked to intense chemical

weathering under hot, humid conditions, and can reach
tropical weathering.

The concentration of somemajor and trace oxides can infer
paleoenvironmental conditions (Cao et al., 2018a; Roy &
Roser, 2013; Wang et al., 2017). Fe, V, Cr, Mn, and Ni can be
concentrated under humid climatic conditions (Fu et al.,
2016). However, the concentrations of Ca, Na,Mg, K, Ba, and
Sr prevailed under arid climatic condition and increased
alkalinity of water during evaporation processes. Based on the
behavior of the previously mentioned two groups; C-values
ratios are calculated as

P
(Fe + Mn + Cr + Ni + V + Co)/

P
(Ca + Mg + Sr + Ba + K + Na). C-value is considered as

paleoclimate proxy (Cao et al., 2018a, 2018b; Feng et al.,
2014; Fu et al., 2016; Hu et al., 2016).

The calculated C-values (Table 6; Fig. 11d) are catego-
rized as 0–0.2 (arid), 0.2–0.4 (semi-arid), 0.4–0.6 (semi-arid
to semi-humid), 0.6–0.8 (semi-humid), and 0.8–1.0 (humid).
The C-value is associated with other ratios of trace elements
to categorize paleoclimate, such as Ga, which is generally
associated with kaolinite and indicates warm and humid
conditions. In contrast, Rb is associated with illite and
inferring cold-arid conditions.

Generally, sedimentary rocks with low Sr/Cu and high
Ga/Rb ratios are deposited in warm and humid climatic
conditions (Black et al., 2017). However, values of more
than 5.0 represent hot-arid climatic conditions (Roy &
Roser, 2013; Yandoka et al., 2015).

In Dababiya PETM-CIE interval (Fig. 11), the basal part
of the CIE (above the PEB to the middle Bed 2). The
C-value is increased to the range between 0.4 and 0.8,
referring to the semi-humid to humid climatic conditions
through Bed-1 and gradually decreased up to Bed-3; both
Sr/Cu and Ga/Rb ratios are decreased at the same level
indicating the prevailed humid conditions. In
Dababiya GSSP PETM-CIE, lower part is linked to intense
humid climatic conditions linked to the considerable input of
CO2 during the early stage of the PETM. The climate
changes in the recovery direction with a gradual drawdown
of CO2 in the later stage of the PETM (Fig. 11d).

Therefore, all the proxies proved that the general chem-
ical weathering of silicate rocks under hot, humid conditions
and that the weathering products derived from the sedi-
mentary basins in several pulses may be linked to the fluvial
discharge (Schulte et al., 2011) and or through the several
regression/transgression minor events. The gradual recovery
trend may be linked to the gradual drawdown of CO2.

4.4 Redox Condition and Paleoproductivity
During the PETM

The paleoredox conditions can be explained as determining
whether conditions were oxidizing or reducing during the
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deposition processes, and they can be categorized as oxic–
suboxic–anoxic (Tyson & Pearson, 1991). The changes in the
redox conditions of bottom water conditions can be empha-
sized by particular trace, rare earth elements, and their ratios
(e.g., V/Sc, V/Cr, Ni/Co, U/Th, V/V + Ni, etc.) as well as the
changes in chalcophile Al-normalized elements (e.g., Fe, Mn,
U, V, Zn, Pb, Cu, Ni; Algeo & Maynard, 2004; Cruse &
Lyons, 2004; Joachimski et al., 2001; Pujol et al., 2006;
Rimmer, 2004; Tribovillard et al., 2006). Other proper
proxies are Mn* (Cullers, 2002) and Ce-Anomaly (Ce/Ce*).
Mn* is best expression of Mn concentration linked to redox
conditions and can be calculated from as: Mn* = log
[(Mnsample/MnPAAS)/Fesample/FePAAS)], where Mn2+ replaces
Ca in Ca-rich sediments during the diagenetic processes and
producing the Mn-bearing carbonate. Ce-anomaly is another
strong indicator for water column oxygenation. Ce is present
in seawater in tiny amounts because Ce can be easily oxi-
dized to its insoluble state (4+) (Holser, 1997; Shields &
Stille, 2001). However, the Ce4+ tends to be depleted under

prevailing anoxic conditions. Ce and Mn behave similarly
under both oxic and anoxic water columns.

The Ce/Ce*, Ni/Co, and V/Cr ratios are more sensitive to
the changes in the oxygen level in water column. In contrast,
the ratios of Mn* and V/V + Ni can explain the general
trend of the ocean water oxygenation level.

In Dababiya GSSP, Ce/Ce* shows an abrupt decrease in
the PEB (from the mean of 0.9–0.5). This decrease in
Ce/Ce* is represented in two specific intervals, the first at
base of Bed-1 (zone E1; Table 6; Fig. 12), and the second is
at the middle part of Bed-2, and is coincident to the maxi-
mum TOC content (Fig. 6). The observed negative Ce
intervals were associated with sharp spikes in V/Cr, Ni/Co
and V/V + Ni ratios reaching to their maximum values and
represent stable anoxic conditions during the beginning of
the PETM event. At the same interval, Mn* shows its
maximum negative shift. The presence of negative Mn* shift
indicates dysoxic bottom water conditions (Bruland, 1983;
Landing & Bruland, 1980, 1987).
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Anoxic conditions during PETM may be due to oceanic
acidification with anhydrite formation. The relation between
sulfate reduction and methane hydrated release is well con-
strained (Khozyem et al., 2015; Whiticar, 1999), when
methane released it produces free SO+4. Sulfate can be easily
reduced to HS− under acidic-anaerobic conditions and form
pyrite (Fig. 12) in anoxic water column at the anaerobic/
aerobic interface (Campbell et al., 1992; Jenkyns, 2010;
Whiticar, 1999). Based on these processes; Khozyem et al.
(2015) explained the presence of two anoxic intervals as the
following: the lower anoxic interval is characterized by an
increase in detrital input, pyrite deposition, presence of
anhydrite, negative Ce-anomaly, and abrupt increase in V/Cr
ratio (Table 6).

The upper anoxic interval is associated with high TOC
content, Ce-anomaly, and abrupt increases in V/Cr ratio. In
association with high kaolinite content and the presence of
framboidal pyrite. In this upper anoxic interval, a consider-
able concentration of both Mo and U is observed. Both Mo
and V are present in seawater in the form of sulfides and
oxyhydroxides that can precipitate directly in the water–
sediment interface resulting in their enrichments. The
weak-to-moderate correlation between the TOC and enrich-
ment factor of both Mo (MoEF) and U (UEF) (R

2 = 0.4 and
0.7, respectively; Fig. 13) within the PETM-CIE indicates
that hygienic phases and high TOC content. These enrich-
ments in Mo and U indicate that strong anoxic conditions
prevailed during the beginning of the PETM Recovery Phase.

Therefore, the development of bottom anoxia during the
PETM may be linked to: (1) poorly oxygenated water
invasion into epicontinental circulation that enhanced
upwelling cycle with a massive input of nutrients and
increased primary productivity (Speijer & Wagner, 2002),
(2) water column stratifications and increased eutrophic
conditions (Ghandour, 2020; Khozyem et al., 2015; Schulte
et al., 2011) and (3) increased CO2 dissolved in the ocean

due to the methane hydrate release and results in ocean
acidification (Khozyem et al., 2015). In addition, water
stratification led to increased surface water productivity and
deposition of organic matter, and increased bacterial activi-
ties that led to the consumption of bottom oxygen. (Kho-
zyem et al., 2015; Schulte et al., 2011).

Low TOC content is generally related to primary photo-
synthetic, paleoproductivity, and rate of organic matter
deposition. A high TOC concentration zone is associated
with enrichment of Cu, Pb, Zn, Ni, Cd, Mo, and V. The
metal elements are adsorbed within the OM in the water
column electrostatically or via oxygen-containing functional
groups of organic matter and fixed into the sediments.
Consequently, OM degradation liberates the adsorbed metals
and participates in sulfide and vanadium-bearing minerals.
TOC contents combined with other specific TE can be used
as geochemical proxies to reconstruct the paleoproductivity;
among them, organic phosphorus (Porg) is the most widely
used (Algeo & Ingall, 2007; Brumsack, 2006; Dehairs et al.,
1980; Dymond et al., 1992; Ghandour, 2020; Schoepfer
et al., 2015).

Under the favoring conditions, the preservation of both
Porg helps to detect the paleoproductivity conditions during
the PETM event (Algeo et al., 2011; Schoepfer et al., 2015).
As a result, organic phosphorus fluxes (Porg) are estimated as
following the formula:

Porg ¼ Ptot � Pterr ð1Þ
where Pterr is the terrigenous part of P that is derived from
the sediment with the detrital input and can be calculated as
follow:

Pterr ¼ Al� ðP=AlÞdet ð2Þ
(P/Al)det ratio is 0.009 based on the upper continental crust’s
average P and Al concentration (McLennan, 2001).

PETM-CIE, R2=0.6498

Post-PETM, R2=0.1636

Pre-PETM, R2=0.8584

TOC 
(%)

U
(E

F
)

0

0

10

20

30

40

50

60

70

80

0.2 0.4 0.6 0.8 1.0 1.20 1.4

PETM-CIE, R2=0.3597

Post-PETM, R2=0.6769

Pre-PETM, R2=0.0194

M
o

(E
F

)

0

1000

2000

3000

4000

TOC 
(%)

0 0.2 0.4 0.6 0.8 1.0 1.20 1.4

Fig. 13 Cross plots of both Mo and U enrichment factors relative to PAAS against the TOC in percent

328 H. Khozyem et al.



From Eqs. (1) and (2).

Porg ¼ Ptot�ðAl� ðP=AlÞdet ð3Þ
Equation (3) is used to assess the amount of the organic

P that precipitated during the PETM recovery phase
(Fig. 14); Porg is enriched in the interval from the top of the
second anoxic level that is coincident with the high TOC
content, (middle Zone E1 to the base of zone E2). Phos-
phorus is commonly precipitated from water column into the
sediments by assimilation into OM or by forming metal
oxyhydroxide complexes (Stein et al., 2011).

Under anoxic conditions, P is remobilized from older
sediments and diffused in the above water column (Ingall
et al., 2005; Kraal, 2011). Therefore, through the anoxic
intervals of PETM in Dababiya GSSP Porg shows its mini-
mum concentrations due to the diffusion under anoxic con-
ditions (Fig. 14).

However, it is noted that Porg contents start to increase
with the upper anoxic level with high pyrite contents and
may result from the prevailing upwelling zone in the pres-
ence of sulfide oxidizing bacteria. Therefore, the P cannot be
removed from the porewater, which leads to concentrating
the phosphorus under anoxic conditions (Goldhammer et al.,
2010), as noted in the Dababiya GSSP.

In the oxic and/or dysoxic environment (Below the PEB
and in the interval middle Zone E1) authigenic phosphate
precipitated through adsorption and complexation processes
(Kraal, 2011; Schoepfer et al., 2015; Tribovillard et al.,
2006). This explanation is due to the low correlation
between Porg and TOC (R2 = 0.3054; Fig. 14). Also, the low
correlation between Porg and TOC may linked to the organic
matter types associated with the level enriched in Porg

(Terrestrial OM). On the other hand, in the interval above
PETM-CIE, Porg values correlate with the TOC, which may
be due to the activation of marine biological activities. This
process led to the deposition of Porg in the form of
polyphosphates, proving the oceans’ return to normal pro-
ductivity conditions after the termination of the PETM
event.

4.5 Volcanism Associated with PETM Event

During late Paleocene, two major volcanic events took places
and overlapped with the PETM (* 56 ± 0.2 Ma; Fig. 1;
Westerhold et al., 2009; Wieczorek et al., 2013): (1) the
North Atlantic Igneous Province (NAIP), and (2) Central
American circum-Caribbean volcanism (Fig. 1). The NAIP
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results from opening the northern part of the North Atlantic
ocean at * 61 Ma reaching its maximum activity between
57 and 54 Ma (Hirschmann et al., 1997; Storey et al., 2007;
Svensen et al., 2004, 2010). The Central American
circum-Caribbean volcanism is a tectonically active volcanic
province took place around * 56–55.5 Ma in the proto
Great Antilles (Sigurdsson et al., 1997). Therefore, both of
these large igneous provinces may be participating in fore-
seeing the warming that occurred during the PETM event
and/ or maybe the leading causes of initial pulse of PETM
global warming. Generally, NAIP eruptions were different
from the other records of LIPs (Permo-Triassic, Cyprian trap,
Cretaceous-Tertiary Deccan volcanism).

In the last few years, Hg-anomaly caught the attention of
scientists as a paleoenvironmental proxy that could link
volcanic activities to hyperthermal events. Especially the
PETM (Jones et al., 2019; Khozyem et al., 2017) and pro-
vides further evidence linking NAIP and PETM event as the
main reason produce the initial pulses of warming that led to
the release of methane hydrate from the continental shelf
(Maclennan & Jones, 2006; Svensen et al., 2004, 2010;
Wieczorek et al., 2013).

Dababiya GSSP is part of the Tethys south margin,
deposited shallow continental margin (100–150 m; Speijer
& Wagner, 2002; Fig. 2). Three intervals show Hg
enrichment; the lower Hg spike is placed in the top of P5
and NP9a biozones and corresponds to the one observed in
Zumaia (Tremblin et al., 2021) and is associated with the
pre-PETM gradual shift in both d13Ccarb and d13Corg. That
large Hg-spike can be explained as direct precipitation of
atmospheric Hg at the distal area within the sediments with
no lithological change (Fig. 9). However, the increased
Hg/TOC ratio at the same level reinforces the driving of
the Hg with detrital TOC input. Proceeding to the PEB, the
second interval enriched in Hg is above the PEB and
corresponds to the sharp change in lithology from the
marine to clastic sediments (Fig. 9). The low TOC content
reveals that the primary source of the Hg is the Hg-bonded
to the sediments. This explanation is supported by
increasing the Hg/TOC ratio at the same interval, followed
by a third Hg enrichment level linked to the anoxic con-
ditions that prevailed within the middle part of the PETM
(Khozyem et al., 2014, 2015). At the anxious level,
sulfur-reducing bacteria adsorb sulfur for their metabolism,
fixing HgS and methyl mercury as byproducts. In the high
sulfide interval, HgS precipitated. Therefore, the main
trigger for high Hg concentrations in the detrital TOC is
typically scavenged by organic matter during the biotic and
abiotic processes (Sanei et al., 2012), as observed in deeper
section (Wadi Nukhul; Khozyem et al., 2013). The phyl-
losilicate normalized Hg shows three intervals of
Hg-phyllosilicate enrichment. The lower corresponds to the

PEB level (Fig. 9), and the upper two correspond to the
upper part of the CIE in which the sediments became
mineralogically mature, which can be explained as the
fixation of Hg within the fine sediment with the incorpo-
ration of marine TOC in the later stage of the PETM. In
general, the impact of volcanism can be noticed by
increasing the Hg input through the pre-and during the
PETM-CIE.

4.6 Complete PETM Scenario Emphasizes
from Dababiya GSSP

The geochemical, mineralogical, and paleontological studies
on Dababiya GSSP (Khozyem et al., 2015; Fig. 15)
emphasized four phases of PETM event; started with:
Phase-1, pre-PETM volcanic activities took place during late
Paleocene (North Atlantic volcanic province, Caribbean and
mid-ocean ridge areas; Courtillot & Renne, 2003; Storey
et al., 2007), these volcanic activities foresee the destabi-
lization of Methane clathrate by changing the ocean tem-
perature, as well as the ocean circulation (Dickens et al.,
1995, 1997). As a result, gradual release of methane clath-
rate, both d13Corg, and d13Ccarb, were gradually decreased,
reaching Paleocene-Eocene sequence boundary (PEB).
Second phase is linked to volcanic activities, which led to
thermal expansion, sea-level rise, and complete
methane-hydrated destabilization and CO2 release (Sluijs
et al., 2008; Speijer & Wagner, 2002). CO2 consumed the
seawater oxygen contents during its oxidation and produced
oceanic anoxic conditions as observed in the sedimentary
record of Dababiya GSSP (Khozyem et al., 2015; Schulte
et al., 2011), as well as led to shoaling of carbonate disso-
lution datum (CDD; Zachos et al., 2008). This phase is
identified based on a clay-rich layer and a negative
Ce-anomaly, negative Mn* associated with an increase in
redox element indicators (Khozyem et al., 2015).

Consequently, methane clathrate is completely oxidized
at water/atmosphere interface, releasing massive CO2

amounts to atmosphere that contribute to greenhouse gases.
The released CO2 during phase 3 (Fig. 15) thus, intensified
the hot, humid conditions globally. Therefore, phase 3
increases precipitation rates, high silicate weathering,
increased kaolinite formation/input, and massive input of
terrestrial organic matter into the ocean through the fluvial
discharges. The previous elements led to the rise of the
second anoxic level observed by presence of different kinds
of bacterial activities (SRB and cyanobacteria). The feed-
back of the biosphere represents direct response to high
tropical temperatures (Huber, 2008), introduces seasonal
aridity in continental interiors (Wing et al., 2003), and
releases less CO2 to ocean/atmosphere system. Physical
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recovery occurred in the environmental recovery phase due
to increased nutrient flux resulting from intensive continental
weathering. It caused increased ocean surface productivity,
which was the main reason for increasing the ocean water
pH, with an abundance of phosphorous with fixation of Ba
due to prevailing oxic conditions.

5 Conclusions

To sum up, PETM is one of the pronounced events to be used
as an analog for current warming; therefore, it is extensively
studied worldwide, particularly in Egypt. More than 120
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Fig. 15 Illustration of the four main phases of the Paleocene Eocene Thermal Maximum event (modified after Keller et al., 2018; Khozyem, 2020;
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section outcrops from different paleoenvironmental settings
are very well recognized in Egypt during late Paleocene to
early Eocene sedimentary records. Dababiya GSSP repre-
sents one of the most complete sections worldwide. PETM
event in Dababiya has several unique criteria, including clear
weathering profile that represents global environment
response to the increased atmospheric CO2 and its drawdown
by silicate weathering and the posted vegetations. The
d13Ccarb and d13Corg show gradual decrease below the PEB
that are recorded in few sections and indicates the gradual
increase in temperature pre-PETM initial pulse, although
most of the studied records around the world (terrestrial and
marine) represent an abrupt negative shift in d13Ccarb and
d13Corg. Presence of two anoxic intervals that cannot be
recognized and separated in any known PETM section. The
link between PETM and central igneous provinces is well
constrained in Dababiya GSSP based on the Hg anomaly.
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A Standard Sequence Stratigraphic
Scheme for the Maastrichtian-Ypresian
Successions of the Southern and Central
Western Desert, Egypt

Mounir H. El-Azabi and Sherif Farouk

Abstract

A standard sequence stratigraphic scheme is proposed for
the Maastrichtian-Ypresian deposits in the southern and
central Western Desert of Egypt. This is relying on
combined stratigraphic, sedimentological and planktic
foraminiferal biostratigraphic studies of ten outcrops in
the Abu Bayan, Beris, Kharga, Dakhla and Farafra areas.
The outcrops signify three different facies associations:
Garra El-Arbain, Nile Valley and Farafra, which are
widely exposed in the Western Desert. They span the time
interval from Maastrichtian to Ypresian. This interval is
divided into eight depositional sequences, which are
outlined by basin-wide sequence boundaries of different
time span. These sequences are successively of early
Maastrichtian, late Maastrichtian, mid-late Danian, late
Selandian, late Thanetian, late-latest Thanetian, early
Ypresian and early-late Ypresian ages. The hiatuses
outlining these sequences are compared within Egypt to
assess regional tectonic significance; and with Libyan,
Tunisian, Arabian Plate, European data and global
records for testing eustatic controls. They express the
interaction and dual signatures of eustasy and regional
tectonics. The latter is most evident in the sediments of
the Farafra Oasis, which makes the inferred hiatuses
extend for a much longer period than other areas. Thus,
the present study enhances the age assignment of the
Maastrichtian-Ypresian sequences and their boundaries,
affords detailed information to perceive the paleogeo-
graphic evolution of the Dakhla Basin, and allows an
explanation of its evolution in relation to eustatic
sea-level changes.

Keywords

Maastrichtian-Ypresian Successions � Biostratigraphy �
Paleoenvironment � Sequence Stratigraphy � Western
Desert � Egypt

1 Introduction

Faunal ecology and paleoenvironmental changes of the
Tethyan Ocean were described during the Maastrichtian-
Ypresian (El-Azabi & Farouk 2011; Farouk et al., 2019a,
2019b; Hewaidy et al., 2019a, 2019b, 2019c; Keller, 2002;
Keller et al., 2002; Speijer & Wagner, 2002; Sprong et al.,
2009; Tantawy et al., 2001; Zaky et al., 2020). Several
hypotheses have been proposed to clarify the origin and
causes of Paleocene catastrophic events, including an
extraterrestrial bolide effect, hyperthermal events in Earth’s
history, and eustatic sea-level changes associated with tec-
tonic activities. Although the hyperthermal events in Earth’s
history occurred far from Egypt, such as the Deccan vol-
canism in India (Keller et al., 2020), and the North Atlantic
Igneous Province centered on Iceland (Stokke et al., 2020;
Thomas et al., 2005), these events affected the biotic changes
in the entire world. Thus, the hyperthermal events are age
coeval and correlate with eustatic sea-level changes and
global tectonics. Volcanic activity was generally associated
with regional tectonics, which led to changes in paleo-
geography of the basins and hence in sea level. Therefore,
the interplay of eustatic sea-level changes and regional tec-
tonics associated with hyperthermal events, along with
changes in clastic supply and climate, greatly affected the
faunal, paleoenvironments and spatial distribution of the
Maastrichtian-Ypresian sequences.

The southern and central Western Desert was part of the
ancient Dakhla Basin. This basin consists of a thick record of
the late Jurassic-Eocene in the southeastern part and of the
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Paleozoic-Eocene in the northwestern part (Hermina, 1990).
The Paleozoic rocks stripped away in the southeastern part
of the Dakhla Basin during the late Carboniferous-early
Jurassic, when uplift, tilting and severe erosion in central
Egypt were accompanied by ENE–WSW striking highs and
lows due to the re-arrangement of the structural relief of the
Precambrian basement complex (Klitzsch, 1986).

The Cretaceous-Eocene deposits of the Dakhla Basin are
characterized by pronounced lateral changes in facies, which
has complicated the stratigraphy of the Western Desert and
hence the understanding of its sedimentary evolution. Three
laterally coeval facies associations are recorded, which are
termed from north to south: Farafra, Nile Valley and Garra
El-Arbain, respectively (Issawi, 1972). The interactions
between the three facies associations and their evolution
through time largely achieved through the application of
high-resolution biostratigraphic and sequence stratigraphic
syntheses. These tools provide guides that can be applied
locally and regionally to compare the three facies associa-
tions. This is important because the Cretaceous-Paleogene
deposits are targets for petroleum exploration in the Western
Desert. The widespread presence of these deposits affords an
analog example of a subsurface stratigraphy.

The southern and central Western Desert has received
great attention from many authors, who have contributed to
the geology of the Kharga Oasis. They include Hendriks
et al., (1984, 1987), Schnack and Luger (1998), and
El-Azabi and Farouk (2011). Other authors who have stud-
ied the Dakhla Oasis are Issawi (1972), Luger and Schrank
(1987), El-Azabi and El-Araby (2000), Tantawy et al.
(2001), and Farouk and Jain (2018). Contributions by
authors to the Farafra Oasis include Abdel-Kireem and
Samir (1995), Ibrahim and Abdel-Kireem (1997), and
Hewaidy et al. (2006). Most of the previous work has
studied the stratigraphy, biostratigraphy and paleontology
from exposures. A few of these authors have studied the
sequence stratigraphic framework of the Cretaceous-Eocene
successions (e.g., El-Azabi & El-Araby, 2000; El-Azabi &
Farouk, 2011; Hewaidy et al., 2006, 2019a, 2019b).

The objectives of the present research are to: (1) study the
facies associations and biostratigraphy of the Maastrichtian-
Ypresian sediments and their sedimentary environments;
(2) present a comprehensive sequence stratigraphic frame-
work; (3) re-assess the nature, extent and time gab of the
defined boundaries; (4) correlate the identified sequence
boundaries with those of North Africa, the Arabian Plate,

Europe and global records; and (5) accurately reconstruct the
sedimentary history of the Dakhla Basin during the
Maastrichtian-Ypresian time.

2 Stratigraphic Setting

The Western Desert is a plateau desert that occupies about
65% of the entire area of Egypt (Fig. 1). It is a part of the
northeastern continental margin of Africa, which was initi-
ated during the late Triassic-early Jurassic opening of the
Neo-Tethys due to the breakup of Pangea (Dercourt et al.,
1993). In consequence, two NW–SE trending intra-shelf
basins, Dakhla and Assiut, were developed in central Egypt
(Flexer & Reyment, 1989; Hendriks et al., 1987). Beris,
Kharga, Dakhla and Farafra are important oases in the
southern and central parts of the Western Desert (Fig. 1).
They are formed of thick, well-defined
Maastrichtian-Ypresian sediments with pronounced facies,
thickness and faunal changes, and regionally traced hiatuses
along their escarp faces (Fig. 2). The escarps of the Kharga
and Dakhla oases begin with fine clastics of the early Middle
Campanian Quseir Formation, which succeeded upwards by
phosphate-rich facies of the Upper Campanian Duwi For-
mation (Fig. 3). The latter unconformably overlain by shale
and mudstone of the Lower Maastrichtian-Upper Paleocene
Dakhla Formation with its three partitions, the Mawhoob
Shale, the Beris Mudstone and the Kharga Shale members of
Awad and Ghobrial (1965). The Kharga Shale Member is
divided into the lower and upper Kharga Shale units (Luger,
1985) with a hiatus representing the Cretaceous/Paleogene
(K/Pg) boundary between them. A limestone facies of the
Kurkur Formation replace the lower part of the upper Kharga
Shale unit in the south Kharga Oasis and the Abu Tartur
Plateau (Fig. 3). Another limestone facies attributed to the
Upper Paleocene Garra Formation unconformably overlies
the Kurkur Formation. The Maastrichtian part of the Dakhla
Formation is substituted by chalk of the Khoman Formation
in the Farafra Oasis (Fig. 3). The Khoman Formation is
followed upwards by shale and limestone that belong to the
upper Kharga Shale unit of the Dakhla Formation (Fig. 3b),
and then the limestone of the Upper Paleocene Tarawan
Formation. Upsection, thick shale with limestone forms the
Esna Formation of latest Paleocene-early Eocene age.
Planktic foraminifera provide evidence that the
Paleocene/Eocene (P/E) contact is found in the lower part of
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the Esna Formation (e.g., Berggren & Ouda, 2003). This
formation exhibits a conformable contact with the overlying
Lower Eocene Thebes Formation. The latter is replaced by
the Farafra Limestone in the Farafra Oasis (Fig. 3).

3 Material and Methods

Detailed stratigraphic, sedimentological and planktic for-
aminiferal biostratigraphic studies were performed on the
three facies associations of the southern and central Western
Desert. Ten stratigraphic sections were studied (Fig. 1).
Among these, two sections were chosen in Abu Bayan and
Beris, two sections in the Kharga, one section in the Dakhla
and five sections in the Farafra oases. The three sections
selected in the Beris and Kharga oases were previously
studied by El-Azabi and Farouk (2011). They are revised
and paleontologically refined to re-interpret them within the
present sequence stratigraphic framework. Re-sampling of
many stratigraphic intervals in these sections provided a new
precise timing for some of them. In the Dakhla Oasis,

samples were taken from a new section at Gabal Edmon-
stone, about 100 m from the section measured by El-Azabi
and El-Araby (2000), in order to maximize the biodiversity
of the assemblage that is associated with the deeper marine
facies. A total of 577 rock samples were examined for
microfossil content; of these 217 samples were prepared
from the seven newly measured sections. Samples for for-
aminiferal studies were treated using the standard methods
of Keller (2002). Foraminifera were counted to achieve the
planktic/benthic (P/B) ratio. The paleoenvironments of the
studied sediments are interpreted relying on the lithological
aspects, microfacies analysis, faunal types, faunal
diversity/abundance and P/B ratio. The sequence stratigra-
phy is interpreted by defining the stratigraphic surfaces,
stacking patterns and variations in facies and environments.

4 Results

4.1 Characteristics of Facies Associations

The laterally equivalent Garra El-Arbain, Nile Valley and
Farafra facies associations of the Western Desert display
distinctive depositional facies and environments (Table 1).

4.1.1 Garra El-Arbain Facies Association
This association marks shallow to partially deep marine
sediments that occur in the Abu Tartur Plateau, southeast
Kharga and south of Beris (Fig. 1, Sites 1–2). It forms the
Kurkur and Garra formations (Fig. 4, Sects. 1 and 2). Oyster
rudstone, bioclastic packstone and shale comprise the Kur-
kur Formation. The limestone facies contain abundant small-
and large-sized bivalves, in complete and broken forms, with
some echinoids (Fig. 5a). The intervening shale yields a
dominance of low diversity benthics. Foraminiferal wacke-
stone and packstone are the dominant facies in the Garra
Formation (Fig. 4, Sects. 1 and 2). They hold abundant,
highly diversified planktic species and thin-walled shell
debris (Fig. 5b). The faunal content decreases in abundance
in the upper part of the Garra Formation.

4.1.2 Nile Valley Facies Association
This association represents quite variable shallow and deep
marine sediments that crops out in the northeast Kharga,
Dakhla and Abu Minqar areas (Fig. 1, Sites 3–5). It defines
the Dakhla, Tarawan, Esna and Thebes formations, from
base upward (Fig. 4, Sects. 3, 4 and 5). The Dakhla For-
mation consists of calcareous shale containing low to mod-
erate diversity benthic foraminifera, sometimes, with skeletal
wackestone and oyster rudstone. It holds high planktic
foraminiferal-species abundance in its upper Kharga Shale
unit. Foraminiferal packstone and shale typify the Tarawan
Formation and the lower part of the Esna Formation,

Fig. 1 Location map of the Western Desert of Egypt showing its major
physiographic features, the distribution of the major facies associations
and the sites of the stratigraphic sections (modified after Brookes,
2003). a–b transect is shown in Fig. 3
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respectively (Fig. 4, Sects. 3–5). These facies comprise
abundant and diverse planktic species and common benthics
(Fig. 5c). Calcareous shale characterizes the upper part of
the Esna Formation, while nummulitic bioclastic wacke-/
packstone, nummulitic wackestone and shale characterize
the Thebes Formation (Fig. 4, Sects. 3 and 4). The Eocene
facies consist of complete and fragmented Nummulites and
Alveolina, along with miliolids and echinoids (Fig. 5d).

4.1.3 Farafra Facies Association
This association typifies the deep and shallow marine sedi-
ments widely prevalent in the Farafra Oasis (Fig. 1, Sites 6–
10). The Khoman, Dakhla, Tarawan, Esna or its coeval Ain
Dalla, and Farafra formations, comprise the Farafra facies
association (Fig. 6).Wackestonewith loosely packed planktic
foraminifera is the dominant facies in the Khoman Formation
(Fig. 5e), with pectenid lime-mudstone and dolostone at the
top. Richly fossiliferous wackestone and shale with

well-preserved planktic species characterize the exposed part
of the Dakhla Formation (Fig. 6). Similar facies of packstone
and shale signify the Tarawan Formation (Fig. 6). Pelagic
shale and intercalating shale and packstonemark the lower and
upper parts of the Esna Formation, respectively. The pack-
stone holds abundant larger benthics of Nummulites, Alve-
olina and micritized bioclasts (Fig. 5f). The Esna shale is
replaced by a carbonate facies of wackestone, lime-mudstone
and dolostone in the NW Farafra Oasis (Ain Dalla Formation,
Fig. 6, Sects. 9–10). Alveolinid wackestone, nummulitic
alveolinid packstone and lime-mudstone are evident in the
overlying Farafra Limestone.

4.2 Depositional Facies and Environments

Shallow and deep marine facies mark the Maastrichtian-
Ypresian sediments of the studied areas. The facies

Fig. 2 Landsat image shows the distribution of the exposed stratigraphic units in the southern and central Western Desert
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distribution is largely affected by the paleo-relief irregularity
of the Dakhla Basin (Fig. 7). The shallow marine facies is
restricted to the submerged, paleo-structural highs (Abu
Tartur Plateau, Beris Oasis, Abu Bayan area). It typifies the
Garra El-Arbain facies association and in parts the Nile
Valley and Farafra facies associations. It consists of shale
and limestone with benthic foraminifera and bivalves. The
shale holds rare to high dominance-low diversity benthic
species (Mawhoob Shale Member, lower Kharga Shale unit,
Fig. 4) that indicate accumulation in a shallow to slightly
deep subtidal flat, under restricted conditions. The limestone
facies (bioclastic wackestone to packstone, oyster rudstone
to floatstone) of the Mawhoob Shale Member and Kurkur
Formation (Figs. 4 and 5a) are interpreted as representing a
shallow subtidal setting with submerged shoals formed
during periods of warm, arid climate and high carbonate
productivity. The dominance of low species diversity points
to deposition under increasingly restricted conditions. In
contrast, the shallow marine setting with normal salinity and
high organic detritus characterizes the deposits of the
Thebes, Farafra and upper Ain Dalla formations (Nile Valley

and Farafra facies associations, Figs. 4, 5d and 6), which
provide favorable conditions for the growth of larger ben-
thics. The resultant limestone facies contain abundant, low
diversity Nummulites, Alveolina and Orbitolites that are
ubiquitous in the shallow water habitats (Jorry et al., 2006).
The wackestone and packstone reflect deposition in lower
and upper shallow subtidal flats, respectively, while the
lime-mudstone is interpreted as representing restricted lower
intertidal deposition, as evidenced by the scarcity of faunal
content.

The deep marine facies, on the other hand, marks the
paleo-structural lows (Kharga, Dakhla and Farafra
sub-basins, Fig. 7) of the Dakhla Basin. It typifies the Nile
Valley and Farafra facies associations. This facies yields
abundant and diverse planktic foraminifera with common
deep-water benthics indicating deposition in an open marine
environment (Khoman Formation, upper Kharga Shale unit,
Tarawan Formation, Fig. 6). Deposition oscillates from deep
inner to outer shelf setting depending on the recorded
planktic/benthic ratio (Gibson, 1989; Murray, 1976). For-
aminiferal shale, wackestone and packstone, the dominant

Fig. 3 a Time-facies correlation scheme of the different rock units exposed in the southern and central Western Desert. b Panoramic stratigraphic
sketch shows the distribution of the laterally equivalent Garra El-Arbain, Nile Valley and Farafra facies associations in the studied areas (not to
scale). Location of the line of section is given in Fig. 1
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Table 1 Lithological and paleontological aspects of the Maastrichtian-Ypresian formations in the southern and central Western Desert with their
depositional facies and environments

Formations Lithological characteristics Faunal types, diversity and
abundance

Major taxa Depositional facies Paleo-environments

1. Garra El-Arbain Facies Association (Abu Tartur Plateau, southeast Kharga Oasis and south of Beris Oasis)

Kurkur
(6–12 m
thick)

Massive, highly fractured
coquinal limestone with shale
interbeds

Abundant bivalves and
echinoids of low diversity
with few gastropods

Ostrea orientalis
and Nemocardium
fecundum

Oyster rudstone,
bioclastic packstone
and shale

Shallow to deep
subtidal flat

Garra
(27 m
thick)

Massive bedded limestone,
hard to moderately hard,
partly chalky and
argillaceous

Low to moderately abundant
and diversified planktic and
benthic foraminifera

Morozovella and
Acarinina

Foraminiferal
wackestone and
packstone

Shallow subtidal
flat and shallow
middle shelf

2. Nile Valley Facies Association (northeast Kharga Oasis, Dakhla Oasis and Abu Minqar area)

Dakhla
(58–76 m
thick)

Fissile shale, grey, slope-
forming, calcareous, with a
varying amount of fossils,
intercalated with massive
argillaceous limestone and
mudstone

Rare to common agglutinated
benthic foraminifera with
some planktic-rich intervals
in lower part, large oysters in
middle part and common
highly diversified planktic
foraminifera in upper part

Ammobaculites
khargensis at base,
Exogyra overwegi
at middle,
Acarinina
Praemurica at top

Calcareous and
pelagic shale,
bioclastic wacke-
stone, oyster
floatstone to
rudstone and
lime-mudstone

Shallow to deep
subtidal flat, and
middle to outer
shelf in the upper
part

Tarawan
(7-25 m
thick)

Thick-bedded, snow white
chalky limestone, highly
fossiliferous

Abundant and highly
diversified planktic
foraminifera, common
benthics, few echinoids,
gastropods

Acarinina and
Morozovella

Foraminiferal
packstone

Shallow middle to
outer shelf

Esna (45–
48 m thick)

Fissile shale, slope-forming,
intercalated with
ledge-forming argillaceous
limestone in lower part

Moderate to abundant and
highly diversified planktics
and benthics in lower part
and common, moderately
diversified benthics in upper
part

Morozovella and
Acarinina,

Pelagic shale,
calcareous shale and
lime-mudstone

Shallow middle to
outer shelf, deep
subtidal flat at top
part

Thebes
(50–55 m
thick)

Thick-bedded, cliff-forming
limestone with chert bands
and nodules as well as
intercalations of shale in
lower part

Abundant, low diversity
larger benthics and
macrofossils (bivalves,
gastropods and echinoids)
which decrease in abundance
in upper part

Nummulites,
Operculina,
Alveolina and
Assilina

Nummulitic
bioclastic
wackestone and
packstone,
nummulitic
wackestone and
calcareous shale

Shallow subtidal
flat, deep subtidal
flat in lower part

3. Farafra Facies Association (Farafra Oasis and its northern vicinity)

Khoman
(5–55 m
thick)

Massive to bedded, snow
white chalk, partly with
limestone

Abundant and highly
diversified planktic and
benthic foraminifera, barely
fossiliferous at top part

Globotruncana,
Heterohelix and
Pecten farafrensis

Foraminiferal
wackestone,
bioclastic
wackestone and
lime-mudstone

Middle/outer shelf,
deep subtidal and
lower intertidal

Dakhla (1–
10 m thick)

Massive argillaceous
limestone in lower part and
calcareous shale in upper part

Moderately to highly
abundant and diversified
planktic and benthic
foraminifera

Parasubbotina,
Praemurica and
Morozovella

Foraminiferal
wackestone and
pelagic shale

Shallow to deep
middle shelf and
outer shelf

Tarawan
(1–23 m
thick)

Massive to thick-bedded,
snow white chalky limestone
with shale interbeds

Abundant and highly
diversified planktic
foraminifera which decrease
in abundance in upper part

Acarinina and
Morozovella

Foraminiferal
packstone, pelagic
shale, calcareous
shale and
lime-mudstone

Middle/outer shelf,
deep subtidal and
lower intertidal

Esna (20–
100 m
thick)

Fissile shale with massive
argillaceous limestone
interbeds

Abundant and highly
diversified planktic and
benthic foraminifera with
larger benthic foraminifera,

Morozovella,
Acarinina,
Nummulites and
Operculina

Pelagic shale,
calcareous shale and
foraminiferal
wackestone and
packstone

Middle/outer shelf
in lower part, deep
to shallow subtidal
in upper part

(continued)
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facies, are interpreted as having deposited during rapid
sea-level rise under conditions of warm water, high nutrient
supply and fair circulation to the open sea.

4.3 Planktic Foraminiferal Biostratigraphy

Planktic foraminiferal analysis enables the establishment of a
robust biostratigraphic framework for the
Maastrichtian-Ypresian successions. In this study, the bio-
zonation schemes of Li and Keller (1998a, 1998b) and Li
et al. (1999) were followed in the Maastrichtian record,
while the schemes of Berggren and Pearson (2005) and
Wade et al. (2011) were applied to the Paleocene-early
Eocene record. The numerical ages of the zonal boundaries
are consistent with the time scales of Li et al. (1999) and
Wade et al. (2011) for the Maastrichtian and
Paleocene-Eocene intervals, respectively. Ninety-one
planktic foraminiferal species assigned to thirteen zones
were recorded in the Maastrichtian-Ypresian deposits. The
characteristic planktic foraminiferal zonal species of the
studied successions are shown (Fig. 8).

4.3.1 Maastrichtian
The Lower Maastrichtian deposits mark the Mawhoob Shale
Member in the southern oases and the lower part of the
Khoman Formation at the Farafra Oasis (Figs. 4 and 6). The
Mawhoob Shale Member yields rare to high dominance-low
diversity agglutinated benthic species (e.g., Ammobaculites
khargensis and Haplophragmoides, Table 2). It holds few
intervals in the lower part rich in planktic foraminifera such
as Rugoglobigerina hexacamerata, Gansserina gansseri,
Globotruncana aegyptiaca and others, which are related to
zones CF8b and CF7 (Fig. 9, Table 2). Similar planktic

species were recorded in the Kharga and Dakhla areas
(Tantawy et al., 2001). The upper part of the Mawhoob
Member is a barren interval. The topmost part of this interval
represents the contact between the early and late Maas-
trichtian (Fig. 9). In the Farafra Oasis, the Khoman Forma-
tion yields abundant and high diversity planktic foraminifera
in its lower part which attest to zones CF8b, CF7 and
undifferentiated CF6–CF5 (Fig. 10). The dominant species
are Gansserina gansseri, Globotruncana aegyptiaca and
Heterohelix globulosa among others (Table 2).

The Upper Maastrichtian deposits signify the Beris
Mudstone Member and the lower Kharga Shale unit in the
southern oases and the upper part of the Khoman Forma-
tion in the Farafra Oasis (Figs. 4 and 6). In the southern
oases, these sediments are marked by the occurrence of
agglutinated benthic species of Trochammina globigerini-
formi, Ammobaculites khargensis and Haplophragmoides
glabra (Table 2). These species show low diversity and
high dominance value suggesting development in a
high-stress environment. In the Dakhla Oasis, the lower
Kharga Shale unit contains planktic foraminifera belonging
to Zone CF3 (Fig. 4, Sect. 5, Table 2). In the Farafra
Oasis, the upper part of the Khoman Formation yields
planktic species ascribed to zones CF4 and CF3 (Hewaidy
et al., 2006). The lower Kharga Shale unit and the top part
of the Khoman Formation are characterized by a sharp
drop in faunal diversity (Figs. 9 and 10), which is likely
related to the global climatic cooling and the sea-level fall
that occurred at about 65.5 Ma (Zone CF3 'top', Li et al.,
2000). The latest Maastrichtian zones CF2 and CF1 appear
to be missing in the Western Desert. The top of the lower
Kharga Shale and the Khoman Formation (i.e., top of
zones CF4 and CF3) is represented by an erosion surface
(Figs. 9 and 10), which corresponds to the K/Pg boundary

Table 1 (continued)

Formations Lithological characteristics Faunal types, diversity and
abundance

Major taxa Depositional facies Paleo-environments

bivalves and echinoids in
upper part

Ain Dalla
(70–80 m
thick)

Well-bedded, hard, massive
chalky limestone with some
dolostone and shale interbeds

Abundant and moderately
diversified planktic
foraminifera with larger
benthics, bivalves and
echinoids in the upper part

Morozovella,
Acarinina,
Alveolina

Foraminiferal
wackestone,
alveolinid
wackestone,
calcareous shale,
lime- mudstone and
dolostone

Middle to outer
shelf, shallow to
deep subtidal and
lower intertidal

Farafra
Limestone
(13–50 m
thick)

Thick-bedded limestone with
dolostone and shale interbeds

Abundant, low diversity
larger benthic foraminifera
and macrofossils that
decrease in abundance in
upper part

Alveolina,
Orbitolina,
Assilina,
Nummulites and
miliolids

Alveolinid
wackestone,
nummulitic
alveolinid packstone,
lime-mudstone,
dolostone and shale

Shallow to deep
subtidal and lower
intertidal
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(e.g., Abdel-Kirrem and Samir, 1995; Hewaidy et al.,
2006, 2017; Tantawy et al., 2001). The first Danian
planktic foraminifera, found in the overlying upper Kharga
Shale unit, are characterized by the presence of planktic
species denoting Subzone P1c in the Dakhla and Farafra

oases (Figs. 4, 6 and 10) and Zone P2 in the Kharga area
(Fig. 9). This indicates a significant gap with the absence
of the early Danian subzones P0, Pa, P1a, P1b and the
mid-late Danian Subzone P1c (Kharga Oasis) in addition
to the latest Maastrichtian zones CF2 and CF1.

Fig. 4 Correlation chart of the Maastrichtian-Ypresian sediments in the southern Western Desert shows the Garra El-Arbain and Nile Valley
facies associations, and their lithological and paleontological aspects (horizontal distance not to scale). Stratigraphic Sects. 2–4 modified after
El-Azabi and Farouk (2011). For symbols and keys see Fig. 3
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4.3.2 Paleocene
The Paleocene planktic foraminifera are abundant and
diverse. They are marked by six biozones (P1c, P2, P3a, P3b
'base', P4c, P5; Fig. 8). The Danian planktic species are
found in the lower and middle parts of the upper Kharga
Shale unit (Fig. 4, Sects. 3–5). At the base, this interval
yields assemblages, such as Parasubbotina pseudobulloides,
Praemurica inconstans and Globanomalina compressa that
are ascribed to the mid-late Danian Subzone P1c in the

Dakhla and Farafra oases (Table 2). These assemblages
belong to the Subzone P1c(2) of Keller (2002). They are
followed by highly diverse planktic species such as Prae-
murica uncinata, Pr. trinidadensis and others attributed to
the late Danian Zone P2 (Figs. 4, 6 and 9). The abundance of
these species reaches its maximum in Zone P2, but decreases
at the base of Zone P3. The planktic percentage decreases
from as much as 90% in Zone P2 to 30% in Subzone P3a.
The latter contains Morozovella angulata, M. praecursoria,

a

500 μm

c

500 μm

500 μm

e

500 μm

b

d

f

500 μm

Fig. 5 a Complete bivalve shells and fragments densely packed in a lime mud matrix, oyster rudstone, Kurkur Formation, Gabal Abu Bayan,
Sect. 1, bed 12. b Randomly scattered planktic species in a dense lime mud matrix, foraminiferal wackestone, Garra Formation, Beris, Sect. 2, bed
50, Fig. 4, P.P.L. c Abundant planktic tests tightly packed in a dark lime mud matrix, foraminiferal packstone, Tarawan Formation, Naqb Assiut,
Sect. 4, bed 13, Fig. 4, P.P.L. d Nummulites and shell debris disseminated in a dark lime mud matrix, Nummulitic bioclastic packstone, Thebes
Formation, Naqb Assiut, Sect. 4, bed 44, Fig. 4, P.P.L. e Randomly dispersed planktic species in a dense lime mud matrix, foraminiferal
wackestone, Khoman Formation, NW Ain Maqfi, Farafra Oasis, Sect. 7, bed 19, Fig. 6, P.P.L. f Nummulites, alveolina and dense micritized
bioclasts cemented by equant spar, alveolinid nummulitic bioclastic packstone, Maqfi Member, Esna Formation, NW Ain Maqfi, Sect. 7, bed 76,
Fig. 6, P.P.L
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Igorina pusilla and others (Fig. 9, Table 2). These assem-
blages are followed by species such as Igorina albeari,
Parasubbotina varianta and P. variospira ascribed to the

Subzone P3b 'base' in the Dakhla Oasis. The
Danian/Selandian (D/S) boundary lies within Subzone P3b,
which dates back to 61.66 Ma (Arenillas, 2012).

Fig. 6 Correlation chart of the Maastrichtian-Ypresian sediments in the Farafra Oasis shows the Farafra facies association and its lithological and
paleontological aspects (horizontal distance not to scale). For symbols and keys see Fig. 3
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Re-sampling of this interval in Naqb Assiut and Gabal Um
El-Ghanayim, previously studied by El-Azabi and Farouk
(2011), proves the absence of the top part of Subzone P3b.
The lack of subzonal interval P3b ‘top’ in the studied sec-
tions points to the finding of another major hiatus causing
the absence of the lower part of the Selandian stage. The
uppermost part of the calcareous nannofossil NP4 Zone is
also lacking due to the absence of Varol’s (1989) NTp8A-B
Subzones (Abu Shama et al., 2019).

The Upper Thanetian sediments span the upper Kharga
Shale unit ‘top part’, the Tarawan Formation and the Esna
Formation ‘basal part’ (Figs. 4 and 6). They contain very
rich and diverse planktic species indicative of Subzone P4c
and Zone P5 of the late Thanetian and latest Thanetian ages,
respectively. The dominant species attributed to Subzone
P4c are Morozovella acuta, Acarinina soldadoensis,
Globanomalina pseudomenardii and others (upper Kharga
Shale and Tarawan Formation, Figs. 9 and 10, Table 2).
Thus, the Dakhla/Tarawan contact is located within Subzone
P4c. The planktic species of Subzone P4c are also identified
at Beris (Garra Formation) with moderate diversity and
abundance (Fig. 4). The common species found in Zone P5
are Acarinina soldadoensis, Morozovella subbotinae and
many others (Esna Formation, basal part, Figs. 9 and 10,
Table 2).

4.3.3 Ypresian
The Ypresian planktic species denote the middle-upper part
of the Esna Formation, or its correlative the Ain Dalla
Formation, and the Thebes Formation or its coeval the

Farafra Limestone (Figs. 4 and 6). The studied sections show
a major biotic anomaly at the P/E contact, where the Pale-
ocene benthic species experienced a pronounced extinction.
A number of events known as the Paleocene/Eocene Ther-
mal Maximum, a transient period of global warmth at
55.5 Ma, mark the P/E transition (Zachos et al., 1993). This
globally rising temperature caused a major extinction among
benthic species (Thomas et al., 2000). In the Kharga Oasis,
the P/E contact defines the base of the Dababiya Quarry
Beds (DQB, Dupuis et al., 2003). The planktic species dis-
appear and start to recover at * 20 cm above this boundary,
where excursion fauna of Acarinina sibaiyaensis and Ac.
africana and rare Morozovella allisonensis are traced,
indicative of Zone E1. The abundance and diversity of
planktic species gradually increase upwards in the Esna
Formation (Figs. 8 and 10). In the Farafra Oasis, a record of
the DQB was revealed on the northern part of El-Quss Abu
Said (Fig. 6, Sect. 8) and in the northwest of Bir Bidni,
along the Farafra-Ain Dalla road. It consists of a 0.5 m thick
limestone, barren of foraminifera. The middle part of the
Esna Formation holds abundant planktic species such as
Pseudohastigerina wilcoxensis, Acarinina sibaiyaensis,
Morozovella velascoensis, M. formosa and M. margin-
odentata (Figs. 9 and 10), which are ascribed to zones E1 to
E4 in the Kharga Oasis (Fig. 4, Sects. 3–4) and zones E1 to
E3 and E5 ‘base’ in the Farafra Oasis (Fig. 6, Sects. 6–8).
The recorded species in the Ain Dalla Formation is attributed
to zones E2, E3 and E5 ‘base’ (Fig. 6). The upper part of the
Esna and Ain Dalla formations show a marked decrease in
the abundance and diversity of planktic species. This interval

Fig. 7 A simplified northwest-southeast trending block diagram shows the submerged paleo-structural highs and lows of the Dakhla intra-shelf
Basin and the distribution of its facies associations and paleoenvironments (Not scaled)
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Fig. 8 Stratigraphic distribution range chart for the Maastrichtian-Ypresian planktic foraminiferal species in the southern and central Western
Desert with the zonal marker species. Late Cretaceous biozones are after Li and Keller (1998a, 1998b) and Li et al. (1999), and Paleogene biozones
after Berggren and Pearson (2005) and Wade et al. (2011)
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contains an abundance of Alveolines and Nummulites of low
diversity. These forms extend into the Thebes Formation and
its time correlative the Farafra Limestone.

4.4 Maastrichtian-Ypresian Sequence
Stratigraphy

A number of sequence boundaries truncate the Maastrichtian-
Ypresian sediments of the southern and central Western
Desert. They defined eight depositional sequences that are
attributed to early Maastrichtian, late Maastrichtian, mid-late
Danian, late Selandian, late Thanetian, late-latest Thanetian,
early Ypresian and early-late Ypresian. A high-resolution
planktic foraminiferal biostratigraphy helped to determine the

time framework of these sequences and the time span of the
outlined hiatuses.

4.4.1 Sequence Boundaries
Nine sequence boundaries representing either short- or
long-term hiatuses are present in the studied sediments. They
are delineated by faunal and sedimentation breaks such as
erosional/indurated contacts, dolomitization, biozonal lack,
hardgrounds and reworking. These boundaries are mostly
associated with sudden changes in facies and in P/B ratios
across sharp surfaces.

The Campanian/Maastrichtian boundary defines the top
of the Duwi Formation. This boundary is consistent with a
faunal break at the CF8a/CF8b zonal boundary, which was
assigned at 71 Ma by Li et al. (1999). It typifies a sharp
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erosional surface with reworked pebbles at Abu Bayan and
the Kharga Oasis (Ca/MaWD, Fig. 11, Sects. 1 and 3,
Fig. 12a). It marks the top of a 2 m thick, dolostone at the
Dakhla area (Fig. 11, Sect. 5). The Lower/Upper Maas-
trichtian boundary forms the top of the Mawhoob Shale
Member. It matches a time lapse at the CF5/CF4 zonal
boundary dating to 68.3 Ma (Li et al., 1999). This boundary
defines a thin, iron-stained conglomerate at Abu Bayan and a
5 cm thick, highly oxidized and bioturbated hardground
with abraded shell debris and iron-rich clasts at the Kharga
and Dakhla oases (L/UMaWD, Fig. 11). At the Farafra
Oasis, it is identified tentatively within the Khoman Chalk,
due to biostratigraphic limitation and the lack of clear evi-
dence of erosion (Fig. 13, Sect. 7).

The Maastrichtian/Danian boundary occurs at the top of
the lower Kharga Shale and the Khoman Formation. It forms
the K/Pg hiatus that occurred at 65.5 Ma (top of Zone CF3).
At the Kharga Oasis, this boundary records the absence of

zonal interval CF2-P1c (Ma/Da WD, Fig. 11, Sects. 3–4). It
is defined by a 20–30 cm thick, conglomerate with crushed
late Maastrichtian foraminifera (Fig. 12b). This bed reaches
1 m in thickness at Beris. At the Dakhla and Farafra oases,
the erosional surface of this hiatus denotes the absence of
zones CF2-P1b (Fig. 11, Sect. 5, Fig. 13, Sects. 7 and 9).
The Danian/Selandian hiatus is present within the upper
Kharga Shale unit in Dakhla and Kharga oases and within its
coeval the Kurkur Formation at Beris (Da/SelWD, Fig. 11).
It typifies a sharp contact associated with a faunal change
from benthic species of low diversity to planktic species of
high diversity. At the Farafra Oasis, this boundary displays a
faunal break at the contact between the Dakhla and Tarawan
formations (Fig. 12c), where the Tarawan Formation begins
early within the Selandian Subzone P4a because of a lateral
change in facies. The Selandian/Thanetian boundary dis-
plays a faunal break, where Subzone P4b is missing. At the
Dakhla and Kharga oases, the S/Th hiatus occurs at the
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Dakhla/Tarawan contact (Sel/ThWD, Fig. 11) while it
occurs in the Farafra Oasis wihtin the Tarawan Formation
due to a lateral change in facies (Sel/ThWD, Fig. 13). The
lack of zones P3b-P4b at Ain Maqfi, zones P2-P4b at NW
Ain Maqfi and zones P3-P4b at Shakhs El-Obeiyid refer to
the D/S and S/Th hiatuses, which merged due to tectonic
uplift (Fig. 13, Sects. 6–7). At Beris, this boundary typifies a
sharp surface between the Kurkur/Garra formations linked
with a faunal change from benthics of low diversity to
planktics of high diversity.

The intra-Thanetian boundary outlines the top part of the
upper Kharga Shale unit and its coeval the lower part of the
Garra Formation (ThWD, Fig. 11). It is located in the late
Thanetian Subzone P4c and represents a bioturbated hard-
ground with Thalassinoides at the Dakhla/Tarawan contact.
A thin conglomerate or a hardground defines this boundary
in west Dakhla area (El-Azabi & El-Araby, 2000). At Qur El
Malik, a thin pebbly mudstone with an irregular base marks
the boundary ThWD (Fig. 12d). At the Farafra area, this
boundary is traced within the Tarawan Formation (Fig. 13,
Sects. 7 and 9) since the lower part of this formation
becomes older as one proceeds from the Kharga to the
Farafra areas. The Thanetian/Ypresian boundary is located
within the lower part of the Esna Formation (Th/YpWD,
Fig. 11). It signifies a faunal break at the P5/E1 zonal

boundary, dated at 55.5 Ma. This boundary is evident by a
bioturbated bed with reworked pebbles in the Kharga area.
At Gabal Um El-Ghanayim and on the northern slope of
El-Quss Abu Said, the boundary Th/YpWD is a concordant
surface with no zonal break since the planktic species con-
firm a complete P/E transition interval. This contact is akin
to that of the Dababiya Quarry section, which hosts the
Global Standard Stratotype-section and Point of the P/E
contact (Dupuis et al., 2003). At the Farafra Oasis, this
boundary marks the base of a 15–20 cm thick, limestone
with gravels at NW Bir Bidni (Fig. 12e and f). In other
sections, it shows a long hiatus in the upper part of the
Tarawan Formation because of the lack of all or parts of
zones P5-E2 (Figs. 12g, h and 13).

The Lower Ypresian boundary occurs in the middle of the
Esna Formation. It defines the upper limit of Zone E3, dated
at 54 Ma (Yp1WD, Fig. 11). A thin conglomerate or a
cemented marl bed demarcates the boundary Yp1WD in the
Kharga area (El-Azabi & Farouk, 2011). In the Farafra area,
this boundary denotes the absence of Zone E4. It designates
the top of a dolostone bed present at Ain Maqfi, on the
northern slope of El-Quss Abu Said and at NE Ain Dalla
(Fig. 13). The Upper Ypresian boundary is outlined in the
upper part of the Thebes Formation and the Farafra Lime-
stone (Yp2WD, Figs. 11 and 13). It is most likely located

Fig. 11 Correlation chart of the Maastrichtian-Ypresian sequences in the southern Western Desert shows their lithofacies, P/B ratio,
paleoenvironments and sequence stratigraphic interpretation (horizontal distance not to scale). For symbols and keys see Fig. 3
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close to the Ypresian/Lutetian boundary since the
early/middle Eocene zonal boundary is hard to detect using
the larger foraminifera. This boundary is indicated by a
micro-karst surface stained with iron oxide in the Kharga
Oasis, and by a 1 m thick, Thalassinoides burrowing in
El-Quss Abu Said. It denotes the top part of an intensively
dolomitized limestone at Ain Dalla.

4.4.2 Depositional Sequences
The inferred sequence boundaries in the studied successions
evidence the occurrence of eight third-order depositional
sequences (Table 3). These sequences vary in duration from
0.4 to 2.9 Ma and in thickness from a few meters to several
tens of meters.

The Lower Maastrichtian sequence (MSQ1) comprises
the Mawhoob Shale Member in the southern oases and the
lower part of the Khoman Formation at the Farafra Oasis
(Fig. 12a). The thickness of this sequence is in the range
from 18 to 38 m. Sequence MSQ1 belongs to planktic zones
CF8b and CF7, which span 1.4 m.y. (71.0–69.6 Ma,
Fig. 14). However, the time span is not complete because the
upper part of this sequence is a barren interval (Kharga
Oasis) or lies within undifferentiated zones (Dakhla and
Farafra oases). The poorly dated interval could be ascribed
to the early Maastrichtian zones CF6 and CF5. Sequence

MSQ1 starts with shallow to deep subtidal shale in the
southern oases, and middle to outer shelf foraminiferal
wackestone at the Farafra Oasis. This denotes the trans-
gressive systems tract (TST), which indicates a deepening of
the depositional environment and the setting of a retrogra-
dational pattern (MSQ1, Figs. 11 and 13). The TST is fol-
lowed upwards by a progradational facies of shallow
subtidal shale in the southern areas and deep subtidal
wackestone at the Farafra area. These regressive facies
assigned to the highstand systems tract (HST, MSQ1,
Figs. 11 and 13). The changes in environment and stacking
pattern at the top of the transgressive facies mark the max-
imum flooding surface (MFS), evidenced by the planktic
foraminiferal abundance maxima.

The Upper Maastrichtian sequence (MSQ2) includes both
the Beris Mudstone Member and the lower Kharga Shale in
the southern oases, and the upper part of the Khoman For-
mation at the Farafra Oasis (Fig. 12c). The thickness of this
sequence ranges from 3 to 57 m. It is difficult to determine
the exact age of sequence MSQ2 because most of the facies
lies either in a barren interval or in undifferentiated zones.
The upper part of this sequence belongs to Zone CF3 in the
Dakhla area (Fig. 11). However, sequence MSQ2 can be
linked to the late Maastrichtian zones CF4 and CF3 (68.3–
65.5 Ma) which correspond to a similar interval in the

Fig. 13 Correlation chart of the Maastrichtian-Ypresian sequences of the Farafra Oasis shows their lithofacies, P/B ratio, paleoenvironments and
sequence stratigraphic interpretation (horizontal distance not to scale). For symbols and keys see Fig. 3

A Standard Sequence Stratigraphic Scheme … 357



Ta
b
le

3
Su

m
m
ar
y
of

th
e
de
po

si
tio

na
ls
eq
ue
nc
es

of
th
e
so
ut
he
rn

an
d
ce
nt
ra
lW

es
te
rn

D
es
er
ts
ho

w
s
th
ei
r
st
ra
tig

ra
ph

ic
le
ve
ls
,p

la
nk

tic
fo
ra
m
in
if
er
al
zo
ne
s,
ag
e
es
tim

at
es
,P

/B
ra
tio

,p
ar
as
eq
ue
nc
e

st
ac
ki
ng

pa
tte
rn
s
an
d
sy
st
em

s
tr
ac
ts

A
ge

D
ep
os
iti
on
al

se
qu

en
ce
s

St
ra
tig

ra
ph
ic

in
te
rv
al
s

Pl
an
kt
ic

bi
oz
on
es

T
im

e
(m

.y
.)

P/
B
ra
tio

Pa
ra
se
qu
en
ce

st
ac
ki
ng

pa
tte
rn
s;
th
ei
r
lit
ho
lo
gi
ca
l
an
d

en
vi
ro
nm

en
ta
l
ch
ar
ac
te
ri
st
ic
s

Sy
st
em

s
tr
ac
ts

E
oc
en
e

L
ow

er
–
U
pp

er
Y
pr
es
ia
n
se
qu

en
ce

Y
SQ

2
(5
0–
14

2
m

th
ic
k)

T
he
be
s

Fm
Fa
ra
fr
a

L
im

es
to
ne

E
4-

‘K
ha
rg
a’

E
5
‘b
as
e’

‘F
ar
af
ra
’

an
d
lo
ng

ba
rr
en

in
te
rv
al

>
1.
7

10
–
35

%
P

ba
sa
l
pa
rt
,

ba
rr
en

m
id
dl
e-

up
pe
r

pa
rt

A
gg

ra
da
tio

na
l
pa
ra
se
qu

en
cs

of
sh
al
lo
w
/d
ee
p
su
bt
id
al

lim
es
to
ne
/
sh
al
e,

an
d
lo
w
er

in
te
rt
id
al

lim
e-

m
ud
st
on
e

w
ith

sh
al
lo
w
m
id
dl
e/
de
ep

in
ne
rs
he
lf
sh
al
e
at
th
e
ba
se

H
ST

U
pp

er
E
sn
a

U
p
A
in

D
al
la

20
–
90

%
P

R
ar
el
y
ba
rr
en

R
et
ro
gr
ad
at
io
na
l
pa
ra
se
qu

en
ce
s
of

sh
al
lo
w
/d
ee
p

m
id
dl
e
to

ou
te
r
sh
el
f
sh
al
e
&

w
ac
ke
st
on
e

T
ST

L
ow

er
Y
pr
es
ia
n

se
qu

en
ce

Y
SQ

1
(4
–
33

m
th
ic
k)

M
id
dl
e

E
sn
a
Fm

L
.
A
in

D
al
la

Fm
E
1–
E
3
K
ha
rg
a
E
3,

lo
ca
lly

E
2

Fa
ra
fr
a

0.
5
-

1.
5

10
–
25

%
P
,

ba
rr
en

in
Fa
ra
fr
a

Pr
og
ra
da
tio

na
l
pa
ra
se
qu
en
ce
s
of

sh
al
lo
w
/d
ee
p

su
bt
id
al

sh
al
e
an
d
lo
w
er

in
te
rt
id
al

lim
e-
m
ud
st
on
e

H
ST

70
–
90

%
P

R
et
ro
gr
ad
at
io
na
l
pa
ra
se
qu

en
ce
s
of

ou
te
r
sh
el
f
sh
al
e

an
d
m
id
dl
e/

ou
te
r
sh
el
f
w
ac
ke
st
on
e
an
d
sh
al
e

T
ST

P
al
eo
ce
ne

U
pp

er
-U

pp
er
m
os
t

T
ha

ne
ti
an

se
qu

en
ce

T
hS

Q
2

(8
–
31

m
th
ic
k)

L
ow

er
E
sn
a
Fm

P
4c

‘u
pp

er
pa
rt
’–
P
5

>
0.
4

0–
45

%
P

Pr
og

ra
da
tio

na
l
sh
al
lo
w

m
id
dl
e
sh
el
f
sh
al
e,
sh
al
lo
w

to
de
ep

su
b-

tid
al

w
ac
ke
st
on

e
an
d
sh
al
e

H
ST

U
p.

G
ar
ra

Fm
T
ar
aw

an
Fm

20
–
90

%
P

R
et
ro
gr
ad
at
io
na
l
pa
ra
se
qu

en
ce
s
of

m
id
dl
e/
ou
te
r
sh
el
f

w
ac
ke
-
st
on

e,
pa
ck
st
on
e
an
d
sh
al
e

T
ST

U
pp

er
T
ha

ne
ti
an

se
qu

en
ce

T
hS

Q
1

(3
–
25

m
th
ic
k)

L
ow

er
G
ar
ra

Fm
T
ar
aw

an
Fm

P
4c

‘l
ow

er
pa
rt
’

H
ar
d

to as
si
gn

0–
40

%
P

Pr
og

ra
da
tio

na
l
pa
ra
se
qu

en
ce

of
de
ep

su
bt
id
al

sh
al
e,

sh
al
lo
w

su
b-
tid

al
w
ac
ke
st
on
e.

Sh
al
lo
w

m
id
dl
e
sh
el
f

sh
al
e/
pa
ck
st
on
e
an
d
in
te
rt
id
al

lim
e-
m
ud
st
on
e
at

Fa
ra
fr
a
O
as
is

H
ST

40
–
90

%
P

R
et
ro
gr
ad
at
io
na
l
pa
ra
se
qu

en
ce
s
of

sh
al
lo
w

m
id
dl
e
to

ou
te
r
sh
el
f
sh
al
e
an
d
pa
ck
st
on

e
T
ST

U
pp

er
Se
la
nd

ia
n

se
qu

en
ce

Se
lS
Q
1

(3
–
7
m

th
ic
k)

K
ur
ku

r
Fm

U
pp

er
K
ha
rg
a
Sh

al
e

un
it
(u
pp

er
pa
rt
)

P
4a

H
ar
d

to as
si
gn

25
–
35

%
P

Pr
og

ra
da
tio

na
lp

ar
as
eq
ue
nc
es

of
sh
al
lo
w

m
id
dl
e
sh
el
f

sh
al
e

H
ST

30
–
80

%
P

R
et
ro
gr
ad
at
io
na
l
pa
ra
se
qu

en
ce
s
of

m
id
dl
e/
ou
te
r
sh
el
f

sh
al
e.

D
ee
p
m
id
dl
e/
ou
te
r
sh
el
f
w
ac
ke
st
on
e
an
d
sh
al
e

at
Fa
ra
fr
a

T
ST

U
pp

er
D
an

ia
n

se
qu

en
ce

D
aS

Q
1

(5
–
10

m
th
ic
k)

U
pp

er
K
ha
rg
a
Sh

al
e

un
it
(l
ow

er
-

m
id
dl
e
pa
rt
)

P
3a
–
b
‘b
as
e’

1.
4
-

2.
9

25
–
35

%
P
,
ni
l

in
B
er
is
,
A
bu

B
ay
an

Pr
og

ra
da
tio

na
lp

ar
as
eq
ue
nc
es

of
sh
al
lo
w

m
id
dl
e
sh
el
f

sh
al
e.
Sh

al
lo
w
su
bt
id
al
pa
ck
st
on
e
to

ru
ds
to
ne

at
B
er
is

H
ST

P
2
K
ha
rg
a
P
1c
–
P
2
D
ak
hl
a
an
d

Fa
ra
fr
a

30
–
90

%
P
ni
l

in
A
bu

B
ay
an

an
d
B
er
is

R
et
ro
gr
ad
at
io
na
l
pa
ra
se
qu

en
ce
s
of

m
id
dl
e/
ou
te
r
sh
el
f

sh
al
e.

D
ee
p
m
id
dl
e/
ou
te
r
sh
el
f
w
ac
ke
st
on
e
an
d
sh
al
e

at
Fa
ra
fr
a,

sh
al
lo
w
/d
ee
p
su
bt
id
al

lim
es
to
ne

an
d
sh
al
e

at
B
er
is

T
ST

(c
on

tin
ue
d)

358 M. H. El-Azabi and S. Farouk



deeper parts of the Dakhla Basin (Tantawy et al., 2001).
Sequence MSQ2 consists of retrogradationally stacked deep
subtidal shale with wackestone and floatstone in the southern
oases and deep middle shelf wackestone at the Farafra area
(MSQ2, TST, Figs. 11 and 13). The TST is followed by
progradationally stacked shallow subtidal shale in the
southern oases, and deep subtidal wackestone and intertidal
lime-mudstone at the Farafra area (MSQ2, HST; Figs. 11
and 13). The MFS at the base of the HST corresponds to the
boundary between the Beris Mudstone and Lower Kharga
Shale, as indicated by the faunal dominance that shows
distinct maxima.

The Upper Danian sequence (DaSQ1) embraces the lower
and middle parts of the upper Kharga Shale unit or the
Kurkur Formation in the southern oases. It represents the
reduced part of the Dakhla Formation in the Farafra area
(Fig. 12c). The thickness of this sequence varies from 6 to
12 m. It spans zones P2 to P3b 'base' in the Kharga, and
zones Plc to P3b 'base' in the Dakhla (Fig. 11), with a
duration ranging from 1.4 to 2.9 m.y. At the Farafra Oasis,
sequence DaSQ1 covers Zone P1c at NW Ain Maqfi, zones
Plc to P2 at Shakhs El-Obeiyid, and zones Plc to P3a at Ain
Maqfi (Fig. 13). It begins with back-stepping middle/outer
shelf shale in the Kharga and Dakhla areas, and deep
middle/outer shelf wackestone and shale at the Farafra area
(DaSQ1, TST; Figs. 11 and 13). This sequence is marked at
the base by the presence of conglomerate in the southern
areas that is interpreted as a lowstand systems tract (LST,
Fig. 11). It terminates with a progradational shallow middle
shelf shale (DaSQ1, Figs. 11 and 13). At Beris, transgressive
deep subtidal limestone and shale, and regressive shallow
subtidal packstone and rudstone characterize the lower and
upper parts of sequence DaSQ1.

The Upper Selandian sequence (SelSQ1) spans Subzone
P4a and encompasses the upper part of the upper Kharga
Shale unit or the Kurkur Formation in the southern oases. It
covers the lower part of the Tarawan Formation at the Far-
afra Oasis (Fig. 12c). Sequence SelSQ1 begins with
back-stepping middle/outer shelf shale in the Kharga and
Dakhla oases, and deep middle/outer shelf wackestone and
shale at the Farafra area (SelSQ1, TST; Figs. 11 and 13). It is
marked at the base by the presence of Thalasinoides in the
southern areas that is interpreted as a transgressive surface
(TS, Fig. 11). This sequence is terminates with prograda-
tional shallow middle shelf shale (SelSQ1, Figs. 11 and 13).

The Upper Thanetian sequence (ThSQ1) includes the top
part of the upper Kharga Shale unit in the Kharga and Dakhla
oases, and the lower part of the Garra Formation at Beris. At
the Farafra Oasis, sequence ThSQ1 comprises the lower part
of the Tarawan Formation where deposition of this formation
started earlier in that area (Fig. 12c). The thickness of this
sequence ranges from 3 to 25 m. It belongs to the lower part
of Subzone P4c. The age designation of sequence ThSQ1 isTa

b
le

3
(c
on

tin
ue
d)

A
ge

D
ep
os
iti
on
al

se
qu

en
ce
s

St
ra
tig

ra
ph
ic

in
te
rv
al
s

Pl
an
kt
ic

bi
oz
on
es

T
im

e
(m

.y
.)

P/
B
ra
tio

Pa
ra
se
qu
en
ce

st
ac
ki
ng

pa
tte
rn
s;
th
ei
r
lit
ho
lo
gi
ca
l
an
d

en
vi
ro
nm

en
ta
l
ch
ar
ac
te
ri
st
ic
s

Sy
st
em

s
tr
ac
ts

M
aa
st
ri
ch
ti
an

U
pp

er
M
aa
st
ri
ch
ti
an

se
qu

en
ce

M
SQ

2
(3
–
57

m
th
ic
k)

L
ow

er
K
ha
rg
a

Sh
al
e
un

it

U
pp

er
K
ho

m
an

Fm
C
F
3
D
ak
hl
a

B
ar
re
n
K
ha
rg
a

U
nd
iff
er
en
tia
te
d

C
F6

–
C
F3

>
1.
3

0–
20

%
P

D
ak
hl
a
an
d

Fa
ra
fr
a

Pr
og

ra
da
tio

na
l
pa
ra
se
qu

en
ce
s
of

sh
al
lo
w

su
bt
id
al

sh
al
e.
D
ee
p
su
bt
id
al

w
ac
ke
st
on
e
an
d
lo
w
er

in
te
r-
tid

al
lim

e-
m
ud
st
on

e
at

Fa
ra
fr
a

H
ST

B
er
is

M
ud
st
on

e
M
b

B
ar
re
n
A
bu

B
ay
an
,
B
er
is

an
d
K
ha
rg
a,

un
di
ffe

r.
D
ak
hl
a

25
–
70

%
P

D
ak
hl
a
an
d

Fa
ra
fr
a

R
et
ro
gr
ad
at
io
na
l
pa
ra
se
qu
en
ce
s
of

su
bt
id
al

bi
oc
la
st
ic

w
ac
ke
st
on
e/

flo
at
st
on

e
an
d
sh
al
e.

D
ee
p
m
id
dl
e
sh
el
f

w
ac
ke
st
on
e
at

th
e
Fa
ra
fr
a

T
ST

L
ow

er
M
aa
st
ri
ch
ti
an

se
qu

en
ce

M
SQ

1
(1
8–
38

m
th
ic
k)

M
aw

ho
ob

Sh
al
e
M
b

L
ow

er
K
ho

m
an

Fm
C
F
8b

–
C
F
7
B
ar
re
n
at
B
er
is
an
d
A
bu

B
ay
an

ar
ea
s

>
1.
4

0–
40

%
P

Fa
ra
fr
a
an
d

D
ak
hl
a

Pr
og

ra
da
tio

na
l
pa
ra
se
qu

en
ce

of
sh
al
lo
w

su
bt
id
al

sh
al
e.

D
ee
p
su
b-

tid
al

w
ac
ke
st
on

e
at

th
e
Fa
ra
fr
a

H
ST

25
–
80

%
P

Fa
ra
fr
a,

25
%
P

D
ak
hl
a
0–
30

%
P
K
ha
rg
a

R
et
ro
gr
ad
at
io
na
l
pa
ra
se
qu

en
ce

se
t
of

sh
al
lo
w

to
de
ep

in
ne
r
sh
el
f
sh
al
e
in

th
e
so
ut
he
rn

oa
se
s
an
d
m
id
dl
e
to

ou
te
r
sh
el
f
fo
ra
m
in
i-
fe
ra
l
w
ac
ke
st
on
e
at

th
e
Fa
ra
fr
a

T
ST

A Standard Sequence Stratigraphic Scheme … 359



less certain, since its top hiatus is located within Subzone
P4c. This sequence starts with retrogradational facies of outer
shelf shale in the Kharga and Dakhla areas, and shallow
middle shelf packstone at Beris (ThSQ1, TST, Fig. 11).
These planktic-rich facies are followed by progradational
facies of deep subtidal shale in the Kharga and Dakhla areas,
and shallow subtidal wackestone at Beris. At the Farafra area,
sequence ThSQ1 is formed of two stacked parasequence sets;
retrogradational outer shelf packstone and shale in the lower
part, and shallow middle shelf shale/packstone, and lower
intertidal lime-mudstone in the upper part, stacked in a
progradational pattern (ThSQ1, Fig. 13).

The Upper-uppermost Thanetian sequence (ThSQ2)
forms the Tarawan Formation and the lower part of the Esna
Formation in the Kharga and Dakhla areas, and the upper
part of the Garra Formation at Beris. The thickness of the
sequence varies from 8 to 31 m. This sequence is ascribed to
zones P4c 'top' and P5. It begins with a transgressive middle
to outer shelf foraminiferal shale, wackestone and packstone
parasequence set, which is followed by progradational
middle shelf shale in the Kharga and Dakhla areas, and
shallow subtidal wackestone at Beris (ThSQ2, Fig. 11). At
the Farafra Oasis, sequence ThSQ2 marks the upper part of
the Tarawan Formation (Fig. 12f), locally the Esna Forma-
tion (lower part). It starts with retrogradational shallow
middle shelf shale and packstone, which are succeeded by
highstand deep subtidal shale and intertidal lime-mudstone
(ThSQ2, Fig. 13).

The Lower Ypresian sequence (YSQ1) involves the
middle of the Esna Formation. This sequence is dated fairly
well and includes zones E1 to E3 with duration of 1.5 m.y.
(55.5–54.0 Ma, Fig. 14). It consists of a transgressive outer
shelf shale parasequence set in the lower part and a
progradational deep subtidal shale parasequence set in the
upper part (YSQ1, Fig. 11). At the Farafra Oasis, this
sequence typifies the middle of the Esna Formation or its
coeval the lower part of the Ain Dalla Formation. In most
cases, the lower part of sequence YSQ1 is eroded (zones E1
and E2), and hence most of the sequence is dated to early
Ypresian Zone E3, locally E2 (Fig. 13). It begins with ret-
rogradational wackestone and shale of middle to outer shelf
setting, which grade upwards into progradationally stacked
middle shelf wackestone/shale, shallow subtidal shale and
lower intertidal lime-mudstone (YSQ1, Fig. 13). The latter,
which marks the top of the progradational set, is dolomitized
due to subaerial exposure linked with an early diagenetic
dolomitization.

The Lower–Upper Ypresian sequence (YSQ2) covers the
upper part of the Esna Formation and most parts of the
Thebes Formation. In the Farafra area, this sequence includes
the Esna Formation ‘upper part’, or its lateral coeval, the Ain
Dalla Formation'upper part', and most of the Farafra Lime-
stone. The thickness of the sequence grades from 50 to

142 m. In the Kharga Oasis, sequence YSQ2 is attributed to
the early Ypresian Zone E4 with a long, barren interval of
planktic species corresponding to the Thebes Formation. The
early to latest Ypresian zones E5–E7 define this interval in
adjacent areas (e.g., Berggren & Ouda, 2003). At the Farafra
area, it spans Zone E5 ‘base’ and a long barren interval,
which is assigned to late-latest Ypresian zones E6–E7a
(zones P8 and P9 of Ouda, 2003). Sequence YSQ2 is built up
of retrogradational facies of middle to outer shelf shale in the
southern oases, and middle to outer shelf shale and wacke-
stone at the Farafra area. The pelagic facies grade upwards
into shallow middle/deep inner shelf shale, and then by an
aggradational set of intervening shallow subtidal wacke-/
packstone and deep subtidal shale (YSQ2, Fig. 11). Similar
progradational to aggradational facies of deep subtidal shale,
shallow subtidal alveolinid wackestone and nummulitic
packstone, and lower intertidal lime-mudstone are found at
the Farafra area (YSQ2, HST, Fig. 13).

5 Discussion

5.1 Biostratigraphic Resolution

The biostratigraphic resolution of the
Maastrichtian-Ypresian sediments of the studied areas is
highly variable in terms of age assignment. The for-
aminiferal content is valuable in the late Danian-early
Ypresian sediments (zones P1C to E5 ‘base’) owing to
deposition in a chiefly deep marine setting. The sediments
hold highly abundant and diverse planktic species with a
high preservation potential that enables the attainment of
high-resolution biostratigraphy. A drop in planktic percent-
age and diversity and in P/B ratio is traced at several levels
in these sediments when sea-level falls. The biostratigraphic
resolution is less reliable in the Maastrichtian and late
Ypresian sediments due to the lack of marker fauna in their
shallow marine facies. Nevertheless, a correlation with the
adjacent areas contributes greatly to the insufficient bios-
tratigraphic control of these sediments (e.g., Beris Mudstone
Member, Thebes Formation).

5.2 Depositional Systems Tracts

Two types of stacked systems tracts, TST and HST, are
defined in the Maastrichtian-Ypresian sequences (Figs. 11
and 13, Table 3). LST is hardly developed in the studied
sequences due to deposition in a shelf basin marked by
submerged highs and lows (Fig. 7). In most cases, the LST
spans the erosional time associated with the sea-level drop
and marks the sequence boundary. However, it may include
a thin conglomerate of incised valley fills, if present
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(boundary Ma/DaWD, Figs. 11 and 12b). This channel fill
was accumulated during a slow sea-level rise. The TST is
generally thin and consists of retrogradational deposits
bounded above by the MFS, which is overlain by progra-
dational deposits of the HST. The MFS typically represents
the level of maximum P/B value associated with the change
in the stacking pattern. The sedimentation patterns of the
TSTs and HSTs vary from mixed siliciclastic/carbonate to
pure carbonate. The stacking patterns within the systems
tracts show upward deepening (TSTs) and upward shal-
lowing (HSTs) in faunal assemblages, associated with vari-
ations in the diversity, frequency and type of foraminifera
and/or in P/B value. A rapid sea-level rise produces highly
diverse planktic species with high P/B value (deep marine
facies), while a lowering of sea level shows signs of abun-
dance of benthic species supplemented by a marked decrease
in the P/B value (shallow marine facies). The interpretation
of these systems tracts permits the generation of relative
sea-level curves for the Maastrichtian-Ypresian sediments
(Figs. 11 and 13).

5.3 Comparison of Sea-Level Falls

The southern Western Desert was situated in a quiescent
tectonic regime during the Maastrichtian-Ypresian time. In
contrast, the central Western Desert was located near a tec-
tonically active region influenced by the compressional
effect of the Syrian Arc system in Northern Egypt (Moustafa
et al., 2003). This tectonic effect, however, cannot be com-
pletely ruled out in the southern Western Desert. In order to
assess whether the defined depositional sequences are due to
eustatic sea-level changes or regional tectonics, a compar-
ison is made with sea-level curves documented in Egypt
(El-Azabi & Farouk, 2011; Hewaidy et al., 2006; Lüning
et al., 1998a), Libya (Jorry, 2004; Mresah, 1993), Tunisia
(Kouwenhoven et al., 1997; Li et al., 1999; and references
therein) and in the Arabian Plateform (Haq & Al-Qahtani,
2005). In addition, a correlation is carried out with the global
sea-level curves of Haq et al. (1987) and Haq (2014), the
Western European sea-level curve of Hardenbol et al.
(1998), and the New Jersey sea-level curve of Miller et al.
(2005).

5.3.1 Local and Regional Comparison
The first sequence boundary detected in the studied areas
refers to a marked sea-level lowstand at the
Campanian/Maastrichtian contact (Ca/MaWD, Fig. 14).
This sea-level fall has been witnessed by some authors in the
Western Desert (e.g., El-Azabi & El-Araby, 2000; El-Azabi
& Farouk, 2011; Farouk et al., 2019b; Hermina, 1990;
Hewaidy et al., 2006; Tantawy et al., 2001). The boundary
Ca/MaWD is coeval with the boundaries Ca/MaSin in

central Sinai (Lüning et al., 1998a, 1998b) and CaGal2 on
the Galala plateaus (Scheibner et al., 2001). It is also iso-
chronous with the boundary SB2 of Hewaidy et al. (2006) in
the Farafra area and the boundary Ca/MaKh1 of El-Azabi
and Farouk (2011) in the Kharga area (Fig. 14). The
sequence boundary L/UMaWD, which typifies a sea-level
fall dated at 68.3 Ma and marks the Lower/Upper Maas-
trichtian contact (Fig. 14), is equivalent to the boundary
MaGal1 in the Galala plateaus (Kuss et al., 2000; Scheibner
et al., 2001). It is compatible with the boundaries SB2 and
MaKh2 of El-Azabi and El-Araby (2000), and El-Azabi and
Farouk (2011) in the Dakhla and Kharga areas, respectively.

The sequence boundary Ma/DaWD defines a major hiatus
associated with a sea-level drop at 65.5 Ma. This hiatus
represents one of the long-lived hiatuses found in the Wes-
tern Desert and is attributed to the K/Pg contact. The
boundary Ma/DaWD is an amalgamation of many bound-
aries recorded by some authors in the Nile Valley, Eastern
Desert and Sinai (e.g., Farouk, 2016; Farouk et al., 2019a). It
makes up a combination of short hiatuses recorded at the
CF3/CF1, CF1/P0, P0/P1a, P1a/P1b and P1b/P1c zonal
boundaries at Gabal Qreiya, central Egypt (Keller et al.,
2002). This boundary also constitutes a merger of the
boundaries MaSin-Z, DaSin-1, DaSin-2 and DaSin-3 defined
in central Sinai (Lüning et al., 1998a, Fig. 14). It is equiv-
alent to the boundaries SB3 of Hewaidy et al. (2006),
Ma/DaKh3 of El-Azabi and Farouk (2011), and Eg.Da-1 of
Farouk (2016). The boundary Da/SelWD, defined at the top
of the Danian sediments, has been detected in the Kharga
and Dakhla areas (Faris et al., 1999; Tantawy et al., 2001).
This boundary equates to the boundary SelGal2 of Kuss
et al. (2000), which is a composite hiatus comprising the
boundaries ThSin2 to ThSin4 of Lüning et al. (1998a). It
also correlates with the boundary SB4 of Hewaidy et al.
(2006) and the boundary Se/ThKh4 of El-Azabi and Farouk
(2011).

The sequence boundary Sel/ThWD is a remarkable hiatus
at the base of the Thanetian. It is related to a global sea-level
fall and subaerial exposure, which caused the absence of the
calcareous nannofossil Zone NP6 (Faris & Farouk, 2012).
This boundary coincides with the emergence and erosion of
many positive structures associated with increased subsi-
dence in the basinal areas. It belongs to the so-called
Velascoensis Event of Strougo (1986).

The boundary ThWD, identified at the topmost part of the
Upper Thanetian sequence (ThSQ1, Fig. 14), has been
described in the Kharga (Bassiouni and Luger, 1990),
Dakhla (Barthel & Herrmann-Degen, 1981) and Kom
Ombo-Qena areas (Hendriks et al., 1987). It seems to be
synchronous with the boundary ThSin-5 of Lüning et al.
(1998a) and the boundary ThGal1 of Scheibner et al. (2000).
This sequence boundary is comparable with the boundary
SB5 of El-Azabi and El-Araby (2000) and the boundary
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ThKh5 of El-Azabi and Farouk (2011). The sequence
boundary Th/YpWD, which represents the P/E contact, is
delineated in the latest Paleocene-earliest Eocene sea-level
record of Speijer and Wagner (2002). It was defined in the
Dababiya Quarry section, Luxor (Ernst et al., 2006). This

boundary may be related to the sequence boundary ThGal2
of Kuss et al. (2000), which occurs within the undifferenti-
ated Zone P5. It is synonymous with the boundary SB5 of
Hewaidy et al. (2006) and the boundary Th/SpKh6 of
El-Azabi and Farouk (2011).
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The sequence boundary Yp1WD, found at the top of the
Lower Ypresian sequence YSQ1, denotes a hiatus associated
with a sea-level drop described in the Farafra Oasis
(Abdel-Kireem & Samir, 1995; Farouk et al., 2019b; Ouda,
2003), central Sinai (Lüning et al., 1998a) and the Galala
plateaus (Kuss et al., 2000). It is comparable with the
boundary SB6 of Hewaidy et al. (2006) and the boundary
YpKh7 of El-Azabi and Farouk (2011), whereas the
sequence boundary Yp2WD, located close to the contact
between Ypresian and Lutetian, correlates with the boundary
SB7 of Hewaidy et al. (2006) and the boundary YpKh8 of
El-Azabi and Farouk (2011).

The current work verifies the occurrence of eight
depositional sequences outlined by nine basin-wide
boundaries. These boundaries are relatively consistent
with those defined by El-Azabi and Farouk (2011) in the
Kharga area, which assert the legality of their boundaries
in the whole of southern Egypt. Despite that, some dif-
ferences exist regarding the time lapse of the hiatuses
associated with these boundaries, especially in the Farafra
Oasis. Of interest is the time gap of the boundaries
Ma/DaWD, Sel/ThWD, Th/YpWD and Yp1WD (Fig. 14).
The present work maintains the absence of the top part of
Subzone P3b in the Kharga and Dakhla oases and the
existence of the boundary Da/SelWD, in contrast to the
study of El-Azabi and Farouk (op. cit.) which identified a
similar boundary at the top of Zone P3. It also shows that
the Danian sea-level rise started earlier in the Farafra Oasis
than that indicated in the Kharga area by El-Azabi and
Farouk (2011, Fig. 14).

Although the inferred sequences in the current work are
slightly similar in number to those of El-Azabi and Farouk
(2011), many differences exist. These sequences are not
similarly developed in the studied areas, showing differ-
ences in thickness and in time span. The thickness variation
is attributed to paleo-relief irregularity of the Dakhla Basin,
the different rate of clastic supply, and the strength of
erosion associated with the hiatus. The time span of the
defined sequences is normally reduced in the Farafra Oasis
due to the regional tectonic impact. The recent demarcation
of the D/S boundary within Subzone P3b (e.g., Arenillas,
2012) and the absence of the top part of Subzone P3b in the
Kharga area re-interpret the late Danian-Selandian age of
sequence DkSQ3 given by El-Azabi and Farouk (2011) to
the late Danian. In fact, the present work has improved the
planktic foraminiferal framework of the studied sequences.
It proves the presence of Zone CF3 in the lower Kharga
Shale unit (Dakhla Oasis), Subzone P1c in the upper
Kharga Shale unit (Dakhla and Farafra oases), and Zone E5
'base' in the Esna and Ain Dalla formations (Farafra Oasis).
These biozones, not found in the Kharga area, were allowed
to review the boundary time gaps defining sequences in the
different areas.

5.3.2 Comparison with Tunisia and Libya
The Maastrichtian-Ypresian sediments in Tunisia have
shown significant changes in sea level (Kouwenhoven et al.,
1997; Li et al., 1999, 2000), with several cases of sea-level
falls similar to those in the Western Desert. The eustatic
sea-level falls, which occurred at 71 Ma, 68.3 Ma and
65.5 Ma in the Maastrichtian sections of Tunisia, are asso-
ciated with the sequence boundaries of Ca/Ma WD,
L/UMaWD and Ma/DaWD in the Western Desert, respec-
tively. These sea-level falls have been documented in El Kef,
northwest Tunisia (Li et al., 1999; Molina et al., 2006), and
Halk el Menzel, northeast Tunisia (Sebei et al., 2007).
Similar global sea-level falls dated at 71 Ma and at 65.5 Ma
have been documented in Elles, central Tunisia (Li et al.,
2000) and Ain Settara, north-central Tunisia (Luciani, 2002),
respectively. Indeed, the K/Pg boundary of the Western
Desert (Ma/DaWD) represents a significant time span in
contrast to corresponding boundary in the Tunisian sections.
This indicates that the Western Desert was affected by
regional tectonics coupled with the latest Maastrichtian
sea-level fall resulting in a long-lived subaerial exposure.
The boundary Da/SelWD in the Western Desert can be
linked to a short-term, sea-level fall found in the upper part
of Zone P3 in the Paleocene succession of El Kef (Guasti
et al., 2005). By contrast, this boundary marks a major hiatus
lasting about 3 m.y. in the Kharga and 3.5–5 m.y. in the
Farafra (Fig. 14), suggesting regional tectonic control
accompanying the late Paleocene sea-level fall. Lüning et al.
(1998a) concluded that there is a good relationship between
the Paleocene sea-level changes in El Kef and those occurred
in the central east Sinai. The boundaries Th/YpWD and
Yp2 WD, on the other hand, seem to fit with the boundaries
SB7 and SB8 of Sebei et al. (2007).

The correlation between the proposed sea-level changes
for the Western Desert and those constructed for Libya
displays good agreement. The only exception to this agree-
ment is the K/Pg hiatus (boundary Ma/DaWD), which has an
extended span lasting 19 m.y. in Cyrenaica, northeast Libya
(Jorry, 2004). The boundary Da/SelWD is synchronous with
an age-equivalent sea-level drop observed in zones P3b-P4
in the Sirt Basin (Berggren, 1974). The Paleocene sea-level
curve given by Mresah (1993) for the northeast Sirt Basin
seems to correspond well with that of the present study, but
the absence of biostratigraphic time control for his
shallowing-upward cycles and their sequence boundaries
precludes an adequate correlation. The sequence boundary
Th/YpWD is identified in Jabal al Akhdar, northeast Libya
(Tmalla et al., 2007). The boundary Yp2WD is linked well
with the boundary CSB-1 of El Hawat et al. (2008) at Ra's al
Hilal, Cyrenaica. It could also be linked to the boundary SB1
at the top of Zone E7 in Cyrenaica (Jorry, 2004) and with a
major unconformity at the top of the Ypresian in al Jabal al
Akhdar (Abdulsamad et al., 2009).
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5.3.3 Comparison with Arabian Platform
The Arabian Platform has been widely influenced by eustatic
sea-level changes associated with a complex history of tec-
tonics (Haq & Al-Qahtani, 2005). It contains two megase-
quences named AP9 of Late Cretaceous-Early Paleogene
(92–63 Ma) and AP10 of Early Paleogene-Latest Eocene
(63–34 Ma) (Sharland et al., 2001, 2004; Haq & Al-Qahtani,
2005). In comparison with the cycle chart of Sharland et al.
(2001), which identified eleven Arabian Plate megase-
quences (AP1–AP11), the MFSs studied in the Western
Desert are collectively attributed to the MFSs K180 and
Pg10 sequences of the upper and lower parts of the
megasequences AP9 and AP10, respectively. Most of the
sequence boundaries identified in southern and central
Western Desert have no counterpart in the Arabian
Platform-wide cycle charts (Haq & Al-Qahtani, 2005).

5.3.4 Comparison with Global and Western
European Sea-Level Curves

Are the sea-level changes of the southern and central Wes-
tern Desert due to eustatic sea-level variations or regional
tectonics? To answer this question, changes in sea level of

the studied areas are related to the eustatic ones. The com-
monly used record of the past sea-level changes was given
by Exxon Production Research Company, ‘EPR’ (Haq et al.,
1987). Hardenbol et al. (1998) and Haq (2014) have refined
these curves. The sequence boundary Ca/MaWD coincides
with a significant global cooling and eustatic sea-level drop
at 71 Ma (Haq et al., 1987; Li & Keller, 1998a), which
marks the base of the UZA4.5 cycle of Haq et al. (1987). It
also matches the boundary Ma2 of the Western European
sea-level curve (Hardenbol et al., 1998, Fig. 15). The
boundary L/UMaWD corresponds to a global sea-level fall
at 68 Ma, which lies at the base of the TA1.1 cycle of Haq
et al., (1987; Fig. 15). It is also comparable to the sequence
boundary Ma4 given by Hardenbol et al. (1998). The
boundary Ma/DaWD is isochronous with a well-defined
global cooling at 65.5 Ma (Li et al., 2000). This sea-level
fall is not documented on the global sea-level curve of Haq
et al. (1987). In fact, the boundary Ma/DaWD typifies a long
time of uplift in the Western Desert that followed a global
fall in relative sea level during the latest Maastrichtian (Li
et al., 2000). The boundary Da/SelWD is concurrent with a
significant sea-level drop at the base of the TA2.1 cycle of

Fig. 15 Comparison of the inferred Maastrichtian-Ypresian sea-level curves in the southern and central Western Desert with the eustatic records
of Hardenbol et al. (1998), Miller et al. (2005) and Haq (2014). Cross-hatched pattern indicates long-term hiatuses

364 M. H. El-Azabi and S. Farouk



Haq et al. (1987). It is comparable to the boundary PaSel1 of
Hardenbol et al. (1998, Fig. 15). This boundary also has a
long duration in the studied areas, indicating its attribution to
regional tectonics along with a global sea-level fall during
the latest Danian. The boundary ThWD has no equivalent in
the eustatic sea-level charts of Haq et al. (1987). It matches
well the boundary Th4 of Hardenbol et al. (1998, Fig. 15).
The boundary Th/Yp WD coincides with a global,
short-term sea-level drop that forms the base of the TA2.2
cycle (Haq et al., 1987). It may be equated with the
boundary Th7/Yp1 of Hardenbol et al. (1998). In the Farafra
Oasis, the boundary Th/YpWD marks a major hiatus asso-
ciated with the absence of all or parts of zones P5 to E2,
which implies that local tectonic uplift accompanied the
global P/E sea-level fall. An equivalent hiatus to boundary
Yp1WD occurs at the base of the TA2.4 cycle in the eustatic
sea-level charts of Haq et al. (1987). The boundary Yp3 of
Hardenbol et al. (1998) matches that of Yp1WD. In the
Farafra Oasis, the hiatus caused the boundary Yp1WD,
which has also a much longer time lapse, asserting that the
area was affected by tectonic uplift coincident with the
eustatic sea-level fall in early Ypresian. Lastly, as the age
dating of the boundary Yp2WD is hard to define accurately
because of biostratigraphic limitation, it is likely to be
comparable to a significant eustatic sea-level drop docu-
mented close to the Ypresian/Lutetian contact, at the base of
the TA3.1 cycle of Haq et al. (1987). The boundary Yp2WD
correlates with the boundary Yp10 of Hardenbol et al.
(1998) that occurred at 50.02 Ma.

5.3.5 Comparison with the New Jersey Passive
Continental Margin

The Ocean Drilling Program on the New Jersey passive
continental margin has set a new global sea-level record for
the past 100 M.y. with implications for causal mechanisms
for 106-year changes (Miller et al., 2005). Fourteen late
Cretaceous sequences and thirty-three Paleocene to Miocene
sequences were identified and dated by integrating bios-
tratigraphy, Sr-isotopic stratigraphy and magnetostratigra-
phy to establish a chronology with an age resolution of better
than ± 1.0 M.y. for the Cretaceous and ± 0.5 M.y. for the
Cenozoic (Miller et al., 2004). The sequence boundaries
Ca/MaWD, L/UMaWD, Da/SelWD, Th/YpWD, Yp1WD
and Yp2WD can be firmly linked with the hiatuses at the
tops of the sequences Marsh, Nav1, Pa2, E1, E3 and E6a of
the Miller et al. (2005) record, respectively (Fig. 15). In the
Farafra Oasis, the hiatuses associated with the boundaries
Th/YpWD and Yp1WD are of long duration relative to their
counterparts on the sea-level curve of Miller et al. (op. cit.),
whereas the boundaries Ma/DaWD, Sel/ThWD and ThWD
have no equivalents denoting that the regional tectonics were
responsible for their initiation.

5.4 Remarks on Inferred Sea-Level Falls

The relative changes in sea level have left their mark on the
Maastrichtian-Ypresian sediments of the southern and cen-
tral Western Desert. This has resulted in the formation of
sequence boundaries, which typify either eustatic or regional
sea-level falls. High biostratigraphic resolution allows cor-
relation of these boundaries within and outside of Egypt.
Most of the inferred boundaries are closely related to those
recorded in the Eastern Desert, the Sinai Peninsula, Libya,
Tunisia, the Arabian Platform, Western Europe and the New
Jersey continental margin in addition to those given by EPR,
denoting that they are mostly global in origin and formed in
response to eustatic sea-level falls. Some boundaries, espe-
cially in the Farafra Oasis, were developed in relation to
tectonic activity. The studied sequence boundaries are nearly
similar to those previously described by Hewaidy et al.
(2006), and El-Azabi and Farouk (2011). Only the bound-
aries L/UMaWD and Sel/ThWD are not evident in the work
of Hewaidy et al. (2006).

Correlation with the sea-level records of Tunisia reflects
mostly simultaneous changes in sea level, but the agreement
is not close to Libya since no informative data are available.
The boundaries Ma/DaWD, Da/SelWD and Sel/ThWD that
are attributed to regional tectonics reveal longer-term hia-
tuses than their coevals in the sea-level records of Tunisia.
This asserts that they were initiated because of tectonic
activity with a little influence from eustatic changes. Also,
the sea-level fall marking the P3a/P3b subzonal boundary in
many Tunisian sections cannot be proved in the Western
Desert. Comparison with the sea-level changes of the Ara-
bian Plate shows that most the studied boundaries are
regional in nature. Others boundaries that have no corre-
spondence in the Arabian Plate imply an overriding control
by local tectonics.

Correlation with the eustatic sea-level curves of Haq et al.
(1987), Haq (2014) and Miller et al. (2005) highlights many
similarities. Of nine sea-level falls recorded in the southern
oases, six display eustatic origin (Ca/MaWD, L/UMaWD,
Da/SelWD, Th/YpWD, Yp1WD, Yp2WD, Fig. 15). The
boundaries Ma/DaWD, Sel/ThWD and ThWD have no
equivalents in the eustatic cyclic charts of Haq et al. (1987),
affirming that the tectonics cannot be completely ruled out in
the southern Western Desert. The boundary Da/SelWD,
which is considered to be of regional significance, attended
the latest Danian sea-level fall on the eustatic sea-level
curves of Haq et al. (op. cit., top Zone P3b). The three
boundaries Ma/DaWD, Sel/ThWD and ThWD have also no
correspondences on the sea-level curve of Miller et al.
(2005). Most of the sea-level falls defined in the Farafra
Oasis do not coincide with the eustatic charts. The bound-
aries Ma/DaWD, Sel/ThWD and ThWD have also no
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apparent correlations with these global sea-level charts. The
boundaries Sel/ThWD, Th/YpWD and Yp1WD have a much
longer time gap relative to their coevals on the eustatic
sea-level charts (Fig. 15). This confirms that regional tec-
tonics played a major role in the generation of depositional
sequences in the Farafra Oasis along with minor eustatic
controls.

Regarding the cyclic charts of Hardenbol et al. (1998),
similarities in sea-level falls are remarkable. Most (6 of 9) of
the studied boundaries are detected. Good correlations exist
for the boundaries Ca/MaWD, L/UMaWD, Da/SelWD,
Th/YpWD, Yp1WD and Yp2WD, indicating a global cause
(Fig. 15). However, the hiatuses related to the boundaries
Da/SelWD, Th/YpWD and Yp1WD have a long duration in
the Farafra Oasis. The long-term hiatus across the
Selandian/Thanetian transition was responsible for the
elimination of PaTh1, PaTh2, PaTh3, PaTh4 and PaTh5
sequence boundaries on the cyclic charts of Hardenbol et al.
(op. cit.).

5.5 Evolution of the Maastrichtian-Ypresian
Sequences

The interaction of global eustatic sea-level changes and
regional tectonics, besides the changes in clastic supply and
climate, has greatly influenced the facies, paleoenvironments

and spatial distribution of the Maastrichtian-Ypresian sedi-
ments. The current multi-disciplinary sequence stratigraphy
contributes significantly in revealing the way in which the
depositional sequences were developed and changed
throughout the Maastrichtian-Ypresian time. The Dakhla
Basin is a NW–SE trending intra-shelf basin located in central
Egypt. It was bounded to the northeast by the Assiut Basin, to
the southeast by the Aswan uplift and to the southwest by the
Gilf El-Kebir-Uweinat uplift (Fig. 16). The bottom of the
Dakhla Basinwas affected by deep-seated basement faults that
have repeatedly been rejuvenated during the Phanerozoic
(Schandelmeier et al., 1987). This led to the initiation of
several paleo-structural highs and lows striking in an
ENE-WSW direction during the late Carboniferous-early
Jurassic (Klitzsch, 1986). These submerged highs and lows
along with frequent sea-level changes governed the paleoen-
vironments and resultant facies in the studied sequences.

The Dakhla Basin was bathed at inner to outer shelf
depths that were interrupted at times by sea-level falls and
subaerial exposures throughout the Maastrichtian-Ypresian
time. The first marine invasion, which started during the
early Maastrichtian zones CF8b to CF7, initiated a deep
marine setting in the Farafra Oasis and extended to a shallow
sea in the southern oases. Because of the relative sea-level
rise, a retrogradational shallow to deep subtidal shale was
deposited under a tropical to sub-tropical climate (lower
Mawhoob Shale Member, MSQ1, Fig. 11). In the Farafra

Fig. 16 Late Maastrichtian paleogeographic/paleotectonic map shows the depositional setting of the Dakhla Basin (modified after El-Azabi &
Farouk, 2011)
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area, a retrogradational foraminiferal wackestone was
deposited indicating deposition in the middle to outer shelf
setting beyond the reach of the clastic influx (lower Khoman
Formation, MSQ1, Fig. 13). Later, when the rate of
accommodation increase began to fall, during zones CF6 to
CF5, a progradational shallow subtidal shale with low
diversity benthics was deposited (upper Mawhoob Shale
Member, MSQ1, HST, Fig. 11). At the same time, a
progradational deep subtidal wackestone was deposited in
the Farafra area (MSQ1, HST, Fig. 13). A minor drop in
global sea level that occurred in the late early Maastrichtian
terminated these regressive deposits (sequence boundary
L/UMaWD).

During the late Maastrichtian Zone CF4, the increasing
rate of relative sea-level rise caused deposition of retrogra-
dational subtidal wackestone, floatstone and shale with
dominant, low diversity benthic species and oysters in the
southern areas, and deep middle shelf wackestone in the
Farafra area (Beris Mudtone Member, upper Khoman For-
mation, MSQ2, TST, Figs. 11 and 13). Later, as the rate of
sea-level rise declined, during Zone CF3, a progradational
shallow subtidal shale was deposited (lower Kharga Shale,
MSQ2, HST, Fig. 11). In the Farafra area, the HST is
characterized by progradational wackestone and
lime-mudstone that denote deposition in deep subtidal and
lower intertidal settings, respectively. Deposition of the HST
matches the onset of a prolonged regional uplift due to
emersion of the Bahariya Arch that is linked with the K/Pg
event. The cooling of the global climate and the lowering of
sea level (Keller, 2004) accentuate this event. The global
cooling reached its maximum at 65.5 Ma (Li et al., 2000).
The studied areas were subaerially exposed during the latest
Maastrichtian zones CF2 and CF1 through early/late Danian
zones P0 to P1b and c (boundary Ma/DaWD). This caused
severe erosion and accumulation of thin channel fill con-
glomerate during the sea-level drop (DaSQ1, LST, Fig. 11).

The long-lived latest Maastrichtian uplift was followed
by the initiation of open shelf conditions during the mid-late
Danian. This sea-level rise took place during Zone P1c in the
Dakhla and Farafra areas, and Zone P2 in the Kharga area. It
began with deposition of a back-stepping middle to outer
shelf shale in the southern areas (DaSQ1, TST, Fig. 11). In
the Farafra, deposition started with wackestone and shale of
deep middle to outer shelf setting (zones P1c to P2, Fig. 13).
This was followed by deposition of shallow middle shelf
shale at Ain Maqfi (Zone P3a, HST, Fig. 13). The HST is
missing in other sections, likely due to erosion during the
subsequent sea-level fall and subaerial exposure. These
deposits, in the southern oases, are dominated by a progra-
dational shallow middle shelf shale (Zone P3, HST, Fig. 11).
The MFS coincides with the P2/P3 zonal boundary. During
zones P2 to P3, the Beris area was submerged at inner shelf
depths. Retrogradational limestone and shale were

developed in a shallow to deep subtidal setting. This was
succeeded by progradational, shallow subtidal packstone and
rudstone due to relative sea-level fall (Kurkur Formation,
DaSQ1, Fig. 11). A subsequent long-term fall in relative sea
level combined with regional uplift caused subaerial expo-
sure and the initiation of boundary Da/SelWD.

During the Selandian Subzone P4a and Thanetian Sub-
zones P4b-c 'base', the studied areas were inundated again
due to a short-lived, rapid sea-level rise. The increasing
accommodation space caused a deepening of the environ-
ment and deposition of outer shelf shale in the Kharga and
Dakhla areas (SelSQ1, ThSQ1, TST, Fig. 11) that displays a
high dominance of planktic species. Later, the increasing
accommodation space slowed down, allowing progradation
of deep subtidal shale with sharply reduced P/B ratios
(SelSQ1, ThSQ1, HST, Fig. 11). Concurrently, a transgres-
sive shallow middle shelf packstone followed by a regressive
shallow subtidal wackestone was formed on the Beris sub-
merged paleo-high (SelSQ1, ThSQ1, Fig. 11). In the Farafra
area, a rapid relative rise of sea level led to deposition of
retrogradational outer shelf packtone and shale (SelSQ1,
ThSQ1, TST, Fig. 13), which was followed by the laying
down of shallow middle shelf shale/packstone, and lower
intertidal lime-mudstone (SelSQ1, ThSQ1, HST, Fig. 13).
Sequence ThSQ1 ended with a minor sea-level fall at the top
of the late Thanetian Subzone P4c 'base'.

Marine incursion soon followed during the late Thanetian
Zone P4c 'top'. It began with deposition of retrogradational
foraminiferal wackestone, packstone and shale of middle to
outer shelf setting (ThSQ2, TST, Fig. 11). These
planktic-rich sediments were followed by accumulation of
progradational shallow middle shelf shale. Time-correlative
facies, consisting of a transgressive shallow middle shelf
packstone followed by a regressive shallow subtidal
wackestone, were accumulated over the Beris paleo-high
(ThSQ2, Fig. 11). Meanwhile, deposition started in the
Farafra area with shallow middle shelf shale and packstone,
succeeded by deep subtidal shale and intertidal
lime-mudstone (ThSQ2, Fig. 13). The reduced thickness of
sequence ThSQ2 is due to the near absence of Zone P5 at the
bottom of the Esna Formation. A minor hiatus terminated
sequence ThSQ2 at the P5/E1 zonal boundary, which is
attributed to a brief global warming. This hiatus led to the
modification of the local tectonic uplift that developed at the
top of Zone P4c in the Farafra area.

The worldwide-elevated temperatures at the P/E bound-
ary have caused the initiation of warm, low-oxygen bottom
waters, carbonate dissolution and a major extinction of
benthic species (Berggren & Aubry, 1998). This resulted in
the disappearance of the planktic foraminifera. Subse-
quently, a progressive return to normal marine conditions led
to a gradual increase in abundance and diversity of for-
aminifera. Thus, outer shelf shale was laid down during the
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transgressive event (YSQ1, zones E1 to E3 ‘lower part’,
TST, Fig. 11). The high clastic input from the south gave
rise to widespread shale deposition. Locally in Shakhs
El-Obeiyid and NE Ain Dalla, a switch to carbonate sedi-
mentation, represented by middle to outer shelf wackestone,
took place (YSQ1, Fig. 13). In the southern areas, the TST
was followed by accumulation of a progradational deep
subtidal shale during the regressive event (YSQ1, Zone E3
‘upper part’, HST, Fig. 11). Meantime, shallow middle shelf
wackestone/shale, shallow subtidal shale and intertidal
lime-mudstone prevailed in the Farafra area (YSQ1, HST,
Fig. 13). Sequence YSQ1 was terminated by a minor fall in
relative sea level with the initiation of boundary Yp1WD. In
the Farafra area, this boundary is linked with a long-lived
hiatus and subaerial exposure with dolomite formation dur-
ing the early Ypresian Zone E4.

During Zone E4, another marine invasion took place,
most likely assisted by rising eustatic sea level. It started
later in the Farafra area during Zone E5. The marine
invasion caused deposition of transgressive middle to outer
shelf shale in the southern oases and middle to outer shelf
shale and wackestone in the Farafra area (YSQ2, TST,
Figs. 11 and 13). These deposits were succeeded by
deposition of a progradational middle to deep inner shelf
shale and then by thick aggradational shallow subtidal
wackestone to packstone and deep subtidal shale (YSQ2,
HST, Fig. 11). In the Farafra area, progradational to
aggradational inner shelf shale, shallow subtidal alveolinid
wackestone and nummulitic packstone, and lower intertidal
lime-mudstone prevailed as the relative sea-level rise pro-
gressively slowed (YSQ2, HST, Fig. 13). Deposition of the
highstand deposits denotes the onset of regional tectonic
uplift during the latest Ypresian with the initiation of
sequence boundary Yp2WD.

6 Conclusions

Three coeval facies associations, namely Garra El-Arbain,
Nile Valley and Farafra, typify the depositional sequences of
the southern and central Western Desert. These facies pro-
vide an excellent model for understanding the interaction
between eustasy, tectonics and sediment supply. They are
truncated by eight sequence boundaries; their correlation
regionally, interregionally and with those of Western Eur-
ope, the New Jersey continental margin and the EPR data
indicates that they are developed as a result of eustatic
sea-level changes associated with regional tectonics, as
evidenced by the global recognition of at least five of the
eight inferred sea-level falls. The tectonics was significant in
generating sequence boundaries with long-term hiatuses in
the Farafra Oasis. The studied sequences show vertically
stacked transgressive and regressive deposits. They remain

incomplete due to the lack of lowstand deposits. The evo-
lution of these sequences was managed primarily by global
changes in sea level, and partly by tectonics. The type,
thickness and facies change of these eustatically and tec-
tonically induced sequences were also influenced by the
paleo-relief irregularities of the Dakhla Basin, variable sed-
iment influx and differential sedimentation rate. Such
sequence stratigraphic framework provides a template for
future progress to a unified sequence stratigraphic scheme
for the whole of Egypt.
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The Eocene–Oligocene Vertebrate
Assemblages of the Fayum Depression,
Egypt

Panagiotis Kampouridis, Josephina Hartung, and Felix J. Augustin

Abstract

The Fayum has yielded one of the oldest and richest
records of fossil mammals from Africa. Today, the Fayum
Depression represents an oasis in the Western Desert of
Egypt, south of Cairo, and contains several localities that
are world renowned for their diverse Eocene to Oligocene
vertebrate assemblages. The fossil sites of the Fayum area
have provided numerous extraordinarily well-preserved
vertebrate remains including complete skulls and partial
skeletons of turtles, crocodiles, birds, and mammals.
Thus, the Fayum Depression has shed light onto the
evolution and biogeography of vertebrates during the
Paleogene leading to the establishment of two new orders,
several new families and subfamilies, and numerous new
species of mammals. In recent years, these fossils have
provided clues about ecological aspects of some groups
using new methods such as stable isotope analysis and
µCT scanning. Despite the fact that the Fayum Depres-
sion represents a historical excavation site that has been
excavated and studied by numerous famous palaeontol-
ogists since the nineteenth century, the area continues to
provide new insights into the evolution of mammals
during the Eocene to Oligocene, greatly improving our
understanding of early Cenozoic vertebrate evolution.
This chapter presents a historical review of the excava-
tions in the Fayum Depression and a taxonomic overview
of its fossil fauna. Special focus was placed on the
taxonomy and, where applicable, ecology of terrestrial
mammals from the historical Paleogene Fayum localities.
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1 Introduction

The Fayum Depression (Fig. 1) represents today an oasis
approximately 80 km southwest of Cairo, in the Western
Desert of Egypt (El-Shabrawy & Dumont, 2009). The region
is renowned for its plethora of fossiliferous localities, which
demonstrate extremely rich and diverse Eocene to Oligocene
vertebrate assemblages (Andrews, 1906a; Seiffert et al., 2008;
Simons & Rasmussen, 1990). These vertebrate localities of
the Fayum Depression have been excavated and studied
extensively by numerous famous palaeontologists since the
nineteenth century, including Charles W. Andrews, Eberhard
Fraas, Ernst Stromer von Reichenbach, and Henry F. Osborn.
These palaeontologists, along with many others after them,
provided detailed studies about the Fayum fossils and
revealed new information about the Eocene to Oligocene
mammal communities of Africa, thereby elucidating the ori-
gin and early evolution of many mammal groups (e.g. de
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Vries et al., 2021; Simons, 2008; Simons & Rasmussen,
1990). Some of the most extensively studied mammal groups
include the Proboscidea, Cetacea, and Primates, which sig-
nificantly advanced our knowledge on these groups.
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The aim of this chapter ismainly twofold:first, we present a
historical review of the excavations that were carried out in the
Fayum Depression, and second, we provide a taxonomic
overview of its fossil vertebrate fauna. For this, we almost
exclusively focused on the terrestrial vertebrates, but also refer
to aquatic mammals, cetaceans, and sirenians, while other
aquatic taxa such as fishes were excluded. As the majority of
studies dealing with the palaeontology of the Fayum
Depression focused on terrestrial mammals and cetaceans,
this is also reflected herein and accordingly, these groups
received the most attention, seconded by reptiles and birds.
Moreover, a short introduction to the geology of the Fayum
Depression and the three different terrestrial vertebrate-
bearing formations is given at the beginning. Finally, as a
conclusion, we discuss the importance of the Fayum
Depression for our understanding of mammalian evolution.

Fig. 1 Geographical and stratigraphical setting of the Fayum Depression (Egypt): a stratigraphical context of the Upper Eocene to Lower
Oligocene Fayum deposits. b Geographical map of Egypt showing the position of the Fayum Depression, created with GMT6 (Wessel et al.,
2013). c Geological map of the northern part of the Fayum Depression (modified after Sallam et al., 2011). d Reconstruction of the iconic
Arsinoitherium in the Early Oligocene Fayum forest (Andrews, 1906a)

2 Historical Overview

The first fossils from the Fayum Depression were discovered
by Orlebar (1845), who studied the geology of the Egyptian
deserts. He described many fossils, including several
invertebrates, as well as plant remains, comprising up to
20-m-long tree trunks. Orlebar (1845) even reported some
mammalian remains, without any description of the speci-
mens though.

The German botanist Georg August Schweinfurth was the
first to conduct a detailed geological survey in the area of the
Fayum Depression in 1877. In 1879, he collected several
shark teeth and cetacean bones from Gezirit El Qarn, a small
island within the Birket Qarun Lake. Shortly after, this
material was studied by Dames (1883a). Schweinfurth con-
tinued his work in the Fayum Depression, uncovering more
vertebrate fossils (Schweinfurth, 1886). After receiving
further material from Schweinfurth, Dames (1894) described
the first fossil whale species from Egypt, Zeuglodon osiris
(today known as Saghacetus osiris).
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Later, in 1898, the British geologist Hugh John Llewellyn
Beadnell was employed by the Egyptian Geological Survey
to conduct a geological expedition to the Fayum Depression.
Beadnell published his findings initially as a preliminary
report on the Fayum Depression and its Paleogene fauna
(Beadnell, 1901) and later in a monograph about the geology
of the region (Beadnell, 1905). During his fieldwork in the
marine sediments north of Birket Qarun, Beadnell and his
team found numerous vertebrate fossils, which he sent to the
Natural History Museum of the UK in London. There they
were studied by British palaeontologist Andrews (1899),
who was intrigued by the material and subsequently trav-
elled several times to the Fayum Depression himself to
collect fossils. In April 1901, Beadnell was accompanied by
Andrews in his fieldwork in the Fayum Depression.
Andrews returned to Egypt in the spring of 1902 and 1903,
collecting a considerable number of specimens, which he
included in his monumental monograph on the vertebrates
from the Fayum fauna (Andrews, 1906a). This work repre-
sents, to this day, the most important and extensive study on
the macrovertebrate fossils from Egypt.

Between 1897 and 1899, the German geologist Max
Blanckenhorn was employed by the Geological Survey of
Egypt to study the geology and collect fossils from Egypt. He
published hisfindings in 1900, including an examination of the
stratigraphy of the Fayum Depression (Blanckenhorn, 1900).
In 1902, he returned to Egypt together with the German
palaeontologist Ernst Freiherr Stromer von Reichenbach to
collect fossils, including a large collection of mammal
remains, which were sent to the palaeontological collection in
Munich (Stromer, 1902). In November 1903, Stromer returned
to Egypt for three months, mainly for the collection of Tertiary
mammals, from the Fayum Depression (Stromer, 1904).

There, he met Richard Markgraf, an Austro-German
fossil collector who was among the most important people
who excavated fossils in the Paleogene as well as in the
Cretaceous (see Augustin et al., 2023) of Egypt. In 1897,
Markgraf joined the team of German palaeontologist Eber-
hard Fraas from Stuttgart, in a palaeontological expedition to
the Fayum. Fraas taught Markgraf how to excavate fossils,
and later, after recognising his skills, he hired him to con-
tinue collecting fossils for the Staatliches Museum für Nat-
urkunde Stuttgart in Germany (SMNS) for many years.
During his second expedition to the Fayum Depression, in
1903, Stromer was accompanied by Markgraf who was
extremely helpful and remained there collecting many more
fossils, which he sent to Munich for Stromer to study them
(e.g. Stromer, 1903, 1904, 1908). In 1906, Fraas planned
another expedition to the Fayum, which was organised and
carried out thanks to Markgraf. They uncovered many
important specimens that were sent to Stuttgart. Markgraf
continued collecting fossils from the Paleogene of the
Fayum Depression and the Cretaceous of the Bahariya Oasis

(Augustin et al., 2023) until the First World War. He brought
to light some of the most important finds from the Fayum
area, such as a number of primate fossils. Because of his
astonishing achievements in the collection of fossils in
Egypt, Markgraf received the silver medal of Bene Merenti
from the Bavarian Academy of Sciences in 1902 and the
Medal of Merit of the Royal Württemberg Crown Order in
1904. Furthermore, several species were named in his hon-
our, including the primates Propliopithecus markgrafi from
the Fayum Depression (Schlosser, 1910) and Libypithecus
markgrafi from the Miocene Wadi el Natrun (Stromer,
1913). Nonetheless, he did not receive any real fame or
fortune for his services and lived a very simple life.
Unfortunately, nowadays his name has fallen into oblivion,
despite his incredible impact on the knowledge of the fossil
vertebrate faunas of Africa and their significance for our
understanding of vertebrate evolution during the Paleogene.

Another palaeontological expedition to the Fayum
Depression was organised by Marcellin Boule and Jean
Albert Gaudry from the Muséum national d’Histoire natur-
elle (MNHN) in Paris and carried out in 1904 by René
Fourtau. He was a French civil engineer who worked for the
Geological Survey of Egypt and studied invertebrates,
mainly echinoderms. During their two-week expedition they
were able to collect about 30 mammalian fossils that were
transferred to the MNHN (Tabuce, 2016).

Henry Fairfield Osborn, an American palaeontologist
who worked intensively on the evolution of Proboscidea at
the American Museum of Natural History (AMNH), decided
to organise an expedition to the Fayum Depression, in 1907,
after reading the findings of Andrews (1906a), that had a
significant impact on the understanding of proboscideans.
Osborn’s team was joined by Walter Granger and George
Olsen, who oversaw the expedition that represented Amer-
ica’s first palaeontological expedition in the Old World and
was supported by President Roosevelt (Morgan & Lucas,
2002). Osborn left the group after a short time and hired
Markgraf to assist the expedition. This expedition collected
about 550 fossils that were later studied by Osborn (1908),
who erected, among others, the new family of Ptolemaiidae,
a peculiar group of mammals, which today is placed in its
own order, the Ptolemaiida.

The material collected by these first expeditions was later
studied by many renowned palaeontologists and gave sig-
nificant insights into the evolution of several vertebrate
groups, such as Primates, Proboscidea, Sirenia, and Cetacea
(Andrews, 1899, 1906a; Osborn, 1908; Schlosser, 1911;
Stromer, 1916). Nevertheless, the Fayum fossil localities
remained forgotten for almost five decades, mainly due to the
two world wars, with the only expedition in the area carried
out in 1947 by a team led by American archaeologist Wendell
Phillips, from the University of California at Berkeley. Then,
a renewed period of extensive excavations in the Fayum



Depression began with Elwyn LaVerne Simons. After
describing a skull fragment of an anthropoid, Simons (1959)
initiated a new series of excavations in the area that lasted
from 1961 until 1967. The main purpose of these expeditions
was the search for further primate remains and small mam-
mals, which were under-represented in the old Fayum col-
lections (Simons & Rasmussen, 1990). In 1971, the
exploration for the Fayum fossils continued under the lead-
ership of Simons. This time the fieldwork and studies carried
out in the Fayum area were marked by the interdisciplinary
approach of the researchers, with the inclusion of specialists
from different fields that also led to the first precise dating of
the sedimentary rocks in the Fayum Depression (Bown &
Kraus, 1988; Kappelman, 1992; Kappelman et al., 1992;
Seiffert, 2006; Seiffert et al., 2008; Van Couvering & Harris,
1991). The efforts of Simons and his team shed new light on
the classical vertebrate assemblages of the FayumDepression,
revealing previously unknown details about the locality and
many new extraordinary fossils. Palaeontological excavations
in the area and the study of the new, but also the re-evaluation
of old material continue to this day, producing consistently
new research about the Paleogene fauna of Egypt (e.g.
Al-Ashqar et al., 2021; El-Sayed et al., 2020; Gohar et al.,
2021; Sallam & Seiffert, 2019).
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3 Geology of the Fayum Depression

The geology of the Fayum Depression has been studied by
numerous researchers over the last two centuries. The most
important studies on the geology of the Fayum area include
Beadnell (1905), Bown and Kraus (1988), and Gingerich
(1992). The Fayum Depression represents a 120-km-wide
Graben structure filled with Eocene–Oligocene sediments
that have been deposited unconformably on top of Upper
Cretaceous sediments (Salem, 1976). The terrestrial
vertebrate-yielding sediments in the northern part of the
Fayum Depression (Fig. 1) belong to three different forma-
tions, which range in age from the Late Eocene to the Early
Oligocene and are overlain by the Widan el Faras Basalt.
The thickness of this basalt varies from 2 to 25 m, and it has
been radio-isotopically (40Ar/39Ar) dated to
23.64 ± 0.035 Ma (Kappelman et al., 1992). Both the
Paleogene sediments and the Widan el Faras Basalt are
overlain by Neogene sediments of the Khashab Formation.

3.1 Birket Qarun Formation

The stratigraphically lowest formation that includes terrestrial
fossils is the Birket Qarun Formation (Birket el Qarun Series
after Beadnell, 1905). The thickness of the Birket Qarun
Formation ranges from 20 to 85 m and includes mainly clays,

shales, thick fine-grained sandstones, but also ferruginous
bioclasts and calcareous grits (Anan & El Shahat, 2014;
Zalmout & Gingerich, 2012). One of its most characteristic
layers is the CampWhite Layer, which can be up to 2 m thick.
It is known for its richness in marine mammals (Gingerich,
1992) and for the existence of vertical, rod-like structures
which had been interpreted as “mangrove pneumatophores”,
but were most recently re-evaluated and described as burrows
of different invertebrates (Gee et al., 2019).

The Birket Qarun Formation comprises an unnamed
lower member and the Umm Rigl Member. The assignment
of the Umm Rigl Member to the Birket Qarun Formation has
been questioned in the past (see King et al., 2014) and its
attribution to the overlying Qasr el Sagha Formation has
been proposed instead (Gingerich, 1992). Seiffert et al.
(2008) discussed the history of the Birket Qarun Formation,
including the Umm Rigl Member, and supported the original
position of the latter in the Birket Qarun Formation, because
it is consistent with previous works and because of the lack
of any distinctive features that would allow its association
with the Qasr el Sagha Formation. Herein we follow Seiffert
et al. (2008) in regarding the Umm Rigl Member as part of
the Birket Qarun Formation.

The Birket Qarun Formation contains in total nine fossilif-
erous localities (Rasmussen et al., 1992; Sileem et al., 2015),
whereas the UmmRigl Member specifically includes one of the
richest fossil sites, called Birket Qarun Locality-2 (BQ-2, see
Fig. 1a and c). It was discovered in 2000 and has yielded a very
rich fauna with an age of * 37 Ma, representing one of the
most diverse vertebrate localities in the Paleogene of
Afro-Arabia (Seiffert et al., 2008). BQ-2 represents the oldest
primate-bearing locality in Egypt, with the coexistence of five
primate taxa: Karanisia clarki and Saharagalago misrensis
(Seiffert et al., 2003),Biretia fayumensis andBiretia megalopsis
(Seiffert et al., 2005), and Masradapis tahai (Seiffert et al.,
2018). The fauna also contains several fish taxa (El-Sayed et al.,
2020; Murray et al., 2010), snakes (McCartney & Seiffert,
2016), and a very rich mammalian assemblage, including pro-
boscideans, hyracoids, herodotiines, ptolemaiids, creodonts,
anomaluroid and hystricognathous rodents, chiropterans, and
insectivores (Seiffert et al., 2005, 2008; Simmons et al., 2016).

The palaeoenvironment of the Birket Qarun Formation,
including BQ-2, has traditionally been regarded as marine
(Anan & El Shahat, 2014; Beadnell, 1905; Gingerich, 1992;
Kappelman et al., 1992; Van Couvering & Harris, 1991;
Wanas, 2008). Gingerich (1992) suggested that the Birket
Qarun Formation represents an offshore barrier bar complex
parallel to the Tethys shoreline. However, Seiffert et al. (2005,
2008) suggested that BQ-2 represents a fluvial environment.
The ichthyofauna from BQ-2 has recently been studied in
detail and suggests a freshwater environment, with some
nearshore marine influences (El-Sayed et al., 2020; Murray
et al., 2010).
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3.2 Qasr el Sagha Formation

The Qasr el Sagha Formation was initially described as the
“Qasr el Sagha Series” by Beadnell (1905) and later also used
by Said (1962). It includes Late Eocene sediments that can be
up to 200 m thick and can be divided into two to four mem-
bers, depending on the authors (El-Younsy & Salman, 2021;
Gingerich, 1992, 1993). As already mentioned above, herein
the UmmRiglMember will be considered as part of the Birket
Qarun Formation (following Seiffert et al., 2008). Therefore,
the lowermost part of theQasr el Sagha Formation is theHarab
Member, which consists of 30–40 m of brown shales (Gin-
gerich, 1992). It is overlain by the TempleMember, which can
be up to 80 m thick. It consists of thin layers of highly fos-
siliferous, glauconitic and limonitic arenaceous limestones,
fine rippled, cross-laminated and highly bioturbated siliceous
sandstones interbedded with thick laminated siltstones and
gypsiferous sandy mudstones (El-Younsy & Salman, 2021).
The upper part of the Qasr el Sagha Formation is composed of
the Dir Abu Lifa Member, which can be up to 80 m thick. It
comprises colourful, cross-stratified sandstones, alternating
with siltstone, silty claystone and shale, topped by a yellow,
fine-to-coarse sandy limestone, with many gradational to
erosional surfaces in between (El-Younsy & Salman, 2021).
The Dir Abu Lifa Member is overlain by the Gebel Qatrani
Formation with an erosional contact.

The Upper Eocene Qasr el Sagha Formation contains eight
fossiliferous localities (Rasmussen et al., 1992; Sileem et al.,
2015). The TempleMember has yielded only few, and mostly
marine, mammals (Bown & Kraus, 1988; Holroyd et al.,
1996). Most vertebrate fossils have been recovered from the
Dir Abu Lifa Member (Bown & Kraus, 1988), including
fishes, crocodilians, turtles, snakes, and some mammalian
representatives, including sirenians, cetaceans, and pro-
boscideans. Recent re-evaluation of the sequence stratigraphy
of the Qasr el Sagha Formation shows that it was deposited in
a range of depositional environments, from shallow marine to
fluvial environments (El-Younsy & Salman, 2021).

3.3 Gebel Qatrani Formation

The Gebel Qatrani Formation (also referred to as Jebel
Qatrani, Gabal Qatrani, and Djebel Qatrani Formation) was
initially named “Fluvio-Marine Series” by Beadnell (1905),
but was later re-described by Said (1962). It lies uncon-
formably on the Qasr el Sagha Formation and is topped by the
Widan el Faras Basalt. TheGebel Qatrani Formation is of Late
Eocene to Early Oligocene age (Beadnell, 1905; Bown et al.,
1982; Kappelman et al., 1992; Murray, 2004) and can be up to
300 m thick. The Gebel Qatrani Formation contains varie-
gated sandstones and mudstones with minor carbonates and
chert pebble conglomerates and pebbly mudstones (Bown

et al., 1982). It has been suggested that it can be subdivided
into three members (see El-Younsy & Salman, 2021).

The Gebel Qatrani Formation has been divided into two
sequences, the “Lower Fossil Wood Zone” and the “Upper
Fossil Wood Zone” (Simons & Wood, 1968). These two
zones are separated by a marker bed, consisting of
cliff-forming baryte sandstones. The formation consists
mainly of alluvial sediments of meandering rivers deposited
during the Oligocene (Bown et al., 1982). Remarkably, it
represents the first major terrestrial sedimentation in Egypt
since the Cretaceous (Bown & Kraus, 1988). Some minor
developments of shorelines and shallow marine facies con-
tinuing for short periods of time are also present however, as
indicated by thin sandstones bearing marine molluscs (Bown
& Kraus, 1988; Salem, 1976). Bown et al. (1982) proposed
that the environment of theGebel Qatrani Formation, in which
several primate taxa coexisted, represented a sub-tropical to
tropical lowland plain, with several large meandering streams
and extensive ponds (contra Kortlandt, 1980). Murray (2004)
studied the fish assemblage from the Gebel Qatrani Forma-
tion, which supports the existence of swampy rivers with
overgrown banks, along with abundant vegetation, as also
proposed by previous studies (Rasmussen et al., 1987; Wing
& Tiffney, 1982). Fossil flora evidence outlined that during
the Paleogene, a belt of tropical forests stretched along the
coast of the Tethys Ocean, surrounding the Fayum area and its
vicinity, whereas some distance further inland a belt of open
wood land or even a steppe-like vegetation existed during
large parts of the Paleogene (e.g., El Atfy et al., 2021).

The vast majority of the over 100 vertebrate localities of
the Fayum Depression are distributed throughout the Gebel
Qatrani Formation (Rasmussen et al., 1992). Of these, eight
have produced almost 90% of the total mammalian remains
(Rasmussen et al., 1992; Sileem et al., 2015); these sites are
the quarries A, B, E, G, I, M, V, and Locality 41 (L-41). The
site L-41 represents, with an age of about 34 Ma, the oldest
and richest fossiliferous locality in the Gebel Qatrani For-
mation (Sallam et al., 2011; Simons, 2008) and has brought
to light a very diverse fauna, comprising fishes (Murray,
2004), birds (Miller et al., 1997; Rasmussen et al., 2001),
and a very rich mammalian fauna. It consists mainly of
hyracoids, as well as rodents, primates, creodonts, macro-
scelideans, and anthracotheres, indicating a forested envi-
ronment (Gagnon, 1997).

4 Fauna Overview

4.1 Reptilia

4.1.1 Serpentes
The fossil record of snakes in the Fayum Depression is
rather limited. Andrews (1901a) described the very large



Gigantophis garstini, based on a series of 20 associated
vertebrae from the Qasr el Sagha Formation. He originally
compared it to the extant genus Python, while assigning it to
the Boidae (Andrews, 1906a). Recently, however, this taxon
was placed in the Madtsoiidae (McCartney & Seiffert, 2016).
One year later, a revision of this taxon suggested an esti-
mated length of about 7 m, a sister-taxon relationship to the
latest Cretaceous Indian snake Madtsoia pisdurensis and
discussed potential biogeographical implications for the
group (Rio & Mannion, 2017).
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Andrews (1901a) described another somewhat smaller,
but still relatively large, snake species, Moeriophis schwe-
infurthi, based on vertebrae from the Qasr el Sagha For-
mation. A few years later, Andrews (1906a) assigned this
species to the palaeophiid genus Pterosphenus, erected by
Lucas (1898). Andrews (1906a) also suggested that Ptero-
sphenus schweinfurthi was aquatic, as indicated by the high
frequency of its remains in the Qasr el Sagha Formation
along with fully aquatic vertebrates like fishes, sirenians, and
whales; this notion was also supported by a more recent
study (McCartney & Seiffert, 2016).

Recently, the new excavations at BQ-2 in the Birket
Qarun Formation brought to light a large collection of snake
material (McCartney & Seiffert, 2016). McCartney and
Seiffert (2016) recognised the two previously described
Fayum snakes together with a variety of other snake taxa,
including two distinct booids, a tropidophiid, a probable
russellophiid, and a new colubroid, Renenutet enmerwer.
The authors also suggested a niche partitioning between the
smaller snakes, where small mammals, including rodents,
small hyracoids, and primates, as well as small fishes and
lizards would be potential prey items for these species
(McCartney & Seiffert, 2016).

4.1.2 Varanidae
Since the first discovery of vertebrate fossils in the Fayum
Depression, in the nineteenth century, no lizards had been
found in its Paleogene deposits until recently. Smith et al.
(2008) reported a single posterior presacral vertebra of a
varanid, from the Early Oligocene Quarry I of the Gebel
Qatrani Formation. This vertebra was considered the oldest
African record of a stem Varanus (Smith et al., 2008). Soon
after, Holmes et al. (2010) studied a large collection of
vertebrae, from the Late Eocene BQ-2 of the Birket Qarun
Formation and from the Oligocene Quarries I and M of the
Gebel Qatrani Formation, which they assigned to the genus
Varanus. Based on this material, the authors argued for a
potential African origin for the genus and discussed its
dispersal to the Eurasian and Australian continents (Holmes
et al., 2010). Holmes et al. (2010) pointed out some mor-
phological differences between their material and the verte-
bra described by Smith et al. (2008), the latter of which they
considered as an indeterminate varanid.

4.1.3 Testudines
Turtles are a well-represented group in the Paleogene sedi-
ments of the Fayum Depression. The first chelonian remains
were reported by Andrews (1901a) who erected three new
species, Psephophorus eocaenus, represented by some iso-
lated fragmentary postcranial elements, Thalassochelys
libyca, represented by several skulls, and the pleurodiran
Stereogenys cromeri, also represented by several
well-preserved skulls, all from the Qasr el Sagha Formation.
Two years later, the same author described three new pleu-
rodiran species Stereogenys libyca, founded on an almost
complete carapace from the Gebel Qatrani Formation,
Podocnemis antiqua from the Qasr el Sagha Formation, and
Podocnemis fajumensis from the Gebel Qatrani Formation
(Andrews, 1903a).

In the same year, a new large tortoise, Testudo ammon,
was described from a complete carapace from the Gebel
Qatrani Formation (Andrews, 1903b, 1904a, 1906a). In his
monograph about the Fayum fauna, Andrews (1906a) stud-
ied a large collection of new turtle material from the Fayum
Depression, re-examining the previously described species
and erected two new species of tortoises, Testudo beadnelli
and Testudo isis. Later, all Fayum tortoises were syn-
onymised and placed under a different generic name, as
Gigantochersina ammon (Holroyd & Parham, 2003; Lap-
parent de Broin, 2000).

Half a century after the description of the first pleurodi-
rans from the Fayum Depression, Williams (1954) described
the new pleurodiran genus and species Dacquemys paleo-
morpha from its Upper Eocene strata. More recently, Gaff-
ney et al. (2011), in their revision of the pleurodiran family
Podocnemididae, described the new pleurodiran genus and
species Albertwoodemys testudinum based on a shell from
the Early Oligocene Fayum deposits, placed “Podocnemis”
fajumensis in the genus Neochelys, and erected the new
genus Cordichelys, for Cordichelys antiqua (originally
P. antiqua; Andrews, 1903a). Cherney et al. (2020) studied
new pleurodiran material, which they referred to C. antiqua,
including a skull and a shell from the Late Eocene Birket
Qarun Formation, thus, extending the stratigraphical distri-
bution of this taxon and adding insights about its ecology, as
it was probably inhabiting marine waters.

4.1.4 Crocodyliformes
Crocodyliformes are important representatives of the Fayum
faunal assemblages. Overall, eight new species of crocodil-
ians have been described based on material from the Fayum
Depression (Andrews, 1901a, 1905a; Brochu & Gingerich,
2000; Müller, 1927). Although, many of these were later
synonymised; at least five distinct Crocodyliformes seem to
have occurred in the Eocene to Oligocene deposits of the
Fayum Depression (Brochu & Gingerich, 2000; Stefanic
et al., 2019). Andrews (1901a) described the new species



Tomistoma africanum (now referred as Eogavialis africa-
num; Stefanic et al., 2019) from the Qasr el Sagha Formation
and mentioned that crocodilian remains are very common in
this formation. Later, Andrews (1905a) erected four new
species of crocodilians from the Fayum area. He assigned
two of them to the genus Crocodylus, the “narrow-snouted”
Crocodylus articeps and the “broad-snouted” Crocodylus
megarhinus, based on well-preserved skulls from the Gebel
Qatrani Formation (Andrews, 1905a). The other two new
species were referred to Tomistoma by him (Andrews,
1905a). Tomistoma gavialoides is very common in the Gebel
Qatrani Formation, and Tomistoma kerunense is present in
the Birket Qarun Formation (Andrews, 1905a), though both
of them are now attributed to Eogavialis (see Brochu &
Gingerich, 2000). Andrews (1906a) offered a detailed
description of crocodilian material from the Fayum, referring
to all five previously described species, and to one indeter-
minate crocodilian from the Qasr el Sagha Formation,
referred to as Crocodylus sp.
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Müller (1927) studied the crocodilian material from the
Paleogene of Egypt, collected by Markgraf for Fraas and
Stromer. This work represents the most detailed study that is
dedicated solely to the Paleogene crocodilians of Egypt. He
described two new species. The first is Tomistoma cairense,
based on a skull from the Middle Eocene marine deposits of
the Mokattam Formation (Müller, 1927). The second is
Tomistoma tenuirostre, which he erected based on two
mandibular symphyses from the Gebel Qatrani Formation in
the Fayum Depression (Müller, 1927). The latter species was
afterwards assigned to the genus Eogavialis (Brochu &
Gingerich, 2000).

Brochu and Gingerich (2000) offered a short review of
the Fayum crocodylians and described the new genus and
species Paratomistoma courti, based on a partial skull and

mandible from the Middle Eocene Gehennam Formation in
Wadi al Hitan. They also discussed the taxonomic and
phylogenetic status of the Fayum gavialoids and proposed
that Eogavialis gavialoides, Eogavialis kerunense, and
Eogavialis tenuirostre represent junior synonyms of E.
africanum. The four previously suggested distinct species
are morphologically indistinguishable and only differ in their
stratigraphical position, ranging from the Late Eocene Qasr
el Sagha Formation to the Early Oligocene Gebel Qatrani
Formation (Brochu & Gingerich, 2000). Furthermore, Bro-
chu and Gingerich (2000) suggested that C. articeps repre-
sents a juvenile C. megarhinus.

Fig. 2 Skull (GPIT-PV-41686) of Eogavialis africanum (sensu
Brochu & Gingerich, 2000) from the Late Eocene to Early Oligocene
Gebel Qatrani Formation of the Fayum Depression (Egypt) collected by
Richard Markgraf in 1905 (originally described as Eogavialis
gavialoides by Müller, 1927). Scale bar is 10 cm

Stefanic et al. (2019) studied the new crocodyliform
material from BQ-2, of the Birket Qarun Formation. They
described some material assignable to Crocodylia, as well as
a non-crocodylian mesoeucrocodylian partial right dentary,
which they referred to the extinct crocodyliform clade of
Sebecosuchia. This is the first report of Sebecosuchia from
the Fayum Depression and one of its youngest records in
Africa (Stefanic et al., 2019).

4.2 Aves

The Fayum Depression has yielded the oldest diverse avi-
fauna from Africa, including at least seven orders of birds
(Rasmussen et al., 1987). However, its avifauna remained
rather poorly known until the study of Rasmussen et al.
(1987), in which they offered a detailed overview of the
Fayum birds. Until then, only four species of birds had been
known from the Fayum fauna (Andrews, 1904b; Lambrecht,
1929, 1930).

One of the most interesting features of the Fayum avi-
fauna is certainly the existence of a large flightless bird.
Andrews (1904b) described the new ratite Eremopezus
eocaenus, based on a distal end of a large left tibiotarsus
from the Gebel Qatrani Formation. Later, Lambrecht (1929)
described the new species Stromeria fajumensis, based on a
distal end of a right tarsometatarsus from the Gebel Qatrani
Formation, which he assigned to the Aepyornithidae. Later,
it was noted that these two species might in fact be syn-
onymous (Moustafa, 1974; Rasmussen et al., 1987, 2001).
Rasmussen et al. (2001) studied several newly found spec-
imens of a large bird from the Late Eocene site L-41 of the
Gebel Qatrani Formation and, based on this material, they
revised the flightless, cursorial bird from the Fayum fauna,
concluding that S. fajumensis does in fact represent a junior
synonym of E. eocaenus. In addition, they suggested that
Eremopezus belongs to its own family, Eremopezidae,
which is not closer related to any ratite lineage or any other
large bird (Rasmussen et al., 2001).

In their review of the Fayum avifauna, Rasmussen et al.
(1987) also described four new species, Nupharanassa



bulotorum, Nupharanassa tolutaria, Janipes nymphaeo-
bates, and Xenerodiops mycter and erected the new family
Xenerodiopidae for the latter one. In total, they reported the
presence of at least 17 different species, belonging to 13
families. Remains of another relatively large, potentially
flightless, bird were uncovered in the Early Oligocene
Quarry E of the Gebel Qatrani Formation, which they ten-
tatively attributed to Ameghinornithidae (Stidham & Smith,
2015). More recently, Smith et al. (2020) described the
oldest fossil owl from Africa, based on a distal end of a left
tibiotarsus from the Early Oligocene Quarry I of the Gebel
Qatrani Formation, whereas one year later El Adli et al.
(2021) described the oldest remains of a pelican from the
Birket Qarun Formation in Wadi el Hitan, based on which
they founded the new genus and species Eopelecanus
aegyptiacus.
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4.3 Mammalia

4.3.1 Marsupialia
The most basal mammalian group in the Fayum Depression
is represented by the marsupials. Only few fragmentary
specimens have been discovered, but have led to the
description of two distinct new marsupial taxa, which rep-
resent the first record of marsupials in Africa (Bown &
Simons, 1984; Gunnell, 2010). The first specimens comprise
three fragmentary mandibles, which come from the Early
Oligocene of Quarry M (Gebel Qatrani Formation) and were
initially published by Bown and Simons (1984). Later that
same year, they were described as the new species Per-
atherium africanum (Simons & Bown, 1984). Crochet et al.
(1992) erected the new genus Qatranitherium for this spe-
cies. Subsequently, Hooker et al. (2008) described some new
material of Peratherium africanum, including the first
maxilla, from the same fossil site where the holotype came
from. They concluded that Qatranitherium represents a
junior synonym of Peratherium and provided information
about the phylogenetic position of this species, indicating a
European origin for this “didelphimorph” species.

Sánchez-Villagra et al. (2007) described the new
potential “didelphimorphian” marsupial Ghamidtherium
dimaiensis, based on a fragmentary right mandible from
the Late Eocene of BQ-2 (Birket Qarun Formation), which
weighed about 300–500 g. The same authors also reported
an isolated lower tooth that might belong to the same
species or could represent a close relative, and two iso-
lated upper molars, which can be referred to another
potential marsupialian taxon, from the same locality.
However, the exact systematic position of the BQ-2
specimens could not be assessed and an association to a
marsupial-like chiropteran cannot be excluded (Sán-
chez-Villagra et al., 2007).

4.3.2 Ptolemaiida
The Ptolemaiida is an enigmatic group of medium- to
small-sized mammals, potentially assignable to Afrotheria,
comprising three genera and five species, almost exclusively
known from the Early Oligocene deposits of the Gebel
Qatrani Formation in the Fayum Depression. Over a century
ago, Osborn (1908) described the first taxon of this group,
Ptolemaia lyonsi, based on a dog-sized left mandible, only
missing the p4 and the front teeth (Fig. 3A). He erected the
new family Ptolemaiidae for this peculiar animal. He also
noted that it might represent a new order and that it is evi-
dently very different from any primate or ungulate (Osborn,
1908). Due to the fragmentary state of the specimen, Osborn
(1908) was not able to make any suggestions about the
animal’s ecology. Schlosser (1911) described new material,
including two mandibles, several isolated teeth and possibly
a radius, which he attributed to the same species. Based on
these new specimens he concluded that P. lyonsi must
belong to the carnivorous “creodont” family of Hyaen-
odontidae (Schlosser, 1911). Matthew (1918) noted that this

Fig. 3 Ptolemaiida material from the Late Eocene to Early Oligocene
Gebel Qatrani Formation of the Fayum Depression (Egypt): A left
mandible (holotype) of Ptolemaia lyonsi (Amer. Mus. No. 13269;
Osborn, 1908, figs. 1 and 2). 1, occlusal view of the dentition; 2,
lingual view of the dentition; and 3, buccal view of the mandible. B left
mandible (holotype) of Qarunavus meyeri (NHMUK PV M 10189;
Simons & Gingerich, 1974), originally referred to Ptolemaia lyonsi
(Schlosser, 1911). Scale bar is 10 cm for A1–2 and 5 cm for A3 and B



new material, described by Schlosser (1911), did not belong
to the genus Ptolemaia. Subsequently, Simons and Gin-
gerich (1974) included this material in their new genus and
species Qarunavus meyeri, which they referred to the
Ptolemaiidae, order incertae sedis, along with Ptolemaia
lyonsi. Bown and Simons (1987) erected the new species
Ptolemaia grangeri, based on a left m3 from Quarry V
(Gebel Qatrani Formation), and the new genus Cleopa-
trodon, comprising two new species Cleopatrodon ayeshae,
from Quarry V (Gebel Qatrani Formation) and Cleopatrodon
robusta, from Quarry I (Gebel Qatrani Formation), which
were described based on relatively well-preserved mand-
ibles. The same authors argued about a close phylogenetic
relationship between the genera Qarunavus and Cleopa-
trodon, to the exclusion of Ptolemaia.
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The origin and systematic position of the ptolemaiids has
been a matter of considerable debate, and the family has been
assigned to various groups, including creodonts, pantolestids,
tubulidentates, and chiropterans (Gunnell et al., 2010; Van
Valen, 1966). Simons and Bown (1995) described new
material of ptolemaiids from the Quarry V (Gebel Qatrani
Formation), including an almost complete, but distorted,
skull of Ptolemaia grangeri. Based on this new material, they
revised the previously described ptolemaiid material and
erected the new order Ptolemaiida for the genera Ptolemaia,
Qarunavus, and Cleopatrodon. Later, the group Ptolemaiida
was included in Afrotheria (Cote et al., 2007; Nishihara et al.,
2005). Seiffert (2007) also placed the ptolemaiids within the
Afrotheria and supported the previous suggestions that they
might be allied with aardvarks (Cote et al., 2007; Simons &
Gingerich, 1974). A revision of the two mandibles of Qar-
unavus meyeri supports the notion of Bown and Simons
(1987) that it shares a closer phylogenetic relationship with
Cleopatrodon than with Ptolemaia and further supports an
inclusion into the Afrotheria (Kampouridis et al. In prep).

The ecology of the ptolemaiids has remained elusive ever
since their first discovery, because the fragmentary nature of
the material does not allow for any decisive conclusions
about their preferred environment, feeding habits or any other
aspect of their ecology (Osborn, 1908; Schlosser, 1911;
Simons & Bown, 1995). Simons and Rasmussen (1990)
suggested that Q. meyeri may have been a racoon-like,
omnivorous animal, which preferred small riverside prey.

Overall, the Fayum ptolemaiids are known from only few
and mostly fragmentary specimens that record three genera
and five species (Simons & Bown, 1995). Until recently,
ptolemaiids were known exclusively from the Oligocene
deposits of the Gebel Qatrani Formation, in the Fayum
Depression. However, material assigned to Ptolemaia has
recently been reported from the Late Oligocene of Western
Turkana, in Kenya (Miller et al., 2015). Lastly, the genus
Kelba, which is known from several Miocene localities in
East Africa (Cote et al., 2007), has also been suggested to

belong to the Ptolemaiida, thus, potentially expanding the
temporal distribution of the group significantly.

4.3.3 Macroscelidea
This group was long regarded as closely related to the
Eulipotyphla, due to their overall similar appearance. Their
fossil record is extremely scanty, which has made the inves-
tigation of their origin and phylogenetic position very difficult
(e.g. Senut & Pickford, 2021; Stevens et al., 2021). Schlosser
(1910) described the first macroscelidean from the Fayum
Depression, which he named Metoldobotes stromeri in hon-
our of Ernst Stromer von Reichenbach, based on a mandible,
though he initially regarded it as an insectivoran (Schlosser,
1911). More recently, Simons et al. (1991) studied new
macroscelidean material from the Gebel Qatrani Formation.
They assigned part of this material toMetoldobotes stromeri,
while the rest of the material was used to describe the new
genus and species Herodotius pattersoni. The genus was
named after the ancient Greek historian Herodotus who had
travelled to and written about the Fayum, while the species
was named in honour of Harvard Professor Bryan Patterson,
who extensively studied the clade Macroscelidea. Subse-
quently, Simons et al. (1991) erected two new subfamilies for
these species, Metoldobotinae and Herodotinae. The Fayum
macroscelideans seem to be relatively primitive representa-
tives of this group and their morphological affinities support
their inclusion in the afrotheres (Simons et al., 1991). Later,
Holroyd (2010) included in the Herodotinae also the genera
Nementchatherium, from the Eocene of Algeria and Cham-
bius, from the Eocene of Tunisia and Algeria.

4.3.4 Afrosoricida
Today, this enigmatic group includes the tenrecs (Tenre-
coidea) and golden moles (Chrysochloridea). In the past,
these animals were associated with the Eulipotyphla. They
have a very poor fossil record and thus much about their
systematic position and origin had remained ambiguous.
Relatively recently, the first remains of these animals were
uncovered from the Paleogene sediments of the Fayum
Depression (Seiffert, 2010; Seiffert & Simons, 2000; Seiffert
et al., 2007). Seiffert and Simons (2000) described the new
genus Widanelfarasia, which included the two new species
Widanelfarasia bowni andWidanelfarasia rasmusseni, based
on partial mandibles from the Late Eocene site L-41 of the
Gebel Qatrani Formation. In the initial description, their
systematic position was not completely clear; they were
regarded as potential relatives of either the Afrosoricida or
the Eulipotyphla, though the former hypothesis was regarded
as more likely by Seiffert and Simons (2000). Seiffert et al.
(2007) described additional material ofW. bowni, which they
regarded as a tenrecomorph and also erected the new tenre-
comorph afrosoricid Jawharia tenrecoides, as well as the
new purported chrysochlorid afrosoricid Eochrysochloris



tribosphenus. Both new taxa were found in the Early Oli-
gocene site Quarry E of the Gebel Qatrani Formation (Seiffert
et al., 2007). Seiffert (2010) studied further afrosoricid
material from the Fayum Depression and described two ad-
ditional new species. The first was named Dilambdogale
gheerbranti, based on dental material from the Late Eocene
locality BQ-2 of the Birket Qarun Formation, representing
the oldest record of an afrosoricid from the Fayum succes-
sion. The second species was named Qatranilestes oligo-
caenus, based on a right mandibular fragment from the Early
Oligocene site Quarry I of the Gebel Qatrani Formation and
represents the youngest find of an afrosoricid from the
Fayum. In his phylogenetic analysis, Dilambdogale and
Widanelfarasia are placed as sister taxa of crown afrosori-
cids, though it could not be excluded that they actually rep-
resent stem tenrecoids (Seiffert, 2010). Furthermore, it has
been argued that Eochrysochloris might be a member of the
tenrecs rather than a golden mole (Pickford, 2015a).
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4.3.5 Embrithopoda
The Embrithopoda is a group of impressive large-sized, but
poorly known, afrotherians that lived during the Paleogene.
The most emblematic representative of the clade is Arsi-
noitherium. This taxon is characterised by the presence of
two huge anterior horns formed by the nasal bones and two
smaller, posterior horns formed by the frontal bones, as well
as peculiar hypsodont teeth (Court, 1992a; Sanders et al.,
2010a). Two species of Arsinoitherium have been erected
based on material from the Gebel Qatrani Formation of the
Fayum Depression. The first is Arsinoitherium zitteli
(Fig. 4), which was erected by Beadnell (1902) and repre-
sents the type species of the order. Lankester (1903) erected
a second species, Arsinoitherium andrewsi, based on a
mandible from the Fayum (Fig. 5c), that is about one-third
larger than the previously described arsinoithere material,

and also reported an almost complete skull of Arsinoitherium
zitteli. Andrews (1906a) studied a large amount of Arsi-
noitherium material from the Fayum area, recognising both
previously described species, with Arsinoitherium zitteli
representing the more abundant one. Later, Osborn (1907,
1908) reported the presence of Arsinoitherium sp. in their
material from the Gebel Qatrani Formation, without any
detailed description. Sanders et al. (2004) suggested that
Arsinoitherium andrewsi in fact represents a junior synonym
of Arsinoitherium zitteli and that the metric variation
between those two suggested species is within the expected
range of a sexually dimorphic species, with the “Arsi-
noitherium andrewsi” holotype representing the largest
known individual of Arsinoitherium from the Fayum.
However, Pickford (2015b) suggested that there is signifi-
cant variability within the Arsinoitherium material from the
Fayum Depression and considered Arsinoitherium andrewsi
as a valid species, based on some variable dental features
and their postcranial size difference. The genus Arsi-
noitherium is present throughout the Gebel Qatrani Forma-
tion in the Fayum Depression (Sanders et al., 2010a), from
L-41 at the base to Quarry M at the top of the formation
(Fig. 1a), spanning a range of approximately 34 to 30 Ma
(Kappelman, 1992; Seiffert, 2006).

Fig. 4 Arsinoitherium zitteli skeleton reconstruction (Andrews, 1906a, text—fig. 36)

The Embrithopoda was known only from the Fayum
deposits for many decades, until some discoveries of frag-
mentary remains in other Oligocene localities in Africa
(Pickford, 1986, 2017; Thomas et al., 1989; Vialle et al.,
2013; Wight, 1980). Further, material associated with Arsi-
noitherium has also been found on the Arabian Peninsula, in
the Early Oligocene of Oman (Al-Sayigh et al., 2008;
Pickford, 2015b; Thomas et al., 1989, 1999) and Saudi
Arabia (Zalmout et al., 2010). Sanders et al. (2004) descri-
bed numerous fragmentary embrithopod remains from the
Late Oligocene of Chilga (Ethiopia) (Kappelman et al.,



2003), which he referred to their new species Arsinoitherium
giganteum. This species differs from Arsinoitherium zitteli in
having larger dental dimensions, with the M2 of the holo-
type of Arsinoitherium giganteum exceeding even the large
“Arsinoitherium andrewsi” from the Fayum in size (Sanders
et al., 2004). Pickford et al. (2008) described the embritho-
pod Namatherium blackcrowense from the Middle Eocene
of Namibia, which is characterised by its very wide zygo-
matic arches. Recently, Gheerbrant et al. (2021) described
the oldest and basal-most embrithopod from the Eocene of
Morocco, erecting the new family Stylolophidae, which
includes the two species Stylolophus major and Stylolophus
minor (Gheerbrant et al., 2018, 2021). Thus, a total of three
genera and five species of Embrithopoda have been sug-
gested to be present in the Eocene to Oligocene of Africa
(Andrews, 1906a; Beadnell, 1902; Gheerbrant et al., 2018,
2021; Pickford et al., 2008; Sanders et al., 2004).
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Fig. 5 Embrithopoda material from the Late Eocene to Early Oligocene Gebel Qatrani Formation of the Fayum Depression (Egypt): a complete
skull and mandible of Arsinoitherium zitteli (NHMUK PV M 8463; Andrews, 1906a); b nasal horns of a juvenile Arsinoitherium zitteli
(SMNS-P-12611); and c mandible of Arsinoitherium zitteli (NHMUK PV M 8461b) (holotype of Arsinoitherium andrewsi Lankester, 1903). Scale
bar 40 cm for a and c and 10 cm for b

For many years, the Embrithopoda was considered
endemic to Africa (Sen, 2013). Matthew and Granger (1925)
studied the Paleogene fauna of the Gashato Formation
(Mongolia) and described the new genus and species
Phenacolophus fallax, which they did compare, but not
attribute, to arsinoitheres. More than 50 years later,
McKenna and Manning (1977) described further material of
this taxon and suggested that it represents a primitive arsi-
noithere. Some new studies support the position of Phena-
colophus as a potential stem-group member of
Embrithopoda (Erdal et al., 2016; Sen, 2013), although other
recent studies have argued against its inclusion in this order
(Gheerbrant et al., 2021; von Koenigswald, 2013).

Almost half a century ago, Radulescu et al. (1976)
studied the geology of the Haţeg Basin (Romania) and
founded the new taxon Crivadiatherium mackennai, based
on three lower teeth from Lower Oligocene freshwater
limestones in Crivadia (Romania). Radulescu and Sudre
(1985) described some teeth from the same locality, which
they referred to the new species Crivadiatherium iliescui,
characterised by its larger size, compared to Crivadiatherium
mackennai. In general, Crivadiatherium from the Oligocene
of Romania seems to be smaller, and exhibit more primitive
features than Arsinoitherium (Radulescu & Sudre, 1985;
Radulescu et al., 1976).

Rich embrithopod material has been also described from
Paleogene coal deposits of Anatolia, which was mainly
attributed to Palaeoamasia kansui, initially regarded as a
chalicotheriid perissodactyl (Ozansoy, 1966). Later, Sen and
Heintz (1979) revised this taxon, included it in the Embri-
thopoda, and erected the new subfamily Palaeoamasiinae for
this species, including also Crivadiatherium from Romania.
Some of the oldest embrithopods, from the Late Palaeocene
to Early Eocene of Turkey (Uzunçarşıdere Formation), were
used to establish the new embrithopod Hypsamasia seni
(Maas et al., 1998). Moreover, the youngest specimens from
Turkey (Cemalettin Formation) were suggested to belong to
a new species of Palaeoamasia (referred to as “Palaeoa-
masia sp. nov.”), without any formal description of the
species (Sanders et al., 2014).

In his initial description of Arsinoitherium, Beadnell
(1902) suggested that the genus may be an ancestor of
today’s rhinoceroses, based on the dentition, though noting



some similarities to the strange, horned Dinocerata. Soon
after its first description, Arsinoitherium was included by
Andrews (1904c) in the order Amblypoda, which also
included the Dinocerata. In another contribution in the same
volume, Andrews (1904d) argued against this assignment
and in fact erected the new order Barypoda for the genus
Arsinoitherium. However, the name Barypoda had already
been used earlier by Haeckel (1866) for a group of marsu-
pials. Therefore, two years after its creation, Andrews
(1906b) published a note discussing this issue and proposing
the new name Embrithopoda for the order that includes
Arsinoitherium. In his monograph on the vertebrate assem-
blages of the Fayum Depression, Andrews (1906a) still uses
the term Barypoda, but added a footnote mentioning the
aforementioned issues with this name and that the alternative
Embrithopoda has been proposed (Andrews, 1906a, p. xiv).

384 P. Kampouridis et al.

The exact phylogenetic position of embrithopods has
long been debated (e.g. Andrews, 1904d, 1906a; Court,
1992a; Gheerbrant et al., 2014; Pickford et al., 2008; Tabuce
et al., 2007). In the afrotherian phylogenetic analysis per-
formed by Seiffert (2007), Arsinoitherium zitteli was
recovered as the sister taxon to the Sirenia. More recently,
comprehensive phylogenetic analyses performed to recover
the systematic affinities of the Embrithopoda (Erdal et al.,
2016; Gheerbrant et al., 2018, 2021) confirmed their place-
ment in the Paenungulata, within the Afrotheria, and suggest
a close relationship to Proboscidea, Sirenia, and Hyracoidea.

The phylogenetic relationships within the Embrithopoda
have been the focus of many studies (e.g. Erdal et al., 2016;
Gheerbrant et al., 2021; Sen & Heintz, 1979) but still remain
somewhat controversial. The phylogenetic analysis of Erdal
et al. (2016) supports the separation of Embrithopoda into
Arsinoitheriinae (Arsinoitherium) and Palaeoamasiinae
(Palaeoamasia, Hypsamasia and Crivadiatherium), as pre-
viously proposed by Sen and Heintz (1979), and implies
Namatherium as the sister group to all other embrithopods.
The phylogenetic analysis performed by Gheerbrant et al.
(2021) offers different results, with Palaeoamasia being
distinct from all other embrithopods and Stylolophus being
placed as the most basal embrithopod. It has to be noted that
in both analyses most embrithopods were recovered to form
a polytomy (Erdal et al., 2016; Gheerbrant et al., 2021).

The iconic massive horns of Arsinoitherium are formed
mainly by the nasals which are fused even in juvenile
individuals (Fig. 5b; Andrews, 1906a, pl. III, fig. 2). The
base of the horns is composed by the frontals, which also
form a smaller, posterior pair of horns (Andrews, 1906a).
There, numerous grooves, probably representing impres-
sions of blood vessels, run across the surface of the horns, on
the nasals and frontals. Based on this feature, Andrews
(1906a, p. 7) suggested that the horns were covered by
keratin, similar to modern-day bovids (Sanders et al., 2010a;
Simons & Rasmussen, 1990; Tanner, 1978). Other authors

suggested that the horns were covered only by skin (Pickford
et al., 2008; Prothero & Schoch, 2002; Rose, 2006). Despite
their massive appearance, at the centrum of the horns, the
bone is at some places as thin as 1 cm (Andrews, 1906a,
p. 7), bearing a large sinus. Pickford et al. (2008) discussed
the possible functions of the horns, supporting the hypoth-
esis of the sinus within the horns acting as a resonance
chamber, implying that vocalisation played an important role
in the animal’s ecology. Subsequently, Benoit et al. (2013)
studied the inner ear of Arsinoitherium, leading them to
conclude that the animals might have been able to hear very
low frequencies, and proposed that Arsinoitherium was most
probably able to communicate through seismic vibrations
similar to extant elephants. Pickford et al. (2008) suggested
that the horns were covered by skin and were used secon-
darily for visual signals and not for intraspecific combat
purposes. Furthermore, a visible sexual dimorphism in the
horns has been suggested by many authors, with males
bearing larger, pointed horn and females smaller, rounded
ones (e.g. Andrews, 1906a; Prothero & Schoch, 2002).

The dentition is another peculiar feature, characteristic for
Arsinoitherium. This and its mandibular morphology are
probably associated with a specialised masticatory appara-
tus, and it has been proposed that it represents a highly
selective browser (Court, 1992b). This would also be con-
sistent with the high d13C values measured in the enamel of
Arsinoitherium by Clementz et al. (2008). Regarding the
ecology of Arsinoitherium, also a semi-aquatic lifestyle has
been proposed based on the reconstructed palaeoenviron-
mental context and the postcranial morphology (Carroll,
1988; Court, 1993; Moustapha, 1955; Sen & Heintz, 1979).
However, Clementz et al. (2008) argued that the d18O values
obtained for Arsinoitherium point to a terrestrial lifestyle, as
also supported by Sanders et al. (2010a), who based their
interpretation on the graviportal features exhibited by
Arsinoitherium.

In total, only eight rather complete Arsinoitherium skulls
have been uncovered, including three adult, four sub-adult,
and one juvenile skull (Court, 1992a; Osborn, 1907). An
additional complete skull, allegedly representing the largest
of the species was unfortunately destroyed during its trans-
port (Osborn, 1907). The detailed study of this limited cra-
nial material, along with the rich postcranial elements found
in the Fayum area, also with new and innovative methods
has significantly added to our understanding about this
peculiar animal (e.g. Benoit et al., 2013; Clementz et al.,
2008; Court, 1992a, 1992b, 1993).

4.3.6 Proboscidea
Proboscidea is one of the most fascinating mammal groups
from the Fayum Depression and indeed, it was this group
that primarily sparked the interest of American palaeontol-
ogist Henry F. Osborn to start excavations in the Fayum



Depression (Osborn, 1907). The first proboscideans were
described by Andrews (1901b). He erected three new genera
and species of proboscideans, Palaeomastodon beadnelli,
Moeritherium lyonsi, and Barytherium grave (Andrews,
1901b). A more detailed description of these species was
provided later in the same year (Andrews, 1901c).
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Andrews (1901c) described the type mandible of
Palaeomastodon beadnelli from the Gebel Qatrani Forma-
tion and noted the similarities to some Miocene pro-
boscideans. Later, Andrews (1904e) reported a right
mandibular ramus from the same formation, differing from
Palaeomastodon beadnelli and established for it the new
species Palaeomastodon minor, due to its smaller size. In the
next year, Andrews (1905b) described two additional species
of Palaeomastodon. The first was named Palaeomastodon
parvus, because of its smaller size in comparison to the type
species. The second species, named Palaeomastodon win-
toni, is morphologically more similar to Palaeomastodon
minor, but much larger, though smaller than the type species.
Andrews (1905b) also noted that this last species is the most
common one in the Gebel Qatrani Formation, from which
almost all Palaeomastodon material was derived. Andrews
(1906a) erected the new family Palaeomastodontidae to
include originally the genera Palaeomastodon, Tetrabe-
lodon, and potentially Phiomia. Nowadays, the family
includes only the genera Palaeomastodon and Phiomia,
which can be regarded as the most primitive elephantiforms
(e.g. Hautier et al., 2021; Sanders et al., 2010b; Seiffert,
2006; Tobien, 1978). Though, the validity of the species
within Palaeomastodon remains a complex issue that has
been discussed repeatedly (e.g. Sanders et al., 2004, 2010b).
Recently, Sanders et al. (2004) discussed the presence of two
new Palaeomastodon species from the Late Oligocene of
Chilga in Ethiopia, without naming them.

Andrews (1901b) suggested Moeritherium lyonsi as an
ancestor of proboscideans. He also mentioned that Moer-
itherium is quite common in the Qasr el Sagha Formation
and that it has the size of a large tapir and is known from
cranial and postcranial elements, though only describing the
cranial and dental features (Andrews, 1901c). In the fol-
lowing year, Andrews (1902) described the new species
Moeritherium gracile from the Qasr el Sagha Formation,
which he regarded as smaller than the type species Moer-
itherium lyonsi. Two years later, Andrews (1904e) described
a third species for this genus, Moeritherium trigodon (later
referred to as Moeritherium trigonodon by Andrews (1906a)
andMoeritherium trigonodum by Schlosser, 1911), based on
a right mandibular ramus from the Gebel Qatrani Formation.
He noted that the dental morphology of this latter species
seems to differ considerably from other material of Moer-
itherium and that it might in fact represent a distinct genus
(Andrews, 1904e). Andrews (1906a) proposed that the
genus Moeritherium constitutes a distinct family, called

Moeritheriidae, in the Proboscidea. Half a decade later,
Schlosser (1911) studied a large collection of Moeritherium
material and decided to erect the new species Moeritherium
andrewsi for material from the Gebel Qatrani Formation.
Later, Matsumoto (1922, 1923) suggested that all four spe-
cies were valid and that M. lyonsi and M. gracile might
represent potential ancestors of M. andrewsi and M. trigo-
don, respectively. Petronievics (1923) described the new
species, Moeritherium ancestrale, based on a well-preserved
skull from the Qasr el Sagha Formation found by Baron
Franz Nopcsa, during a short trip to the Fayum Depression
in 1905. Over half a century after the initial description of
the genus Moeritherium, Deraniyagala (1955) described the
two new species Moeritherium latidens and Moeritherium
pharaonensis, based on two partial mandibles collected by
the African Expedition of the University of California. Later,
Holroyd et al. (1996) reported the presence of M. lyonsi at
the base of the Qasr el Sagha Formation. More recently,
Delmer et al. (2006) described the new species Moerither-
ium chehbeurameuri from the Eocene of Algeria. Since the
first description of the various species of Moeritherium,
many authors have discussed their validity and potential
synonymy. Most Moeritherium species have been syn-
onymised and probably only M. lyonsi and M. trigodon can
be regarded as valid (for an overview see Delmer et al.,
2006; Sanders et al., 2010b).

In addition to his extensive work on Palaeomastodon and
Moeritherium, Andrews (1901c) described a peculiar
mandible that he referred to as “Bradytherium” grave.
However, in the same year Andrews (1901d) noted that the
genus name Bradytherium was already preoccupied for the
Madagascan purported edentate Bradytherium madagas-
cariense, which is now synonymised with the primate
Palaeopropithecus ingens (MacPhee & Raholimavo, 1988).
Andrews (1901d) accordingly proposed the name Bary-
therium to replace it. Andrews (1904d) discussed the con-
troversial systematic position of this genus and proposed the
name Barytheria for the clade that at the time only included
Barytherium grave. He also suggested that Barytheria can be
included in the Amblypoda and are of the same rank as
Dinocerata (Andrews, 1904d). In his extensive description of
the Fayum fauna, Andrews (1906a) erected also the new
family Barytheriidae for Barytherium grave, but did not
assign it to any definite order or suborder. Later, it was
suggested that Barytheriidae, including only Barytherium,
was closely related to the proboscidean Numidotheriidae,
including several species of Numidotherium, and together
constituted the Barytherioidea (for an overview, see Sanders
et al., 2010b). Recently, Seiffert et al. (2012) described
the new proboscidean genus and species Omanitherium
dhofarensis, based on a partial mandible from the
Oligocene of Oman and regarded it as the sister taxon of
Barytherium.
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The last proboscidean genus to date that was named from
the Fayum area is Phiomia. Andrews and Beadnell (1902)
described the new genus and species Phiomia serridens
based on a partial left mandible from the Gebel Qatrani
Formation. The authors initially thought that this animal
might have been a specialised creodont (Andrews & Bead-
nell, 1902). Andrews (1906a) later re-examined the type
mandible of Phiomia serridens and compared it to Palaeo-
mastodon, suggesting a close relationship, following
Schlosser (1905). Matsumoto (1922) described the new
species Phiomia osborni based on a complete mandible from
the Gebel Qatrani Formation (Fig. 6a) and referred some
Palaeomastodon species to the genus Phiomia, “Phiomia
(minus) minor” and “Phiomia wintoni”. Subsequently,
Sanders et al. (2004) described the new species Phiomia
major based on several dental remains from the Late Oli-
gocene of Chilga in Ethiopia, which are considerably larger
than Phiomia serridens. Today, only the last described
species, Phiomia major, and the type species, Phiomia ser-
ridens are regarded as valid (Sanders et al., 2004, 2010b).

Concerning the ecology of these early proboscideans,
some interesting points as to their preferred habitat have
been discussed. The primitive proboscidean Moeritherium,
whose remains were very abundant in the Qasr el Sagha
Formation and also present in the marine Birket Qarun
Formation, was relatively small and had a relatively stout
body plan, remarkably similar to extant hippos. Based on
this, Andrews (1906a) regarded it as a swamp inhabitant.
Matsumoto (1923) discussed the features of Moeritherium
that point to either aquatic or non-aquatic lifestyle, con-
cluding that although it might not have been as adapted to an
aquatic lifestyle as extant hippos; it probably preferred
environments close to water bodies. Palaeomastodon and
Phiomia, on the other hand, seem more similar to the more
derived elephantiforms and are usually regarded as

terrestrial. In more recent studies, the isotopic signature of
these species was compared, leading to the conclusion that
Moeritherium and Barytherium were at least semi-aquatic,
whereas the other Fayum proboscideans were fully terrestrial
(Clementz et al., 2008; Liu et al., 2008).

Fig. 6 Proboscidea material from the Late Eocene to Early Oligocene of the Fayum Depression (Egypt): a complete mandible of Phiomia
serridens (NHMUK PV M 9449, holotype of Phiomia osborni); b skull of Moeritherium lyonsi (SMNS-P-12617); and c skull and mandible of
Palaeomastodon beadnelli (NHMUK PV M 8464; Andrews, 1906a, pl. XII, fig. 1). Not to scale

4.3.7 Hyracoidea
The hyracoids represent one of the most diverse groups in
the Fayum (Matsumoto, 1926; Rasmussen & Gutiérrez,
2010; Rasmussen & Simons, 1988a; Tabuce et al., 2021),
including both small taxa such as Saghatherium and Thy-
rohyrax (Barrow et al., 2010; Rasmussen & Simons, 1991),
comparable in size to modern-day hyraxes, and very large
ones such as Titanohyrax that may have weighed up to a ton
(Schwartz et al., 1995; Tabuce, 2016).

The first remains of hyracoids were reported by Andrews
and Beadnell (1902), for which they erected the new
small-sized hyracoid genus Saghatherium, including the two
new species Saghatherium antiquum and Saghatherium
minus from the Gebel Qatrani Formation. Subsequently,
however, these two taxa have been synonymised (Tabuce,
2016). Thus, Saghatherium represented the oldest hyracoid
finds at the time and the second hyracoid fossil taxon ever
described, after Pliohyrax graecus from the famous Greek
Late Miocene locality Pikermi (Gaudry, 1862; Roussiakis
et al., 2019). One year after the initial description of Sagha-
therium, Andrews (1903c) described a new genus and species
of a large-sized hyracoid, Megalohyrax eocaenus. In the
following year, Andrews (1904c) described the new genus
Geniohyus, with two new species, Geniohyus mirus and
Geniohyus fajumensis, which he originally considered as
“pig-like” and later even referred to the Suidae (Andrews,
1906a). Andrews (1904f) founded three further new species
for previously described genera, Geniohyus major, Megalo-
hyrax minor, and Saghatherium magnum, based on dental



remains from the Gebel Qatrani Formation. Two years later,
Andrews (1906a) erected the medium-sized species Sagha-
therium majus and introduced the family Saghatheriidae for
the Fayum hyracoids. Schlosser (1910) proposed the name
Palaeohyracidae to include these primitive hyracoids and the
subfamily Saghatheriinae for the selenodont representatives
of this group. He also included Geniohyus in the Hyracoidea
and described several new species of this group, including
Geniohyus minutus and Megalohyrax palaeotherioides, as
well as the new genera Pachyhyrax, with the relatively rare
Pachyhyrax crassidentatus,Mixohyrax, with the three species
Mixohyrax andrewsi, Mixohyrax niloticus (Fig. 7c), Mixo-
hyrax suillus, and Bunohyrax, in which he included the pre-
viously described species Bunohyrax (= Geniohyus)
fajumensis. One year later, Schlosser (1911) offered detailed
descriptions of the rich hyracoid material from the Fayum
Depression, including all species he previously erected and
also described the new species Geniohyus macrognathus,
which he referred tentatively to the genus Geniohyus. Mat-
sumoto (1921) revised the hyracoid genus Megalohyrax in
which he included the species Megalohyrax eocaenus,
Megalohyrax minor, Megalohyrax niloticus (originally
Mixohyrax niloticus), Megalohyrax suillus (originally Mixo-
hyrax suillus), and the new species Megalohyrax pygmaeus.
He also erected the new genus Titanohyrax for very
large-sized hyracoids, in which he included the new species
Titanohyrax ultimus, Titanohyrax schlosseri, Titanohyrax
andrewsi, and Titanohyrax palaeotherioides as the type

species (originally Megalohyrax palaeotherioides). Five
years later, Matsumoto (1926) revised all Fayum hyracoids,
erecting three new families. He named the first Geniohyidae,
and included in this the three bunodont genera Geniohyus,
with the new species Geniohyus gigas, Geniohyus subgigas
and Geniohyus diphycus, Bunohyrax, for which he described
the new species Bunohyrax affinis, and Megalohyrax. The
second family is Titanohyracidae, which includes only the
genus Titanohyrax. The third family is Pliohyracidae, a family
that actually had already been established by Osborn (1899)
for the Miocene genus Pliohyrax (Pickford et al., 2021). In
this family, Matsumoto (1926) included the monospecific
genus Pachyhyrax and the genus Saghatherium, for which he
described four new species, Saghatherium macrodon,
Saghatherium euryodon, Saghatherium annectens, and
Saghatherium sobrina. Almost half a century later, Meyer
(1973) described a new genus and species of saghatheriine
hyracoid, Thyrohyrax domorictus, known from several Early
Oligocene fossil sites (Quarries M, G, I) of the Gebel Qatrani
Formation. Rasmussen and Simons (1988a) studied new
hyracoid material from the Fayum Depression and erected the
new large hyracoid species Titanohyrax angustidens, the
small Saghatherium humarum, and the new genus and species
Selenohyrax chatrathi, all from the Oligocene of the Gebel
Qatrani Formation. Shortly after, Rasmussen and Simons
(1991) studied the hyracoidmaterial from the Late Eocene site
L-41 of the Gebel Qatrani Formation and described three new
species. The first one is Saghatherium bowni, which is fairly
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Fig. 7 Hyracoidea material from the Late Eocene to Early Oligocene Gebel Qatrani Formation of the Fayum Depression (Egypt): a skull of
Saghatherium antiquum (SMNS-P-12621; Schlosser, 1911, taf. II, fig. 12), in right lateral view; b fragment of a mandibular ramus of Bunohyrax
fajumensis (NHMUK PV M 8435), originally described as Geniohyus fajumensis (Andrews, 1904c), in lateral view; c, type skull of Megalohyrax
niloticus (SMNS-P-12624), originally referred to as Mixohyrax niloticus (Schlosser, 1910, 1911, taf. VII, figs. 1 and 8), in ventral view;
d mandible of Titanohyrax andrewsi (NHMUK PV M 9220), in lateral view; and e mandible of Titanohyrax palaeotherioides (SMNS-P-43922)
originally referred as Megalohyrax palaeotherioides (Schlosser, 1911, taf. IV, fig. 1), in right lateral view. Scale bar is 10 cm for a, 5 cm for b,
20 cm for C, and 15 cm for d and e



common in L-41 and exhibits a considerable size-related
sexual dimorphism (Rasmussen & Simons, 1991). The other
two species are Thyrohyrax meyeri and Thyrohyrax lithola-
gus, representing more primitive relatives to the somewhat
bigger and more derived Thyrohyrax domorictus and Thyro-
hyrax pygmaeus, respectively (Rasmussen & Simons, 1991).
Almost a decade later, the same authors (Rasmussen &
Simons, 2000) described a new titanohyracine species,
Antilohyrax pectidens, from the Late Eocene site L-41 of the
Gebel Qatrani Formation, based on its comb-like first incisor.
This new species is of medium size and seems to be related to
the huge Titanohyrax based on their similarly selenodont
cheek teeth and broad incisors, among other features (Ras-
mussen & Simons, 2000). Barrow et al. (2010) described the
new small species Dimaitherium patnaiki, based on a partial
left mandible as the holotype and numerous isolated dental
elements from the Late Eocene locality BQ-2, all from the
Birket Qarun Formation. A partial cranium from the Late
Eocene locality BQ-7 can also be referred to this species.
Thus, Dimaitherium patnaiki represents the oldest and most
primitive hyracoid taxon from the Fayum Depression and
seems to be most closely related to the genus Thyrohyrax
(Barrow et al., 2010).
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Hyracoids are extremely diverse and well represented in
the Fayum fauna, but almost all finds come from the Late
Eocene to Early Oligocene Gebel Qatrani Formation (e.g.
Andrews, 1906a; Rasmussen & Simons, 1988a). The Late
Eocene fossil site L-41 of this formation preserves the
highest diversity of hyracoids in the Fayum succession,
including eight genera and nine species (Barrow et al., 2010;
Rasmussen & Simons, 1988a, 1991). Only a single frag-
mentary hyracoid specimen has been described from the
underlying Qasr el Sagha Formation (Holroyd et al., 1996),
and one primitive taxon, Dimaitherium patnaiki, is exclu-
sively found in the Birket Qarun Formation (Umm Rigl
Member) (Barrow et al., 2010).

Over the last century, more than 30 hyracoid species have
been described from Fayum material. Many of these species
have been synonymised and/or referred to different genera
afterwards. Beside the taxonomic diversity in the Fayum
hyracoids, the representatives of this group seem to cover a
wide array of ecological niches. This is indicated by the
different dental morphologies including the more generalised
Saghatherium and Thyrohyrax and the bunodont, probably
omnivorous Geniohyus (Barrow et al., 2010). One of the
most peculiar hyracoids of the Fayum fauna is certainly the
gazelle-sized Antilohyrax pectidens (Rasmussen & Simons,
2000). It exhibits hyper-pectinate lower incisors, but no
upper incisors (de Blieux & Simons, 2002). The dentition is
sharp-edged selenodont, pointing to a folivorous diet and its
postcranial morphology suggests that it was cursorial
browser, representing an Eocene analogue to modern bovids
(Rasmussen & Simons, 2000).

4.3.8 Sirenia
The sirenians or sea-cows are among the first vertebrate
fossils that have been described from Egypt. Owen (1875)
described the new species Eotherium aegyptiacum from the
Eocene of the “Mokattam cliffs” near Cairo, representing the
first sirenian species to be described from Egypt. From
Middle to Upper Eocene strata of the same area, close to
Cairo, four further species have been described, Manatus
coulombi Filhol, 1878, Protosiren fraasi Abel, 1907, Eosi-
ren abeli Sickenberg, 1934, and Eotherium majus Zdanksy,
1938, of which the holotype is now considered lost (Zalmout
& Gingerich, 2012). It is important to note that the genus
name Eotherium was actually preoccupied, and thus, Palmer
(1899) proposed the new name Eotheroides for this genus,
which is still in use today.

Andrews (1902) described the first sirenian remains from
the Fayum Depression. This material comes from the Qasr el
Sagha Formation and includes an almost complete skull and
associated mandible, for which Andrews (1902) erected the
genus and species Eosiren libyca. Three decades later,
Sickenberg (1934) described the new species Eosiren stro-
meri, in honour of Ernst Stromer von Reichenbach, from the
Qasr el Sagha Formation of the Fayum. More than half a
century later, Domning et al. (1994) described the new
species Eosiren imenti based on a cranium from the Early
Oligocene of the Gebel Qatrani Formation in the Fayum.
Based on the fluviatile environment of the Gebel Qatrani
Formation, it is possible that Eosiren imenti had a wide
salinity tolerance (Domning et al., 1994). In the same year,
Domning and Gingerich (1994) described the new species
Protosiren smithae, based on a partial skeleton that com-
prises a fairly well-preserved skull, its mandible, and several
postcranial elements, from the Gehannam Formation in
Wadi al Hitan. More recently, Zalmout and Gingerich (2012)
described two additional species of sea-cows, from the
Birket Qarun Formation of Wadi al Hitan. The first species is
Eotheroides clavigerum and was based on a partial skeleton
of an adult individual. The second species, Eotheroides
sandersi, was based on more fragmentary cranial and
postcranial elements that were found in association (Zalmout
& Gingerich, 2012, fig. 8).

4.3.9 Primates
The Fayum Depression has offered significant insight into
the early evolution of primates during the Eocene and Oli-
gocene. When the locality was first discovered in the late
nineteenth and early twentieth century, it provided the oldest
fossil primates known at that time. More specifically, Osborn
(1908) described the small Apidium phiomense (originally
mentioned as Apidium phiomensis) based on a partial left
mandibular ramus from the Gebel Qatrani Formation, which
he initially compared to bunodont artiodactyls and primates,
but was unable to assign it to any of them. It was soon after



referred to a primate (Schlosser, 1911), though the discus-
sion about its systematic position was far from over (Simons,
1960). Fleagle and Simons (1995) studied the limb skeleton
of Apidium phiomense and compared it to other primates,
concluding that it was a very primitive arboreal quadrupedal
primate, weighing about 1.6 kg. Today, Apidium is well
recognised as a primate that belongs to the family of Para-
pithecidae (Beard et al., 2016; Fleagle & Simons, 1995;
Simons, 1995a) and is very common in the Gebel Qatrani
Formation (Simons & Rasmussen, 1990). The genus
includes three species along with Apidium phiomense,
Apidium moustafai from Quarry G of the Gebel Qatrani
Formation (Simons, 1962), Apidium bowni from Quarry V
of the Gebel Qatrani Formation (Simons, 1995a), and
Apidium zuetina from the Early Oligocene of the Sirt Basin
in central Libya (Beard et al., 2016).
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Fig. 8 Skull of Eosiren libyca (GPIT-PV-41670) from the Fayum
Depression (Egypt), collected by Richard Markgraf, in a dorsal and
b left lateral view. Scale bar is 10 cm

Soon after the description of the first primate material
from the Fayum deposits (Osborn, 1908), Schlosser (1910)
published a preliminary report on the Fayum fossils col-
lected by Markgraf from the Gebel Qatrani Formation and
described three new primate taxa: Moeripithecus markgrafi,
Parapithecus fraasi, and Propliopithecus haeckeli. Schlosser
(1910) even suggested that Propliopithecus haeckeli repre-
sents an ancestor of hominids. Moeripithecus markgrafi was
based on a mandibular ramus fragment with two preserved
molars (Schlosser, 1910, 1911). It was later suggested to be
a juvenile Propliopithecus (Simons, 1967; Szalay & Delson,
1979). Nowadays, the synonymy of Moeripithecus and
Propliopithecus is well established, and the name Proplio-
pithecus is used (e.g. Simons & Rasmussen, 1990; Simons

et al., 1987). Simons (1965) described the new taxa
Aegyptopithecus zeuxis, based on two mandibular fragments,
and Aeolopithecus chirobates, based on a nearly complete
mandibular corpus, from Quarry I of the Gebel Qatrani
Formation. Since its first description, much more material of
Aegyptopithecus zeuxis has been found, including several
more or less complete skulls (Fig. 9a and b), of both male
and female individuals (e.g. Fleagle et al., 1980; Kay et al.,
1981; Simons, 1987; Simons et al., 2007). Subsequently,
however, the validity of Aeolopithecus chirobates has been
questioned after its initial description by Gingerich and
Arbor (1978), who argued for a potential synonymy with
Propliopithecus haeckeli. Szalay and Delson (1979) later
supported the notion that Aeolopithecus chiborates might in
fact be assignable to the genus Propliopithecus. This was
also followed by Kay et al. (1981), who also discussed some
ecological aspects of these animals, such as the existence of
sexual dimorphism. Furthermore, Simons et al. (1987)
erected the new species Propliopithecus ankeli based on
dental material from Quarry V of the Gebel Qatrani For-
mation. The genera Propliopithecus (including Aeolopithe-
cus and Moeripithecus) and Aegyptopithecus are regarded as
members of the Propliopithecidae (Ducrocq, 2001).

Parapithecus fraasi is based on a complete mandible
(Fig. 9d), only lacking the right p2 (Schlosser, 1910, 1911).
Schlosser (1911) established the new family Parapithecidae
for this taxon. Later, Simons (1974) described the new spe-
cies Parapithecus grangeri, based on a mandibular fragment
with five teeth preserved, from Quarry I of the Gebel Qatrani
Formation that is somewhat larger and presumably strati-
graphically younger than the type mandible of Parapithecus
fraasi. Few years later, Gingerich and Arbor (1978) proposed
the synonymy of Parapithecus fraasi and Apidium phio-
mense and erected the new genus Simonsius for Parapithecus
grangeri. Although this view was not supported by most
authors in the following years (e.g. Kay et al., 1981; Seiffert
et al., 2020; Simons & Rasmussen, 1991; Simons, 1986,
1992, 1995b, 2001), it was nevertheless adopted by some and
is used even in more recent studies (e.g. Fleagle & Kay, 1985;
Harrison, 1987; Mattingly et al., 2021). Mattingly et al.
(2021) considered Simonsius as a valid genus and described
the new species Simonsius harujensis, a small (1–1.5 kg)
parapithecine from the Early Oligocene of Libya.

Simons and Kay (1983) erected the genus Qatrania, with
the sole species Qatrania wingi, based on some fragmentary
dental elements from Quarry E of the Gebel Qatrani For-
mation. Qatrania represents a parapithecid of very small
size, * 300 g (Mattingly et al., 2021; Simons & Kay,
1983). Five years later, the same authors described the new
species Qatrania fleaglei based on a fragmentary right
hemimandible from Quarry M of the Gebel Qatrani For-
mation (Simons & Kay, 1988), which constitutes the
youngest representative of the genus (Beard & Coster,



2016). Simons et al. (2001) erected a new genus and species
of Parapithecidae, Abuqatrania basiodontos, based on a
small mandible from the Late Eocene site L-41 of the Gebel
Qatrani Formation. This species was later attributed to the
genus Qatrania (Beard, 2013; Beard & Coster, 2016; Mat-
tingly et al., 2021).
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Fig. 9 Primate material from the Late Eocene to Early Oligocene Gebel Qatrani Formation of the Fayum Depression (Egypt): a lCT-scan of a
male skull of Aegyptopithecus zeuxis (DPC 2803), provided by the DPC; b lCT-scan of a female skull of Aegyptopithecus zeuxis (CGM 85785),
provided by the DPC; c type mandible of Apidium phiomense in medial view (taken from Osborn, 1908, fig. 6A2); d type mandible of
Parapithecus fraasi (SMNS-P-43461) in right lateral view (Schlosser, 1911, taf. I, fig. 3); and e type mandible of Propliopithecus haeckeli
(SMNS-P-12638) in medial view (Schlosser, 1911, taf. I, fig. 1). Not to scale

Simons and Bown (1985) erected the small, peculiar
primate Afrotarsius chatrathi based on a mandible from the
Oligocene site Quarry M, of the Gebel Qatrani Formation. It
was initially regarded as a relative of the tarsier (Simons &
Bown, 1985). More recently, Jaeger et al. (2010) described a
second species for the genus, Afrotarsius libycus, from the
late Middle Eocene of Libya, whereas Chaimanee et al.
(2012) erected a new primate species, Afrasia djijidae, from
the late Middle Eocene of Myanmar and proposed that it
belongs, along with Afrotarsius libycus, to the Afrotarsiidae,
within the Eosimiiformes.

De Bonis et al. (1988) erected the genus Biretia for a
potential primitive Catarrhini from the Eocene of Algeria.
This genus was later included in the Parapithecoidea (e.g.
Mattingly et al., 2021; Seiffert et al., 2005, 2020). Later, two
species of Biretia were described based on the material from
the Fayum Depression: Biretia fayumensis and Biretia
megalopsis, both based on mandibular fragments preserving
the m2 and m3 from the Late Oligocene locality BQ-2 of the
Birket Qarun Formation (Seiffert et al., 2005).

Simons (1962) described, alongside Apidium moustafai,
also the new genus and species Oligopithecus savagei from
Quarry F of the Gebel Qatrani Formation. Later, Rasmussen

and Simons (1988b) described further material of Oligop-
ithecus savagei, supporting a close relationship to the Pro-
pliopithecidae. Simons (1989) described two new small
primate taxa, Catopithecus browni and Proteopithecus syl-
viae, from the Late Eocene site L-41 of the Gebel Qatrani
Formation. The same author erected the Oligopithecinae to
include Oligopithecus, Catopithecus and possibly Proteop-
ithecus, though the lower dentition of the latter was still
unknown (Simons, 1989). Some years later, a large collec-
tion of additional material of Proteopithecus sylviae was
published, including even a partial skull (Miller & Simons,
1997), which led Simons (1997a) to erect the family Pro-
teopithecidae, with the sole representative being Proteop-
ithecus sylviae.

Simons (1992) described three new genera and species of
primates, Serapia eocaena, Plesiopithecus teras, and Arsi-
noea kallimos, based on three partial mandibles from L-41 in
the Upper Eocene strata of the Gebel Qatrani Formation.
Simons (1992) suggested that Serapia belonged to the
Parapithecidae, while not being able to attribute the other
two new taxa to any family. A new phylogenetic analysis
placed Serapia as the sister taxon of Proteopithecus, forming
together the Proteopithecidae, whereas Arsinoea seems to
represent a basal stem-group member of the Parapithecidae
(Seiffert et al., 2020). Seiffert et al. (2020) suggested that the
Proteopithecidae and the Parapithecidae belong to the
Parapithecoidea, an autochtonous group of Afro-Arabia,
with a single representative from the Oligocene of South
America, Ucayalipithecus perdita (Seiffert et al., 2020).



A new superfamily, the Plesiopithecoidea, and family, the
Plesiopithecidae, were erected by Simons and Rasmussen
(1991) for the small primate Plesiopithecus teras. Simons
(1997b) described two new extremely small prosimians
(Kirk & Simons, 2001), the new genus and species
Wadilemur elegans and the new species Anchomomys mil-
leri, from the Late Eocene site L-41, of the Gebel Qatrani
Formation. In their phylogenetic analysis, Seiffert et al.
(2003) placed Plesiopithecus as a stem Strepsirrhini. Gunnell
et al. (2018) recovered Plesiopithecus as a basal Chiromyi-
iformes and a relative to both the extant Madagascan aye-aye
(Daubentonia) and the Early Miocene Propotto from Kenya.
Although, Propotto has been suggested to belong to the
Megachiroptera (Pickford, 2018).
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Seiffert et al. (2003) also erected the lorisiform primates
Karanisia clarki and Saharagalago misrensis, based on a
partial mandible and a single lower tooth from BQ-2,
respectively, both from the Late Eocene Birket Qarun For-
mation (Seiffert et al., 2003). A second species was added to
Karanisia, when Jaeger et al. (2010) described the new
Karanisia arenula based on an m2 from the late Middle
Eocene of Libya. Gunnell et al. (2018) included Wadilemur,
Saharagalago, and Karanisia in their phylogenetic analysis,
which placed them as relative basal lorisiforms (Gunnell
et al., 2018).

Simons et al. (1995) described the new adapid primate
Aframonius dieides, based on three partial mandibles from
the Late Eocene L-41 of the Gebel Qatrani Formation.
Seiffert et al. (2009) described a new large adapiform,
Afradapis longicristatus. Soon after, the description of an
astragalus assigned to this species further supported its
phylogenetic position (Boyer et al., 2010). More recently,
Seiffert et al. (2018) assigned a plethora of isolated dental
remains and some partial mandibles to the new adapiform
Masradapis tahai, which seems to represent a sister taxon to
Aframonius dieides (Seiffert et al., 2018).

Seiffert et al. (2010) described a puzzling new primate,
Nosmips aenigmaticus, named after George Gaylord Simp-
son, based on some isolated teeth from the Late Eocene site
BQ-2 of the Birket Qarun Formation. The phylogenetic
position of this taxon and its affinities remain uncertain (e.g.
Gunnell et al., 2018; Seiffert, 2012; Seiffert et al., 2010).
Seiffert et al. (2010) suggested that it might represent a
highly specialised representative of an unknown primate
lineage, endemic to Africa.

4.3.10 Rodentia
The rodents are well known from the Fayum Depression,
especially from the Oligocene of the Gebel Qatrani Forma-
tion (Wood, 1968). The most frequent representatives of this
group are the hystricomorphs and the anomaluroids (Al
Ashgar et al., 2019). Most of the material of this group from
the Fayum area was collected during the second half of the

twentieth century; before, most collecting efforts aimed
principally at large mammals (Simons, 1968).

Nonetheless, the first micromammals were described by
Osborn (1908) who erected Phiomys andrewsi, named after
Charles W. Andrews, for two partial right mandibles, and
Metaphiomys beadnelli, named after Hugh J. L. Beadnell,
for a partial left mandible, both species occurring in the
Gebel Qatrani Formation. Wood (1968) presented the first
comprehensive study of rodents from the Fayum deposits.
He described two new species of Phiomys, Phiomys para-
phiomyoides and Phiomys lavocati, the new species Meta-
phiomys schaubi and Paraphiomys simonsi and introduced
two new genera, Gaudeamus and Phiocricetomys, from the
Oligocene of the Gebel Qatrani Formation (Wood, 1968).
Sallam et al. (2009) studied the rodent material from BQ-2,
erecting the new species Protophiomys aegyptensis and the
new genus and species Waslamys attiai. They performed a
phylogenetic analysis, which recovered both taxa as
stem-group members of Hystricognathi, to draw conclu-
sions on the biogeographic history of the hystricognathous
evolution and their dispersal from Africa to South America
(Sallam et al., 2009). Sallam et al. (2010a, 2010b) studied
the anomaluroid rodent material from BQ-2 of the Birket
Qarun Formation and described two new species Shazurus
minutus and Kabirmys qarunensis. Both were suggested to
be members of the Anomaluridae (Sallam et al., 2010a,
2010b). Sallam et al. (2011) described two new species,
Gaudeamus aslius and Gaudeamus hylaeus from the Late
Eocene site L-41 of the Gebel Qatrani Formation. This
genus also includes Gaudeamus aegyptius as the type spe-
cies, also known from the Gebel Qatrani Formation,
Gaudeamus lavocati, and potentially a third species from
the Fayum succession, which they referred to as Gaudea-
mus aff. aslius. For these taxa, they erected the new hys-
tricognathous family Gaudeamuridae, which they regarded
as autochthonous for Afro-Arabia and as potentially being
closely related to the hystricids (Sallam et al., 2011, figs.
20 and 21).

A new species of phiomyid, Acritophiomys bowni, was
described by Sallam et al. (2012) from the Late Eocene site
L-41 of the Gebel Qatrani Formation in the Fayum succes-
sion. In their phylogenetic analysis, this species was recov-
ered as a basal member of the Phiomorpha (Sallam et al.,
2012). Sallam and Seiffert (2016) described two new phio-
morphs, Birkamys korai and Mubhammys vadumensis, from
the Late Eocene site L-41 of the Gebel Qatrani Formation,
which seem to form a monophyletic group. Later, the same
authors (Sallam & Seiffert, 2019) erected the new genus
Monamys for the previously described species Monamys
simonsi (originally named Paraphiomys simonsi by Wood,
1968), which they regarded as a stem thryonomyoid. Most
recently, Al-Ashqar et al. (2021) studied new material of the
Phiocricetomyinae and erected a new genus and species,



Qatranimys safroutus, from the Late Eocene site L-41, from
the base of the Gebel Qatrani Formation.
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4.3.11 Pholidota
The potential existence of pangolins in the Paleogene of the
Fayum Depression was unknown for almost a century. Until
Gebo and Rasmussen (1985) reported two distal phalanges,
which resemble those of an extant pangolin (i.e. Manis
pentadactyla). The specimens come from the Early Oligo-
cene deposits of Quarry M and Locality 12 (L-12), of the
Gebel Qatrani Formation. Furthermore, numerous termite-
and ant-nests have been reported from the Gebel Qatrani
Formation, some of which exhibit potential vertebrate
excavation marks (Bown, 1982). Thus, despite the ambigu-
ous taxonomy of the two phalanges, it has been suggested
that the Fayum pangolin dug and fed on termites, similar to
some modern-day pangolins (Gebo & Rasmussen, 1985).
Due to the fragmentary nature of the fossils and the absence
of any teeth or cranial material from the Fayum Depression,
the attribution of these specimens to pangolins has been
questioned (Gaudin et al., 2009).

4.3.12 Cetacea
Cetaceans are one of the most extensively studied and
best-known fossil vertebrate groups from the Paleogene of
Egypt. Complete skeletons have been recovered from the
Gehannam Formation and Birket Qarun Formation (from the
Wadi al Hitan or Valley of Whales); however, they occur
only sparsely in the Qasr el Sagha Formation (Gameil et al.,
2016; Gingerich, 1992, 2010). The first fossil whales from
Africa were found by Georg Schweinfurth in 1879, repre-
senting the first archaeocete cetaceans known from the east-
ern hemisphere. The remains were found in the Birket Qarun
Formation on the island of Geziret el Qarn in the centre of
lake Birket Qarun (Dames, 1883a; Gingerich, 2010). These
fossils include vertebrae (Dames, 1883a, 1894) and skull
fragments (Dames, 1883b) of “Zeuglodon” sp. as well as the
holotype of “Zeuglodon” osiris (now Saghacetus osiris), an
almost complete dentary (Dames, 1894, pl. I; fig. 10).

At the beginning of the twentieth century, Beadnell col-
lected a considerable amount of archaeocete remains from
the Birket Qarun Formation, which were briefly described by
Andrews (1901c, 1904f). Andrews (1904f) established the
species “Zeuglodon” isis (now Basilosaurus isis). The name

of this species was originally proposed by Beadnell in a
memoire about the geology of the Fayum Province (Bead-
nell, 1905) that was, however, published after Andrews
(1904f). The holotype is a complete mandible containing the
entire dentition. Beadnell also collected fossil archaeocetes
from an area west of Garet Gehannam. The fossils were so
abundant there that he called this area “Zeuglodon Valley”
(Beadnell, 1905), which was later named Wadi al Hitan or
Valley of Whales. During this phase, he collected a complete
skull of an archaeocete that was later described as the
holotype of “Prozeuglodon” atrox (now Dorudon atrox), by
Andrews (1906a). All fossil archaeocetes collected by
Beadnell and Andrews at the beginning of the twentieth
century were described in detail by Andrews (1906a) in his
monograph about the vertebrate fauna of the Fayum.

Fig. 10 Saghacetus osiris skeleton reconstruction (Stromer, 1908, taf. I, fig. 1)

Andrews (1906a) described the holotype skull of
“Prozeuglodon” as intermediate between Protocetus and
“Zeuglodon”, but in 1908 he revised the specimen, conclud-
ing that it instead represented a juvenile with deciduous teeth.
Therefore, “Prozeuglodon” atrox was long thought to be the
juvenile form of “Zeuglodon” isis (e.g. Barnes & Mitchell,
1978; Kellogg, 1936). However, Gingerich et al. (1990)
studied complete skeletons of both species and showed that
“Prozeuglodon” atrox is not a juvenile of “Zeuglodon” isis
and thus belongs to a separate genus and species. The
archaeocete fossil collected by Andrews and Beadnell were
furthermore studied by Dart (1923), who established three
new species of “Zeuglodon” (Zeuglodon sensitives, Zeu-
glodon elliotsmithii, and Zeuglodon intermedius) based on
natural endocasts of the brain cavity (Fig. 11).

Besides Beadnell and Andrews, Stromer and Fraas also
collected archaeocete remains from the Fayum region, north
of Birket Qarun. They discovered a new skull and lower jaw
of “Zeuglodon” osiris from the Qasr el Sagha Formation
(Stromer, 1902) and, furthermore, established the species
“Zeuglodon” zitteli based on a natural endocast of the nasal
region, skull remains, as well as vertebrae (Stromer, 1903,
pl. 10–11). More recently, Gingerich (2007) established a
new species of archaeocete whale from that region based on
the vertebrae collected by Stromer and additional vertebrae
from Garet el Esh, which he named in honour to Stromer,
Stromerius nidensis.

During the same period, Fraas and Markgraf collected a
cranium and associated postcranial remains of a small



archaeocete from Gebel Mokattam. The specimen was
described by Fraas (1904) as Protocetus atavus a new genus
and species, which became the type genus of the new family
Protocetidae (Stromer, 1908). Another skull from the same
formation was named by Fraas (1904, 1906) as “Mesocetus”
schweinfurthi (now known as Eocetus schwinfurthi). In
1906, Fraas and Markgraf excavated a large skeleton of
“Zeuglodon” isis west of Birket Qarun comprising a skull
with a length of 1.3 m and a sequence of vertebrae and ribs
about 10 m in length (Fraas, 1906; Gingerich, 2010). This
skull was described by Stromer (1908) and Slijper (1936)
and was later depicted by Heizmann (1991). After the
excavations of Fraas and Markgraf, Stromer together with
Markgraf went to the Fayum Depression in order to collect
fossil whales (Gingerich, 2010). They recovered two large
archaeocete vertebrae from Gebel Mokattam, an archaeocete
skull with jaws, and some vertebrae from the Birket Qarun
Formation (Stromer, 1904).
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Fig. 11 Cetacea material from the Eocene of the Fayum Depression (Egypt): a skull of Saghacetus osiris (NHMUK M 10228) in right lateral
view; and b “Zeuglodon intermedius’ (NHMUK M 10173, now Dorudon atrox) in left lateral view. Scale bar is 20 cm

After the expeditions of Fraas and Stromer, several sci-
entists and fossil collectors from the USA, such as Henry F.
Osborn and Walter Granger (in 1907), as well as Robert H.
Denison and Paules E. P. Deraniyagala (in 1947) visited the
areas around Qasr el Sagha, Birket Qarun, and Wadi al Hitan
(Gingerich, 2010). They collected many large zeuglodonts
from Wadi al Hitan (Deraniyagala, 1948; Kellogg, 1936;
Osborn, 1907) and partial skulls of “Zeuglodon” isis, as well
as endocranial casts of “Prozeuglodon” atrox (Pilleri, 1991).
Kellogg (1936) was the first to mention the use of Basilo-
saurus over Zeuglodon, as he regarded them as synonyms.
Later, Gingerich et al. (1990) and Uhen (2004) supported
this taxonomic assignment. Furthermore, Kellogg (1936)
placed “Zeuglodon” osiris in Dorudon, and later Uhen

(2004) included “Prozeuglodon” atrox in Dorudon as well.
The species “Zeuglodon” osiris was later placed into
Saghacetus by Gingerich (1992).

Moustafa (1954) described a partial skull of a subadult
“Zeuglodon” isis in the Birket Qarun Formation that was
collected by him in 1950. In the following two decades, the
palaeontologists Simons and Meyer visited the area around
Birket Qarun, Qasr el Sagha, and Wadi al Hitan (Gingerich,
2010). They found skulls of “Zeuglodon” isis in the Birket
Qarun Formation and some archaeocete remains in the Qasr
el Sagha Formation (Simons & Wood, 1968). Barnes and
Mitchell (1978) provided a review of African cetaceans, in
which they included Prozeuglodon atavus, Eocetus schwe-
infurthi, and Pappocetus lugardi in Protocetidae. They also
placed among others “Zeuglodon” osiris and “Zeuglodon”
isis into Basilosauridae.

Shortly after, Gingerich and Simons excavated in the
Fayum region, uncovering new archaeocete remains from
the Birket Qarun Formation (Wadi al Hitan) and Qasr el
Sagha Formation in 1983 (Gingerich, 2010). They found
many well-preserved skeletons of archaeocete whales. The
most common taxa in Wadi al Hitan were Basilosaurus isis
and Dorudon atrox, both represented by equal numbers of
individuals (Gingerich, 2010). Both species are described to
be morphologically quite similar with slight osteological
differences (Gingerich & Smith, 1990; Gingerich et al.,
1990; Luo & Gingerich, 1999). Furthermore, recent studies
using stable isotopes confirmed that both, Basilosaurus and
Dorudon, were fully aquatic (Clementz et al., 2006).
Moreover, Gingerich et al. (1990) focused on the develop-
ment of the hindlimbs in archaeocetes based on fossils from
Wadi al Hitan ultimately providing insights into archaeocete



evolution. In addition to Basilosaurus isis and Dorudon
atrox, further archaeocete whales are known from Wadi al
Hitan such as Ancalecetus simonsi (Gingerich & Uhen,
1996) and Masracetus markgrafi (Gingerich, 2007). From
the Qasr el Sagha Formation, Saghacetus osiris and Stro-
merius nidensis are known (Gingerich, 2007).
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Most recently, Gohar et al. (2021) described a new
medium-sized protocetid, Phiomicetus anubis, from the
Middle Eocene Midawara Formation in the south-western
part of the Fayum Depression. A partial skeleton, including a
fragmentary skull, was reported. The material enabled the
authors to establish Phiomicetus as the most basal African
protocetid and as a highly efficient hunter of elusive prey
(Gohar et al., 2021).

4.3.13 Anthracotheriidae
Anthracotheres are among the most abundant fossils recov-
ered from the Fayum Depression (Sileem et al., 2016). They
were the first artiodactyls that reached the African continent
(Sileem et al., 2016; Simons, 2008; Simons & Rasmussen,
1990); however, the origin of African anthracotheres is still
largely unknown. According to Lihoreau and Ducrocq
(2007), anthracotheres likely originated in North America or
Eurasia with the oldest known fossils from North America
(42 Ma) and Myanmar (* 40 Ma; Zaw et al., 2014).
Anthracotheres then spread and diversified throughout
Laurasia and Africa. However, Simons and Rasmussen
(1990) mentioned that Anthracotheriidae are not related to
African Paenungulata, but instead originated from the Eur-
asian forms (Black, 1978; Schmidt, 1913).

Andrews and Beadnell (1902) reported the first anthra-
cothere material from the Fayum area and described the new
species Ancodus gorringei from the Gebel Qatrani Forma-
tion based on a nearly complete mandible. This species was
described in detail by Andrews (1906a) as Ancodon gor-
ringei. Andrews (1906a) furthermore established the new
species Ancodon parvus, in addition to unassigned material
of Ancodon sp. Specimens of Ancodon gorringei and
Ancodon parvus comprise mainly mandible remains
including teeth and provisionally referred postcranial mate-
rial. Together with the remains of Ancodon, Andrews
(1906a) also established the species Rhagatherium aegypti-
acum based on an upper left molar. All fossils described by
him in 1906 were recovered from the Gebel Qatrani For-
mation. Depéret (1908) assigned Ancodon gorringei and
Ancodon parvus to the bunodont anthracothere genus
Brachyodus, and later Schmidt (1913) mentioned that the
unassigned material of Ancodon sp. (Andrews, 1906a,
p. 191) belonged to Brachyodus parvus. Schmidt (1913)
reported the presence of the two already known species of
Brachyodus and erected three new species, Brachyodus
andrewsi, Brachyodus fraasi, and Brachyodus rugulosus. He
also erected the new subgenus Bothriogenys (Schmidt,

1913), which was later raised by Black (1978) to genus rank
and since then retained this status (e.g. Black, 1978; Dineur,
1982; Sileem et al., 2015, 2016). In 1997, Ducrocq (1997)
erected the genus Qatraniodon to which he referred the
previously described species Bothriogenys parvus.

Fig. 12 Anthracotheriidae material from the Late Eocene to Early
Oligocene Gebel Qatrani Formation of the Fayum Depression (Egypt):
a complete skull of Bothriogenys fraasi (NHMUK PV M 10186;
Schmidt, 1913, taf. II, fig. 1) in ventral view; and b right mandibular
ramus of Bothriogenys gorringei (SMNS-P-44080; Schmidt, 1913, taf.
IV, fig. 9) in lateral view. Scale bar is 10 cm

At present, the existence of three genera of Anthra-
cotheriidae in the Fayum succession is accepted: Bothri-
ogenys—including the four species Bothriogenys gorringei,
Bothriogenys rugulosus, Bothriogenys fraasi, and Bothri-
ogenys andrewsi; Qatraniodon—comprising one species,
Qatraniodon parvus; and Nabotherium—replacing Rha-
gatherium, thus including Nabotherium aegyptiacum



(Sileem et al., 2015, 2016). These species differ from one
another primarily in size, specializations of the anterior
dentition, and degree of brachydonty versus selenodonty
(Holroyd et al., 2010, fig. 12).
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Anthracotheres are absent in the Birket Qarun Formation.
They first appear in the Dir Abu Lifa Member of the Qasr el
Sagha Formation as Anthracotheriidae indet. Above the
Eocene–Oligocene boundary; Nabotherium, Qatraniodon,
and Bothriogenys are present in the Gebel Qatrani Formation
(Sileem et al., 2015, 2016).

Anthracotheres were large, stout-bodied animals that
might have been semi-aquatic (Pickford et al., 2008; Sileem
et al., 2016; Simons, 2008). Boisserie et al. (2005) even
reaffirmed a distant relationship to hippopotamuses. Simons
and Rasmussen (1990) assumed that anthracotheres partially
replaced hyracoids, when they arrived in Africa, because
hyracoids were the dominant terrestrial plant eating group at
that time that had radiated into several species and their
number decreased after the arrival of anthracotheres
(Simons, 2008).

Schmidt (1913) already implied that the Fayum anthra-
cotheres consisted of two different lineages and later, Sileem
et al. (2016) classified Nabotherium as bunodont and
Bothriogenys, as well as Qatraniodon as bunoselenodont
representatives. He also concluded that the abundant
Bothriogenys probably had a browsing/grazing adaptation
and was eating foliage based on the morphology of its den-
tition. Due to their hydrophilic nature, it is possible that they
also fed on water plants (Pickford et al., 2008; Simons, 2008).
In contrast, the bunodont Nabotherium was according to
Sileem et al. (2016) probably a selective frugivore/herbivore.

4.3.14 Chiroptera
Bats are a quite rare and under-represented group in the Fayum
deposits. The first remains were described well over a century
ago, when Schlosser (1910) erected the new genus and species
Vampyravus orientalis for a relatively big humerus from the
Gebel Qatrani Formation. This species represents the first
fossil bat described from Africa. In his extensive work about
the Fayum fauna, Schlosser (1911) actually coined a new
genus name for this specimen, Provampyrus orientalis,
without explaining the reasons behind this change. Of course,
the genus name Vampyravus has priority overProvampyrus, a
fact that has been mentioned repeatedly in the literature (e.g.
Gunnell et al., 2008; Rosina & Pickford, 2019; Sigé, 1985).
The humerus housed in the SMNS that was described by
Schlosser (1910, 1911) remains the only known specimen
assignable to this species (Gunnell et al., 2008, 2009). Gunnell
et al. (2009) studied the holotype of the species and compared
it to the other bats that were described later from the Fayum
Depression. He concluded thatVampyravus orientaliswas the
largest bat in the Fayum fauna, weighing about 120 g, distinct
from any other taxon from the Fayum and probably belonged

to a derived bat family, such as the emballonurids or
rhinopomatids (Gunnell et al., 2009).

Gunnell et al. (2008) studied new chiropteran material
from different localities from the Birket Qarun Formation
and the Gebel Qatrani Formation of the Fayum region. They
recognised two previously described species and also foun-
ded four new genera, Witwatia, Qarunycteris, Saharaderma,
and Khonsunycteris, and six new species of bats, Witwatia
schlosseri, Witwatia eremicus, Dhofarella sigei, Qarunyc-
teris moerisae, Saharaderma pseudovampyrus, and Khon-
sunycteris aegypticus (Gunnell et al., 2008). Gunnell et al.
(2014) erected a new genus of myzopodid bat, Phas-
matonycteris, to which he referred two new species Phas-
matonycteris phiomensis, from the Early Oligocene site
Quarry I of the Gebel Qatrani Formation, and Phas-
matonycteris butleri, from the Late Eocene site BQ-2 of the
Birket Qarun Formation. Simmons et al. (2016) described
the new genus and species Aegyptonycteris knighteae, based
on a partial right maxilla from the Late Eocene site BQ-2.
This large bat differed considerably from any existing bat
family, leading the authors to erect the new family
Aegyptonycteridae (Simmons et al., 2016).

4.3.15 Hyaenodonta
Large terrestrial carnivores of the Fayum fauna are repre-
sented by the hyaenodonts. The first remains of this extinct
group in the Fayum deposits were described by Andrews
(1903c), who erected the new “creodont” species Pterodon
africanus for a partial right mandible. One year later,
Andrews (1904f) described another new “creodont” species,
Pterodon macrognathus, based on a partial left mandible
from the Gebel Qatrani Formation. In his monograph about
the Fayum fauna, Andrews (1906a) offered detailed
descriptions of both previously described carnivorous spe-
cies, re-examining the generic assignment of the second
species and referring to it as Apterodon macrognathus. He
reported the presence of the genus Hyaenodon, based on a
partial mandible, and described a new small “creodont”
species, Sinopa ethiopica, based on a partial left fragment of
a mandible (Andrews, 1906a). Shortly after, Osborn (1909)
described two complete skulls of Apterodon macrognathus,
one possibly belonging to a female and the other to a male,
two mandibles of Pterodon africanus, a slender mandible,
which he assigned to a new species, Pterodon leptognathus,
and a somewhat smaller mandible, on the basis of which he
founded the new species Pterodon phiomensis. Osborn
(1909) also erected the new genus and species Metasinopa
fraasi and the new species Hyaenodon brachycephalus, both
based on almost complete mandibles from the Gebel Qatrani
Formation. Schlosser (1910) described two new species,
Apterodon altidens and Apterodon minutus, and suggested
that a giant “creodont”, like Palaeonictis or Pachyaena,
existed in the Fayum fauna, based on a very large carpal



bone. Schlosser (1911) offered extensive descriptions and
comparisons of his new carnivore material from the Fayum
Depression. More than half a century later, Simons and
Gingerich (1974) founded the new genus and species Mas-
rasector aegypticum on the basis of dental remains from the
Gebel Qatrani Formation. Two years later, the same authors
(Simons & Gingerich, 1976) described the new carnivore
Apterodon saghensis, based on a left mandible from the Late
Eocene of the Qasr el Sagha Formation. Holroyd (1999)
studied the “creodont” assemblage of the Fayum succession
and described the new species and included the two species
Metapterodon schlosseri, and Metapterodon markgrafi, both
from the Gebel Qatrani Formation, in the genus Metapter-
odon. More recently, Borths et al. (2016) offered a revision
of the Fayum hyaenodonts and erected the new genus and
species Brychotherium ephalmos and the new species
Akhnatenavus nefertiticyon. One year later, Borths and
Seiffert (2017) described the new species Masrasector
nananubis, of which complete skulls are known from the
Late Eocene site L-41 of the Gebel Qatrani Formation.
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Other taxa which had been previously associated with the
“creodonts” are the ptolemaiids, which have already been
discussed above (e.g. Schlosser, 1911; Simons & Gingerich,
1974). The generic status of the carnivore species has been
debated by many authors over the past century and many
have been reassigned to new genera, adding to the confusion
about the Fayum carnivores (e.g. Holroyd, 1999; Lewis &
Morlo, 2010; Morales & Pickford, 2017).

5 Importance of the Fayum Depression
for Mammalian Evolution

The Fayum Depression represents the first Paleogene locality
that was discovered in Africa. In the early years, the
remarkable richness and diversity of the Fayum faunal
assemblages sparked the interest of many important vertebrate
palaeontologists, who were then involved in the collection
and description of the Fayum fossils. These palaeontologists
include the British Charles W. Andrews, the Germans Eber-
hard Fraas, Ernst Stromer von Reichenbach, and Max
Schlosser, as well as the American Henry F. Osborn.

These Paleogene deposits in the Fayum Depression
yielded the oldest well-documented record of fossil verte-
brates from Africa at the time and provided important
information on many mammalian groups. The Fayum fossils
even led to the establishment of two new orders of mam-
mals: the huge horned Embrithopoda, the ecological affini-
ties of which are not entirely clear, and the small enigmatic
Ptolemaiida, whose systematic position is still debated. In
addition, numerous new families (e.g. Eremopezidae,
Moeritheriidae, Saghatheriidae, Parapithecidae, Propliop-
ithecidae, and Aegyptonycteridae) and subfamilies (e.g.

Oligopithecinae, Geniohyinae, Titanohyracinae, and
Metoldobotinae) were erected for different Fayum taxa.
Extremely rich fossil material of clades, such as the pro-
boscideans and cetaceans, helped unravel the origins and
early evolutionary histories of these groups. Eocene–Oligo-
cene members of Proboscidea demonstrate the diversity of
this group and point to a semi-aquatic lifestyle for some
basal representatives such as Moeritherium, whereas the
cetaceans from the Eocene of the Fayum Depression show
how morphologically advanced and diverse their early rep-
resentatives from this time were. Wadi al Hitan has provided
evidence for at least four distinct whale species, Basilo-
saurus isis, Dorudon atrox, Ancalecetus simonsi, and Mas-
racetus markgrafi. Moreover, the Fayum deposits yielded a
remarkable diversity of hyracoids and primates, for which
over 30 different species have been named, respectively.
Regarding the hyracoids, 10 distinct genera have been
erected, to include 37 species (some of which have been
synonymised over the years). This high number of taxa
likely covered a wide array of ecological niches, from the
small-sized Saghatherium, weighing below 10 kg, to the
large-sized Titanohyrax, potentially weighing up to a ton,
and from the probably climbing Dimaitherium to the cur-
sorial, gazelle-sized Antilohyrax. The primates from the
Fayum Depression have revealed a similar diversity, with
about 20 genera, including about 30 species, most of which
are still considered valid, representing several different
clades. The most common primate group in the Fayum fauna
is the Parapithecoidea, which is regarded as a basal group of
Anthropoidea and can be divided into the Parapithecidae and
Proteopithecidae. This superfamily also includes the first
ever described primate from the Fayum Depression, Apidium
phiomense. Another common family of primates is the
Propliopithecidae, known from many species from the Gebel
Qatrani Formation. Other primate groups include the Afro-
tarsiidae, which in the past was regarded as closely related to
the extant Tarsius, the Lorisiformes, and the Adapidae.

Fossils from the Fayum Depression that were collected at
the end of the nineteenth and the beginning of the twentieth
century have been distributed throughout many different
collections, including some of the largest natural history
museums, such as the AMNH, BSPG, MNHN, NHMUK,
NHMW, and SMNS. Important collections of Fayum fossils
are also housed at the DPC, the Egyptian Geological
Museum in Cairo (Egypt) and the Mansoura University
Vertebrate Paleontology Center (Egypt). Even in recent
years, over one century after the first discovery of fossils in
the Fayum Depression, the region continues to yield rich
fossil material that keeps providing new insight into verte-
brate evolution during the Paleogene. Especially the dis-
covery of rich fossil localities such as L-41 in the Gebel
Qatrani Formation and BQ-2 in the Birket Qarun Formation
have provided a wealth of information on the faunal



diversity of the Fayum succession and the Paleogene of
Africa in general. New cranial material of primates such as
Aegyptopithecus zeuxis has helped to resolve its phyloge-
netic relationship to other primates and revealed a pro-
nounced sexual dimorphism. Recently, also the use of new
methods such as CT scanning and stable isotope analysis of
vertebrate remains has significantly enhanced our under-
standing of many mammals from the Fayum Depression,
including the potential ecology of animals such as Arsi-
noitherium, the anthracotheres, and the hyracoids. As the
excavations in the area and the study of old and new fossils
from the Fayum with new methods continue, many new and
exciting studies are to be expected. The Fayum Depression
may continue to shed light on the origin and evolution of
many mammalian groups during the Eocene–Oligocene.
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and Palaeoclimates of Northern Egypt
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Abstract

In this chapter, we present the story of the Oligocene
palynostratigraphy and floral composition in Egypt as told
by the preserved palynomorphs in the Dabaa Formation. It
is a step in establishing a regional biostratigraphic and
vegetational framework for the Oligocene, thus making
future integration of regional and global schemes possible,
especially when more independent biostratigraphic infor-
mation becomes available. Synthesis of published materi-
als from surface and subsurface sections points to
significant floral changes during the Oligocene time
leading to the development of a number of different
vegetation belts in this part of North Africa. These include
coastal mangrove forests, back-mangrove wetland ecosys-
tems such as freshwater marshes, lakes, and swamps, as
well as inland forests and open woodland-savannah
habitats. The prevailing climate is interpreted to have been
warm and humid with local or seasonal dry conditions.

Keywords

Oligocene Palynology � Palynostratigraphy �
Biostratigraphy � Dabaa Formation � Egypt � North
Africa

1 Introduction

The Paleogene palynology of Egypt, especially the Oligo-
cene, is less studied than other periods. Only a small number
of contributions have been carried out on Cenozoic strata
in general (Kedves, 1971, 1985; El-Sabrouty, 1984;
El-Bassiouni et al., 1988; Takahashi & Jux, 1989a) and on
the Oligocene particularly (e.g. El Beialy et al., 2019). Most
of these previous studies have primarily focused on taxon-
omy, palynostratigraphy, and palaeoenvironmental inter-
pretations in addition to palynofacies (El Beialy et al., 2016).
Only recently studies that tackled vegetation analysis have
emerged (El Atfy et al., 2021, 2022). Previous palynological
investigations on the Oligocene sedimentary successions of
the north Western Desert of Egypt include Kedves (1971,
1984, 1985), El-Sabrouty (1984), El-Bassiouni et al. (1988),
Takahashi and Jux (1989a), El Beialy et al. (2019),
Mohamed et al. (2020). Those targeting the Nile Delta
include exclusively El-Beialy (1988a, 1990a, b), despite
dealing with the Oligocene as part of their studied succes-
sions with no detailed data. To the best of the authors’
knowledge, no other palynological data exist for the Oli-
gocene from any other location in Egypt (Fig. 1). The goal of
this chapter is to review the previous contributions and shed
more light on the palynostratigraphy, vegetation, and
palaeoclimate of the Oligocene deposits in Egypt with a
special emphasis on the Dabaa Formation.

2 Oligocene in Egypt: Geology and Facies
Distribution

Fluvio-deltaic and shelf progradation were the dominant
depositional schemes in the Oligocene in northern Egypt
(Fig. 2). The innermost (southern) basins were completely
filled by the end of the Eocene. Oligocene thickness varia-
tions show an irregular bottom topography in the north’s
remnant basin, which was continuous and open. In the
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Fig. 1 Location map of Egypt showing the previously studied Oligocene locations and boreholes; triangles represent subsurface occurrences
while quadrangles denote surface exposures

Fig. 2 Egypt during the Oligocene time, simplified and redrawn after Salem (1976) and Kuss and Boukhary (2008)
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Oligocene basin, these morphologic irregularities were
acquired from the preceding structures and/or compaction of
the underlying sediments. Terrigenous clastic deposits from
the Oligocene continued to prograde north-westward over an
immature shelf with passive ridges extending northeast–
southwest (Salem, 1976). Irregular bathymetry is an “im-
mature shelf”, regardless of where it originated (Emery,
1968). The shelf was prograded by Oligocene sedimentation
filling the inner lows first. The northern flank of the next
ridge became the shelf’s outer slope when the shelf edge had
prograded distant enough northwest to reach it. Submarine
highs were also seen in the northwest during the same per-
iod. This is corresponding to a shelf with structural dams, as
outlined by Curray (1965). It is difficult to determine the
features and types of depositional processes that operate in
the region because of the immature Oligocene shelf as well
as lack of data. Salem (1976) assumed that high constructive
delta systems dominated the scene due to the high content of
mud. Many slope cones (turbidites) are likely to be present
in the Oligocene sedimentary section. Oligocene slope fans
are most likely to be found in the area directly south of the
existing coastline (Fig. 2).

The Oligocene sedimentary facies comprise sandstones,
siltstones, and clays of the deltaic Gebel Qatrani, the fluvi-
atile Gebel Ahmar, and the lacustrine Nakheil formations as
the most significant Oligocene outcrops in the Fayum area
and its surroundings (Fig. 2). Osman (2003) proposed that
the Oligocene shoreline passed north of the Fayum
Depression, skirted the southern slope of the El Arag, and
continued into the Siwa Oasis in his study of the El Arag
area in the north Western Desert. Moreover, El Heiny and
Enani (1996) termed the Oligocene (Chattian) section north
of the Nile Delta and offshore to the northwest of the Sinai
Peninsula the Tineh Formation. The latter is made up of
prodeltaic sediments that interfinger with open-marine
basinal deposits further offshore (Dolson et al., 2002). As
ancient river systems developed in the Red Sea and Uweinat
regions, they drained ancient uplifted areas where these
facies were distributed regionally throughout the early Oli-
gocene. Issawi and McCauley (1993) proposed that these
palaeo-drainage systems shifted position during the Oligo-
cene–Miocene interval. Even though the exact pathways,
timing, and position of several valleys and canyons are still
being debated (Dolson et al., 2002), it is undeniable that
these features are critical to the far-piece transport of clastics
as well as several shelf dissections and incision processes.

Many episodes of volcanic activity occurred in Egypt
during the Cenozoic. The most widespread volcanic activity
was during the Paleogene. Isotopic age determinations
indicate that several successive volcanic pulses occurred in
the late Eocene with subsequent extensional phases ranging
from late Oligocene to middle Miocene (Ibrahim, 2008). The

Red sea opening was immediately conjugated with this
volcanic activity. It is strongly believed that the Red Sea
gained its physiognomies and isolation from the Tethys as a
result of the Cenozoic tectonics, starting with the late
Eocene–Oligocene-early Miocene uplift and expansion of a
major fault system (Ibrahim, 2008). These faults trending
NW–SE show a substantial displacement along fault planes
dipping away from the Red Sea. The basaltic volcanic rocks
are extensively distributed in the northern part of Egypt
underneath the Nile Delta and the Western Desert (Said,
1981; Williams & Small, 1984). Also, some isolated out-
crops along the Fayum-Abu Rowash, Cairo-Suez, and
Tihna-El Bahnasa stretch. The volcanic rocks of the Western
Desert vary in composition and belong to more than one
phase of volcanic activity (Meneisy & Abdel-Aal, 1984).

During the Oligo-Miocene, normal faults of a northwest
trend echoed the opening of the Red Sea and Gulf of Suez
(Meshref, 1990). The main trend affecting the area is a
roughly east northeast–west southwest and is represented by
a normal fault. This trend is reflected in the elongation of the
scarp, and of Lake Qarun, to the south. This trend, called the
“Tethyan” trend, has affected most of the African continent
since earlier Mesozoic times (Pavoni, 1993). It could be the
echo of the opening of the South Atlantic Ocean.

The major faults affecting the area are mostly of the
normal type and have different trends, such as a roughly
north–south or north northwest–south southeast trend,
especially east of the Qatrani scarp. The intersection of the
latter with the east northeast–west southwest master fault
gives rise to the sudden change of the scarp direction and the
drainage pattern. A group of northwest–southeast trending
faults affects the basaltic rocks west and east of Widan El
Faras. These synbasaltic trends could be due to the opening
of the Red Sea and the Gulf of Suez. A northeast–southwest
right-lateral strike-slip fault west of the Gebel Qatrani scarp
brings the Gebel Qatrani Formation side by side with the
basaltic rocks (Ibrahim, 2008).

3 Lithostratigraphic Framework
of the Oligocene in Egypt

The Oligocene deposits overlie disconformably late Eocene
sediments and they are only recorded in the northern part of
Egypt. They were classified into two well-defined facies:
fluvial facies of sands and gravels with minor deltaic facies
and marine facies of shales and negligible limestone inter-
beds in the subsurface of northern Egypt. The volcanic,
geyser activity and tectonism affected the Red Sea region
and the belt of highs amid the stable and unstable shelves
during the Oligocene. This governed the distribution of these
sediments to a large extent (Said, 1962). Oligocene fluviatile

The Oligocene Palynology and Palaeoclimates of Northern Egypt … 409



sediments crop out along a narrow belt extending from Suez
to Fayum via Cairo and onward into the Western Desert
(Fig. 2). Small and isolated outcrops of this facies are also
known from west of Beni Suef and the Bahariya Oasis.
Generally, these deposits are difficult to date and they are
classified as Oligocene based on stratigraphic correlation,
and most lack reliable biostratigraphic data (Ibrahim, 2008).

3.1 The Gebel Qatrani Formation

Considerably, thick deposits of Oligocene sands occur along
the northern and western scarps of the Fayum depression.
The Gebel Qatrani Formation is the subject of the classical
work of Beadnell (1905), Said (1962), Bowen and Vondra
(1974), and Bown et al. (1982). It is mainly controlled by the
presence or absence of the Widan El Fars basalt and by the
development of large east–west trending normal faults.
Beadnell (1905) used the term “Fluvio-marine series”
however, Said (1962) favours the term Gebel Qatrani For-
mation or “Qatrani Formation” for the variegated sand-
stones, gravelly sandstone, sandy mudstones, limestones,
and shales that form Gebel Qatrani and extended northeast to
greater Cairo area.

In its type section, the Gebel Qatrani Formation is about
340 m thick; however, it thins considerably to the west. It is
readily distinguished from the underlying dark green and
grey Dir Abu Lifa Member of the Qasr El Sagha Formation
by the dominance of brightly coloured-variegated sandy
mudstones, sandstones, and gravelly sandstones. The over-
lying alluvial Miocene Khashab Formation, the Gebel
Qatrani is separated by an erosional unconformity, followed
in places by up to 25 m of Widan El Faras Basalt (Bowen &
Vondra, 1974), a dense, iron-rich, cliff-forming unit capping
the Gebel Qatrani. In areas where the Widan El Faras Basalt
is absent, the Gebel Qatrani Formation is overlain by the
Khashab Formation with an erosional unconformity (Ibra-
him, 2008).

3.2 Widan El Faras Basalt

The Widan El Faras Basalt is a dark, generally densely
aphanitic iron-rich extrusive basalt. It seems to be composed
of a single flow in areas where it is thinnest; however,
weathered and sometimes charred contacts within the basalt,
as well as thin coarse sandstone interbeds (some containing
mixed quartz sand and basaltic debris), demonstrate the
existence of no less than two or three distinct flows over a
great area of exposure of the basalt. These shallow scours
show that unconformities of unknown magnitude are con-
tained in the Widan El Faras Basalt. The basalt’s upper
contact with the overlying Khashab Formation is also

erosional and, in the area between Widan El Faras and Tel
Homar, is marked by at least 9 m of relief (Bowen & Kraus,
1988).

3.3 The Gebel Ahmar Formation

A typical example of the sands and gravels of the Cairo-Suez
district is exposed in Gebel Ahmar, east of Cairo (Barron,
1907; Shukri, 1954). Lateritic soils cap the deposit in places,
inducing red colouration to the underlying sediments. Shukri
(1954) assumes that fluids ascended along faults caused the
colouration and silicification of the Oligocene sands and
gravels of Cairo-Suez district. The Oligocene Gebel Ahmar
Formation detours Gebel Mokattam to the north, where it
blankets the desert between Cairo and Suez. The E–W faults
also displaced the continental Miocene sediments in the north
counter to theOligoceneGebel Ahmar Formation to the south.
Within this huge surface area, prominent hills rise 60–70 m
above the desert plain. The Gebel Yahmoum El Asmar, Gebel
El Khashab (Petrified Forest), and Gebel Ahmar overlook
Nasr City to the northeast of Cairo (Issawi et al., 2009).

The Gebel Ahmar Formation (at its type section) is
composed of 40–100 m thick, coarse-grained, cross-bedded,
vividly coloured, frequently friable sands, with a hard
quartzitic dark brown bed at the top. At Gebel Ahmar,
geyser action is well seen in the dark red and dark brown
silicified tubes which cut erratically through the sands rising
several metres in castle-like forms. Regrettably, this national
park—as it should be—was damaged under the construction
of the Arab Contractors Medical Centre and Elmokawelon
Arena; even the designation transformed into Gebel Akhdar
(Issawi et al., 2009)

3.4 The Nakheil Formation

The Nakheil Formation is recorded from the synclinal
troughs of the coastal areas of the Red Sea south of Quseir
city. Lithologically, the Nakheil Formation is 60 m thick of
very coarse breccia and angular blocks of limestone and
chert concretions that originated from the underlying Thebes
Formation. Fine lacustrine sediments made of fine carbon-
ates, clays, and sandstones alternate with the coarse breccia.
No in-situ fossils were recorded except those reworked from
the older beds (El Akkad & Dardir, 1966).

3.5 The Katkut Formation (Serir Deposits)

The Katkut Formation or Katkut Gravels was first presented
to represent the post-Eocene strata west of the Nile Valley by
some authors (e.g. El Hinnawi et al., 1978; Issawi & Osman,
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2008; Issawi et al., 2009), encompassing all the
reddish-brown coarse clastics that unconformably overlie the
early Eocene limestone beds. These are allocated to late
Oligocene to early Miocene age (Abu Seif, 2015; Mahran
et al., 2013). These fluvial sediments resemble the undis-
tinguishable gravel unit west of Nagh Hammadi (Klitzsch
et al., 1987), to Higaza Formation east of Qena (Philobbos &
Abdel Rahman, 1990), and to pre-Eonile gravels in the
extent between Aswan and Nagh Hammadi, west of the Nile
(Lansbery, 2011). Mahran et al. (2013) and Abo Seif (2015)
documented three informal lithologic subdivisions of the
Katkut Formation; gravel, sands and silts, gravel, and sands.

The Katkut Gravels are developed on the plateau surface
to the southwest of Sohag opposite El Minshah village with
a greater thickness ca. 50 m. The gravels are embedded in a
highly ferruginous red matrix, stretching for 30 km on the
western Limestone Plateau and also on its eastern slope
(Issawi et al., 2009).

3.6 The Tayiba Formation/Red Beds

The Tayiba (also referred to as the Abu Zeneima Formation
in some works) overlies unconformably the late middle
Eocene Tanka Formation in the Abu Zeneima-Feiran area in
Sinai and the Gulf of Suez. It comprises a 5-m-thick basal
conglomerate, a 15-m-thick sequence, and an upper
15-m-thick porcelaneous limestone bed, coarsening-upward
siltstone beds (Ibrahim, 2008).

3.7 The Tineh Formation

The Tineh Formation represents the early Oligocene-lower
Miocene sediments in the central and eastern Nile Delta
regions. The Qantara-1 well penetrated a thickness of 1086
m of the Tineh Formation, which consists of dark grey
shales interbedded with sandstone bands representing pro-
deltaic sediments, interfingering with open-marine basinal
facies further offshore (Dolson et al., 2002). The penetrated
late Oligocene-early Miocene section in this well includes
planktonic foraminifera deposited under outer neritic to
upper bathyal conditions (El Heiny & Morsi, 1992). The
Tineh Formation was deposited on a submarine high during
the late Oligocene time as evidenced by the absence of its
lower part and the relatively thin units encountered in this
formation (El Heiny & Enani, 1996).

3.8 Wadi El Arish Formation

The Wadi Arish Formation was so-called after Wadi Arish, a
large valley that drains the Central Sinai Peninsula in the

south and laid-off into the Mediterranean Sea to the east of
El Arish town, it was divided into three members (Kuss &
Boukhary, 2008). The lower member is best detected at the
eastern part of Gebel Risan Eneiza, 20 km south of El Arish.
The member unconformably overlies the karstified Albian
limestones of the Risan Eneiza Formation. The Lower
member of the Wadi El Arish Formation is 42-m-thick,
coarse-grained sandstone intercalated with gypsum layers,
including larger foraminifera and coralline algae (Kuss &
Boukhary, 2008).

The middle member is 8 m thick consisting of clay and
marls with thin intercalations of nodular limestones or rho-
doliths. The upper member is 26.5 m thick, well-bedded, or
massive limestones, including larger foraminifera and algal
rhodoliths. The foraminiferal assemblage, identified by Kuss
and Boukhary (2008) from the Wadi El Arish Formation
includes Nephrolepidina., Lithothamnium sp., Lithoporella
melobesoides (Foslie), Sporolithon sp. and Neogoniolithon
sp.

3.9 Dabaa Formation

The Dabaa Formation is defined by Norton (1967) as a
subsurface rock unit in the north Western Desert. The name
was also used by Abdallah (1967) to designate Pliocene pink
limestone of the Mediterranean littoral zone, but this is a
homonym (Hantar, 1990). In this chapter, we employ the
term Dabaa Formation in the sense of Norton (1967). It
consists mainly of grey shale and thin limestone interbeds
and has a uniform thickness in the north Western Desert
(Norton, 1967). The Dabaa Formation has a thickness of 442
m at its type section (Dabaa-1 well) and its depositional
environment is mainly inner shelf to littoral that changes to
estuarine near its top (Issawi et al., 2009).

The Dabaa Formation has been dated to the Oligocene
(Issawi et al., 2009), though oil geologists account it to be
late Eocene–Oligocene. Alike was anticipated by Hantar
(1990) who measured the lower 33 m of the Dabaa For-
mation, in its type section, to reveal upper Eocene, and the
upper 209 m to be Oligocene. Palynologically, it was dated
as Rupelian (early Oligocene) or late Eocene–Oligocene,
based on dinocyst evidence from surface material in the
vicinity of the Qattara Depression (El Beialy et al., 2019).

3.10 Al Faidiyah Formation

In Libya across the borders from Egypt, El Deftar and Issawi
(1977) mapped a 55 m section of alternating limestone,
marly limestone and clay which they named the Al Faidiyah
Formation. Its faunal content included both macro- and
microfossil assemblages including Brisoposis frassi Fuchs,
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Tellina lacunosa Chemnitz, Cardium gallicum Mayer,
Lepidocyclines, and Operculines that suggest Chattian to
Aquitanian age. It makes the basal cliffs overlooking the
Mediterranean near Tobruk, hence there is a great possibility
that the section extends into Egypt. The vertical cliffs of the
Sallum area have to be checked for the Al Faidiyah For-
mation especially when the unit is overlain by Al Jaghbub in
Libya, a unit also known in west Egypt (Ibrahim, 2008).

It is worth mentioning that palynological dating based
mainly on dinocyst evidence on the Al Faidiyah Formation
has been introduced by El-Mehdawi and El Beialy (2008)
from surface samples from Al Jabal Al Akhdar, NE Libya.
They established a late Oligocene to early Miocene age,
rather than early Miocene which could reveal that Al
Faidiyah Formation is younger than the Dabaa Formation
and other Oligocene equivalent rock units in Egypt.

4 Terrestrial Megaflora

The Oligocene plant-bearing strata in North Africa are
generally rare. They produce mostly petrified wood indica-
tive of a diverse terrestrial floral community (e.g. Dupér-
on-Laudoueneix & Dupéron, 1995; Jacobs et al., 2010;
El-Saadawi et al., 2020). Based on the spatial variation
within such community, the Oligocene vegetation in North
Africa is believed to have been tropical forests along the
Tethys coastal line, transitioning to an inland zone of mixed
woodland and grassland (Boureau et al., 1983; Louvet,
1971).

In Fayum, Egypt, an area well-known for its palaeobio-
diversity, a plethora of vertebrate fossils as well as a diverse
early Oligocene macrofloral community are preserved within
the Gebel Qatrani Formation. Floral remains include wood,
fruits, seeds, and leaves (Blanckenhorn, 1921; Kräusel &
Stromer, 1924; Kräusel, 1939; Bown et al., 1982;
El-Saadawi et al., 2014, 2020; Stull et al., 2020). Louvet
(1971) interpreted the floral community of the Gebel Qatrani
Formation to represent a portion of a tropical forest formed
on the northern coast of Africa. However, to the authors’
knowledge, no more data are available outside Fayum
detailing the megafloral assemblages of Egypt.

5 Floristic Composition, Vegetation,
and Palaeoclimatic Inferences

In Egypt, Oligocene spores and pollen were initially reported
from the regions of Abu Rauwash and Moquattam (Kedves,
1971, 1985). This was followed by studying the spores and
pollen of the late Eocene-early Oligocene Qasr El Sagha
Formation in the Fayum area (Takahashi & Jux, 1989a).
Recently, El Atfy et al., (2021, 2022) studied the Dabaa

Formation sporomorphs from surface exposures near the
Qattara depression and from the Amana-1X well, respec-
tively, both located in the north Western Desert (Fig. 1).

The palynofloral elements known from the Dabaa For-
mation in the north Western Desert of Egypt display taxo-
nomic resemblances to the hitherto-described Oligocene
macroflora, and palynoflora from the Oligocene of Egypt
(e.g., Kedves, 1985; El Atfy et al., 2021, 2022 and discus-
sion therein). These elements include, for example, fern and
lycopsid spores such as Crassoretitriletes vanraadshooveni,
Magnastriatites howardi, and Verrucatosporites usmensis,
gymnosperm pollen like Ephedripites in addition to diverse
angiosperm pollen species such as Aceripollenites striatus,
Bombacacidites nacimientoensis, Chenopodipollis multi-
plex, Echiperiporites estelae, Monoporopollenites annula-
tus, and Peregrinipollis nigericus. The presence of these and
other species (Fig. 3) within the Dabaa Formation indicates
mixed tropical habitats including coastal mangroves with
back swamps, ever-wet inland forests, and open
woodland-savannah ecosystems. Temperate indicative spe-
cies may have also been present (El Atfy et al., 2021, 2022).
A distinct vegetational pattern could be outlined during the
deposition of the Dabaa Formation in the north Western
Desert as shown in Fig. 4. This vegetational pattern has been
described so far from only the Dabaa Formation based on
palynomorphs. Therefore, further palynological investiga-
tions are required to confirm its extent, although
macro-palaeobotanical data point to an extension of this
pattern across all of northern Africa during this period.

In terms of palaeoclimate, the Dabaa Formation preserves
a terrestrial palynomorph assemblage indicative of predom-
inantly warm and humid conditions (El Atfy et al., 2021,
2022). This is evident by the abundance of angiosperm
pollen species of the families Arecaceae, Malvaceae (sub-
family Bombacoideae), Dipterocarpaceae, and Ctenolopho-
naceae. The abundance of precipitation and humidity are
also inferred from the presence of fern and lycopsid spores
which are known to be water-loving and thrive under wet
conditions. Local or seasonal dry and arid conditions may
have existed based on the reported species of
Chenopodipollis, Monoporopollenites, and Ephedripites (El
Atfy et al., 2021) from surface samples collected from the
vicinity of the Qattara Depression.

6 Marine Palynomorphs, Primarily
Dinoflagellates

The analysed samples from the Dabaa Formation in the
north Western Desert (namely from the Qattara profiles and
the Amana-1X well) have high to moderate recovery of
well-preserved dinoflagellate cyst assemblages (Fig. 5)
besides sporomorphs (Fig. 3) and palynofacies particles as
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Fig. 3 The most significant Oligocene spores and pollen assemblage from the Dabaa Formation, Qattara area, north-Western Desert, Egypt. All
photomicrographs are in bright field illumination. An England Finder reference follows the sample number for each specimen. a–c; fern and
lycopsid spores a Crassoretitriletes vanraadshooveni Hopping & Muller; P1-2_X37. b Magnastriatites howardi Germeraad, Hopping & Muller;
P1-1_O35. c Verrucatosporites usmensis (van der Hammen) Germeraad, Hopping & Muller; P1-1_U39. d Gymnosperm; Ephedripites sp.;
P1-2_O31. e–t, angiosperms; e Aceripollenites striatus (Pflug) Thiele-Pfeiffer; P1-2_L30. f Bombacacidites nacimientoensis (Anderson) Elsik;
P1-1_035. g Chenopodipollis multiplex (Weyland & Pflug) Krutzsch; P1-2_L34. h Corsinipollenites sp.; Am-09. i Echiperiporites estelae
Germeraad, Hopping & Muller; P1-2_K38. j Graminidites sp.; P2-1_H35. k Monoporopollenites annulatus Jaramillo & Dilcher; P1-1_T37. l
Mauritiidites crassiexinus van Hoeken-Klinkenberg; P2-1. m Auriculopollenites echinatus Salard-Cheboldaeff; Am-15_K21. n Retibrevitricol-
porites ibadanensis Jan du Chêne et al.; Am-07. o Psilatricolporites crassus van der Hammen & Wymstra; Am-10. p Zonocostites ramonae
Germeraad, Hopping & Muller; Am-13. q Perfotricolpites digitatus González; P1-2_N38. r Peregrinipollis nigericus Clarke; Am-07_P22.
s Striatopollis catatumbus (González) Ward; P1-1_E26. t Pachydermites diederixi Germeraad, Hopping &Muller; Am-01_J22. Scale bar = 20 lm

The Oligocene Palynology and Palaeoclimates of Northern Egypt … 413



well as a few numbers of acritarchs, dispersed fungal
remains, algae, and foraminiferal test linings.

The Dabaa Formation contains diverse assemblages of
dinoflagellate cysts, some of which are sufficiently restricted
as to be useful in age determination. The dinocyst Thalas-
siphora pelagica (Fig. 5r) is not usually recorded above the
lowermost Miocene (e.g. Fensome et al., 2009 for offshore
Canada). However, it has a known range of Late Cretaceous
to late Oligocene in Italy, Turkey and Tunisia (Wilson, 1971;
Powell, 1986; Erkmen & Sadek, 1981; Torricelli & Biffi,
2001). In Egypt, T. pelagica was previously recorded from
the late Oligocene of the Nile Delta, (El-Beialy, 1990b), the
early Miocene of North Sinai (El-Beialy & Gheith, 1989), the
Gulf of Suez (El Atfy et al., 2017), and the early Oligocene
of the north Western Desert (El Beialy et al., 2019).

Diphyes colligerum (Fig. 5e) shows a reliable end Lute-
tian (Chron C19n) highest occurrence (HO) in the North Sea

and the Norwegian–Greenland Sea (Eldrett et al., 2004), but
exhibits a range of mid-Lutetian to lower Oligocene highest
occurrences in places like Italy, Denmark, Germany, and the
Labrador Sea (Brinkhuis & Biffi, 1993; Heilmann-Clausen
& van Simaeys, 2005; Köthe & Piesker, 2008; Firth et al.,
2012). In Egypt, this species was recorded from the upper
Eocene to lower Oligocene of the north Western Desert and
the Nile Delta (El-Bassiouni et al., 1988; El Beialy, 1988b;
El-Beialy, 1990a; El Beialy et al., 2019).

Dinopterygium cladoides (Fig. 5l) has an early Oligo-
cene to middle Miocene HO in Africa. It was previously
reported from the early Oligocene of Tunisia (Torricelli &
Biffi, 2001), the late Oligocene of Morocco (Chekar et al.,
2018), the Oligocene of the north Western Desert, Egypt
(El Beialy et al., 2019), and the middle Miocene of the Gulf
of Suez, Egypt (El Beialy & Ali, 2002; Soliman et al.,
2012).

Fig. 4 Tentative reconstruction of the probable vegetation belts during the deposition of the Dabaa Formation, Amana-1X well, north–Western
Desert, Egypt (modified after El Atfy et al., 2021). The palaeogeographic base map is after Ron Blakey, Colorado Plateau Geosystems, Arizona,
USA (http://cpgeosystems.com)

Fig. 5 Most significant Oligocene dinocyst assemblage from the Dabaa Formation, Qattara area, north-Western Desert, Egypt. All
photomicrographs are in bright field illumination. An England Finder reference follows the sample number for each specimen. a Distatodinium
craterum Eaton; P1-2_N36. b Distatodinium paradoxum Brosius; Am23B_E24.3.4_5.6 m.; central body length 43 µm. c Melitasphaeridium
pseudorecurvatum (Morgenroth) Bujak et al.; Am24B_D36_515.1 m.; central body maximum diameter 30 µm. d Cordosphaeridium inodes
(Klumpp) Eisenack; Am22B_T14_496.8 m; central body maximum diameter 45 µm. e Diphyes colligerum (Deflandre & Cookson) Cookson,
emend. Goodman & Witmer; Am5A_O17.1.3_341.4 m. f Hystrichokolpoma rigaudiae Deflandre & Cookson; P1-2_W36; central body length 41
µm. g Enneadocysta multicornuta (Eaton) Stover & Williams, emend. Stover & Williams; Am1A_K13.1.3_304.8 m; central body maximum
diameter 36 µm. h Homotryblium floripes subsp. floripes (Deflandre & Cookson) Stover; P1-1_U40; central body maximum diameter 45 µm.
i Phthanoperidinium comatum (Morgenroth) Eisenack & Kjellström; P1-2_K41; central body length 44 µm. j Polysphaeridium? sp. 2; P1-2_C31,
central body maximum diameter 39 µm. k Lingulodinium machaerophorum (Deflandre & Cookson) Wall; P1-2_C37; central body maximum
diameter 40 µm. l Dinopterygium cladoides sensu Morgenroth; P1-2_C44; central body length 49 µm. m Cribroperidinium tenuitabulatum
(Gerlach) Helenes; P1-2_B43; cyst length 67 µm. n Samlandia? sp.; Q1_Q15; central body length 52 µm. o Tuberculodinium vancampoae
(Rossignol) Wall 1967; P1-2_W38; central body maximum diameter 50 µm. Polysphaeridium zoharyi (Rossignol) Bujak et al.; P1-2_K42; central
body maximum diameter 54 µm. p Glaphyrocysta intricata (Eaton) Stover & Evitt; Am2A_G21. q Lentinia serrata Bujak in Bujak et al.;
P1-1_W39; cyst length 56 µm. r Thalassiphora pelagica (Eisenack) Eisenack & Gocht, emend. Benedek & Gocht; Am2A_O17. s Deflandrea
phosphoritica Eisenack; Am11A_U44; central body maximum length 40 µm. t Rhombodinium draco Gocht; Am16A_T26; central body length 54
µm. Scale bar = 20 lm

c
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Phthanoperidinium comatum (Fig. 5i) has a consistent
record of lower Rupelian highest occurrences from the
western North Atlantic (Stover, 1977, the Labrador Sea
Head & Norris 1989, the North Sea (van Simaeys et al.,
2005), Italy (van Mourik & Brinkhuis, 2005), Germany
(Köthe & Piesker 2008), Denmark (Śliwińska et al., 2012).
In North Africa, P. comatum has been documented from the

lower Oligocene of the Nile Delta and Qattara Depression of
Egypt as well as the Lutetian–Chattian of Morocco (El
Beialy, 1988b; El Beialy et al., 2019; Chekar et al., 2018).

Glaphyrocysta intricata (Fig. 5p) has its HO in the lower
Miocene of western Tasmania in the Indian Ocean (Brinkhuis
et al., 2003) and Germany (Strauss, 1993). The HO of this
taxon is also documented from the upper Oligocene of west
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Germany (Weiler, 1982; Sonne &Weiler, 1984) and the Nile
Delta, Egypt (El-Beialy, 1990b), lower Oligocene of Italy and
Tunisia (Brinkhuis & Biffi, 1993; Brinkhuis, 1994; van
Mourik & Brinkhuis, 2005; Torricelli & Biffi, 2001). The
lowest occurrence of this species has been recorded in the
upper Paleocene (Thanetian) of England (Powell et al., 1996).

The genus Rhombodinium has a Bartonian–Rupelian
stratigraphic range (Fensome et al., 2009). Its top range,
Rupelian, is based on the HO R. draco (Fig. 5t) by Powell
and Brinkhuis in Gradstein et al. (2004) as well as Williams
et al. (2004) from the mid-latitudes of the Northern Hemi-
sphere. In Egypt, R. draco was recorded from the early
Oligocene of the Nile Delta by El Beialy (1988b). Reported
anomalous Miocene records of R. draco from Russia and
East Germany by Zosimovich (1991) and Strauss (1993) are
assumed to be reworked.

Enneadocysta multicornuta (Fig. 5g) was recorded in
deposits ranging in age from the late Paleocene of India
(Khanna, 1979) to early Miocene of Europe (Hochuli, 1978).
Elsewhere, this species has the HO in the early Oligocene of
Italy (Gruas-Cavagnetto & Barbin, 1988), Mississippi, Ala-
bama (Jaramillo & Oboh-Ikuenobe, 1999, 2001), Poland
(Gedl & Leszczynski, 2005), and Azerbaijan (Bati, 2015).

Williams et al. (2004) recorded the first occurrence of
Melitasphaeridium pseudorecurvatum (Fig. 5c) from the
early Eocene (Ypresian) in northern Hemisphere
mid-latitudes, southern Hemisphere high latitudes and
equator. The high occurrence of this species is recorded from
the early Eocene in the southern Hemisphere high latitude
(51.4 Ma), the late Eocene (Priabonian) in the equator (35
Ma), and the early Oligocene (Rupelian) in northern Hemi-
sphere mid-latitude (33.07 Ma) (Williams et al., 2004).
Elsewhere, the highest occurrence of this species was
recorded from the lower Oligocene of Belgium (De Coninck,
1999), Poland (Gedl & Leszczynski, 2005), Italy (van
Mourik & Brinkhuis, 2005), and Azerbaijan (Bati, 2015). In
Egypt, M. pseudorecurvatum was firstly recorded from the
lower Oligocene Dabaa Formation in the Qattara Depres-
sion, Western Desert (El Beialy et al., 2019).

Lentinia serrata (Fig. 5q) has been previously recorded
from the Lutetian to lower Rupelian strata of multiple
European countries including England, Belgium, and Italy
(Aubry, 1986; De Coninck, 2001; Pross et al., 2010) as well
as from the offshore of eastern Canada (Fensome et al.,
2008). In North Africa, it was recorded from the middle
Eocene of Morocco (Chekar et al., 2018) and from the lower
Oligocene of the Qattara Depression, Egypt (El Beialy et al.,
2019).

According to Brinkhuis et al. (2009), Deflandrea phos-
phoritica (Fig. 5s) has a mid-Aquitanian highest occurrence
in low- and mid-latitudes of the Northern Hemisphere. In
North Africa, D. phosphoritica was reported from the
Eocene of Morocco (Chekar et al., 2018), the early Miocene

of Tunisia (Torricelli & Biffi, 2001) and Libya (El-Mehdawi
& El Beialy, 2008), and the late Oligocene of the Nile Delta,
Egypt (El Beialy, 1990b).

Distatodinium paradoxum (Fig. 5b) has middle Miocene
highest occurrences in many parts of the world including the
USA (de Verteuil & Norris, 1996), the Canadian Scotian
shelf (Fensome et al., 2008), Germany (Köthe & Piesker,
2007), Belgium (Louwye et al., 2000), Norwegian-Greenland
Sea (Poulsen et al., 1996), and Italy (Zevenboom, 1995).
In Egypt, D. paradoxum has its HO in the early Miocene
(e.g., El Beialy & Ali, 2002; El Atfy et al., 2017).

Distatodinium craterum (Fig. 5a) has relatively a long
stratigraphic range (lower Eocene to middle Miocene, col-
lectively) in Egypt as reported from multiple localities
including the Gulf of Suez and the north Western Desert
(Ahmed & Pocknall, 1994; El Beialy et al., 2019).

7 Oligocene Palynostratigraphical
Framework in Egypt

The excellent state of preservation of dinoflagellate cysts, as
well as sporomorphs encountered in the studied materials of
the Dabaa Formation by El Beialy et al. (2019) and El Atfy
et al. (2021, 2022) promises considerable future advances to
the Oligocene palynology of Egypt. This will provide a
sound basis for surface and subsurface correlations in the
region. This palynostratigraphical correlation (Figs. 6 and 7)
is still seriously hampered by the limited extent of published
data. This chapter is intended in part to highlight such a gap,
as further sample coverage is needed to allow for a more
complete regional picture to emerge.

The biostratigraphy of the late Paleogene subsurface
sequences in the Western Desert, Egypt, based initially on
calcareous microfossils mainly foraminifera and nanno-
plankton, was discussed by several authors (e.g., Ouda,
1998). So far, there is no standard zonation established for
dinocysts or sporomorphs of the Paleogene rocks in Egypt,
where published records are existing only from the Western
Desert (El Beialy & Kora, 1987; Mahmoud, 1998; El Beialy
et al., 2019; El Atfy et al., 2021) and Nile Delta (El Beialy,
1988a, b; El Beialy, 1990a, b).

From a palynostratigraphical perspective, it is still not
tenable to provide accurate Paleogene dating and biozona-
tion based on terrestrial evidence in Egypt. However, some
sporomorph taxa retrieved in the Egyptian strata (especially
from the Dabaa Formation) display biostratigraphic poten-
tial, especially when they are correlated with regional
counterparts in Africa and the Tethyan realm, as follows:

Cicatricosisporites dorogensis has been recorded from
Eocene to early Miocene strata of Nigeria (Legoux, 1978),
Tunisia (Torricelli & Biffi, 2001), Cameroon (Salard-
Cheboldaeff, 1979), and Sudan (Stead & Awad, 2005;
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Eisawi & Schrank, 2008). In Egypt, C. dorogensis has been
reported from the Rupelian of the Western Desert (El Atfy
et al., 2022) and the early Miocene of the Gulf of Suez (El
Atfy et al., 2017).

Magnastriatites howardi (Fig. 3b) is generally found in
Eocene to Oligocene rocks in many African countries
including Tunisia (Torricelli & Biffi, 2001), Sudan (Kaska,
1989; Stead & Awad, 2005), and Cameroon (Salard-
Cheboldaeff, 1979), despite the early Miocene record by
Eisawi and Schrank (2008) from Sudan. In Egypt, M.
howardi has been reported from the late Eocene of the
Saccara area (Kedves, 1986; as Cicatricosisporites
grandiosus), the Rupelian of the Western Desert (El Atfy

et al., 2021, 2022) as well as the early Miocene of the Gulf
of Suez (Ahmed & Pocknall, 1994; El Atfy et al., 2013) and
Sinai (Wescott et al., 2000).

Verrucatosporites usmensis (Fig. 3c) is generally a long
ranging (Eocene–Pliocene) species in Africa (e.g.,
Salard-Cheboldaeff, 1979, 1990; Kaska, 1989; Stead &
Awad, 2005; Eisawi & Schrank, 2008). In Egypt, however,
it was recorded from the Burdigalian of Sinai (Wescott et al.,
2000), early Miocene of the Gulf of Suez (El Atfy et al.,
2013), and the Rupelian of the Western Desert (El Atfy
et al., 2021, 2022).

Mauritiidites crassiexinus (Fig. 3l) was previously
recorded from Paleocene to Eocene strata of Nigeria and

Fig. 6 Correlation of the sporomorph assemblage identified in this study with other zonations elsewhere, mainly from Sudan, West Africa, and
North–South America

Fig. 7 Dinocyst zonation scheme for the studied Oligocene succession, Western Desert, Egypt. Correlation with previously published local and
regional dinocyst zonations is shown
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Sudan (Jan du Chêne et al., 1978; Adegoke et al., 1978;
Stead & Awad, 2005; Eisawi & Schrank, 2008). In Egypt, it
was reported by El Atfy et al. (2021) from the Rupelian of
the Qattara area.

Echiperiporites estelae (Fig. 3i) was recovered from
Oligocene to Miocene rocks from Tunisia (Torricelli & Biffi,
2001), Sudan (Eisawi & Schrank, 2008), and Cameroon
(Salard-Cheboldaeff, 1979). In Egypt, E. estelae has a rather
longer age range (Eocene–Miocene) as reported by
El-Beialy and Shahin (1990), El Beialy et al. (2005) and El
Atfy et al. (2021).

The first record ofMagnaperiporites spinosus from Egypt
was reported by El Atfy et al. (2022) from the Rupelian of
the Dabaa Formation. Its actual age range in Egypt is yet to
be determined through further investigation.

Perfotricolpites digitatus (Fig. 3q) was previously
reported from the upper Eocene to Miocene strata from
Nigeria and Sudan (Germaraad et al., 1968; Kaska, 1989;
Stead & Awad, 2005). In Egypt, it was recorded from the
Burdigalian of Sinai, (Wescott et al., 2000), early Miocene
of the Gulf of Suez (El Atfy et al., 2017), as well as
the Rupelian of the Western Desert (El Atfy et al., 2021,
2022).

Praedapollis africanus has been repeatedly documented
from the late Oligocene to early Miocene of Cameroon,
(Salard-Cheboldaeff, 1978), Tunisia, (Torricelli & Biffi,
2001) and the Sudan (Eisawi & Schrank, 2008). In Egypt, it
was recorded from the early Miocene of the Gulf of Suez (El
Atfy et al., 2013) and the Rupelian of the Western Desert (El
Atfy et al., 2021, 2022).

Striatopollis catatumbus (Fig. 3s) was previously recor-
ded from the upper Eocene to Oligocene of Sudan (Kaska,
1989; Stead & Awad, 2005) as well as the lower Eocene of
Nigeria (Takahashi & Jux, 1989b). In Egypt, it was recorded
from the Rupelian of the Western Desert as well as the
Burdigalian of the Gulf of Suez (El Atfy et al., 2021, 2022;
El Beialy et al., 2005).

Zonocostites ramonae (Fig. 3p) was recorded in Egypt by El
Atfy et al. (2022) from theRupelian of thenorthWesternDesert.

It is worth noting that Cicatricosisporites dorogensis,
Magnaperiporites spinosus, Magnastriatites howardi, Pere-
grinipollis nigericus (Fig. 3r), Perfotricolpites digitatus,
Praedapollis africanus, Retibrevitricolporites ibadanensis
(Fig. 3n), Striatopollis catatumbus, and Verrucatosporites
usmensis have an Eocene first occurrence that extended to the
Oligocene in West Africa (Salard-Cheboldaeff, 1979, 1990).
These taxa correlate (Fig. 6) well with the late Eocene to
Oligocene Zone E of Kaska (1989) and the Oligocene-early
Miocene Zone VI-VII of Eisawi and Schrank (2008) from
Sudan. The stratigraphic ranges of the concurrent species
Cicatricosisporites dorogensis (Zones 22–25, middle Eocene
to Oligocene), indicate that the spore/pollen assemblage from
the Dabaa Formation within the Western Desert can be

allocated to the Magnastriatites-Cicatricosisporites doro-
gensis Zone (Zone 25, Oligocene) of Muller et al. (1987).
Alike postulation was established for material from Vene-
zuela (Helenes & Cabrera, 2003) and Zone F (Oligocene-
early Miocene) Verrucatosporites usmensis-Magnastriatites
howardi (Ikegwuonu et al., 2020) from Nigeria. On the other
hand, the dinocyst evidence from the exposed Dabaa For-
mation in the Qattara Depression, north Western Desert (El
Beialy et al., 2019) assigns it to Rupelian.

From the above discussion, one can conclude that the age
of the Dabaa Formation is postulated to be late Eocene to
early Oligocene based on combined dinoflagellate and
miospore evidence from different locations within the Qat-
tara Depression (El Beialy et al., 2019; El Atfy et al., 2021).

8 Conclusions

A review of the palynology of the Oligocene Dabaa For-
mation in the north Western Desert, based on data gathered
from the Qattara surface sections and the Amana-1X well
(Abu El Gharadig Basin), shows the existence of diverse
palynomorph assemblages including dinoflagellate cysts,
spores, pollen, acritarchs, fungal spores, and foraminiferal
test linings. The palynostratigraphic and palaeofloristic sig-
nificance of these assemblages have been discussed high-
lighting the following points as especially important:

1. The early Oligocene vegetation was composed of several
zones that extended approximately parallel to the Tethys’
coastline (Fig. 4). These include the mangroves which
expanded greatly, in addition to marshes, lakes, swamps,
streams, and rivers. Tropical forests probably developed
in mountainous areas.

2. The Oligocene was marked by predominantly wet cli-
matic conditions with fluctuating moisture regimes.
A tropical coastal plain with wet soil and seasonal rainfall
developed in the northern Western Desert which led to
considerable floral abundance and diversity.

3. The dating of the Dabaa Formation is based mainly on
diagnostic dinoflagellate cysts including Phthanoperi-
dinium comatum, Rhombodinium draco, Lentinia ser-
rata, Diphyes colligerum, Deflandrea phosphoritica,
Distatodinium paradoxum, D. craterum, and Melitas-
phaeridium pseudorecurvatum, which is also supple-
mented with some age-diagnostic sporomorphs.

4. Dinoflagellate cysts and sporomorphs are numerous,
morphologically diverse, and well preserved in most of
the preparations retrieved from the Oligocene Dabaa
Formation in the north Western Desert. The general
aspect of the preparations is consistent with late Eocene
to early Oligocene age. Good analogies exist with asso-
ciations described from the Oligocene of the Sudan,
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Tunisia, and Libya demonstrating common sedimenta-
tion environments on the northern margin of Gondwana.
These conclusions need further verification based on
materials from other localities.
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Quaternary Environmental and Climatic
Changes in Egypt: Proxies from Sedimentary
Records

Hesham M. El-Asmar

Abstract

The Quaternary sediments in Egypt record the interplay
of several factors, the most important of which are
marine, fluvial, terrestrial and climatic factors. According
to the strength of each factor, the Egyptian territories are
subdivided into several basins reflecting the potential
depositional environments. The present review promotes
the Quaternary sediments of the Nile Delta, the North
Western coast, the Western Desert and the Red Sea and
Gulf of Aqaba coasts as proxies for Quaternary paleocli-
mate. The Quaternary Nile Delta sediments clearly reflect
the African monsoons and the associated Nile floods
correlated with the Eastern Mediterranean and global
marine isotope stratigraphy. The fossil records of both
planktonic and benthonic foraminifera (Pl/Be) and their
d18O represent potential references to Marine Isotope
Stages (MIS) and sea level changes. Pollen and spores,
d13C, C3 and C4 plants record paleovegetation cover, and
thus paleoenvironments and paleoclimate. It has been
globally agreed that the primary control of climate
changes and the region’s hydrological cycle are the
insolation-driven changes in the strength and shifting of
the Intertropical Convergence Zone (ITCZ), and therefore
the intensity and northward extent of the African Humid
Period (AHP), non-excluding the Atlantic westerlies
(NAO). Such conditions induced intervals of heavy
rainfall in Egypt as well as the Nile Headwaters. In
Egyptian Sahara, such heavy rains charged the ground-
water and dissolved the Paleocene–Eocene carbonate
leaving deposits of lacustrine and freshwater carbonate
and other karstic landforms. These terrestrial deposits
supported with the calibrated age dating are used as
proxies for paleoclimate along the Sahara. At the Red Sea
coast, the growth of coral reefs and deposition of thick

fluvial gravels are used as proxies for climate and sea
level changes, while the aeolianites and paleosols are the
available proxies at the NW Mediterranean coast of
Egypt. On the other hand, the increase in outflow of the
River Nile led to stagnation of freshwater over the marine
water and formation of sapropel layers in Eastern
Mediterranean. The oxygen isotopes and age determina-
tion of the above-mentioned materials allow correlation
with global climate conditions; however, such correlation
is not always isochronic. The offsets are explained by the
presence of regional driving forces overriding the global
influences.

Keywords

Quaternary geology � Nile Delta sediments � NW
calcarenite ridges � Red sea coast � Egyptian Sahara �
Isotope stratigraphy � Paleoclimate

1 Introduction

Since the nineteenth century, the distribution and spread of
glacial materials in the landscape, particularly tills, erratic
rocks and associated meltwater deposits connected to vari-
ous eras in the past with more widespread glaciation, have
served as the foundation for Quaternary history. In order to
categorize these climate changes, James Geikie from the
University of Edinburgh (1839–1915), among others, used
the words “glacial” and “interglacial”. The existence of
intercalated fossil-bearing layers gave evidence that tem-
perate climatic episodes interposed. Following that, a cli-
matestratigraphy was created using these terms for
subdividing the Quaternary. The Alpine successions (Penck
& Brückner, 1911), sea level changes chronology (Evans,
1971; Zeuner, 1959) and more recent marine oxygen isotope
and polar ice-core stratigraphies all of which represent new
insights into understanding the climatic drivers of these
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alternating sediments. Terrestrial evidences served as the
basis for the division of Quaternary time until the late 1960s
and early 1970s, when the implications of the marine isotope
succession were recognized (Berger, 1992; Broecker & Van
Donk, 1970; Hays et al., 1976; Shackleton, 1967; Shackle-
ton & Opdyke, 1973). Today, the differences between
marine and terrestrial-based classification could not be great,
with many abandoning of the terrestrial chronostratigraphic
classification in favour of the ocean-floor isotope and
ice-core stratigraphies. The timescale to which both the
marine isotope and ice-core records are tuned has been
predicated on the hypothesis that orbital forcing is the
principal cause of the cyclic oscillations in marine oxygen
isotopes (Dansgaard et al., 1985; Hays et al., 1976; Imbrie &
Imbrie, 1980; Imbrie et al., 1984; Lisiecki & Raymo, 2005;
Ruddiman et al., 1989). Marine isotope on ice-core
sequences provide a solid framework, but it is important to
keep in mind that these sequences, particularly those found
in sediments at the ocean’s bottom, record changes on a
global scale, which is not always the case with terrestrial
sequences that reflect both global and regional changes. This
is why it is important to carefully consider any direct asso-
ciation between sedimentary sequences on land and those in
the oceans and ice cores, and the simple mechanical corre-
lation is often inappropriate (Gibbard & Hughes, 2021). For
example, wet intervals in arid regions may correlate with
glacial rather than interglacial stages due to local or regional
conditions (Jimenez, 2014; Revel et al., 2010; Szabo et al.,
1995). Nonetheless, terrestrial Quaternary sediments still
contain potential paleoclimate signatures. This chapter
reviews some examples of Quaternary sediments that pro-
vide a record of the paleoclimatic history of Egypt.

Egypt lies between two sedimentary basins, the Eastern
Mediterranean basin with its characteristic sapropel layers
and the East Africa basin, which record the monsoonal
cycles. The terrestrial sequences are driven by the interplay
of forcing factors from these two basins. River Nile is the
critical artery, which connects the two basins and helps in
recording the response of changes from one basin to the
other. Accordingly, the present chapter will focus on four
areas that reflect the interrelationship between the two basins
(Fig. 1a). The Nile Delta area (Fig. 1a; area 1; Fig. 1b) is the
first where several studies on the Quaternary stratigraphy
had been carried out by the Department of Geology at
Mansoura University over the last 50 years. Also, the
Mediterranean Basin (MEDIBA) team at the Smithsonian
Institution, Washington, USA, have authored substantial
numbers of Late Quaternary research articles. A second
important area is the northwestern coast of Egypt (Fig. 1a;
area 2), where a belt of successive calcarenite ridges are
oriented parallel to the coast. The construction of roads and
resort facilities have allowed for several cross cuts along
these ridges that offer an interesting record of Quaternary

sedimentation in relation to paleoclimate and sea level
changes. A third area is the area of the uplifted coral reefs
alternated with gravel terraces at the Red Sea (Fig. 1a; area
3) and Gulf of Aqaba (Fig. 1a; area 3-1), which provide both
d18O data and age determinations. The fourth area described
(Fig. 1a; area 4) is the Western Desert or the Green Sahara,
where substantial geo-archaeological works have been car-
ried out on tufa and other lacustrine carbonates.

2 Quaternary Sedimentation
and Stratigraphy Along the Nile Delta
and Valley

The Quaternary sedimentation and stratigraphy along the
Nile Delta (location, Fig. 1b) and its relation to paleoclimate
fall naturally into two parts: the Plio-Pleistocene Nile Delta
and the Holocene Nile Delta (Fig. 2).

2.1 The Plio-Pleistocene Nile Delta Stratigraphy
as a Proxy of Paleoclimate

Since the late 1970s, much attention has been paid to the
Plio-Pleistocene stratigraphy of the Nile Delta and its
depositional environments (e.g. Ayyad et al., 1987;
El-Asmar, 1998; El-Asmar & Gheith, 1995; El-Bassiouni
& Ayyad, 1986; El-Shahat & Kora, 1986; Gheith, 1985;
Rizzini et al., 1978; Sestini, 1989; Summerhayes et al.,
1978; Zaghloul et al., 1977, 1979, 1989). This was followed
by investigation of Nile Delta subsidence (Aly et al., 2012;
Becker & Sultan, 2009; El-Bastawesy et al., 2017; Stanley,
1988, 1990, 2005; Stanley & Corwin, 2013; Stanley
& Toscano, 2009; Stanley & Warne, 1998). Then, focus has
been conducted on the Late Quaternary stratigraphy and
sedimentation in response to paleoenvironment and paleo-
climatic, with geoarchaeological implications (Bernhardt
et al., 2012; El-Asmar et al., 2015; Marriner et al., 2012;
Stanley & Clemente, 2014, 2017; Pennington et al., 2016,
2019; Stanley, 2005; Stanley & Warne, 1997, 1998; Stanley
& Wedl, 2021; Stanley et al., 2004).

Generally, the study of the stratigraphy and sedimentation
of the Neogene–Quaternary succession from the subsurface
of the Nile Delta (Rizzini et al., 1978) identified three cycles
of sedimentation related to the transgression/regression of
the sea. These cycles are: the Miocene cycle (Sidi Salim and
Qwasim Formations), the Plio-Pleistocene cycle (Abu Madi,
Kafr El-Sheikh, El-Wastani and Mit Ghamr Formations) and
the Holocene cycle (Bilqas Formation; Fig. 2). On the other
hand, Zaghloul et al. (1977) classified the Neogene–Qua-
ternary Nile Delta to four cycles (Fig. 2): the Neogene (split
into Miocene and Pliocene cycles) and the Quaternary (split
into Pleistocene and Holocene cycles equivalent to the Mit
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Fig. 1 Satellite image of Egypt, showing location of the subdivided sedimentary areas, the Nile Delta, (1), the northwestern coast of Egypt (2), the
Red Sea coast (3) and the Gulf of Aqaba 3-1, and the southwestern Desert (4) (a). Location of the drilled inland and offshore wells of the Nile Delta
Abu Qir-1 (Saad et al., 1987), NAF-1, Baltim-1, and El-Temsah-2 (El-Asmar, 1998), MS27PT (Revel et al., 2010). S-53 (Arbouille & Stanley,
1991; Bernhardt et al., 2012), S-21 (Stanley et al., 2003), CS (Kholeif, 2010), and Sais (Zhao et al., 2020) (b)
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Ghamr and Bilqas Formations). The boundary between the
Pliocene and the Quaternary was placed tentatively at the
last appearance of Globigerinoides obliquus (Bolli) at the
top of the El-Wastani Formation (El-Bassiouni & Ayyad,
1986) and the first appearance of the planktonic foraminifera
Globigerina calida (calida) at the bottom of Mit Ghamr
Formation (El-Bassiouni & Ayyad, 1986). Zaghloul et al.
(1977) interpreted the Mit Ghamr Formation as a coastal
and/or distributary mouth bar sand, while the Bilqas For-
mation deposited in a lagoonal to beach environment.

The patterns of sedimentation of the Quaternary Nile
Delta deduced from both the subaerial and the subaqueous
profiles (Figs. 3 and 4) reflect the interplay of marine, ter-
restrial, Nile flux and regional climatic conditions (Zaghloul
et al., 1989). The subaerial Quaternary is relatively thinner
(Fig. 3, profiles 1, 2 and 3) and composed mainly of sand
and gravels derived from the Nile or regional sources. It is
interpreted as deposited in shallow distributary mouth bar
subenvironment. The subaqueous Quaternary is thicker and
shows rhythmic pattern (Fig. 3 profile 4; and Fig. 4 north-
ward) in which alternations of sand and mud of Nile sources
mix with marine sediments (El-Asmar, 1986; Zaghloul et al.,
1989). It was formed in delta front and prodelta subenvi-
ronments characterized by sand and mud, respectively
(Zaghloul et al., 1979, 1989). These patterns are interpreted
as reflecting three phases of a prograding delta in a subsiding
basin with a generally regressive sea (Fig. 5; Coleman &

Gagliano, 1964). However, the grain size and mineralogical
content in the Nile Delta Quaternary reveal only two
sequences (El-Asmar, 1986; Gheith, 1985). The lower one is
a coarsening-upward sequence enriched with epidote and
amphiboles suggesting White Nile source of sediments. The
upper one is a fining-upward sequence enriched with
pyroxenes, which indicate flooding from the Blue Nile
derived from the Ethiopian plateau (the Prenile of Hegab,
1989; Said, 1981). This is not conflicted with the conclu-
sions approved the Blue Nile connection with the lower Nile
at Late Messinian and White Nile until 0.5 Ma (Fielding
et al., 2014). The U/Pb rutile and Lu/Hf zircon age dating
indicates that the Blue Nile and/or Red Sea Hills input to the
Nile Delta since at least the Oligocene with very little input
from the White Nile (Fielding et al., 2017). The
pre-Messinian Nile Delta sediments are locally derived from
the Red Sea Hills and the Blue Nile has been connected to
the lower Nile since the Oligocene (Issawi & McCauley,
1992). The presence of Ethiopian Cenozoic Continental
Flood Basalts detritus in the Nile Delta recorded (c. 31 Ma)
supports the Blue Nile connection to the lower Nile (Field-
ing et al., 2018). Such connection does not conflict with the
fact of capturing of the Blue Nile is resulted due to the
strength of African monsoons (Hamdan et al., 2019; Revel
et al., 2010), and during the low monsoons, the contribution
of the White Nile is evident (see Fig. 43). The isotope
composition of core MS27PT (location; Fig. 1b) of the

Fig. 2 Stratigraphic model of the Neogene–Quaternary subsurface of the Nile Delta showing the successive cyclic sedimentation with major
unconformities. Sources Rizzini et al. (1978) and Zaghloul et al. (1977)
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terrigenous fraction and the major element distribution
revealed large and abrupt changes in source, oscillating
between a dominant aeolian Saharan contribution during arid
intervals and a dominant Nile River contribution during
pluvial interval (see Fig. 43; Revel et al., 2010).

In order to study the paleoenvironment of the Quaternary
Nile Delta sediments in response to climate and sea level
changes, several paleontological studies have examined the
fossil biozonation of sediments (e.g. El-Bassiouni & Ayyad,
1986). Based on CaCO3% and the lithologic composition of

Fig. 3 Latitudinal profiles showing cross-section along the Quaternary subsurface succession, Nile Delta. Profiles (1–3) composed mainly of
yellow sand and gravel in thin bedding of distributary mouth bar subeinvironment. The subaqueous Quaternary profile 4 is thicker and composed
of alternations of sand and mud of delta front and prodelta subenvironments. Source Zaghloul et al. (1989)
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NW Rosetta offshore well-1, the Pleistocene section exhibits
intervals enabled the subdivision of the Pleistocene
sequences into three zones (Fig. 6a) correlated with that of
El-Temsah well-2 (Fig. 6b). The later (Location; Fig. 1b) is
classified according to the paleosalinities and planktonic/
benthonic foraminifera (Pl/Be) (Fig. 6b) into three zones
(El-Bassiouni & Ayyad, 1986). The lower zone (zone I,

Fig. 6b) is characterized by presence of marine to brackish
planktonic, with rare Miliolides, and Ammonia beccarii.
This zone ends with low (Pl/Be) ratio with abundant ben-
thonic and molluscan shells. The middle zone (zone II,
Fig. 6b) is brackish water to shallow marine environment
characterizes with a relatively high (Pl/Be), and diversity of
planktonic foraminifera and scarcity of arenaceous forams.

Fig. 4 Longitudinal profiles showing cross-section along the Quaternary subsuraces succession, Nile Delta. The sediments are thicker northward
rather than the southward indicating deposition of prograding delta in an active marine basin. Source Zaghloul et al. (1989)
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The upper zone (zone III, Fig. 6b) is characterized by low
(Pl/Be) with abundant Amonia beccarii and porcellaneous
Miliolida and Rotalida indicating a high to hyper saline
photic shallow marine water. These zones composed of six
intervals (II–VII) related to water depths (Fig. 6c) (intervals
II to VII; Ayyad et al., 1987). These zones comprise
regression/transgression intervals represented by Mit Ghamr
Formation (Fig. 6c; cycles II–III; IV–V; VI–VII; Ayyad
et al., 1987). The lower most (interval I) represents a
regressive phase that prevailed during the deposition of the
uppermost Pliocene El-Wastani Formation, which deposited
under a continental (coastal) environment. This sea regres-
sion is evidenced by the absence of foraminiferal and bry-
ozoan content (barren interval; Fig. 6), not to mention the
dominantly sandy nature of this interval (Fig. 6a). Such a
retreat of the sea towards the north took place in Egypt in the

Late Pliocene (El-Shahat & Kora, 1986; Rizzini et al., 1978;
Zaghloul et al., 1977).

Some elements have environmental implications in sedi-
ments, such as benthonic percentage, mollusc percentage, Ca
CO3 percentage and organic carbon percentage (El-Asmar,
1998). Such elements have been examined for samples
collected from NAF-1 and El-Temsah-2 offshore wells
(Location; Fig. 1b). The vertical variations of benthonic
forams, mollusc, and organic carbon percentages are corre-
lated with the variations of d18O and d13C for foraminifera
samples from NAF-1 (Fig. 7) and El-Temsah-2 (Fig. 8)
offshore wells, north of the Nile Delta (El-Asmar & Gheith,
1995). The d18O of foraminifera tests is used to estimate the
sea surface temperature. The intervals of increase in d18O
indicate high temperature where light 16O is preferentially
depleted during evaporation, and salinity increases. On the

Fig. 5 Model of delta prograding and formation of successive clinoforms composed of distributary mouth bar sands and gravels, delta front sand
and silt, and prodelta mud (modified after Coleman & Gagliano, 1964)
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other hand, the intervals of decrease in d18O indicate a
preferential increase in the light 16O, reflecting a warm wet
climate and freshwater influx. Negative values of d13C
indicate an increase in the light 12C organic carbon due to
organic activities associated with warm and wet climate,
whereas the increase in d13C indicates an increase in organic
heavy 13C in marine CaCO3, coinciding with high mollusc

and benthonic variations. The vertical distribution of these
factors (Figs. 7 and 8) show nine alternations of wet and dry
intervals grouped into four cycles in relation with sea level
changes, of which three cycles (II, III, I) of regression/
transgression are tentatively correlated with the Pleistocene
Mit Ghamr Formation (Fig. 6; Ayyad et al., 1987; El-Asmar
& Gheith, 1995).

Fig. 6 Correlation of the vertical distribution of carbonate %, grain size along north Rosetta well-1 (a) and the vertical distribution of benthonic
and planktonic foraminifera, mollusc and bryozoan of Quaternary offshore succession along El-Temsah-2 (b). This correlation demonstrated three
cycles of transgression-regression representing at least 6 intervals in correlation with sea level changes (c). Sources El-Bassiouni and Ayyad (1986)
and Ayyad et al. (1987)
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2.2 The Late Quaternary Nile Delta Sediments
as a Proxy of Paleoclimate

To identify the Late Pleistocene and Holocene sediment (Mit
Ghamr and Bilqas Formations, Fig. 2) in the Nile Delta, the

whole set of petrologic properties, including sedimentary
structures, colour, hardness, texture, mineralogy, faunal and
floral content, and radiocarbon dates, is used. An age of
about 10,000 BP was assigned to the boundary between the
Pleistocene and Holocene (Coutellier & Stanley, 1987)

Fig. 7 Vertical distributions of benthonic foraminifera %, mollusc %, d18O, d13C and organic carbon % for NAF-1, offshore Nile Delta. Grey
related to barren or dry intervals. Source El-Asmar (1998)

Fig. 8 Vertical distributions of benthonic foraminifera %, mollusc %, d18O, d13C and organic carbon % for El-Temsah-2, offshore Nile Delta.
Grey related to barren or dry intervals. Source El-Asmar (1998)
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although now a value of cal. 11,700 BP would be deemed
more appropriate (Walker et al., 2009, 2018). Figure 9
shows a generalized lithological succession starting with
Late Pleistocene non-marine fluvial iron-stained coarse sand,
with gypsum and carbonate (Fig. 9; bed 1), deposited while
sea level was low between cal. > 11,000 BP (Fig. 10c;
Coutellier & Stanley, 1987). The sequence shows the delta
prograding during the Holocene with prodelta (Fig. 9; bed 5)
to delta front (Fig. 9; beds 6, 7) overlained by the distribu-
tary mouth bar or subaerial (Fig. 9; beds 8–10). Three dis-
tinctive Late Pleistocene–Holocene sequences were
identified (Stanley & Warne, 1993). Sequence I is of Late
Pleistocene Mit Ghamr Formation, which subdivided into
two members the Zagazig and Minuf Members from older to
younger, respectively (Fig. 10a and b; Pennington et al.,
2017). The Zagazig Mbr. is generally coarse massive to
laminated or cross-stratified; yellow fine to medium-grained
sands with scattered coarse clasts. The grains have very thin
coatings of iron oxide (magnetite, hematite and ilmenite),
sometimes carbonate, hornblende, augite and epidote, and
correlated within the Prenile at Qena (El-Asmar, 1986;
Gheith, 1985; Hamdan, 2003a; Hegab, 1989; Pennington
et al., 2017; Said, 1981). Minuf Mb. unconformably the
Zagazig Mb. consists of fine-grained micaceous sand with
stiff compacted clayey lenses that originated as fragmented
Late Pleistocene flood basins, especially near the
modern-day coastline (Chen & Stanley, 1993). Minuf Mbr.
expands over long time of Late Pleistocene and deposited
under an earlier, braided Nilotic regime with humid climate
(Fig. 10d; Adamson et al., 1980; Said, 1981).

The onset of the Holocene sequence started with trans-
gressive olive-grey of medium-grained sand with a shallow
marine fauna (Fig. 10a). It is deposited when sea started
transgressing, with a suggested age between cal. 11,000 and
7000 BP (Fig. 10c). These beds described as Gezira cover
Formation (Fig. 10b) of mixed coastal and aeolian sands and
related to sequence II of transgressive sea with decelerating
of sea level rise (Fig. 10c; Pennington et al., 2017). These
also correlated with sediments from bed 1 to bed 4 (Fig. 9)
of 2–20 m thick, and rich in heavy minerals, notably horn-
blende, and contain orthoclase feldspar grains and iron-
stained sands all consistent with a Nile provenance in a
relatively dry climate (Fig. 10d; Chen et al., 1992; Coutellier
& Stanley, 1987). The onset of Bilqas Formation and the
inception of the Holocene alluvial delta plain first occurred
around cal. 8–7 ka BP in northern Nile Delta associated with
intermittent humid and dry climate (Fig. 10d), sequence III
(Fig. 10a; Pennington et al., 2017). It began with Holocene
marine muds of prodelta (III a or Bilqas 2, Fig. 10b; Pen-
nington et al., 2017), with cal. 7–3 ka BP (Fig. 9, bed 5;
Fig. 10b). A period of marked decrease in sea level rise was
detected at cal. 7–6 ka BP (Fig. 10c and d; Pennington et al.,
2016). A coarser olive-grey delta front sand occurs overlying

the IIIa; it is IIIb or Bilqas 1 (Pennington et al., 2017) with
cal. 3–1 ka BP (Fig. 9, bed 7 or Fig. 10b). A progressive
development of hyperaridity with increase results from ele-
vated flux of aeolian material entering the Nile River system
from calcareous source rock in the dryer Egyptian Sahara.
The major increase in hyperaridity occurs around cal. 4.2 ka
BP (Pennington et al., 2019; Welc & Marks, 2014). 300–200
yrs around 4.2-ka BP of reduced Nile flow is recognized
associated with arid climate (Hamdan et al., 2019; Stanley,
2019; Stanley & Wedl, 2021). Most Egyptologists consider
the 4200 major event of aridity during which major changes
in annual flooding and base flow of the River Nile marked
the collapse of the Old Kingdom (Bárta & Bezdek, 2008;
Hassan, 1981, 2010; Marriner et al., 2012; Pennington et al.,
2019; Stanley et al., 2003). The top of the sequence is rep-
resented by a variety of lithologies of marine, semi-
terrestrial, coastal sands, estuarine, lagoonal and in some
cases fluvial deltaic environments. The age of this sequence
ranges between cal. 1.5 and < 1 ka BP (Fig. 9, beds from 8
to 10; Fig. 10a and b) and equal to sequence IIIb or Bilqas 2
(Pennington et al., 2017). This sand formed as an extensive
accreted beach ridges system at the headland of a
cuspate-shaped, river-dominated delta (El-Asmar et al.,
2015). The subaerial Holocene lithofacies (sand ridges,
coastal dunes, lagoonal and marshes; Fig. 9, beds 8–10;
subaerial Bilqas Fm., Fig. 10b) formed at about the time of
sea level reaching its approximate present level and the
climate became markedly arid at about cal. 1–1.5 ka BP
(Smith & Ross, 2008; Fig. 10c and d). Depressions behind
the ridges received incursions of freshwater during flood
stages of ancient distributaries and also of salt water as a
result of storms and the formation of sabkhas and the pres-
ence of anoxic organic matter, indicate changes towards an
arid climate (Fig. 10c and d; Butzer, 1959).

Strontium isotopes of the Nile River sediments can be
used as a proxy for paleoclimatic changes in East Africa. It
has been shown that the Late Holocene major changes in a
given Nile subcatchment have been controlled by climatic
conditions (Stanley et al., 2003). It has been demonstrated
that climatic factors have influenced the significant Late
Holocene alterations in a particular Nile subcatchment
(Stanley et al., 2003). Paleoclimatic and paleoenvironmental
changes in the upstream catchments can be defined with the
use of information on the origin of suspended sediment
conveyed by the main river. The White Nile catchment is
dominated by crystalline basement rocks with high 87Sr/86Sr
ratios, whereas the Blue Nile–Atbara drains the Ethiopian
highlands, which are dominated by Cenozoic volcanic rocks
with characteristically low 87Sr/86Sr ratios (Fig. 11, Krom
et al., 2002). The 87Sr/86Sr ratio has been effectively
employed for provenance studies of water and sediment in
the Nile system, and it is an isotopic ratio indicative of the
source of both the suspended sediment and the river water in
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these catchments (Fig. 11; Krom et al., 2002; Stanley et al.,
2003). A high-resolution profile of 87Sr/86Sr ratio recovered
from a well-dated S-21 core (Location, Fig. 1b) shows a
close correspondence with the changes in Nile flow over the
past 7000 yrs (Krom et al., 2002). The times of higher riv-
erflow are associated with northward movement of the
ITCZ. The depth profile of 87Sr/86Sr (Fig. 11) in the Nile
Delta shows high values (0.7088) for samples older than cal.
6000 BP (Fig. 11a). At cal. 4670 BP, the 87Sr/86Sr ratio

rapidly drops to a minimum of 0.7078 (Fig. 11b). Then, over
the time between cal. 4000 and 2350 BP, the 87Sr/86Sr ratio
rises to varying values between 0.7080 and 0.7082
(Fig. 11c). Between cal. 2200 and 950 BP, the 87Sr/86Sr ratio
underwent a second, fast drop, reaching a rather stable value
of 0.7075 (Fig. 11d, Krom et al., 2002). Measurements of
concurrent paleontological and Sr isotope analyses from
samples collected from Alexandria nearshore indicated an
increase in salinity at the Mid-Holocene around cal. 4300 BP

Fig. 9 A general composite lithostratigraphic sequence depicting the major Late Pleistocene and Holocene facies their thickness, subenvironments
and age reflecting the interplay of marine, fluvial and terrestrial subenvironments. Source Coutellier and Stanley (1987)
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(Bernasconi et al., 2006), which confirms a reduction of the
Nile freshwater flow to the coast (Stanley, 2019). The Ti/Al
ratio shows a reverse behaviour of 87Sr/86Sr. When 87Sr/86Sr
ratio increases, the Ti/Al decreases (Krom et al., 2002). The
records of Fe and Ti determined from the analyses of core
MS27PT (Location; Fig. 1b) are consistent with subtropical
African records of well-dated lake level fluctuations and
thus, constitute a continuous high-resolution record of the
East African monsoon regime intensity over Ethiopia. They
record two main known pluvial intervals attributed to the
strengthening of the African monsoon over Ethiopia (The
Blue Nile source). These are the (Nabtian pluvial) or AHP
from 14 to 8 ka and the Saharan pluvial from 98 to 72 ka
(see Fig. 43). The last glacial period (MIS 2, 3 and 4) shows
a continuous record with large oscillations between high and
low East African monsoon regimes (Revel et al., 2010).
Ca/Ti ratio of sediments from Kom al-Ahmer and Kom
Wasit of age between cal. 5000 and 4000 BP shows an
increase with a progressive development of hyperaridity.
The higher flux of aeolian material into the Nile River sys-
tem from calcareous source rock obtained from the Egyptian
Sahara was the cause of this rise (Pennington et al., 2019).
Such a viewpoint implies a locally sudden, temporally ret-
rogressive beginning of hyperaridity at the conclusion of the
AHP. Less Saharan-derived aeolian material began to reach
the Nile Valley at this point, and the contribution of aeolian

material to the Nile’s sedimentary signal was greatly out-
weighed by an increase in Blue Nile sedimentary flux
(Pennington et al., 2019).

2.2.1 The Quaternary Nile Sediments;
the Monsoons and the Pluvial Intervals

During the Quaternary, the River Nile’s geologic develop-
ment was influenced by significant tectonic processes, such
as the rifting of East Africa, climate changes and other rea-
sons (Said, 1981). The Nile Basin is divided into five main
areas, each of which has a unique structure and geological
history (Said, 1981). The first one is the Equatorial Lake
Plateau, the second is the Sudd area and central Sudan, the
third is the Ethiopian Highlands, the fourth is the major bends
and waterfalls of the desert’s Nile, and the fifth is the
Egyptian region, which includes the low gradient delta
complex (Woodward et al., 2007). Five successive Nile
systems were recognized (Said, 1981), and numerous publi-
cations discussed the evidences and timing of the flow of
these rivers (Fig. 12), their sedimentary characteristics and
hydrogeology (e.g. Abu Seif, 2015; Ghilradi et al., 2012;
Hamdan, 2013; Hassan, 1981, 2010; Hegab, 1989; Said,
1981, 1990, 1993; Wysocka et al., 2016). In addition, their
correlation with global climate and African monsoons
(Fig. 12; e.g. Ducassou et al., 2009; Hamdan & Hassan,
2020; Hassan et al., 2017; Murat & Got, 1987). Each of these

Fig. 10 Holocene sedimentary sequence and depositional environments through the coastal (a) and fluvial (b) zones of the Nile Delta correlated
with Late Pleistocene–Holocene sea level (c), and deduced climatic intervals (d). M.A.M = Modern Aeolian Member; M.M. = Minuf Member.
Black quadrant related to possible wet intervals while the white ones related to dry intervals, unconformities. Sources Chen et al. (1992), Stanley
and Warne (1993, 1998), Bárta and Bezdek (2008), and Pennington et al. (2017)
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rivers has the characteristic sedimentary deposits referring to
the provenance, physical conditions and paleoclimate. These
are from oldest to youngest: Eonile, Paleonile, Protonile,
Prenile and Neonile, of which the last three river systems are
recorded in Egypt and dated to the Quaternary (Fig. 12).

The termpluvialwas introduced to refer to thewet or humid
climate associated or designate episodes of wetness in arid
regions (e.g. Hamdan & Brook, 2015; Osmond & Dabous,
2004; Said, 1981, 1990; Schild & Wendorf, 2013; Wendorf
et al., 1976). Interpluvial, on the other hand, refers to the
interval of dry climate (Hamdan & Brook, 2015; Said, 1981,
1990). At present, it is accepted that there are seven pluvial
episodes occurred during the Nile River Quaternary history,
corresponding to global eustatic events and warm humid
phases. Such pluvials are controlled by the monsoons and the
headwater climate, which is associated with ITCZ shifting and
AHP (e.g. Hamdan&Hassan, 2020; Said, 1990, Fig. 12). The
Quaternary Nile system is subdivided as follows:

The Protonile (Q1): It was a competent braided stream with
a well-developed flood, flowed during a general aridity
prevailed at Early Pleistocene * 2.8 Ma to * 800–700 ka
(Fig. 12). However, there were two short humid episodes,
during which the Idfu and Armant Formations were depos-
ited; these are the Idfu Pluvial and the Armant Pluvial (Said,
1981). Idfu Formation is composed of complex gravel,
coarse sand and loamy sediments (Fig. 13d), best developed
and exposed at the western Nile at Kom Ombo. The Armant
Formation is made up of alluvial fans that form around the
wadi mouths that drain Egypt’s highlands into the Nile
(Said, 1993). It is composed of travertine reeds that are
horizontally bedded on top of subangular and poorly sorted
pebbles, fine-grained calcareous sands and marls that may be
of Eocene limestone and are locally generated (Said, 1981).
The sand is devoid of augite, rich in epidote, and has a
completely different composition from Qena sands. The
gravels are bonded by tufaceous material (Hassan, 1976).

Fig. 11 Depth profile of 87Sr/86Sr and Ti/Al ratios from core S-21 (Location; Fig. 1b) in the Nile delta (at coast, east of Suez Canal; together with
interpretation of changes in paleoclimate in the catchment and the state of the Nile flood as given in Krom et al. (2002). The Egyptian chronology
in calendric years, from Kitchen (1991), is given in the left-hand column. The 14C calibrated age of the core, calculated by linear regression,
together with the individual points from which the timescale was derived (Stanley & Goodfriend, 1997; Stanley et al., 2003), corrected for a
400 year initial age, is presented in the right-hand column. For details of sample treatment and geochemical analysis of the 87Sr/86Sr isotopic ratio,
see Krom et al. (2002). Source Stanley et al. (2003)
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The provenance investigations confirmed different sources
for the gravels on the two sides of the Nile at Idfu to the west
and Kom Ombo to the east. The western Idfu gravels made
up of quartz, while the eastern Kom Ombo gravels are of
polygenetic origin including a large variety of igneous and
metamorphic pebbles (Said, 1993). The Idfu gravels are
noticeably different from those of the Armant formation
because they contain pebbles that transported from a distant
source rather than being derived from a local source. These
pebbles are noticeably smaller than the boulders of the
Armant formation, which derived from local sources (Said,
1981; Wysocka et al., 2016). A mineral assemblage char-
acterizes that the Idfu Protonile sediments are mainly
amphiboles, epidote, garnet, staurolite, tourmaline, zircon,
pyroxenes and other minor accessories. This assemblage is
different from that of the Modern River and points to a
derivation from outside origin (Said, 1981). The Protonile
was dependent upon discharge from equatorial and
sub-equatorial tributaries in East Africa and from

Sudano-Egyptian affluents (Hassan, 1976). There is still
strong debate regarding the age of both the Armant and Idfu
pluvials, because of the lack of reliable dating and the
absence of interpluvial sediments (Wysocka et al., 2016).
However, possible ages of 650 ka and 1.86 Ma were infer-
red and correlated with Jaramillo and Olduvai normal
magnetic polarity, respectively (Fig. 12, Said, 1990).

The Prenile (Q2): A long period had passed before the
connection of the first river with sub-Saharan African came
to Egypt. It represents a significant development in the his-
tory of the Nile that took place between 800 and 700 years
ago. The river, known as the Prenile, was resulted due to the
new drainage pattern that emerged after Ethiopian’s tectonic
relief and the lake plateau’s shape had resembled one
another due to the major earth movements of that era (Said,
1993). It is of Middle Pleistocene age, extends for
about * 400 ka (Fig. 12) and derived its water from
Ethiopian heights through the Blue Nile and the Atbara,

Fig. 12 Pliocene–Quaternary Paleomagnetic scale correlated with sapropel layers (S1–S10) and the I–X cycles of 650 ka (Murat & Got, 1987),
the Nile regime (Said, 1981), formations and lithology (Said, 1990), the pluvial intervals as discussed in Ducassou et al. (2009) all correlated with
climatic periods and marine isotopic stages (Wysocka et al., 2016)
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profound their course through the Nubia (Said, 1981, 1993).
The Prenile (Qena Formation; Figs. 12 and 13a, e) in its type
locality attains 32 m thick (Hegab, 1989). The Prenile sed-
iments reach great thicknesses averaging between 70 m in
the valley and between 300 and 400 m in the delta (Said,

1993). It is composed of cross-bedded, cyclic fining-upward
sequence of gravel and coarse sands (Fig. 13e) with no mud
reflecting a transitional of meander to Braided stream
(Hegab, 1989). The Prenile delta extended well into the
Mediterranean and had an area at least three times as large as

Fig. 13 Location map for the Prenile sediments at Wadi Qena (a) (Hamdan, 2013). Location map for Neonile Holocene sediments at Saqarra
(b) (Hassan et al., 2017). Location map for the drilled boreholes at the Faiyum Depression (c) (Hamdan et al., 2020). The Idfu Formation
composed of gravels of outside source (d) (Wysocka et al., 2016). The Prenile sediments at Aswan (e) (courtesy of Prof. Dr. Mohamed Hamdan).
The Abbassia gravel at Wadi Qena (f) (Hamdan, 2013)
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the modern delta. The extent and thickness of the deposits of
the Prenile make it certain that this was a vigorous and very
competent river, developed in arid climate and high sea level
(Said, 1993). The Prenile deposits are estimated as one
hundred million cubic metres of sediment every year for the
duration of its life, which is more than double the quantity of
sediment carried by the modern Nile (Said, 1993). This can
be attributed, in part, to the great erosive power, swift and
steep sloping of the river both in Ethiopia and in Nubia. The
river left no deposits except rock cut platforms indicating
that it was incising its course and transporting the eroded
materials from both Ethiopia and Nubia into Egypt. A good
portion of the sand of the Prenile deposits seems to have
come from Nubia, which is covered by the friable sandstones
of the famous Nubian Sandstone Formation. The accumu-
lation of layer upon layer of the thick column of sediments
of the Prenile must have taken place during a period of rising
sea level when the river, in response to this rising level of the
sea, aggraded and built up its bed (Said, 1993).

The Neonile (Q3): It is the third Quaternary regime extends
from 400 ka ago, of Middle–Late Pleistocene (Early Pale-
olithic). It is a considerably less competent river, broke into
Egypt, following the cessation of the Prenile River’s con-
nection with the Ethiopian Highlands. The African sources
became tenuous and sporadic with great climatic fluctua-
tions, which affected the Nile headwaters and the climate of
Egypt (Said, 1993). Three sets of events can be distinguished
in the evolution of the Neonile (Fig. 12). The oldest of these
is the Nile aggregation (Said, 1993) that associated with the
Early Paleolithic wet interval. It consists of two gravel for-
mations (the Abbassia I and Abbassia II; Figs. 12 and 13f).
Massive, weakly cemented gravels with a polygenetic origin
make up the Abbassia Formation (Fig. 13f; Said, 1990). The
pebbles are subround and come from the Eastern Desert’s
exposed basement (Hamdan, 2013). Between a brief dry
event (Dandara Formation or a-Neonile; Fig. 12) and two
pluvials (Abbassia I and Abbassia II Pluvials), the Abbassia
Formation is connected with these two deposits (Said, 1993).
The Dandara assumed the resumed connection of the
Egyptian Nile with Ethiopia (Said, 1993). The Dandara
Formation is about 15 m thick and is made up of a base of
grey, loose and fine-grained sandstone, then brown silts with
thin carbonate interbeds and sporadic lenses of gravel, and
finally, a characteristic red soil (Hamdan & Hassan, 2020;
Said, 1993). It was dated more than 40–39 ka (Wendorf &
Schild, 1976). However, age of 117–105 ka was inferred
(Ducassou et al., 2009), and Late Acheulean > 200 kyr BP
(Deino et al., 2018; Hamdan & Hassan, 2020). The Abbassia
pluvials are correlated with MIS 7 (Fig. 12). The Abbassia I
gravels are archaeologically barren, but the Abbassia II
gravels are abundant in Early Paleolithic (Late Acheulean)
tradition archaeological material (Hamdan & Hassan, 2020).

The second set of events was associated with the succeeding
pluvial (200–70 ka BP), the Saharan I and Saharan II Plu-
vials (Korosko, Ducassou et al., 2009; Said, 1990; Fig. 12).
During this wet interval, local winter rains supplemented a
low and erratic river with an African connection. This
interval showed the appearance and spread of Middle Pale-
olithic man in Egypt (Said, 1993). The Saharan I pluvial is
related to MIS 5 indicating the interglacial (MIS5), while the
Saharan II Pluvial was lasted at 70 ka and is correlated with
MIS4 (Fig. 12). The third set of events was linked to the
glacial period, with two successive rivers: one is related to
beta b-Neonile (70–25 ka BP; Middle to Late Paleolithic),
and the second river is the gamma ɣ-Neonile (20–12 ka BP;
Late Paleolithic, Fig. 12). In relation to b-Neonile, three
formations were identified: the Dibeira-Jer Formation of
Middle Paleolithic silt (De Heinzelin, 1968); Makhadma,
which is composed of sheets, wash gravels, pebbles and
boulders (Wendorf & Schild, 1976); and Ikhtiariya Forma-
tion of Middle Paleolithic artefacts (Fig. 12), which is
composed of huge, well-sorted, dune sands with a thickness
of 4–6 m. They are resting unconformably on top of the
Prenile or Dandara Sands (Said, 1993), which are covered by
layers containing fresh Late Paleolithic items (e.g.
Masmas-Ballana Formation and fluvial sands). Two over-
bank silts are interspersed with dune sands in Wadi Kub-
baniya (west Aswan); the lowest and oldest sections of the
silts fall beyond the limit of radiocarbon dating; they may be
as ancient as 70 ka BP (Butzer, 1997). On the other hand,
the uppermost portions were finished long before 30 ka BP
(Wendorf et al., 1989). The second river is the gamma ɣ-
Neonile which shows the connection of the two rivers
arrived to Egypt. They drew their water from the Ethiopian
Highlands, with little contribution from the equatorial lake
Plateau, and the climate over Egypt was arid (Said, 1993).
Masmas-Ballana Formation is composed of dune sands
intercalated with silts and covered by soil (Said, 1981).
There are several Late Paleolithic artefacts in the sediments
near the top of the dunes. L. While De Heinzelin (1968) gave
the name Ballana Formation to dune sands that interfinger
the upper portion of the Dibeira-Jer silts in the Egyptian
Nubia, Butzer and Hansen (1968) gave the name Masmas
Formation to silts and channel beds in the Kom Ombo. The
majority of the Sahaba-Darau Formation (Said, 1981) is
made up of silts from floodplains. It is more than 6 m thick.
The formation lies above the Deir El-Fakhuri Formation’s
recessional pond deposits (Fig. 12). The Gebel Silsila For-
mation described by Butzer and Hansen (1968) in the Kom
Ombo region is comparable to the Sahaba-Darau Formation.
According to De Heinzelin’s, 1968 account of the Sahaba
Formation, it is subdivided into two aggradational units,
separated from one another by a down-cutting occurrence
(Deir El-Fakhuri Formation).
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The Holocene Nile: It is represented by d-Neonile aggre-
gation (Said, 1993), which started about 10 ka BP after the
last glacial period’s ice had retreated and a river had
emerged. The Holocene (Nabtian) or AHP was a wet period
during which the modern river was created. This phase
allowed the river to flow year-round by increasing the river’s
flow and expanding its catchment area. This river’s sedi-
ments are divided into the Dishna-Ineiba, Arkin and El-Kab
Formations (Fig. 12). A series of playa deposits and Nile silt
with interbeds of gravels and pebble sheets make up the 10–
9 ka BP Dishna Formation (Hamdan & Hassan, 2020). The
Sahaba Formation is situated below this Formation, which is
followed by the Arkin Formation. The Ineiba Formation, on
the other hand, is a broad wadi deposit that dates to 9–7 ka
BP (Butzer & Hansen, 1968), of brown clays on the top
section (Sinqari Member), and a lower conglomeratic bed
(Malki Member) (Hamdan & Hassan, 2020). Such sediments
represent wet with increasing flow of the Nile, during which
the silts were carried from the Nile Headwater and were
deposited on the flood plain of Egypt (Said, 1981). The
recession that followed the Sahaba-Darau aggradation gave
rise to the Dishna-Ineiba Formation, a period of aridity. The
playa deposits built up behind the Sahaba-Darau aggrada-
tion’s natural levees and abandoned channels. 6 m of silts
and fine-grained micaceous sands make up the Arkin For-
mation, which overlies the Dishna Formation, of estimated
date 9.2–7.2 ka BP (Said, 1981).

The Faiyum Depression (Fig. 13c) is bound from the
north by several escarpments. Historically, the depression
was occupied with large lake (Lake Moeris); the current
Lake Qarun is a relic from the earlier Lake Moeris, which
was supplied with water from the Nile runoff through the
Bar Yussef. The presence of lake-beaches and lacustrine
sediments at different levels indicates fluctuations in the
connection of Nile and interruption in the source of water
since the Middle Pleistocene (Butzer, 1997; Hassan, 1986).
The level of the lake was directly influenced by variations in
Nile flooding, which in turn had an impact on the ancient
settlement patterns in the Faiyum (Hassan, 1986). Pale-
oshorelines are defined by a succession of ridges along the
depression’s western side at elevations of 44–42, 34–39, 28–
32 and 23–24 m, which are equal to heights of 71, 61–66,
55–59 and 50–51 m in the floodplain at Beni Suef in the
Nile Valley (Hamdan, 1993). From the Early Holocene to
the Greece-Roman era, the Blue Nile flow from monsoonal
rainfall in Ethiopia and, to a lesser extent, the White Nile
flow from central East African rainfall to the basin’s lakes
fluctuated in accordance with the flow of Nile water, which
was primarily controlled by climate (Williams et al., 2000).
Since the Middle Kingdom, hydrological changes have
controlled Nile flow (Hamdan & Hassan, 2020). Instead of
the fluvial sediments in the Nile Valley, where some records
are absent owing to erosion during low Nile floods, the

Faiyum Depression may give sedimentary records of Nile
floods (Hamdan et al., 2019). The lacustrine sedimentary
sequences in Faiyum Lake therefore likely include the most
comprehensive paleoenvironmental records during the
Holocene in the area (Flower et al., 2012; Hamdan et al.,
2016; Marks et al., 2018). The Holocene paleoclimate
deduced from sediments recovered from two lake cores in
order to reveal the ambiguity about the Faiyum Depression
Holocene history. The following units were recorded
(Hamdan et al., 2020):

Late Pleistocene sediments (Unit I; Fig. 14): The whole
depression was dry and home to sand dunes until the Early
Holocene began. The sedimentological features of the Unit I
sands and those of contemporary dunes are comparable.
However, a sample of modern sand dunes had neither
microfossils nor glauconite grains (Flower et al., 2018). This
suggests that there may have been some sorting by aeolian
processes and that the core locations were near ancient sea
deposits. Additionally, low Fe/Al and Ti/Al ratios and high
Zr/Al ratios (Fig. 14) confirm the aeolian origin of sands
from Unit I. In Egypt, dune sand deposition predominated
during the Late Pleistocene dry periods (Late Glacial Max-
imum or Younger Drays; Hamdan et al., 2020).

Early Holocene sediments (Unit II; cal. 9.9–8 ka BP,
Fig. 14): It occurs on top of the Late Pleistocene aeolian
sands (Unit I), and it is made up of sub-mm laminations of
white diatomite and calcite, which are non-glacial varves,
interspersed with layers of yellowish-green mineralogenic
beds, which indicate a deep freshwater lake phase (Hamdan
et al., 2020). In summer, the Nile floods controlled the
sedimentation of Nile silts and clays through the Howara
channel. In winter, the controlling factor was the local rain
responsible on the carbonate lamina in undisturbed varved
units deposited in the deep lake that was quickly filling up
(Flower et al., 2012). The Early Holocene sediment’s pre-
dominance of silt and clay-sized particles, low magnetic
susceptibility, and slow pace of sedimentation can also be
partly attributable to an increase in the amount of Nile water
entering the lake at that time. Additionally, the sediments
show noticeably high Ti/Al and Fe/Al ratios, which point to
Ethiopian origins (Krom et al., 2002). Lower diatom abun-
dance and larger grain size due to altering Zr/Al ratios, as
well as additional increases in magnetic minerals, together
with a significant fall in Fe/Al and Ti/Al, were all signs that
this Early Holocene wet phase had come to an end (Hamdan
et al., 2020).

The Early-Middle Holocene sediments (Unit III, cal. 8–
6 ka BP, Fig. 14): This unit is made up of pockets of
non-glacial varved laminae intercalated with turbidites and
thickening silty clay layers, indicating a period of shallow
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freshwater lakes with rising nutrient levels (Hamdan et al.,
2020). This unit describes a humid environment with proof
that the lake level started to rise and the Nile floods reached
a level of 25 m a.s.l. about 7 ka BP (Hassan, 1986; Wendorf
& Schild, 1976). During that time, the lake was not adapting
to local sources; instead, it was likely responding to climate
change factors brought on by increased Nile flooding. This
unit’s sediment features include layers of abundant turbidity
in varied thickness and additional thickening of the darker
clastic laminae by terrigenous silty clays. The input of Blue
Nile silt seems to have significantly diminished towards the
end of that time, as shown by a slight rise in magnetic
susceptibility and varied Ti/Al and Fe/Al geochemical ratios
(Fig. 14; Unit III compared to Unit II). According to Said
(1993), the peak Nile flow occurred at around 6 ka BP,
during the Nabtian pluvial epoch (Butzer, 1997; Williams &
Adamson, 1980). However, Blanchet et al. (2013) hypoth-
esized that after 8.5 ka cal BP, the Blue Nile contributed less
water to the main Nile.

The Late-Middle-Holocene lake phase, Unit IV (cal. 6–
4 ka BP, Fig. 14): This unit lacks any documented varve
structure indicating more significant hydrological changes
and is mostly made up of sediments that are silty
clay-dominated (Hamdan et al., 2020). Despite the thin
laminated silty clay’s presence, there has not been a

consistent inflow of water from the Nile, which is thought to
have caused the lake to further shallowing approximately
6 ka BP. These clues point to significant climatic shifts in the
Nile headwaters, which will lead to a decline in Nile floods.
The three sub-units IV-a, IV-b and IV-c make up this unit.

The sub-unit IV-a (Fig. 14): Grey massive mud makes up
the majority of the material, with sporadic thick (> 1 cm)
diatomite-carbonate layers and thin gypsum and iron-
hydroxide layers indicating a lake-shrinking phase as well
as a sand-evaporation period when freshwater input was at
its lowest. The predominant sediment type throughout this
time was silty clay, and there was no proven varve structure
showing additional significant hydrological changes.
According to Hamdan et al. (2020), these signs point to
significant climate changes in the Nile headwaters, which
would reduce the lake. In the Late-Middle Holocene, there
was an increase in aeolian activity due to the abundance of
carbonate laminae, low organic matter content and high
Zr/Al ratios (Fig. 14). The beginning of the Late-Middle
Holocene lake appears to be contemporaneous with the end
of the African Humid Period (AHP) in NE Africa, a period
during which the intensity of Nile floods sharply dropped
and became more erratic (Williams et al., 2010). An Old
Kingdom or Neolithic lowstand lake might be represented
by this sub-unit IV-a (Hassan, 1986).

Fig. 14 Holocene sedimentary units at Fayum Depression, with deduced paleoclimate based on the vertical distribution of organic matter and
carbonate percentages, as well as Fe/Al, Ti/Al and Zr/Al ratios. The climate shows regional wet and warm correlated with the Blue Nile flow until
6 ka BP and then changed to dry with low Blue Nile and relatively high White Nile contribution from 6 ka BP to reach the drought at 4 ka BP
during which a collapse of the Old Kingdom was occurred. Source Hamdan et al. (2020)

442 H. M. El-Asmar



The sub-unit IV-b (Fig. 14): It is made up of layers of rich
iron and manganese hydroxide with white carbonate lami-
nae. Iron and manganese hydroxides may associate with
postdepositional water losses due to burial diagenesis and
formation of oxidized mineral crusts on the surface of sed-
iments (Hamdan et al., 2020). This indicates a deposition in
a hot arid climate with low lake levels with little input of the
Nile water. The Late-Middle Holocene Ti/Al and Fe/Al
ratios are significantly low, which indicate a lower contri-
bution from the Blue Nile to the main Nile and a larger flow
from the White Nile. The latter represents the humid con-
ditions that prevailed in central Africa during the
Mid-Holocene, when the Wadi Howara was active and
supplied sediments that had similarities to the White Nile
(Woodward et al., 2007).

The sub-unit IV-c (cal. 4.2 ka BP; First Intermediate
Period 1IP; Fig. 14): Because of the catastrophically low
Nile flood, the lake experienced a significant drop (Hassan,
1986). Sand carbonate intercalation facies with significant
iron and manganese oxide material and a relatively high
Zr/Al ratio signify the sediment transition at the end of
sub-unit IV-c. The lower lake level and sediment reworking
caused by the arid climate and strong aeolian activity are
clearly shown by these sedimentological and geochemical
properties. This change roughly corresponds to the catas-
trophic drought (1IP), which is indicated by an erosional
pause in an Ain Seleen core (a terrestrial site within the
ancient Faiyum delta, Hassan et al., 2017).

The Late Holocene lake phase (Unit V, cal. 4.0 ka BP to
present, Fig. 14): Massive sedimentary structure and an
increase in sand content characterize this unit, which indi-
cates strong disturbance, low lake levels and sediment
reworking. In this unit, low microfossil abundance of broken
mollusc shells, potsherd organic matter and Ti/Al and Fe/Al
ratios is noticeably low, with a relative increase in Zr/Al
ratio (Fig. 14). These correspond to reduced Nile water
influx and aeolian activities and are more or less indicators
of dramatic declines in lake level (Hamdan et al., 2020).

The geochemistry and mineralogy of the Holocene sedi-
ments recovered from two shallow drilled cores at Saqqara
(SAQA 21 and 22; Fig. 13b) were investigated (Hamdan
et al., 2019). This study offers new insights into under-
standing the provenance, local paleoclimate as well as
paleoclimatic variations at the Nile headwaters. Six Holo-
cene units (II-VII) were recognized; another two units (I and
VIII) were belonged to the Late Pleistocene and Recent,
respectively (Fig. 15a). These are described as following:

Unit I (Late Pleistocene cal. 11–8.2 ka BP; Fig. 15): This
unit, which dates to the Late Pleistocene, is made up of the
basal fluvial sands found below the Holocene floodplain

deposits of the Nile Valley and Delta (e.g. Coutellier &
Stanley, 1987). Pebbly, medium to coarse-grained quartzose
sand with upward fining sequences from pebbly sand to
fine-grained sands is seen in this unit. The lithological fea-
tures of unit I show lateral river migration over the alluvial
plain during deposition in a high-energy braided river (Has-
san et al., 2017). According to Wendorf and Schild’s (1976)
hypothesis, the wet seasons in the Nile headwaters were
shorter but more intense over the majority of the Late
Pleistocene, resulting in a substantially lower total flow of the
River Nile than they are now. The Nile Valley was occupied
with many braided channels as a result of decreased stream
competency and an increase in sediment load. Additionally,
according to Stanley and Warne (1993), the whole Nile
Valley was covered by braided-river systems during the Late
Pleistocene, when the sea level was at least 120 m b.s.l. and
the river gradient was much larger than it is now.

Unit II (Neolithic-Predynastic, cal. 7.5–5 ka BP; Fig. 15):
This unit is made up of thin streaks of calcareous silt and fine
to very fine-grained, micaceous and quartzose sand with
dispersed limestone particles. This unit was deposited during
a strong Nile flow, fast sea level rise and locally wet con-
ditions. Swamps and anastomosing channels consequently
covered the floodplain (Hassan et al., 2017). Unit II sedi-
ments are distinguished by a high IAmph index, high Fe/Al,
Ti/Al ratios, high silica and alumina (Fig. 15a), and a low
K/Al, K/Rb, Cr/Al and Mn/Al ratio that supports White Nile
origins (i.e. Central African; Hamdan et al., 2019).

Unit III (Old Kingdom, cal. 5–4.2 ka BP; Fig. 15): The
sediments of unit III show moderate to low Fe/Al, Ti/Al
(Fig. 15a), Cr/Al and Mn/Al ratios, as well as comparatively
high IAmph over IPyrox. This indicates a mixture of con-
tributions from the White Nile and Blue Nile due to floc-
culation, reduced flow and increased contribution of silt
from the Ethiopian Highlands (Hamdan et al., 2019). The
top of unit III is distinguished by a high concentration of
heavy zircon minerals, a lack of clay minerals and a high
Zr/Al ratio, all of which point to intensive aeolian activity. In
this context, a meandering channel system with strong levees
and flood basins is referred to as being more stable (Hassan
et al., 2017). This unit coincides with severe drought 1st
Intermediate Period (FIP) resulted due to a southward shift
of the summer ITCZ and intensive rainfalls resulted in
widespread sheet-flood accumulations in northern triggered
by variation of the North Atlantic Oscillation (NAO); these
were led to collapse of Old Kingdom (4.2 ka BP; Hamdan
et al., 2019; Welc & Marks, 2014).

Unit IV (Middle Kingdom-New Kingdom; cal. 4.055–
3.070 ka BP; Fig. 15): It is a massive unit of sandy silt, silt
and clayey silt, enriched with carbonate and manganese
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concretions, with abundant potsherds and freshwater shells,
indicating extremely Nile floods that correspond with his-
torical records of exceptionally high floods during the
Middle Kingdom (Hassan et al., 2017). This unit is clearly
divided into three sub-units: (a) a thick sub-unit of massive
quartzose sand; (b) a thick, massive clayey silt sub-unit; and
(c) a thick, massive clayey silt sub-unit with New Kingdom
potsherds in the upper part. The red potsherds and reworked
limestone pebbles from the Middle Kingdom are found at
the base of the sandy silt sub-unit. The Faiyum Depression is
linked with these components (Figs. 14 and 15a).

Unit V (Late Period; cal. 3.070–2.343 ka BP; Fig. 15):
This unit comprises Late Period potsherds and dates to
between cal. 2.71 and 2.35 ka BP (Hamdan et al., 2019). It is
characterized by clayey sandy silt and sandy silt with car-
bonate and manganese concretions, as well as freshwater
shells and pottery. It is also rich in freshwater mollusc shells
and cemented root casts. Sharp erosive contact between unit
V and unit VI is visible (Hamdan et al., 2019). The Fe/Al and
Ti/Al ratios of the two units are varied (Fig. 15a) and the
pyroxene index is greater, indicating a larger Nile flow and an
increase in contributions from Ethiopian sources (Fig. 15a).

Unit VI (Ptolemaic and Roman, cal. 2.332–1.360 kyr BP;
Fig. 15): This unit is primarily characterized by clayey silt,
sandy silt and micaceous silty quartzose sand. Ptolemaic and
Roman pottery fragments, freshwater mollusc shells, ash and
mud-brick are also prevalent in these lithologies (Hassan
et al., 2017).

Unit VII (Fig. 15): This unit is made up of clayey silt with
intercalations of silty sand and sandy silt, as well as cal-
careous gravelly sandy silt, which is frequently replete with
calcified root casts, freshwater shells and pottery fragments
(Hamdan et al., 2019). This unit’s upper portion is made up
of freshly disturbed, farmed soil with sporadic examples of
contemporary artefacts and live plant root casts. Units VI to
VII cover the majority of the time from the Ptolemaic to the
Early-Middle Islamic periods. Several extremely low and
extremely high floods happened, leading to numerous
famines and terrible disasters, particularly during the Med-
ieval Islamic Period (Hassan, 2007).

Unit VIII: This unit is represented by modern cultivation
soil with living plant roots.

Investigations on the Saqqara-Memphis floodplain cores
have shown that the studied area was subjected to wet
regional conditions for the majority of the Middle Holocene
(i.e. unit II), wet in the Middle Kingdom and in the Late Old
Kingdom. With frequently dry during the New Kingdom to
Late Period. After cal. 2.7 ka BP, dry climatic conditions
were in place (Figs. 14 and 15a). The proxies for the
Holocene paleoclimate of the local wetland and Nile
Headwater show that the Blue Nile delivers more than half
of the main Nile discharge and over three-quarters of the
sediment load. Given that it passes through Cenozoic vol-
canic areas of the Ethiopian Highlands, the high amount of
pyroxene in comparison with amphiboles is a great indicator
of the Blue Nile’s contribution (Williams & Adamson,
1980). Fe/Al and Ti/Al ratios rise in the Blue Nile region due

Fig. 15 Holocene sedimentary units in relation to paleoclimate deduced from Saqqara, Egypt. The subdivision based on the vertical distribution
Fe/Al, Ti/Al, Sr/Al, Rb/Sr, K/Al and K/Rb ratios as well as the distribution of I Amph and I Pyro (a) and smectite, kaolinite and Illite clay minerals
(Hamdan et al., 2019). These are correlated with the vertical distribution of wetland and Nile Headwater pollen (b) (Zhao et al., 2020) and the
Intermediate Periods (1IP to 3IP) of aridity crisis (Hamdan et al., 2020). The deduced climatic intervals clue the sources of Blue Nile and White
Nile discharges. Sources Welc and Marks (2014), Hassan et al. (2017), and Hamdan et al. (2019)
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to erosion during drier times, as is the case at the moment
(Figs. 14 and 15a; Krom et al., 2002). As a result, changes in
these ratios might be used to monitor historical changes in
rainfall in the Nile River catchment region (Figs. 14 and
15a). The distribution of the main and trace elements in the
sediments from the Fayum Depression (Fig. 14) and Saqqara
(Fig. 15) reveals a very straight forward mixing connection
between the end members of the White Nile and the Blue
Nile. The Blue Nile and Atbara rivers, on the other hand,
have larger levels of smectite, which is produced in enor-
mous amounts by the chemical weathering of basaltic rocks
(Maldonado & Stanley, 1981). Egyptian wadis, lateritic
soils, erosion of Eocene and Mesozoic strata, and
wind-borne supplies are the principal sources of kaolinite
(Stanley & Wingerath, 1996). Illite is derived from the Red
Sea Hill’s surrounding Cenozoic and Mesozoic deposits, as
well as some Proterozoic rocks (Stanley & Wingerath,
1996). These demonstrate the White Nile’s significant con-
tribution throughout the Middle Holocene (unit II) and the
Blue Nile’s supremacy during the Late Holocene (Hamdan
et al., 2019). Up to 6 ka cal BP, or the Nabtian Pluvial time,
which was brought on by a northward shift in the ITCZ, the
Nile flows were high (Butzer, 1997; Krom et al., 2002;
Williams et al., 2000). More recently, Blanchet et al. (2013)
highlighted that the White Nile maintained the main Nile
flow until cal. 4 ka BP and that the Blue Nile provided less
water to the River Nile after cal. 8.5 ka BP. (i.e. units II and
III; Fig. 15a). According to Williams et al. (2015), the rain
belt began moving southward around 8 ka BP, which
decreased precipitation over the Ethiopian Highlands and
caused the flow of the Blue Nile to fall and the flow of the
White Nile to increase. Warmer and more humid climate was
seen in the Nile headwaters together with low Blue Nile
sediment flows and greater White Nile fluxes. Due to the
Ethiopian Highland’s extensive forest cover, the Blue Nile’s
contribution was diminished (Krom et al., 2002). During the
Early to Mid-Holocene humid climate (or African Humid
Period “AHP”), there was a widespread dense vegetation
cover, which stabilized slopes and reduced the amount of
soil erosion. Several breaks in sedimentation were detected
at 8.2, 5.2, 4.2, 3.5 and 2.7 ka BP. These are located at the
boundaries between (units I and II), (units II and III), (units
III and IV) 1IP Old Kingdom, (within unit IV) 2IP and (units
V and VI) 3IP (Fig. 15a), respectively. These dry events
indicate low Nile floods that were well correlated with low
African lake levels in the Nile headwaters and generally
colder global conditions (Hamdan et al., 2019). The results
of Hassan et al. (2017) and Hamdan et al. (2019) show
correlation with the pollen zones of local wetland intervals
and Nile headwater during the Holocene (Fig. 15b, Zhao
et al., 2020).

2.2.2 The Quaternary Nile Delta Sediments
and Eastern Mediterranean Sapropels

To provide the context, this section discusses the formation
of sapropel layers, their role in the stratigraphy of Eastern
Mediterranean basin. This basin is susceptible to variations
in the African monsoon and fluctuations in global sea level.
Both of these processes are contributed significantly to the
deposition of organic-rich sediment layers, or “sapropels”,
correlated with d18O and the African monsoon, which affects
the flow of the Nile and pluvial intervals in Egypt. In marine
geology, the name “sapropel” refers to deposits of
dark-coloured mud that typically range in thickness from 1
to 60 cm and contain up to 25% organic carbon (Emeis
et al., 2000; Hilgen, 1991; Kidd et al., 1978; Lourens et al.,
1996; Rohling & Hilgen, 1991). The sapropels in the Eastern
Mediterranean comprise layers of coccolith-foraminiferal
marl that oozed from the Late Neogene to the Holocene,
since the closure of the Eastern Tethys Ocean, 13.5 million
years ago (Kroon et al., 1998; Lourens et al., 1996; Rohling,
1994). Most publications agree that the sapropel formation
via increased organic carbon preservation under deep-water
anoxia in the Eastern Mediterranean Sea is linked to climate
optima of temperature (e.g. Emeis et al., 2000;
Rossignol-Strick, 1985; Rossignol-Strick et al., 1982). The
sapropels formed during intervals of increased freshwater
influx into the Eastern Mediterranean basin closely match
insolation cycles. Sapropels are important because they mark
the effect of orbital forcing, exceptionally amplified due to
the semi-enclosed nature of the Eastern Mediterranean
(Mangini & Schlosser, 1986; Rossignol-Strick et al., 1982).
The formation of sapropels occurs approximately every
21 ka due to periodic precessional changes for solar energy
received in the northern low- and mid-latitudes during boreal
summer insolation maxima (Emeis et al., 2000; Hilgen,
1991; Lourens et al., 1996). When insolation-driven
strengthening of the monsoon led to the increase of precip-
itation and runoff through the Nile River (Calvert & Fon-
tugne, 2001; De Menocal & Tierney, 2012; Revel et al.,
2010). However, the response of Mediterranean climate to
orbital forcing is a heavily debated topic in paleoclimatol-
ogy. A large body of data has shown that at times of
enhanced insolation seasonality, i.e. minimum precession
and maximum obliquity, the Mediterranean area was wetter
and the Mediterranean Sea surface freshwater budget
increased precipitation is important in winter for both pre-
cession and obliquity (Bosmans et al., 2015; Kutzbach et al.,
2013; Larrasoaña et al., 2013). The obliquity appears
responsible on winter precipitation on the Mediterranean
basin itself and increased the winter rain seasons (Bosmans
et al., 2015). The freshwater flow caused profound changes
in the surface and deep-water circulation, productivity,
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bottom water oxygenation and sediment supply in the
Eastern Mediterranean basin (Calvert & Fontugne, 2001).
Basin stagnation and sapropel formation then occur due to
the preservation of organic matter inputted into the basin
from a greatly increased runoff and hydrogen sulphide
accumulated in the bottom of the water column (Emeis et al.,
2000; Rossignol-Strick et al., 1982).

A synthesized standard Quaternary succession of the
Eastern Mediterranean for about 650 ka deduced from the
calculated rate of sedimentation of 1.7 mm 1000 yr−1 is
proposed (Murat & Got, 1987). This succession appears to
be modulated by cyclic events: large-scale periods (200 ka)
of reduced and oxidized sequences (Figs. 12 and 16) driven
by the heaviest monsoons and short-scale fluctuations (20–
50 ka) driven with global climatic changes (Eurasian ice
sheet meltwater; Ducassou et al., 2009; Revel et al., 2010;
Said, 1990, 1993). These two factors act synchronously or
independently along the studied time-span. Accordingly, ten
periods (I–X) of climatic changes from dry oxidation inter-
vals to wet reduction intervals were recorded along the
Eastern Mediterranean (Murat & Got, 1987). During the
reduced sequence, several sapropel layers (sapropels S1–
Sl0) (Figs. 12 and 16) were formed (Hallberg, 2004; Rohl-
ing, 1994). These layers correlated with isotope terminations
(Fig. 12); (Shackleton and Opdyke, 1973) and with the
major glacial/interglacial periods (MIS 1, 5, 7, 9 (Figs. 12
and 16)). Accordingly, Murat and Got (1987) introduced
their cycles. Cycle I is related to Nabtian pluvial (AHP),
while cycle II is related to the Saharan pluvial (Fig. 12;
Sapropels S3, S4 and S5 or termination II). Furthermore,
cycle III is related to the Abbassia pluvial (Fig. 12; Sapropel
S6–S9, and termination III or MIS 7), and cycle (X) is
related to Idfu pluvial (sapropel S10) (Cita et al., 1977;
Murat & Got, 1987; Thunell & Williams, 1998; Vergnaud-
Grazzini et al., 1977; Williams & Thunell, 1979). The oxi-
dized interval (sequences IV to IX; Murat & Got, 1987)
occurred during the Prenile arid episode (Figs. 12 and 16).
Correlation of the offshore Quaternary Nile Delta sediments
collected from (NAF-1, Balim-1, and El-Temsah-2 well;
Location; Fig. 1b), with cycles of Murat and Got (1987) at
Eastern Mediterranean basin (Fig. 16), reveals 7 intervals of
climate in relationship with sea level changes (Fig. 16),
which had seen in many other areas (e.g. Fleitmann et al.,
2011; Revel et al., 2010). The Quaternary Nile Delta sedi-
ments seem responding to both Eastern Mediterranean cli-
mate and African monsoons (i.e. the global climate and sea
level changes) rather than other proxies in Egypt.

There is still something worth discussing and arguing that
some monsoonal intervals are devoid of any sapropels or
with poorly ghosts. These intervals are during the last glacial
MIS 2, 3 and 4 (Revel et al., 2010) and MIS 9 to 13 from
300 to 600 ka (Konijnendijk et al., 2014) and MIS 17–19
from 700 to 900 ka (Kroon et al., 1998). During MIS 2, a

humid interval was recorded between 17 and 25 ka, and two
other humid intervals recorded at 30–38 and 50–60 ka. The
first related to Kubbaniyan pluvial of Wendorf et al. (1989),
later dated as 38 ± 5 ka and related to MIS 3 (Dawood,
2001), and the second related to 67–70 ka (MIS 4) during
which poorly S2 was developed (Revel et al., 2010).
Another interesting issue is the time lag of the sapropel ages
with the astronomical isolation (Grant et al., 2016). The end
of the Saharan II pluvial corresponds to the deposition of
sapropel 4 and 3, which related to MIS 5 (Fig. 12). It is
agreed that the onset of the Nabtian pluvial was at 12 ka
based on the East African lakes (Marshall et al., 2011), and
offset occurs around 8 ka, corresponding to the deposition of
sapropel S1, MIS 1, which is much earlier than the East
African Equatorial region where it is at around 5.5 ka (Beck
et al., 2019; Casanova & Hillaire-Marcel, 1991). This offset
reveals that the southward shift of the rain belt occurred
3000 years earlier over the Eastern Ethiopian Highlands
(Collins et al., 2017; Shanahan et al., 2015). It is also trace
the gradual southward migration of the rain belt with prob-
ably highly variable precipitation intensity and/or longer
rainy seasons between 8 and 5 ka BP (Jaeschke et al., 2020;
Revel et al., 2010). Assuming a 3000 years BP lag between
precession minima and sapropel mid-points, this shift was
also discovered in the sapropel formation and was linked to
the commonly recognized astronomically calibrated time-
frame for Mediterranean sediments (Grant et al., 2016;
Hilgen et al., 1993; Lourens et al., 1996; Ziegler et al.,
2010). The tuning process used a 3000-year precession lag
since radiocarbon dating showed that the youngest sapropel
S1’s midpoint happened at 8.5 ka, while the insolation
maximum occurred at 11.5 ka (Lourens et al., 1996).
In-depth radiocarbon tests on sediment cores from the
Eastern Mediterranean have verified the simultaneous pro-
duction of sapropel S1 over the whole basin (De Lange et al.,
2008), resulting in an age range for S1 of around 10.8–
6.1 ka BP.

2.2.3 The Quaternary Nile Delta Sediments
and Pollen Zones

Pollen grains are significant for determining the paleovege-
tation and hence paleoenvironments in regions like the
Eastern Mediterranean and Near East where few onshore
sites provide long pollen records (Mudie et al., 2002). The
Quaternary vegetation and climate of the Eastern Mediter-
ranean borderland have long investigated and documented in
many countries around the Mediterranean (Rossignol-Strick,
1985, 1995; Saad & Sami, 1967; Saad et al., 1987; Van Zeist
& Bottema, 1982).

During interglacials, the abundance of tree pollen is
maximal and points to an optimum Mediterranean climate
with greatest humidity and with some summer rainfall. Such
conditions favour C3 plants with Calvin-Benson
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photosynthesis (Cerling, 1984; Cerling & Harris, 1999;
Cerling et al., 1997; Ehleringer, 2005; Lattanzi, 2010). In
contrast, steppe and semi-desert are abundant, but tree pollen
is low, indicating a more arid, terrestrial and probably colder
climate (Cheddadi & Rossignol-Strick, 1995) with abun-
dance of grasses of C4 Hatch-Slack photosynthesis (Cerling,
1984; Lattanzi, 2010; Zhou et al., 2018). Thus, the isotope
results on paleosols can help in understanding the pale-
ovegetation cover and, hence, the paleoenvironments
(El-Asmar, 1991).

The pollen data emerged from the study of Quaternary
sediments form Abu Qir offshore well-1 (Location; Fig. 1b)
are scheduled in Fig. 16. It shows the pollen distribution in
response to climate change that is based on the assumption
that Cyperaceae pollen is a sensitive marker of freshwater
input into and around the Nile Delta (Figs. 16 and 17,
Bernhardt et al., 2012; Saad et al., 1987; Zaky et al., 2020).
Cyperaceae pollen abundance, therefore, indicates increase
in precipitation over the Nile headwaters and in the Nile flow
(Revel et al., 2015; Williams, 2009). Contrary is the sensi-
tivity of Gramineae to dry climate and the increase in
Gramineae/Cyperaceae ratio refers to aridity, while its
decrease is related to more humidity with a possible sea level
rise (Kholeif, 2004; Saad et al., 1987). On the other hand,
Chenopodiaceae or Poaceae pollen described as salt tolerant

and abundant in dry and warm intervals flourished in mar-
ginal lagoons and was associated with low sea level (Gon-
zález & Dupont, 2009; Kholeif, 2004; Shaltout & Azzazi,
2014; Zaky et al., 2020). Asteraceae, Compositae and
Amaranthaceae are predominantly tropical, indicating warm
and wet climate. The Artemisia/Chenopodiaceae (A/C) ratio
is higher than 1.2 in steppe vegetation and lower than 1.2 in
the desert; it can discriminate between plant types (Herz-
schuh, 2007; Wang et al., 2020). Pollen spectra show that
the climate was dry and possibly cool when the steppe pollen
was abundant. On the other hand, when the environment
grew warm and humid, there was a lot of tree forest. When
the environment was mild between arid and humid periods,
the quantities of steppe and tree pollen were comparable or
about equal (Kholeif, 2004). Investigation of core samples
collected from borehole S-53 (Location; Fig. 1b) drilled
southwest of the Burullus lagoon showed the vertical dis-
tribution of Cyperaceae pollen correlated with other proxies
of regional climate (Fig. 17). Decreases in Cyperaceae (in-
cluding Cladium) pollen with increase in relative abundance
of microscopic charcoal are interpreted as markers for
diminished Nile flow (Bernhardt et al., 2012; Zhao et al.,
2020). These are correlated with Kilimanjaro d18O ice-core
record (Thompson et al., 2002; Fig. 17b) and detrital dolo-
mite aeolian dust (Cullen et al., 2000; Fig. 17c). Other

Fig. 16 Subsurface Quaternary sediments collected from offshore wells NAF-1, Baltim-1, El-Temsah-2 (Location; Fig. 1b), north of the Nile
Delta correlated with Sapropel layers, the reduced–oxidized cycles of Eastern Mediterranean (Murat & Got, 1987), marine isotope stages
(El-Asmar & Gheith, 1995) and pollen zones (Saad et al., 1987). The correlation reflects dry and wet intervals possibly correlated with sea level
changes. Source El-Asmar (1998)
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proxies of drought (Fig. 17d, 1–5) indicated changes in
heavy minerals, microscopic charcoal with Nile flow, low-
ered East African lake levels and the cultural change in the
Mediterranean (Gasse, 2000; Kaniewski et al., 2008; Stanley
et al., 1996; Staubwasser & Weiss, 2006; Weiss, 2000).

The palynology of marine sediments from CS Core
(Location; Fig. 1b) along the Manzala lagoon obtained on
the inner continental shelf offshore Nile Delta has been used
to reconstruct the regional paleoenvironment during the last
5380 yrs BP (Kholeif, 2010). There are number of
dinoflagellates that have been identified, including Lingu-
lodinium machaerophorum, Operculodinium centrocarpum,
Operculodinium israelianum, Polysphaeridium zoharyi,
Spiniferites ramosus, Spiniferites mirabilis, Echinidinium
transparantum and Protoperidinum nudum. With more
protoperidinioid cysts, these were comparable to those on
the Tunisian Shelf. These point to shelf sediments and
deposition in suboxic bottom waters during the transition

from the last glacial period (14.6–9.4 ka BP) to the present
(Kholeif & Mudie, 2009). Variations in these taxa and the
overall Impagidinium species point to a warming trend that
was broken by a pre-Holocene cool period about 11 ka
BP. Early Holocene pollen evidence of a relatively high Nile
flow and the organic-rich S1 sapropel are consistent with the
AHP (Filippidi & De Lange, 2019). The episode that dated
around 9.5–6.27 ka BP, the mild Nile flooding, increased
dinoflagellate cyst production and oxygen-deficient or
anoxic bottom water on the upper Nile cone all served to
support the enhanced production in carbon import theory for
the establishment of the Eastern Mediterranean S1 sapropel
(Kholeif & Mudie, 2009).

24 pollen and spore species were identified in core SH-1 at
the archaeological site of Sais on the Nile Delta (Location;
Fig. 1b). The subdivision of climatic intervals was based on
the pollen and spore clusters, and seven groups of vegetation
(Table 1; Fig. 18) were identified (Zhao et al., 2020).
According to the vertical distribution of these groups, seven
(I–VII) pollen-spore zones were identified (Fig. 18), of
which four interpreted as representing dry intervals (Zhao
et al., 2020). Such zones recorded at 7–6.7 ka BP (zone II),
5.8–5.5 ka BP (Zone IV), 4.2–4 ka BP (zone VI) and 3.4–
3.05 ka BP (within zone VII). These dry intervals charac-
terized by presence of increasing proportions of Xerophytic
Indicators, Mediterranean Indicators, Cereal pollen, Weeds
and Minor Cultivars and a higher charcoal percentage. The
wet zones are distinguished by increasing proportions of Nile
Headwater Indicators, Wetland Indicators and Mesophytic
Indicators (Zhao et al., 2020). These zones roughly correlated
with most Holocene climate subdivisions (see Figs. 10, 12
and 18, Bernhardt et al., 2012; Hamdan et al., 2016, 2019).
The timing also strengthens the evidence for the importance
of the AHP on Nile flow during the Holocene and on the
relationship of these drought intervals with Egyptian civi-
lizations (e.g. collapse of the Old Kingdom, Bárta & Bezdek,
2008; Marriner et al., 2012; Stanley et al., 2003; Zaky et al.,
2020). Accordingly, several zones of aridity can be roughly
grouped into four zones (Figs. 16 and 18), were detected in
the Holocene sediments of the Nile Delta and occurred at
7.5–7, 6–5, 4.2–3.8 and 3–2 ka BP (Bernhardt et al., 2012;
Zhao et al., 2020). These zones correlated with the intervals
of non-deposition detected by Hamdan et al. (2019). These
correspond to extreme regional and global aridity events
associated with a more southerly mean position of the ITCZ
(Bernhardt et al., 2012). The timing of three (5, 4.2 and 3 ka
BP) of the four low Cyperaceae pollen events in (Figs. 17
and 18) coincides with documented intervals of extreme
regional droughts that also affected the Egyptian civilizations
(see Fig. 15). Strontium and neodymium isotopes and pre-
liminary palynological analyses reveal large changes in
provenances from a dominant aeolian Saharan contribution
during the Last Glacial Maximum (LGM) and the Late

Fig. 17 Vertical distribution of Cyperaceae pollen collected from
borehole S-53 (Location; Fig. 1b) correlated with other proxies of
regional climate. Decrease in Cyperaceae (including Cladium) pollen is
interpreted as a decease in Nile flow and regional precipitation (a).
Changes in proxies presented for comparison are thought to be
influenced by changes in regional precipitation. Kilimanjaro d18O
ice-core record; depletion indicates cooling (Thompson et al., 2002)
(b). Detrital dolomite aeolian dust (Cullen et al., 2000) (c). Kilimanjaro
ice-core dust deposited during extreme dry conditions or ice field retreat
(Thompson et al., 2002) (d). Other proxy records of drought are
numbered 1–5. Green increased heavy minerals (Stanley et al., 1996)
(1) and red boxes indicate peaks in microscopic charcoal proxies
(Bernhardt et al., 2012) (2). The brown boxes indicate decrease in Nile
flow (Krom et al., 2002) (3); the orange boxes show lowered East
African lake levels (Gasse, 2000) (4), and the blue boxes indicate
cultural change in the Mediterranean (Kaniewski et al., 2008;
Staubwasser & Weiss, 2006; Weiss, 2000) (5). The horizontal shaded
bars show intervals of regional drought that are also observed in the
pollen record of this study. Source Bernhardt et al. (2012)
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Holocene (4000–2000 years). This is resulted due to a
northward migration of the ITCZ that strengthened Blue Nile
monsoons over the White Nile and increased the Nile flow
(Adkins et al., 2006; Krom et al., 2002; Rossignol-Strick,
1985). Thus the Nile delta sedimentation constitutes a con-
tinuous high-resolution record of the Ethiopian African
monsoon, the Saharan aeolian dust and the Blue/White Nile
River suspended matter frequency fluctuated during the last
21,000 years (Revel et al., 2014).

3 The Quaternary Sedimentation
and Stratigraphy of the Northwestern
Coast of Egypt

One of the most reliable areas for studying the Quaternary
sediments in relation to paleoclimate and paleoenvironment
is the Northwestern coast of Egypt (Location; Fig. 1a; area
2). The coastal strip between Burg El-Arab and El-Hammam
characterized by a retrogradational embayment (Fig. 19a)
offers the conditions suitable for the formation of successive
ridges parallel to the coastline (El-Asmar, 1991). Due to this
embayment, most of the waves reaching the coast are
divergent (Fig. 19b) with relatively low energy. These led to
the formation of calcarenite (later called aeolianites;
El-Asmar, 1994; Hegab & El-Asmar, 1995) along the
coastline, forming successive ridges (R1–R4) parallel to the
coastline (Fig. 19c) and recording the Quaternary sea level
history (El-Asmar et al., 2012). The white oolitic limestones
that make up the ridges are part of the Alexandria Formation
(Attia & El-Ghazawy, 1984). Topographic low depressions
(Fig. 19c) divide the ridges; El-Dekheila separates R1 and

R2. It is a sabkha depression that is 100 km long and 0.5 km
broad. Another depression is the Lake Mariyut, which is
home to gypsiferous sabkhas, and divides R2 from R3
(Fig. 19c). In contrast, the extensive Pleistocene gypsum
deposits, which are quarried at numerous locations, are what
distinguish the third depression Burg El-Arab (Fig. 19c).
These gypsum deposits were thought to be saline lagoonal
deposits (Ali & West, 1983; Wali et al., 1994). Two ridges
were originated as coastal calcarenite dunes (El-Asmar,
1994) where the alternation of aeolianites with red paleosols
reflects climatic changes (the Coastal “R1” and El-Max–Abu
Sir “R2” ridges; Figs. 19c and 20a, b). In contrast to the
situation at Gebel Mariyut ridge “R3” (Figs. 19c and 20c),
the bottom of the ridge is composed of marine reworked
beach boulder that deposited wedging the aeolianites
(Fig. 21a). The age of these ridges is tentatively based on the
stratigraphic positions of the ridges in relation to other
marine episodes along the other side of the Mediterranean
(Butzer, 1959; Zeuner, 1972). More recently, the Quaternary
age has been calibrated by correlation with stable-isotope
stratigraphy and sea level fluctuations (Assal et al., 2020;
El-Asmar, 1991, 1994; Hegab & El-Asmar, 1995).

Summarizing the results of age determination along the
coastal ridges (Fig. 22), including amino-acid geochronol-
ogy (AAG) calibrated with 14C and 230Th/234U (El-Asmar,
1991, 1994), in addition to new samples dated by ESR
(electron spin resonance) (El-Asmar & Wood, 2000) and
optically stimulated luminescence (OSL) (El-Asmar, 2000)
provides significant ages. R1 the aeolianites seems to have
accumulated due to an active arid climate between 7000 and
4000 BP with paleosols recording intermittent short wet
intervals * 3680–4100 BP (Aminozone A). R2 is the

Table 1 Cluster groups of pollen
zones used for subdivision of the
Holocene sequence identified in
core SH-1 at the archaeological
site of Sais on the Nile Delta
(after Zhao et al., 2020)

Group
No.

Cluster indicators Pollen indicators Climate References

1 Mediterranean Betulaceae, Cuppressaceae,
Juglandaceae, Moraceae,
Querus, Salix and Ulmaceae

Dry Carrión & Van Geel,
1999; Sadori et al.,
2011

2 Wetland Typha, Nymphaceae,
Myriophyllum and Cyperaceae

Wet Tiner, 2016

3 Nile headwater Podocarpaceae and
Polypodiaceae

Wet Rossignol-Strick,
1972

4 Mesophytic Urticaceae and Restionaceae Wet Schalke, 1973

5 Xerophytic Poaceae (< 35 lm), Asteraceae,
Artemisia,
Chenopodiaceae/Amaranthaceae

Dry Cheddadi &
Rossignol-Strick,
1995; Messager et al.,
2011

6 Weeds, minor
cultivars and high
charcoal
percentages

Rumex, Silene, Ranunculaceae
and Azolla

Dry Behre, 1981; Leroy,
1992; Li et al., 2008

7 Cereal pollen Poaceae (> 35 lm) Dry Andersen, 1979;
Tweddle et al., 2005
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coastal dune associated with a sea level highstand at age
100–80 ka (Aminozone C) relating to MIS 5c and 5a. R3 is
dated as 121 ka (Aminozone E), relating to MIS 5e. It is
intriguing to refer here to the marine beach boulders at the
bottom of Gebel Mariyut ridge (R3) (Fig. 20c and for
close-up see Fig. 21), dated as MIS 5e. Such sedimentary
structure (Fig. 21) is observed along several coasts of the
world (e.g. Hearty, 1997) and assigned to the Last Inter-
glacial episode (El-Asmar, 1991, 1994; El-Asmar & Wood,
2000; Hegab & El-Asmar, 1995). These boulders were
deposited during a Tsunami, when huge blocks of sediments
were broken from the platform, dislocated and reworked.
The small pieces of less than 75 cm rolled along the beach
and imbricated in two phases (Fig. 21a) at altitudes of 3 m
and at 6 m a.s.l. (Fig. 21b and c). This episode was descri-
bed as the bipartite or double peaked famous last interglacial
(MIS 5e) that was recorded in many parts of the coast around
the Mediterranean and East Atlantic (Hearty, 1986, 1987,
2002; Hearty & Neumann, 2001; Hearty et al., 2007). Such
boulders are the unique marine marker horizon or hypos-
tratotype discovered along the NW coast of Egypt
(El-Asmar, 1991) Study of the three ridges (R1–R3), and the
top soil at Khashm El-Ish ridge (R4), reflects nine geneti-
cally related aeolianite units separated by eight
aeolianite-bounding surfaces and paleosol/protosol horizons

(Fig. 22). The microfacies reflect the deposition of twelve
depositional facies belonging to three main facies associa-
tions. The aeolianite facies association comprises
cross-stratified oolitic and bioclastic grainstones. The
inter-aeolianite facies association includes paleosols, proto-
sols and calcretes. The intra-aeolianite facies association is
represented by grainstone and rudstone in the coastal ridge
(R1) and Gebel Mariyut aeolianite (R3) (Assal et al., 2020).

Assal et al. (2020) proposed a depositional model inter-
preting the sedimentary paleoclimate interrelationship
(Fig. 23), in which the aeolianite units were mostly depos-
ited on shallow agitated intertidal to shallow subtidal car-
bonate ramp during highstand periods under warm and arid
climate (Fig. 23a and c). This climate favours effective
carbonate pumping and the accumulation of ooids on the
beach, forming dunes lining the shoreline, contemporaneous
with the accumulation of Sahara dust deposition. The car-
bonate sediments later transported to the beach and migrated
to backshore zone during arid periods (El-Asmar, 1994).
With sea regression and the low stand of sea level, the cli-
mate tends to be wet and cold under the forces of Atlantic
westerlies (NAO). These conditions are highly poor for
carbonate pumping, while they are more appropriate for soil
formation on the expense of the accumulated dust (Fig. 23b
and d). The studied aeolianite units are attributed herein to

Fig. 18 Seven groups of cluster indicators of pollens collected from sediments raised from the archaeological site at Sais (Ib) to cover the last
9000 yrs. These clusters correlated together and with the main two principle components (PC1 and PC2) in order to deduce the climatic intervals.
The correlation reflects subdivision of the section to seven intervals of which four are dry having white intervals, while the wet ones have the black
intervals. Source Zhao et al. (2020)
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periods of highstand and stillstand, which can be correlated
with the Marine Isotope Stages (MIS) of the Middle Pleis-
tocene (R4 during MIS 9 to 7), the Late Pleistocene (R3
during MIS 5e and R2 during MIS 5c-5a) and finally, the
Holocene, R1, during MIS 1 (Fig. 22). The aeolianites at R3
and R4 show controversial with large errors age estimates

between 300 and 500 ka, which are interpreted as relating to
low percentages of detrital quartz grains or possibly due to
reworking and deposition from older sediments (El-Asmar &
Wood, 2000). Thus, the Quaternary sediments along the
northwestern coast of Egypt supported with age dating can
be used as a proxy of climate changes.

Fig. 19 Location map of the study sections near Burg El-Arab NW coast of Egypt showing the coastal ridges parallel to the shoreline and location
of Bahig drain cut (a) (Assal et al., 2020). The retrogradational embayment at Burg El-Arab shows the wave orthogonals, with strong wave
convergence at the headlands and weak wave divergence at the embayment. b Such waves allow sand accumulation as a coastal dune lining the
shoreline (El-Asmar et al., 2012). Cross-section along N–S (a) is illustrated showing the stratigraphy and the sedimentary architecture of the
calcarenite ridge with the intercalated depressions (c)
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4 The Coral Reef Terraces Along the Red Sea
Coast as a Proxy for Paleoclimate

Corals form skeletons by extracting calcium carbonate from
the ocean waters, and the calcium carbonate densities in the
skeletons change when the seawater temperature changes.
The coral formed in the summer has a different density than
that formed in the winter. This creates seasonal growth rings
on the coral like those on a tree (Fig. 24a, Flannery & Poore,
2013). Such growth bands and reef accretion have been
sensitive to the signals provided by the environment in the
form of changes in water depth, temperature, salinity,
nutrient supply, turbidity, pollution, runoff and changes in
the pH of seawater which decreases as more carbon dioxide
enters the ocean, a trend known as ocean acidification
(Braithwaite, 2016; Felis & Patzold, 2004). Scientists can
therefore study these bands, their isotopic and geochemical

compositions to determine the season in which the coral
grew and the temperature of the water (Suzuki, 2018). It is
possible to get the samples using a path drill of continuous
sampling along the growth axis of a coral, resulting in
sub-annual sampling with 10–20 samples/year, depending
on the coral linear extension rate (Flannery & Poore, 2013).
Different investigations can be performed to construct
the paleoclimatic and paleoceanographic conditions on
interannual-to-centennial timescale (Fig. 24a). Living colo-
nies can provide several centuries of continuous paleo-
recordings and have been combined with fossil corals to
reveal conditions over recent millennia and earlier periods
(Eakin & Grottoli, 2006). Accordingly, the samples can be
analysed for d18O and Sr/Ca and other elemental ratios
(Fig. 24b) from long-lived coral species (Flannery & Poore,
2013). Sr/Ca ratio of the coral aragonite is sensitive to water
temperature growth, colonies and species (Felis & Patzold,
2004). Similar is the d18O of coral aragonite, it is sensitive to

Fig. 20 Field relation, stratigraphy, sedimentary structure and alternations of aeolianites (Eo) with cross stratification, paleosols (Ps) and protosols
(Prs), with surface boundaries (s) across the coastal ridge (R1) (a), El-Mxa Abu Sir ridge (R2) (b) and Gebel Maryiut ridge (R3) (c). The white
quadrant shows the area of beach boulders at Bahig drain cut. Source Assal et al. (2020)
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temperature and salinity of seawater. Both Sr/Ca and d18O
measurements in corals are used to make inferences about
past changes in temperature and salinity. Other additional
geochemical proxies in corals (e.g. B/Ca, d11B, Li/Ca) may
tell us more about water nutrients, pH, salinity and tem-
perature (Flannery & Poore, 2013).

Data from corals on tropical reefs may offer fresh indi-
cators of sea surface temperatures at low latitudes (Lauch-
stedt et al., 2017). A regionally explicit model of sea surface
temperatures was built using the distributions of contem-
porary reef corals. The Last Interglacial (LIG) coral occur-
rence data can be used to apply this model, and the results
show a latitudinal U-shaped pattern of temperature anoma-
lies (Lauchstedt et al., 2017). In the northern hemisphere for
the most of the LIG, the temperature should have been
greater than it is now if the seasonality of temperature is
accepted. In the mid-LIG, seasonal anomalies may have
been as high as 4–5 °C at 12° N and 8.4 °C at 30° N. In the
older LIG (127 ka), there was likely more seasonality as a
result of winter chilling and some summer warming. Coral
reefs provide significant evidence for former sea level
positions because of their geological preservation and suit-
ability for dating (Woodroffe & Webster, 2014). Whilst coral
reefs are hard to use as reliable frameworks for long-term
climatic and sea level changes if compared with ice cores
and deep-sea sediments (Braithwaite, 2016). They still pro-
vide significant evidences for major climatic events and
former sea level positions if supported with reliable age
dating and in the absence of tectonic activities (Woodroffe &
Webster, 2014). The interpretation of these evidences pre-
sumes an understanding of reef geomorphology, modern reef

organism distributions and the controlled environmental
factors (Woodroffe & Webster, 2014). Recent coral reefs and
elevated Pleistocene reef terraces are well developed along
several parts of the Red Sea coast of Egypt (Loca-
tion; Fig. 1a; area 3) and the Gulf of Aqaba at Sharm
El-Sheikh-Ras Mohamed coast (Location; Fig. 1a; area 3-1,
El-Asmar, 1997; Gvirtzman et al., 1992; Plaziat et al., 1995,
1998). The dominant reef type is the fringing reef because
the Red Sea is devoid of a true continental shelf and the
offshore profile is very steep (Gvirtzman & Buchbinder,
1978). During several field trips to the Red Sea and Gulf of
Aqaba coasts, the architecture build-up of the raised coral
reef terraces and their relation to paleo-sea level have been
attracted the attention of several Quaternary geologists
(El-Asmar, 1997; El-Asmar & Abdel-Fattah, 2000; Gvirtz-
man et al., 1992; Kora et al., 2013; Yehudai et al., 2017).

Along the Red Sea, several locations of reef terraces
(Fig. 25) have been investigated. Among such locations are
Sharm El-Bahari, Marsa Wizr, Marsa Abu Dabab, Ras Sha-
gara, Assalyia, Ras Samadai, Marsa Tundebai and Ras
Ambaut, Sharm El-Fuquiri and Sharm El-Luli (locations 1, 2,
3, 4, 5, 6, 7, 8, 9 and 10) which have been extensively
examined (El-Asmar &Abdel-Fattah, 2000; Kora et al., 2013;
Plaziat et al., 1995, 1998). Five sections of well-developed
coral reef terraces were studied (Fig. 25 locations 3, 5, 6, 9
and 10) along the Pleistocene Red Sea coast (Kora et al.,
2013), comprise alternating of siliciclastic-carbonate succes-
sions (Fig. 26) and attributed to the Samadai Forma-
tion (Fig. 26a and b) of Pleistocene age (Khalil & McClay,
2009). The Samadai Formation was described and inter-
preted as related to the upper part of the Laganum

Fig. 21 Close-up for the quadrant area at (Fig. 20c) showing the imbricated beach boulders in two phases (Ph. 1, and Ph. 2) deposited wedging
the aeolianites (a) at two episodes dated as record the last interglacial (LIG) episode MIS 5e (El-Asmar, 1991; Hegab & El-Asmar, 1995). The two
quadrants show close-up for the 2nd phase (b) and the 1st phase (c) of the beach boulders (El-Asmar & Wood, 2000). Source El-Asmar under
publication
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depressum-Clypeaster scutiformis Series (Beadnell, 1924),
the older organic reefs (El-Akkad & Dardir, 1966), the Wizr
Formation and the older raised reefs of Al-Rifaiy and Cherif
(1989), and to the upper part of the upper member of the
Shagra Formation (Issawi et al., 2009). The lithology and the

fossil association in this rock unit suggest a littoral to beach
environment with alternations of coral reefs with conglom-
erate and gravelly sandstones (Fig. 26) of fining-upward
sequence (Kora et al., 2013). Tucker (2003) interpreted the
coral reefs as relating to highstands of sea level with evidence

Fig. 22 Composite stratigraphic correlation chart showing different rock unites and related chronologies in relation to the marine isotope stages
(MIS), sea level fluctuations and climatic changes (Assal et al., 2020). Some OSL dates show large errors in age estimates due to the lower content
of detrital quartz grains possibly reworked from older sediments (El-Asmar & Wood, 2000)
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of warm climate suitable for carbonate deposition. With low
stands of sea level, the climate seems cold but humid enough
to transport gravels within other detrital sediments across the
Eastern Desert wadis seaward forming conglomerate deposits
alternating with the coral reef terraces (Fig. 26).

At the Gulf of Aqaba at Sharm El-Sheikh-Ras Mohamed,
two sections (Fig. 27a) have been studied regarding to the
field relations, sedimentology, microfacies, diagenesis and
age dating (El-Asmar, 1997; El-Asmar & Attia, 1996;
Gvirtzman et al., 1992; Yehudai et al., 2017). At Sharm

Fig. 23 Schematic model of formation of the coastal ridges NW coast of Egypt where deposition of aeolianites (a, c) associated with warm dry
conditions in a HST to SST favour pumping carbonates contemporaneous to deposition of Saharan dust. At LST and wet cold climate
derived-Atlantic circulation, the dust transformed to soil with growth of vegetations (b, d). Source Assal et al. (2020)
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El-Sheikh, four Pleistocene coral reef terraces have been
recognized at Um Seed (Fig. 27b and c, I–IV) terraces
forming a well-developed staircase, at altitudes of 3, 6, 10–
12 and 15–20 m a.s.1., respectively. At Ras Mohamed, three
terrace levels were distinguished (Fig. 27d and e).

230Th/234U dating for the studied terraces at the Red Sea
coast revealed four uplifted terraces at Zabargad island
(Location; Fig. 1a; area 3; Hoang & Taviani, 1988). The
oldest terrace (> 290 and 300 ka) is found at + 10 to + 15

m. Another terrace relict at + 17 m on peridotite bedrock
recorded a 200 ka high sea stand, and the youngest one
(125–138 ka) is very well represented around the island,
with double terraces at about + 6 to + 8 m (Fig. 28a). These
suggest a correlation with MIS 9, 7 and 5e and indicate the
tectonic stability of these islands since at least 125 ka
(Fig. 28a, Hoang & Taviani, 1991). Three cycles of reef
formation were recognized along the Red Sea coastal plain
of Egypt (El-Moursi et al., 1994). The first two cycles were

Fig. 24 Enlarged X-radiograph of modern coral overlaid with the raw Sr/Ca record (in navy blue) in depth and time space. Time series of Sr/Ca
data are overlained on the X-radiograph to verify that annual bands have been counted correctly. Each Sr/Ca maximum (winter) to the next
maximum (winter) represents an annual temperature cycle (a). A raw plot of coral Sr/Ca with depth in centimetres from the top of the core. Sr/Ca
values are plotted with reversed y-axis (b-1). Raw data are converted to coral-derived modern SST values from the equation Sr/Ca = −
0.0392 * SST + 10.205 for Montastraea faveolata reef with mean annual values shown as navy blue curve points and line. Sr/Ca values are
plotted with reversed y-axis so that warmer values are up (b-2). Sources Flannery and Poore (2013)
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Fig. 25 Geologic map of the Red Sea coast showing rock units and location (Location; Fig. 1a; area 3) of the measured Quaternary sections from
1 to 10. The measured sections are Sharm El-Bahari 1, Marsa Wizr 2, Marsa Abu Dabab 3, Marsa Shagra 4, Wadi Asalaya 5, Ras Samada 6, Marsa
Tundebai 7, Marsa Ambaut 8 and Sharm El-Luli 10. Source El-Asmar and Abdel-Fattah (2000)
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out of the limit of radiometric dating and highly subjected to
diagenesis. The youngest cycle belong to the Middle and
Late Quaternary, and represented by four terraces IV-I at
altitudes of + 9, + 6, + 3 and + 2 m, respectively (Fig. 28
b). The 230Th/234U dates of representative samples range at

72.1 ± 2.5 ka, 112.1 ± 3.3 ka to 131.2 ± 4.4 ka, and
related to MIS 5a, c, e, MIS 7 (170–230 ka) and MIS 9
(300–330 ka, Fig. 28a, El-Moursi et al., 1994). On the other
hand, the 230Th/234U dates of the samples representing ter-
races at Sharm El-Sheikh-Ras Mohamed show ages

Fig. 26 Several field sections at Ras Samadai (a, b), Marsa Abu Dabab (c) and Sharm El-Luli (d) showing the alternations of coral reef terraces
with conglomerate and gravelly sandstone in fining-upward sequence of littoral environment (courtesy from Prof. Dr. Mahmoud Kora)
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Fig. 27 Location for area 3-1 (Fig. 1b) at Sharm El-Sheikh-Ras Mohammed, the Gulf of Aqaba (a), the uplifted terrace at Um El-Seed showing
four terraces I, II, and III (b) and terrace IV at the light house, Um Seed (c) (El-Asmar, 1997). Three terraces at Ras Mohammed (d) and aerial view
for three terraces lining the shoreline at Ras Mohammed National Park (e). Source https://www.reefoasisdiveclub.com/diving-sharm-el-sheikh/
dive-sites/
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clustered as 100–128 ka, 200 ka, 280–300 ka and older than
300 ka, which is related to isotope stages 5e, 7 and 9,
respectively (Fig. 28b), and closely related to paleoclimate
and sea level during the Middle to Late Quaternary
(El-Asmar, 1997).

Plaziat et al. (1995, 1998, 2008) studied the relations
between continental and marine deposits along the 800 km
of northern most coast of the Red Sea. 230Th/234U dates of
the marine units (coral reefs, molluscs, echinoids and gyp-
sum) together with 20 site descriptions with age dating and
tectonic relationship enabled interpretation of paleoclimatic
and glacio-eustatic sea level changes. The double-peaked
MIS 5e is particularly studied in detail, at the Gulf of Suez

(Location; Fig. 1; area 3) and at Sharm El-Sheikh
(El-Asmar, 1997). The recorded ages range from 117 to
129 ka at an elevation of 12–17 m a.s.l. (Figs. 28 and 29).
This stage was also dated as 121–131 ka at an elevation of
8–17 m a.s.l. at Gebel El-Zeit, the Gulf of Suez (Plaziat
et al., 2008). Southward at the Red Sea coast, several sec-
tions were studied focusing on the MIS 5e. These show
double (Fig. 29) terraces separated by conglomerate beds
and reef rubbles: the two peaks dated to 90–130 ka and
detected at elevations between 1 and 6 m a.s.l. (Fig. 29).
Plaziat et al. (2008) in calibrating the dates of the terraces at
Sharm El-Bahari, Sharm El-Qibli, Ras Shagra, Ras Samadai,
Ras Tundeba and Ras Ambaut emphasized the records for

Fig. 28 Age data collected from several studies for samples representing different coral reef terraces at the Red Sea (a) and at Sharm El-Sheikh-Ras
Mohamed (b) showing age dating correlation with MIS 5, 7 and 9. The data confirm the stability of the coast since the MIS 5. Sources Hoang and
Taviani (1988), Gvirtzman et al. (1992), El-Moursi et al. (1994), Plaziat et al. (1995), El-Asmar (1997), and Yehudai et al. (2017)
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the MIS 5e at the range of 3–6 m a.s.l. (Fig. 29) and sup-
ported the concept of coastal stability since the LIG (Hoang
& Taviani, 1991).

A synthesized composite succession (Fig. 30) deduced
from the correlation of different sections along the Red Sea
coast reflects deposition of cycles of coral reefs developed at
times with sea level highstand and warm water favourable
for carbonate deposition. With lowstands, the climate
became colder with heavy rains able to transport gravels
within other detrital sediments across Eastern Desert wadis
seaward forming conglomerate deposits alternating with the
coral reef terraces (Fig. 26). These sequences preserve four

deduced paleoclimatic cycles where the coral reef terraces
are associated with MIS 5, 7 and 9 (Figs. 26 and 28) and sea
level changes, while the conglomerate beds related to humid
climate (El-Asmar, under publication).

5 The Quaternary Sedimentation Along
the Western Desert of Egypt

5.1 The Geology of the Southwestern Desert
of Egypt

The Southwestern Desert of Egypt (location; Fig. 1a; area 4)
is structurally controlled basin confined to the Libyan pla-
teau, and the Nubian group excavated by several episodes
among is the deflation (Issawi, 1968). There are several
major depressions in the Western Desert that hosted
large-scale paleoclimatic proxies among are Farafra, Dakhla,
Kharga and Kurkur (Fig. 31a) though no active deposition
occurs at present time. Before describing the terrestrial
sediments in this region, the geology of the basin with the
associated sediments will be outlined, along with the con-
ditions favouring formation of these proxies.

Geomorphic landforms in the Dakhla Depression
(Fig. 31b) include the Libyan or Egyptian Plateau, the Dakhla
Scarp and Piedmont, the Dakhla Lowland, the Southern
Cuesta and the Plain (Fig. 32). The Palaeocene limestones of
the Tarawan, Kurkur and Garra Formations make up the 450–
500 m above sea level Libyan Plateau, which is situated
above Dakhla (Fig. 32; Brookes, 1993). Eight sedimentary
strata were produced during the Quaternary period’s history
(Table 2) and were spaced apart by erosion during periods of
extreme aridity. The three generations of Piedmont Bajada
(P/B) colluvial/fluvial fanglomerates that record three epi-
sodes of erosion and deposition of superposed bajada gravels
make up the sediments (P/B I, II, and III; Fig. 32). Addi-
tionally, there are two generations of mound springs and
basinal sediments (Pleistocene and Early Holocene wetland
and spring mounds, Fig. 32) of fluvio-lacustrine, as well as
two generations of tabular spring-laid clastic and chemical
sediments (Calcareous Spring Sediments—CSS and Ferrug-
inous Spring Sediments—FSS) (Fig. 32).

Large Pleistocene lacustrine deposits are located in the
Dakhla piedmont and plain and are seen in two facies
(Table 2). Facies A is composed of stratified turbidite beds
that fork upward, being sandy at the bottom and muddy at
the top and formed from Dakhla shale. Facies B has two
sub-facies: sub-Facies B1 has 10–20 cm strata of biogenic
lacustrine marl that were likely deposited in a salty lake and
thin couplets of large-crystal gypsum and clastics. Massive,
light-brown muddy sand that was deposited as pluvio-
aeolian loess makes up sub-Facies B2 (Brookes, 1993).
Another two stratigraphically equivalent non-lacustrine

Fig. 29 Field photos for the double-peaked (I and II) terrace of MIS
5e showing two coral reefs separated by gravels and reef rubbles at
Marsa Wizr (a), Marsa Tundebai (b) and Marsa Ambaut (c). Source
Prof. Dr. Hesham El-Asmr
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Facies, C and D (Table 2), occupy basins between Dakhla
and the facies B at Zayat. Southeast of the Dakhla, between
digitate sandstone pediment terraces and broad level plains,
Facies C is composed of vast pale-brown muddy sands that
are similar to B2. These plains are covered in limestone fan
gravels that are part of P/B II. A thin lamina of extremely
fine sand and silt covers each layer of horizontally stratified,
1–2 cm thick, angular, medium to fine quartz sand that
makes up Facies D. These beds show the aggradation of
sand sheets from a source in the sandstone upwind. The
genesis of these sand beds is compared to Facies B.2 and C
of pluvio-aeolian fall-out. The unbroken buried beds make it
possible to see signs of recent shrubby flora (Brookes, 1993).
Unique Quaternary event in Dakhla is the silicate glass
resulted due to catastrophic meteoritic impact event at
mid-Pleistocene * 200–100 ka over an area of * 400
km2. The glass, locally referred to as “Dakhla Glass” (DG),
was created by the shock melting of several unconsolidated

sediments that were covered by lithologies rich in phosphate
and carbonates (Fig. 39f). The abundance of large DG
specimens of up to 50 cm across, which form at tempera-
tures of 1700 °C, and the chemistry (e.g. CaO and Al2O3

contents up to * 25 and * 18 wt%). In addition to the
presence of burnt sediments, the inclusion of clasts and
spherules, and the presence of impact meltbearing rock
(lechatelierite) are incompatible with known processes of
terrestrial glass formation (Osinski et al., 2007, 2008). Given
the lack of a proven crater and the hypervelocity impact into
a volatile-rich target, it was determined that the best expla-
nation for the characteristics of Dakhla glass was the melting
of surface sediments brought on by a significant airburst
event (Osinski et al., 2008). The Middle Stone Age period of
habitation was when the DG-forming impact event took
place. Based on a 40Ar/39Ar isochron age of 145 ± 19 ka,
the age of the impact event was established (Renne et al.,
2010; Smith et al., 2009).

Fig. 30 A synthesized composite succession deduced from the correlation of different sections along the Red Sea coast. It reflects deposition of
cycles of coral reefs developed through a condition of sea level highstand and warm water favourable carbonate deposition. With lowstands, the
climate became colder with rains able to transport gravels within other detrital sediments across the Eastern Desert wadies seaward forming
conglomerate deposits alternating with the coral reef terraces. These dated and correlated with sea level and paleoclimate changes. Source Prof.
Dr. Hesham El-Asmar
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Like Dakhla, the Kharga Depression (Figs. 31a, 33 and
34) occurs in the hyperarid desert, where artesian wells
drawing water from the Nubian Sandstone Aquifer. The
Kharga Depression excavated by several episodes of defla-
tion on the Libyan Plateau (local name in Kharga is Sinn

El-Kaddab), which bounds the Kharga Depression from the
north (Fig. 33a and b). The scarp, the piedmont and a low
land deflated depression elongated NS between 29º 58′ N
and 24º 21′ 30″ N, lie west of, and * 350 m below, the
Sinn El-Kaddab Plateau (Blackwell et al., 2017). Lacustrine
and palustrine sediments, artesian springs and tufa units
(Fig. 39) are deposited just below the Escarpment rim
(Fig. 33b), all demonstrating that areas in, and near, Kharga
Depression had frequent surface water during the Pleis-
tocene (Abotalib et al., 2016; Blackwell et al., 2017). At the
Kharga Depression, several sections of tufa deposits were
studied at Medawara (Fig. 33), Bulaq and Matana among the
large escarpment east and north of the basin hosts several
distinct tufa deposits (Figs. 33 and 34) including the massive
mesa at Medawara (Fig. 33). In the Medawara Embayment
near the Medauwara tufa deposit, the El Refûf (Fig. 34) has
formed at or just below the Escarpment edge (Fig. 34a and
b). Most of these deposits were dated (Figs. 33c and 34c)
and will discuss later in Sect. 5.2.

The Quaternary geology of the north-central Bir Tarfawi
(Fig. 35a and b) records the presence of Pleistocene
basin-fill deposits (Issawi, 1978). During arid climate, a
decline in the local groundwater level led to the formation of
three deflationary topographic basins (the Acheulian basin,
the White lake basin and the Grey-Green lake basin
(Fig. 36a). These were later filled with aggradational sedi-
ments (Fig. 36a) when the groundwater table rose and the
climate changed from dry to wet (Hill & Schild, 2017).
Pleistocene silt in the Bir Tarfawi deflationary depressions
preserve substantial climatic and environmental changes
over the last 500,000 years (Wendorf et al., 1993). In the
White lake sequence (Fig. 36a), a sedimentary relic that rises
1–3 m above the surrounding terrain with a surface elevation
of about * 246 m a.s.l. is located in the depression’s
north-central region on an extended, low mesa (Hill &
Schild, 2017). The Late Pleistocene deposits of the
Grey-Green lake basin sequences are located about 4 km to
the southwest of the White lake remnant (Fig. 36a; Hill,
1993; Hill & Schild, 2017). Freshwater molluscs that can
only survive in fresh or brackish water, neither saline nor
hypersaline, can be found in the sediment at both sites, most
notably Melanoides tuberculata (cf. Wingard et al., 2008).
Comparison of three sections across the Bir Tarfawi Grey-
Green lake basin-fill sequence shows six sand-dominated
units related to four episodes of high lake level (Fig. 36b of
Wendorf, 1977; Wendorf et al., 1993, Fig. 37a, of Hill &
schild, 2017, Fig. 37b, of Blackwell et al., 2017). The
recorded strata from the bottom to top are the basal sandy
gravels, dark fine-grained sand and silt, calcareous coarse
sands, calc. muddy sands and gravelly muddy sands
(Figs. 36b and 37a, b). The sands reflecting transgressive
lake level (Fig. 36b) and the deflation at the boundaries of
the strata are related to arid climatic intervals (Hill, 1993).

Fig. 31 Location map showing general geology of the Western Desert
of Egypt and different depressions (a) (Jimenez, 2014). The geology of
the Dakhla Depression (b) with the Libyan Plateau and the Tawil
Anticline, a sandstone ridge, splits the two large eastern and western
basins in the bottom of the Dakhla Depression. In the mid-Pleistocene,
a paleolake, Lake Balat, occupied as much as 1735 km2 in the
depression, with its surface reaching at least 160 m a.s.l. Northwestern
prevailing winds drive sand dunes across the western depression, the
red line tracing the section of Fig. 32 (b). Sources Kleindienst et al.
(2016) and Blackwell et al. (2017)
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Shells and animal teeth collected from these strata in addi-
tion to tufa and travertine deposits were dated (Blackwell
et al., 2017; Hill & Schild, 2017; Miller et al., 1991; Szabo
et al., 1995) as will be later seen in Sect. 5.2.

The Kurkur–Dungul region is part of Sinn El-Kaddab
Plateau (Fig. 38a). A thick sedimentary section comprising
parts of the Nubian plain and basement rocks is exposed at
Kurkur–Dungul area (Fig. 38b–d, Issawi, 1968). This section
ranges from the Late Cretaceous to the Quaternary. The
Quaternary succession (Fig. 38b, c, d) comprises the fol-
lowing: (1) conglomerate sheets, (2) freshwater carbonates
(tufa and travertine), (3) freshwater limestone mapped from
Gebel El-Digm (Fig. 38d). In addition to (4) calcareous
deposits covering some wadi channel banks in-between
Gebel Kalabsha and Gebel El-Digm, (5) mud pans covering
the Pedi-plain between the Nile and the Sinn El-Kaddab
scarp, and (6) sand dunes developed in arid intervals during
the Late Quaternary (Issawi, 1968). At least three episodes of
travertine formation were observed. The oldest deposits were
the most extensive and were deposited on the Garra Forma-
tion (Kele et al., 2021, Fig. 38b and c). The intermediate age
deposits correspond to the spring mounds sitting on the
Kurkur Formation (Fig. 38b and d). The youngest deposits
were found in association with the terraces in modern Wadi
Kurkur (Fig. 38b, Crombie et al., 1997). During wet periods
when the water table was noticeably higher, the tufa deposits
in the Kurkur–Dungul region precipitated from springs as
perched aquifers above this major Nubian Aquifer System

(Crombie et al., 1997; Hamdan, 2003b; Nicoll & Sallam,
2017). The Nubian Aquifer in the southern regions was
refilled in this scenario by previous pluvial occurrences,
which caused deep groundwater to migrate northwestwards.
The isotopic analyses of hydrogen and oxygen for fossil
ground water and the recent water together with the results
from tufa and travertines suggest water recharge associated
with monsoonal periods and enhanced by Atlantic westerlies
(NAO) where the water came across North Africa source of
pluvial water (Crombie et al., 1997; Sultan et al., 1997).
According to Jimenez (2014), who compared tufa geo-
chemistry (87Sr/86Sr, stable isotopes) with contemporary
groundwater chemistry, a persistent Nubian groundwater
source with some deeply derived components has existed in
the Western Desert for the past 500 ka.

5.2 The Freshwater Carbonates and Lacustrine
Sediments as Proxies for Green Sahara

The Quaternary sediments at the Western Desert, supported
by archaeological evidence, tells us that 11,000–5000 years
ago and at earlier times in the Pleistocene, the Earth’s slow
orbital “wobble” transformed today’s Sahara desert to a land
covered with vegetation and lakes, the so-called Green Sahara
(De Menocal & Tierney, 2012; De Menocal et al.,
2000; Tierney et al., 2017). The “Green Sahara” pluvial
phases that overprinted North African aridity during the

Fig. 32 Schematic cross-section along NW–SE of the Dakhla Depression (Fig. 31b), the section shows the main geomorphologic and geologic
elements along the Dakhla Depression from the plateau, the scarp, the piedmont and the low land with the characteristic Quaternary sediments.
Source Brookes (1993)
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Table 2 Summary of the Quaternary sedimentary geology and geomorphology along the Dakhla Depression (after Brookes, 1993)

Quaternary sediments Relative age Sedimentomorphic evolution

8. Irrigation deposits 2200–2000 BP a. The youngest sedimentary formation in the Dakhla sequence is anthropogenic or irrigation playa. It
manifests largely purposeful accretion of stratified muddy sands of variable structure under a system of
arable farming, irrigated from wells, with or without mechanical lift by the animal-powered water wheel
(Brookes, 1993)

7. Playas, spring mounds 9000–4500 BP a. Playa sediments were deposited in basins on the Libyan Plateau, the sandstone cuesta, and on northern
and southern cuesta margins

b. On the cuesta’s north eastern margin, small spring mounds were constructed. Both playas and spring
mounds reflect an Early Holocene semiarid pluvial interval from 9.0 to 4.5 ka BP, which is widely
recognized (Brookes, 1993)

c. Desiccation to the modern hyper-arid condition ensued. This is marked by (i) partial deflation of Early
Holocene playa sediments; (ii) complete or partial deflation of mud-brick architecture of Old Kingdom
(ca. 2200 B.C.), and younger date; and (iii) mobile dunes of far-travelled quartz sand (suddenly invading
long-established settlements in several cases) across the Sahara

6a. P/B III glacis and
bajada

65–60 ka a. Termination of Facies A (and, by extension, Facies B and C) merged abruptly with deposition of fluvial
gravels of P/B m over it in partially filled piedmont deflation basins. Basins occupied by Facies D were
too distant and topographically isolated from floodwaters generated on the Dakhla Scarp to receive
P/BIII gravels

b. An interval of aeolian erosion ensued. This was sufficiently intense and/or long to remove P/B III
gravels from most piedmont repositories of Facies A and C. Yardangs up to 10 m high were formed in
Facies A and B, and up to 6 m of Facies C were deflated

6b. Pleistocene lacustrine
sediments

150–130 ka a. The Pleistocene Lacustrine Sediments deposited in four facies. Facies A were deposited in piedmont
deflation basins across Dakhla. Interstratified lacustrine evaporates and pluvio-aeolians (Facies B) were
deposited in piedmont basins southeast of Dakhla. Pluvio-aeolian (Facies C), and interstratified aeolian
sand-sheet and pluvio-aeolian (Facies D) were deposited in cuesta deflation basins

5. Spring mounds a. Disordered spring mounds and Pleistocene Lacustrine Sediments were deposited. It remains, therefore,
only hypothetical that the spring mounds were first erupted through the floors of newly deepened
lowlands and basins

b. Spring mounds were surficially ferruginized and indurated. The Dakhla spring sediments represent
peri-lacustrine or lake independent features, and can be differentiated from fully lacustrine deposits on
the basis of their sedimentary characteristics as well as the presence of goethite and jarosite in a region
where authigenic deposition during Pleistocene pluvial activity principally resulted in tufas and
lacustrine marls. The spring mounds record a unique groundwater controlled paleoenvironment,
providing the first evidence of a bog iron in Egypt and one of the few occurrences of iron-rich wetland
remnants in the modern Sahara (Adelsberger & Smith, 2010)

c. An interval of erosion in which some mounds were reduced

4b. P/B II glacis and
bajada

190–160 ka a. P/BII colluvial and fluvial gravels were shed from Dakhla Scarp and deposited in broad bajadas below
P/B I remnants. In eastern Dakhla, P/BII extended a little onto the cuesta, from which P/B I and CSS had
been removed

b. P/BII were fluvially incised by convergent escarpment streams, leaving relatively narrow, digitate
terraces extending into Dakhla lowland

c. An interval of aeolian erosion ensued. Erosion was either very intense or relatively extended in time, or
both. On the plateau, one basin was deflated down to Dakhla Formation shales, through thick
Palaeocene limestone. On the piedmont, basins were eroded below fluvial valley floors. Basins were also
eroded through the CSS-capped sandstone cuesta, and the piedmont escarpment on the Duwi Formation
was eroded into yardangs

4a. Scarp travertine

3. Calcareous spring
sediments (CSS)

a. Calcareous Spring Sediments (CSS) were deposited over the southern Cuesta, over the terrace of FSS,
and in embayments flanking the dividing ridge. Groundwater discharged diffusely and copiously over an
intact cuesta and converged on the embayments. In embayments, early sheet floods laid down stratified
gravelly and/or muddy sand beds, incorporating residual chert clasts from P/B*. The surface was then
converted to a vegetated wetland, over which copious amounts of northerly derived carbonate dust were
deposited, dissolved and reprecipitated as laminar, massive, or tufaceous marl. Aeolian sand was
incorporated diffusely, while, locally, quartzose calcarenite dunes accumulated

b. CSS were calcified
c. CSS were eroded from distal areas bordering Dakhla lowland, leaving a few buttes there, but probably
remained more intact over the cuesta

2. P/B I glacis and bajada a. P/BI colluvial and fluvial gravels were shed from the northern scarp, forming a mantle over it, and
extending southward across the Dakhla lowland onto the dividing ridge and the embayment east of it.
All that remains today of this cover in its distal part is a lag of varnished chert

b. P/B I was fluvially incised, removed distally and left only as small remnants, mostly on or close to the
scarp

1. Ferruginous spring
sediments (FSS)

a. Ferruginous spring sediments (FSS) were deposited from vigorous overland flows fed from copious
springs, which discharged both from a bluff bordering the dividing sandstone ridge and from beneath the
mudstone-floored embayment to the west

b. FSS were lateralized
c. Most of FSS were eroded from the embayment, leaving only a broad terrace on the east side
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Pleistocene are well recognized in tropical and Mediterranean
records (De Menocal, 2004; Larrasoaña et al., 2003; Trauth
et al., 2009; Tzedakis, 2007). The high-insolation/
high-monsoon intervals have been linked to the orbital pre-
cession index (Larrasoaña et al., 2003; Lourens et al., 2001;

Trauth et al., 2009). Indeed, there is evidence that precessional
forcing of North African climate has been pervasive for at
least the last 1.2 Ma, and that the climate of the Egyptian
Sahara experienced wet episodes during the AHP associated
with strength of the ITCZ (Blome et al., 2012; Rohling et al.,

Fig. 33 Satellite image showing geology and structure of Kharga Depression, and cross-section B B′ at Medawara (a) (Abotalib et al., 2016). The
cross-section BB′ shows the main rock units; (b) the black rectangle shows the tufa dated terraces at Wadi Medawara (c). The red rectangle at
El-Rufuf showing tufa terraces (Fig. 34c) (Jimenez, 2014)
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2002; Rossignol-Strick, 1985; Trauth et al., 2009; Tuenter
et al., 2003). Such climate is well documented by both
archaeological and geomorphological investigations (De
Menocal, 2004). In the Sahara, geological evidence for former
lake basins is frequently discovered close to interdune
depressions and other low-lying areas, where ancient lake bed
sediment crops out and shoreline deposits are exposed
(Embabi, 1999). The majority of Early Holocene paleolakes
were tiny, but they were numerous and widely dispersed.

These must have been permanent, open-basin lakes because
of their stratigraphic records, which show that annual water
supply far exceeded evaporation for many centuries even in
the driest parts of the present Sahara (De Menocal & Tierney,
2012; Donner et al., 2015; Embabi, 2018). Before discussing
the results of age determination of the terrestrial proxies, it is
very important to answer the key questions about the nature of
the Green Sahara pluvial, which have remained unanswered:
(1) What was the spatial extent of monsoonal rains across the

Fig. 34 Field photo at Naqab El-Refuf showing tufa terraces (a) and close-up showing the tufa deposits at the lower terrace (b) (courtesy from
Prof. Dr. Nabil Embabi), and age dates of the tufa terrace (c) (Jimenez, 2014)
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North Africa? (2) What are the sources that fed monsoonal
rains? (3) Are these consistent across the North Africa?
Finally, (4) What was the response of the terrestrial evidence
to such climate compared with marine evidences? It is inter-
esting to say that marine records integrating large regional
signals have not been able to address these questions, while
terrestrial records offer tantalizing evidence for the effects of

past humid intervals on local paleohydrology (Jimenez,
2014). However, the investigations show abundant evidence
for profoundly altered hydroclimate over the past 300 ka
(Szabo et al., 1995) and 650 ka (Jimenez, 2014). These have
been dated by U-series methods through proxies derived from
several depressions at the Western Desert (Fig. 31a) such as
those previously described at Dakhla (Fig. 32), Kharga
(Figs. 33 and 34), Bir Tarfaw (Figs. 36 and 37), Kurkur and
Dungul (Fig. 38). These proxies (Fig. 39) include tufa prox-
ies (Brook et al., 2003; Hamdan & Brook, 2015; Kele et al.,
2021; Nicoll & Sallam, 2017; Smith et al., 2004; Sultan et al.,
1997; Szabo et al., 1995), travertine proxies (Crombie et al.,
1997; Hamdan, 2000; Jimenez, 2014), ground water, sec-
ondary ore precipitates and yarding proxies (Bravard et al.,
2016; Donner et al., 2015; Osmond & Dabous, 2004; Sultan
et al., 1997). These are supported with the results of spe-
leothems (Brook et al., 2002; Dabous & Osmond, 2000). All
are used as paleoclimatic proxies derived from the precipita-
tion of water-dissolved carbonate either from the direct rains
or from groundwater discharge (Fig. 39).

In the Grey-Green lake basin-fill sequence (Fig. 36),
Miller et al. (1991) successfully employed the isoleucine
epimerization (alle/Ile ratio) in the ostrich eggshell calibrated
with uranium dating at Bir Tarfawi and Bir Sahara East.
They showed that major wet interval occurred at ages
ranging at 115–130 ka, while 230Th/234U dates ranged from
122 ± 3 to 136 ± 6 ka in addition to two older intervals:
one at about 200 ka, and another occurred prior to 250 ka,
which are correlated with MIS 5e and 7 (Fig. 40). The other
ostrich egg shell AAR dates match better with MIS 5c–5e,
with the exception of one at 141 ka that correlates with MIS
6a/6b. The findings highlighted the wet phase’s persistence
over the majority of MIS 5, presumably because the four
phases in the Grey-Green lake basin-fill sequence corre-
spond to the different substages within MIS 5 (Miller et al.,
1991). In addition, small lakes support freshwater snails,
large herbivores and hominins associated with MIS 5, 7
and 13 (Fig. 40). 230Th/234U of the White Lake marl and
limestone sequence (Figs. 36 and 37) dated as 220 ± 60 ka

and 233 ka � 17
14

respectively (Schwarcz & Morawska,

1993). While 230Th/234U dating of the Acheulean lake
sequence in north Bir Tarfawi near the White Lake, which
is linked with Acheulean tools as 495 ± 52 ka (Fig. 36b),
coincides with MIS 13. As a result, MIS 5, 7 and 13 have
dated evidence for water at Bir Tarfawi (Schwarcz & Mor-
awska, 1993). The data collected from lacustrine carbonates
from Bir Tarfawi, Sahara East and the Great Selima Sand
Sheet localities indicate five paleolake forming episodes that
occurred at about 10–5, 65–90, 120–155, 190–240, 250–330
and > 350 ka (Szabo et al., 1995). Four of the pluvial epi-
sodes are correlated with major interglacial stages 1, 5e, 7, 9
and 11, respectively (Fig. 40). The fifth episode at 65–90 ka

Fig. 35 Location map of Bir Tarfawi Depression (a) showing the
northern depression with the white lake deposits “quadrant b” at the
central depression and the southern Grey-Green deposits of Late
Pleistocene age “yellow circle f” and three drilled trenches E-86-2,
E-86-3 and E-87-3 (a) (Blackwell et al., 2017). Close-up map (b) of the
area in “quadrant b” at a showing the major sedimentary remnants. The
northeast remnant is associated with Acheulian artefacts (brown on map
b). The northwest “white lake” remnant sequence contains middle
Paleolithic artefacts (yellow-tan on the map b). The central basin
deposits are associated with the Grey-Green lake basin-fill sequence
and contain Middle Paleolithic artefacts and fossils (green on the map
b). Sources Hill and Schild (2017) and Blackwell et al. (2017)
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possibly correlated with MIS 5c or 5a (Szabo et al., 1995).
However, still pluvial episode recorded at 20–50 ka and
related to last glacial MIS 2 and/or 3 (Fig. 40, Szabo et al.,
1995). Two pluvials were detected to be related to isotope
stages 5 (70–160 ka) and 7 (191–220 ka) which were
recorded due to uranium dating of two travertine terraces
found in wadi Kurkur (Crombie et al., 1997). In Kharga,
230Th/234U dates for Wadi Tufa and cave-filling deposits
collected from oases from Bahariya to Kharga gave ages of
45 ka, 150–200 ka, 250–280 ka, 300–350 ka and > 400 ka
(Sultan et al., 1997), related to MIS 1, 6c, e, 7d, 8/9a, 9e/10
and 11, respectively (Fig. 40). At Dakhla, based on radio-
carbon and 230Th/234U age dating, the presence of permanent

lakes was confirmed between 8–1 ka, 30–50 ka, 120–
130 ka, 220–230 ka and > 300 ka (Fig. 40) related to MIS
1, 3, 5, 7 and 9, respectively (Churcher et al., 1997, 1999;
Kieniewicz & Smith, 2007, 2009; Smith, 2012). Osmond
and Dabous (2004) showed that the times of enhanced
groundwater movement can also be determined by
230Th/234U dating of secondary U in ores of uranium, iron
and phosphate. Several age dates use 230Th/234U on samples
collected from Bahariya oases iron ore. These presented
evidences of pluvial intervals associated with MIS 3, 4, 5, 6
and 7 (Fig. 40). They are consistent with the view that the
wet episodes are the results of migration of the tropical
monsoonal belt driven primarily by the 23 ka precession

Fig. 36 Stratigraphy of Bir Tarfawi refers to three sets of lacustrine deposits occur at slightly different elevations. The oldest deposits are
associated with Acheulian artefacts found at elevations near 247–248 m a.s.l. The Middle occurs at 245–246 m a.s.l. dated as Late Pleistocene, and
the youngest deposits occur at 242–244 m a.s.l. during the Late Pleistocene red circle “e” of Fig. 35 (a) (Hill & Schild, 2017). Another section
located within the yellow circle “f” of Fig. 35 at central Bir Tarfawi shows six stratigraphic units or stratum of four transgressions (b). Sources
Wendorf (1977), Wendorf et al. (1993), and Hill (1993)
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cycle of the Milankovich curve, modulated by the 100 ka
eccentricity cycle (Osmond & Dabous, 2004). At Wadi, Tufa
U/Th dates of 49.8 ka, 103–126 ka, 136–150 ka and 359 ka
(Fig. 40) were detected to be related to MIS 3b–c, 5c–e, 6a–
c, 10, respectively (Smith et al., 2004). Further, U/Th dates
from Kharga (Matana and Bulaq Wadi) gave ages of 118–
130 ka and 130–150 ka were recorded and related to MIS
5e, and 6a, b, respectively (Smith et al., 2007).

Electron spin resonance (ESR) dating can provide abso-
lute dates over a substantial time range, from as young as
0.5 ka to about 5–10 Ma, with 2–10% precision (Blackwell,
1995). Many materials that are frequently found at limno-
logical locations can be dated using ESR. In archaeological
contexts, ESR’s significance in dating Quaternary and
Pliocene sites have been proved, substantially altering our
understanding of human origins and societies (Blackwell,
2001). Many materials, including hydroxyapatite in fish
scales, bone and travertine, aragonite and calcite in calcrete,
and quartz from ash, have been developed for ESR dating
(Blackwell, 2006).

At Dakhla Depression, another ESR age of molluscs and
tooth fragments of Middle Pleistocene paleolake cov-
ered > 1700 km2 shows ages of 8, 14, 48, 84–129, 154–185,
201–229, 270, 307–334, 342, 365 and 458 ka, correlated
with MIS 1, 2, 3, 5, 6, 7, 8, 9, 10 and 11 (Fig. 40, Klein-
dienst et al., 2016). Ponds formed during MIS 1 and 2,
according to molluscs from Romano-Byzantine back soil
found in a breached artesian vent with an 8–15 ± 1 ka age.
According to ESR frequency data, the oasis was inhabited
by herbivores for at least twelve stages during the Mid-Late
Quaternary, making it likely that people also lived there
(Kleindienst et al., 2016). According to Blackwell et al.
(2017), the Dakhla Depression was home to a sizable lake in
MIS 6 that offered a deep, dependable water supply for many
centuries. Lacustrine and terrestrial ecosystems were thriving
at Dakhla during MIS 5, 7, 9, 11 and 17, as well as in shorter
episodes in MIS 1, 2, 3 and 6 (Blackwell et al., 2017).
Although no molluscs associated with MIS 10 have yet been
found (Abdel-Monem et al., 2006), ESR ages for tufa in
Kharga Depression suggest that tufa occurred when

Fig. 37 Two sections at the southern Bir Tarfawi (for location see Fig. 35a) where silts and carbonates deposits in the E-86-2/E-87-3 area
correlate with the Grey-Green lake basin-fill sequence to the northeast (a). The deposits likely formed in a lake during rise in water tables, possibly
added by local precipitation that filled the depression. The section is composed of basal yellow sands in alternation with dark silt and sands. TL
analyses on the sand overlying the lake deposits produced an age of 60 ± 15 ka BP (b). Source Blackwell et al. (2017)
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Fig. 38 The Geologic map of the Kurkur–Dungul Oases shows the exposed rock units (a) (Issawi, 1968). Three sections are detected; these are
AB at Kurkur Oasis (b), CD at Dungul Oasis (c) and EF at Gebel El-Digm area (d). The sections show the altitude of the studied sites, the
230Th/234U age data (in red) and temperature data (in blue). Source Kele et al. (2021)
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surface water was present during the generally cooler
mid-Pleistocene period. Tufa formed between 340 and
360 ka (Abdel-Monem et al., 2006). Several 230Th/234U
dates on tufa and carbonates correlated with MIS 6, another

very cold period (Osmond & Dabous, 2004; Smith et al.,
2004; Sultan et al., 1997). At Matana and Medawara ESR
dates on freshwater gastropods yielded ages of between
20–27 ka, 30–60 ka, 60–70 ka and 75–100 ka that are

Fig. 39 Quaternary sedimentary carbonate spring and lacustrine deposits used as climate proxies. Phytothermal tufa deposits from Kurkur Oasis
(a). The tufas are rich in plant casts, stems, reeds, grasses and mosses (b). Tufa sheets of concentric spherical-shaped laminar accretions,
stromatolitic and banded (> 10 cm thick) (c) from Medawara at Kharga Depression (Jimenez, 2014), fractured, crystalline with alternating
laminations of successive generations of epiphyte generations creating light- and dark-coloured layers (d) (Nicoll & Sallam, 2017). Tufa from
Kharga (courtesy from Prof. Dr. Mohamed Hamdan) (e) the crystal mountain at DG with close-up showing travertine and crystal glacis (f) at
Dakhla (Jimenez, 2014) and erosional yardangs in old playa (Lacustrine deposits) (g) (courtesy from Dr. Emad Sallam)
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correlated with MIS 2, 3, 4, 5a, c and 6, respectively
(Fig. 40, Blackwell et al., 2012). Along the Libyan
Escarpment’s edge, springs also drained at Kharga Depres-
sion, but the water was ponded in little basins that had been
blocked by tufa deposits. These dated fossils and sediments
confirm the presence of water there in MIS 2–11. While
another two ages averaged 28.2 ka, which fits with the MIS
3/2 border, two independent ESR ages averaged 65.4 ka
(mid MIS 4). With an ESR age of 24.3 ka on Melanoides
tuberculata shells from a thin pond deposit snails inside the
tufa at Bulaq, another tufa that is much thinner and less
extensive than Midauwara, this tufa correlates with a cooler
phase during MIS 2 but not the glacial maximum. Therefore,
it is possible that the Bulaq and Matana shells are related in
time (Blackwell et al., 2017).

ESR for Melanoides tuberculate and carbonate sand
samples collected from Bir Tarfawi White lake sequence
(Fig. 31a and c) show ages of 19.3, 26.8, 27.5, 217.6, 234.5
and 248.1 ka (Fig. 40) and related to MIS 2, 7 (Blackwell
et al., 2017). The samples from the Grey-Green lake

sequence (Fig. 31a and c) show ages 4.8, 6.4, 7.3, 78.4, 81.8
and 84 ka (Fig. 40) and related to MIS 1, 5a (Blackwell et al.,
2017). Tufa from Kurkur and Dungul oases (Fig. 40) have
dated back to 11 ± 1.2 ka, 43.52 ± 0.23 ka, 139 ± 11 ka,
184 ± 5.4 ka, 258 ± 20 ka, 326 ± 14 ka and 368 ± 14 ka
(Kele et al., 2021). These dates are grouped according to the
correlated MIS into stages 2, 3c, 4, 5e, 6, 8, 9 and 11 in
non-isochronism with the interglacial stages.

Although the high-resolution marine records form the
deep sea or ice cores reflect the global climate, and the MIS
1, 3, 5, 7, 9 (Fig. 40) correlated with sapropels in the Eastern
Mediterranean enforced with African monsoons, the terres-
trial records offer detailed integrating evidences for several
regional paleoclimatic events that did not recorded globally.
It is also interesting to confirm the potential terrestrial cli-
matic proxies (Fig. 35) in improving our understanding
regarding the Green Sahara episodes, however, emphasizing
the non-isochronism of the Quaternary climate in North
Africa boundaries. There are, however, lacustrine sediments
that contradict this, associated with glacial MIS 2, 4, 6

Fig. 40 Summary of the most reliable age dating from lacustrine and spring samples collected from different oases at the Western Desert of Egypt
and correlated with d18O stratigraphy. The results show coincidence with most interglacial MIS 1, 3, 5, 7 and 9 (red cells or areas), while others
show considerable ages corresponding to glacial MIS 2, 4, and 6. These results give a way to the concept that supports the presence of regional
pluvial or wet conditions interpreted due to the Atlantic westerlies (NAO) or rise in water table or possible shifting in ITCZ (Hoffmann et al., 2016;
Revel et al., 2010)
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(Fig. 40, Hoffmann et al., 2016). This suggests that other
regional forces played a potential role in determining the
regional climate and strengthening the role of North Atlantic
(NAO) sea surface temperatures (SSTs) (Blome et al., 2012;
Jimenez, 2014; Kele et al., 2021). Similar was the study of
speleothem-derived central North Africa rainfall records for
the last glacial period that revealed three main wet intervals
at 65–61, 52.5–50.5 and 37.5–33 ka, and related to obliquity
maxima and precession minima (Bosmans et al., 2015). In
addition, North Atlantic (NAO) humid sources may explain
the presence of several recorded pluvial intervals that belong
to the glacial stages 2, 4, 6 and 8 (Hoffmann et al., 2016). In
this concern, in order to understand Saharan paleoclimates
and patterns of modern human migration, Abotalib et al.
(2019) used 230Th/234U in dating to determine the age of
thick accumulations of scarp and scarp-foot depression
sediments. They confirmed that there was little or no depo-
sition during the warm interglacial periods of MIS 5, 7 and
13, and that deposition was most common during the lengthy
cool glacial periods of MIS 6, 8 and 10. In contrast, Qua-
ternary sediments connected to hydrologic systems with
short residence times produced MIS 2 OSL ages ranging
from 27.7 to 10.2 ka. It is believed that age misinterpreta-
tion, which reflects the timing of groundwater discharge
rather than the ages of the wet periods during which recharge
occurred, is to blame for the lack of scarp and scarp-foot
depression sediments of MIS 2 ages and the wide range of
warm and cool stages in Eastern Sahara.

5.3 The Aeolian Sediments as a Proxy to Arid
Climate

The dominance of arid environments in several regions make
the study of these regions of critical importance for the
development and global models of environmental change
(Chase, 2009). The Quaternary geology of Egypt includes
substantial amounts of aeolian sands, which are indicative of
arid climate. About 283,836 km2 of the Egyptian landmass,
or about 16% of the total area of the state, are covered with
aeolian deposits. Six sand seas, including the Great Sand
Sea, Abu Moharik and North Sinai, span more than 5000
km2, accounting for at least 50% of the total dune coverage,
while the remaining 10 dune fields have less than 50% of the
total dune coverage, including the West Delta and South
Rayan (Bubenzer et al., 2020; Embabi, 2018). All other
Egyptian sand seas, with the exception of the North Sinai
Sand Sea, are found in the Western Desert, whereas the
Eastern Desert’s dune fields are concentrated in the extreme
Southeast (El-Hebal Dune Fields) and Northeast (El-Khanka
Dune Field). The Great Sand Sea, along with all other dune
fields and sand seas, is produced in the Western Desert. The
Great Sand covers more than 100,000 km2 in size (Besler,

2008). It is not limited to Egypt; it spans a distance of
roughly 600 km from the southern borders of the Siwa
depression in the north to the northern scarps of the Gilf
Kebir and Abu Ras plateaus in the south. Its width from east
to west varies between 60 and 200 km (Embabi, 2018). The
sand sea is not in a clearly defined depression; rather, it is a
weakly sculpted area of ground that slopes from more than
500 m a.s.l in the south to less than 100 m a.s.l towards the
Siwa Depression in the north (Besler, 2008). The Great Sand
Sea contains three distinct forms of dunes. The first is the
linear/longitudinal forms (Fig. 41a), followed by the trans-
verse, barchans and barchanoid forms (Fig. 41b and c), and
finally, the star dunes (Embabi, 2018). The most prevalent
dunes are linear dunes, which come in two different vari-
eties: broad-crested megadunes and sharp-crested recent
linear (seif) ridges or Silk (Besler, 2000; whalebacks of
Bagnold, 1941, 1953 or draa of Besler, 2000). The Silk
dunes (Fig. 41d) are active right now as the draa settle. From
the end of the Middle Paleolithic pluvial to the start of the
(AHP) * 10 ka BP, the draa were active dunes (Haynes,
1982) and later were fixed * cal. 6.5 ka BP by the com-
bined action of bioturbation, human occupation, pedogenesis
and slope wash vegetation (Hamdan & Hassan, 2020). M24
cross-sections along 450 km of a chosen dune ridge showed
changes in paleoclimate (Besler, 2000). In the Late Pleis-
tocene (> 20 ka BP), stronger trade winds helped to create
the southern longitudinal draa megadunes. In a wet Late
Glacial to Early Holocene epoch when the southern draa
were fixed by vegetation and their sands turned red, there
were signs of prehistoric man on their flanks * 7–9 ka BP
(Besler, 2000). The distinctive northern megadunes were
likely patterned by dry extra-tropical westerlies in an arid
time at 20–11 ka BP. They are transverse draa of the
northern sand sea (Embabi, 2018). Aeolian sands likely took
the shape of barchan dunes and moved several tens of
kilometres farther south after this aridity. Strong, dry west-
erlies pushed sands farther south and dumped them on the
eastern slopes of the draa during the end of the Pleistocene
(* 12–10 ka BP). As a result, sand accumulation near the
surface on the western flanks of the draa is older than that on
the eastern flanks. Runoff following annual precipitation
quantities of 50–100 mm and intermediate short deflation
phases during the Holocene humid phase or Holocene humid
optimum (10,600–7300 BP) transformed the draa into the
current whalebacks (Bagnold, 1941). Seasonal ponds and
lakes were hydrated by runoff from the condensed draa
surfaces and seepage at their bases in shallow depressions of
the inter-draa corridors. Because of these circumstances,
people were able to live there as hunters and gatherers.
These “playa sediments” in the southern Great Sand Sea
have redder colours and more silt than draa and dune sedi-
ments because of weathering during the Holocene wet per-
iod (Embabi, 2018). The available data were related to the
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geology, geomorphology and archaeology; three cycles of
dunes were distinguished (Embabi, 2018):

The first cycle 700–200 ka: It is the oldest dune cycle
occurred during Middle Pleistocene, aridity, which started
700 ka years ago and ended 200–300 ka. This estimation is
supported by archaeological data discovered in the Great
Sand Sea’s inter-draa corridors. On the surfaces of the
interdune zones, there were also scattered artefacts of the
Acheulean type (Haynes, 1982).

The second cycle 60–10 ka: It is the middle dune cycle
associated with Late Pleistocene aridity extended from 35 ka
or earlier to 10 ka BP. While there is little trace of human
habitation during that time, there is a great deal of evidence
of aeolian activity (Haynes, 1982). According to Wendorf
et al. (1993), the beginning of this aridity was 60 ka BP. The
draa dunes were active dune ridges during this dry time
between the end of the Middle Paleolithic pluvial period and
the start of the Neolithic period (Haynes, 1982).

The third cycle 7 ka to present: It represents the last cycle
of dune growth in the Great Sand Sea. It extends from the
Middle Holocene to the present time. Field observations and
the dating of several samples led researchers to conclude that
draa reactivation took place during the Middle and Late
Holocene (Besler, 2000). The result of recent wind activity
on dunes in the Great Sand Sea are active silks

(sharp-crested seif ridges) on the draa (whalebacks) (Besler,
2000). The southern draa were reactivated at least 3 ka ago
as a result of rising aridity. Since then, blown sands and
barchan dunes have moved around 60 km further south.
Later, lighter sands from the northern draa covered the
reddish southern draa. Due to the strong westerly component
of the bimodal wind system, the secondary Holocene and
current dunes were primarily developed in the lee east of the
northern draa, but on the southern draa due to the stronger
northern wind component (Besler, 2000).

Besler (2008) performed three transections in which
samples for optical simulated luminescences (OSL) repre-
senting the transverse draa (I), longitudinal draa western
flank (II) and eastern flank (III) were obtained (Table 3).
According to the findings, the draa’s western flanks have
accumulated more sand near the surface over time than its
eastern flanks. The findings also demonstrate that age gen-
erally increases with depth; the oldest sample, which was
obtained at a maximum depth of 5 m, is 22.8 ± 3.8 ka,
while the youngest sample, which was taken at a depth of
1.0 m, is 240 ± 50 (Embabi, 2018). This makes it very
evident that depth has a significant role in estimating age
and, by extension, the paleoclimate and depositional
environment.

The southern increase in the reddened sands is interpreted
as the presence of kaolinite and hematite coating (El-Baz &
Prestel, 1982) together with sand size, which is a factor
equivalent to high wind velocities, may reinforce the

Fig. 41 Selected Google images for some dune forms, the Great Sand Sea. The longitudinal (a) the barchan (b), the complex barchan (c) and the
travers or silk (d) dune forms
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climatic aridity. However, from my opinion, the wide range
of the suggested age may require further dating and deep
core sampling due to the cumulative nature of dune forma-
tion. The sand dunes then can be tentatively used as a
paleoclimatic proxy. With the aid of the OSL dating method,
Chase (2009) determined the ages of three dune relics in
South Africa and established that there were three main
periods of activity at * 60–40, * 35–20 and * 17–4 ka.
The frequent disagreements with other terrestrial records that
show concurrent increases in humidity and the close rela-
tionships between these phases and wind strength proxies
suggest that aridity is unlikely to be the only forcing
mechanism for aeolian activity (Chase, 2009).

Another proxy for paleoclimate is the Saharan dust,
which refers to dry intervals. The glacial–interglacial
(100 ka eccentricity cycle; Fig. 42a) pointing to the presence
of coarser terrigenous (Fig. 43f) rather than Saharan dust
particles, and high wind strengths during the last three gla-
cial terminations II, IV, and VI related to MIS 2, 4 and 6
(Fig. 42a). The precession isolation (21 ka cycle) (Fig. 42c)
controls the dust input (Guieu & Thomas, 1996; Fig. 42d
and e, Moreno, 2012). Remanent magnetism resulting from
short-term exposure to strong magnetizing fields at constant
temperature is referred to as isothermal remanent magnetism
(IRM). The IRM@AF parameter is the measure of the
intensity of the laboratory-induced magnetization (Larra-
soaña, 2012). The high-resolution measurements of
IRM@AF for dust recorded in the Eastern Mediterranean
(Fig. 42d) have been found to be proportional to the content
of hematite. The later constitutes about 6.5% (in weight) of
the Saharan dust transported (dust flux, Fig. 42e) into the
Eastern Mediterranean (Emeis et al., 2000; Kroon et al.,
1998; Larrasoaña, 2012; Lourens et al., 2001; Tomadini

et al., 1984). Fe content thus is used as a proxy for aeolian
particles coming from the Sahel area within Sahara dust
(Balsam et al., 1995). The IRM@AF parameter of the Sahara
dust is very interesting proxy for climatic changes as it is
inversely proportional with the light d18O values (Fig. 42b
and d), high-insolation (Fig. 42c) and the high-monsoon
runoff (Fig. 42e). The IRM@AF parameter also shows a
non-isochronism with grain size, the Si/Al ratio (Fig. 43e).
The latter is used as a proxy for wind strength and indicates
an increase in terrigenous quartz rather than in dust
(Fig. 43f, Guieu & Thomas, 1996). Al percentage decreases
in the dry intervals (Fig. 43b and e); consequently, Si/Al
ratio increases within the sediments intercalated sapropel
layers (Revel et al., 2010), while decreases in sapropel layers
themselves (Fig. 43e). However, Al is related to both aeolian
(e.g. kaolinite; Foucault & Mélières, 2000) and fluvial (e.g.
smectite; Lourens et al., 2001) sources. Variations in Ti/Al,
therefore, can be interpreted in terms of the relative contri-
butions of aeolian (Saharan dust) and fluvial (Nile) sources
whether Blue or White Nile (Fig. 43; Larrasoaña, 2012;
Scheuvens et al., 2013). The Fe and Ti usually have parallel
behaviour (Fig. 43b and c) referring to aeolian Sahel parti-
cles (Balsam et al., 1995; Bergametii et al., 1989; Moreno,
2012; Moreno et al., 2001, 2002; Figs. 42 and 43). A dis-
tinctive cyclic pattern of correspondence of Fe and Ti per-
centages is evident (Fig. 43), with highest values in the
sapropels and lowest values in the intercalated marls in
contrast to Al (Fig. 43e; Foucault & Mélières, 2000; Lou-
rens et al., 2001).

The high-resolution record of fine-grained eastern Saha-
ran dust from the Eastern Mediterranean Sea spans the last
180 ka, which is based on the clay mineral composition of
the marine sediments collected from core M40/4_SL71 in

Table 3 Spatial distribution of OSL data along the transections (Besler, 2008)

Draa type West transection Middle transection East transection

Position Depth (m) Age (ka) Position Depth (m) Age (ka) Position Depth (m) Age (ka)

I N 26º 51′
E 25º 36′

2 17.1 ± 2.7 N 27º 12′
E 26º 02′

2 11.8 ± 1.8 N 27º 19′
E 26º 32′3 18.1 ± 1.6 3 12.7 ± 1.8

4 20.4 ± 3.1 4 15.9 ± 2.1 4.0 12.5 ± 3.0

II N 25º 42′
E 25º 40′

2 20.4 ± 3.8 N 25º 24′
E 26º 36′

2 21.3 ± 3.0

3 21.3 ± 2.9

4 21.9 ± 4.5

5 22.8 ± 3.8

III N 25º 07′
E 25º 37′

2 11.8 ± 3.0 N 25º 25′
E 26º 36′

3.5 9.8 ± 1.6 N 25º 25′
E 27º 05′

1.0 0.24 ± 0.05

3 11.5 ± 2.1 1.4 0.28 ± 0.06

1.5 0.25 ± 0.07

1.8 0.24 ± 0.06

2.0 5.0 ± 1.05
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the Eastern Mediterranean Sea, especially the kaolinite/
chlorite ratio (Fig. 44a–e; Ehrmann et al., 2017). The con-
cept assumes that there was very little aeolian kaolinite
movement during the AHP because kaolinite deflation was
inhibited by increased humidity and vegetation cover. As an
alternative, soil, lake basins and riverbeds were used to
retain kaolinite that weathered from kaolinite-containing
Cenozoic rocks. Maximum aeolian uptake and transport of
kaolinite was achieved during the succeeding dry phases as
fine-grained dust was mobilized from the dried lakes, rivers
and soils (Fig. 44b; Bullard et al., 2011; Tegen et al., 2002).
When these sediment supplies ran out, kaolinite transport
dropped once more. The amount of clay-sized dust that is
blown out of the Sahara into the Eastern Mediterranean Sea
and North Africa is inversely correlated with the amount of
kaolinite weathering and accumulation in soils and lake
sediments, and hence with the strength of the previous
humid interval. An example is the strongest humid interval
occurred during MIS 5e, c, a (Fig. 44), which was followed
by weaker phases that centred at 118, 100, 90 and 75 ka with

characteristic high kaolinite percentages (Fig. 44b and d,
black arrows). It is well established that these dust fluxes are
predominantly controlled by wind and topography, rather
than by aridity (e.g. Crouvi et al., 2012; Engelstaedter et al.,
2006; Kohfeld & Harrison, 2001). Along with kaolinite,
palygorskite is a common wind-blown mineral in the sedi-
ments of the Eastern Mediterranean Sea and a superb
Saharan dust tracer (Fig. 44c). It primarily comes from
deposits found in Palaeogene North African countries like
Morocco, Tunisia, Libya and Egypt (Goudie & Middleton,
2001; Larrasoaña et al., 2003). Similar to kaolinite, paly-
gorskite sources undergo severe erosion when it is humid,
and the weathering by-products are then retained in soils,
lake and river sediments, and depressions. High wind speeds
and dry periods during which the percentage of dust com-
ponents rose can be seen in the coincidence of high kaolinite
percentages (Fig. 44b), high palygorskite percentages
(Fig. 44c) and high kaolinite/chlorite ratios (Fig. 44d). In
contrast, these elements diminished along with the increase
in light d18 O values (Fig. 44e), indicating humid climate

Fig. 42 Glacial-interglacial cycles (a) with corresponding d18O stratigraphy grey-shaded bars represent sapropel layers (b) of high monsoons
(Imbrie et al., 1984; Kroon et al., 1998), correlated with the precession insolation curve with dashed red line eccentricity (c) (Laskar et al., 2004).
All plotted against IRM@AF (d) (Larrasoaña et al., 2003) and the Dust Flux (e) (Lambert et al., 2012). The red arrow indicates correspondence of
d18O with insolation and monsoons, while the blue arrow shows decrease in intervals of IRM@AF and dust storm flux. 2021 Source Gibbard and
Hughes (2021)
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intervals, correlated with the development of sapropels (S1,
S3, S4, S5 and S6) at the Eastern Mediterranean (Fig. 44a,
Ehrmann et al., 2017), the Blue Nile regime, while
conflicting with dust storms (Fig. 42e, Lambert et al., 2012).

6 Conclusions

The Quaternary sediments and stratigraphy in Egypt
including benthonic and planktonic foraminiferal distribu-
tions, pollen and spore zonation, distribution of minerals,
major and trace elements, and isotopic composition have
been implemented on the Quaternary sediments as proxies
of paleoclimate. The Quaternary Nile Delta sediments are
subdivided into several intervals of humid and arid associ-
ated with African monsoons and controlled with the Nile
flow. The distribution of pyroxenes, amphiboles, Fe, Al, Ti,
Si, Ca, Sr, Mn and Cr Zr enabled provenance identification
of either regional or Nile Headwater. These intervals can be
correlated with sapropel layers at the Eastern Mediterranean
and global climatic and sea level changes. Deposition of
lacustrine and spring sediments supported with calibrated
age determinations, and analysis of Sahara dust, its

mineralogical and elemental distribution allow classification
into humid and arid intervals that correlated globally with
d18O stratigraphy. Debates regarding such correlations are
ongoing. While correlation was possible along the Nile Delta
with precessional insolation and monsoonal runoff and the
Eastern Mediterranean sapropels, such correlation is harder
for the coral reefs and aeolianites along the Red Sea and the
Mediterranean Sea, respectively, as well as the other ter-
restrial sediments along the Sahara. While the coral reefs and
aeolianites refer to highstand of sea level, they do not
directly correspond to climatic wet episodes. The presence of
paleosols intercalated with aeolianites on the northwestern
Mediterranean coast, and coral reef terraces in alternation with
conglomerates at the Red Sea coast offer strong evidence that
the humid climates postdated the sea level highstands.
Although warm climates are very important for carbonate
pumping and deposition as corals or ooids, it is not necessary
to have contemporaneous wet conditions. In addition, the
presence of lacustrine and spring deposits associated with
MIS 2, 4 and 6 supports the presence of wet climate during
glacial episodes. Such offsets offer a role to the obliquity
beside both eccentricity and precession. It gives a way to the
concept that during interglacials it is not always wet

Fig. 43 d18O stratigraphy with sapropel layers S1 to S4 (a) positively corresponding with increasing of the Fe% (b) and Ti% (c) by weight during
interglacial MIS and retreat during glacial intervals. The grey areas refer to the dry intervals with high CaO (d), Si/Al ratio (e) and grain size (f).
The results distinguish the Nile discharge, the red-shaded bars indicate Blue Nile while the orange bars refer to the White Nile source. Source
Revel et al. (2010)
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everywhere, which interpreted in the frame of a time trans-
gressive climate change and a 3000 yrs shifting in the ITCZ
and AHP or possibly attributed to regional conditions such as
Atlantic (NAO) westerlies and the associated low SSTs.
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Evolution of the Nile River Through Time

Bahay Issawi and Sherif Farouk

Abstract

The Nile River, which receives its water from the
Ethiopian Highlands and the Central African lakes, is
often considered as the world’s longest South-North river.
The purpose of this chapter is to produce an updated
overview of the stages of the formation of the Nile
drainage system. It is based on bringing together all of the
available data concerning the stratigraphy and paleoenvi-
ronments which prevailed during the evolution of the Nile
River from the Ethiopian Highlands to the Mediterranean
Sea. During the Messinian Salinity Crisis (MSC) in the
whole Mediterranean, river systems were deeply down-cut
and extended throughout most of North Africa and South
Europe. The Qena River, which had its catchment area in
the Southern Galala Plateau and the surrounding desert
before the Nile, was Egypt’s master stream before the
Nile, a south-west ward drainage. It has been proposed
that waters from the Qena River continue to flow to the
Atlantic Ocean, which is known as the Trans African
Drainage System (TADS). The earliest Nile sediment
deposited by a river flowing into Egypt from Ethiopia on
its way to the Mediterranean is considered to be the
Dandara Formation. The presence of an Ethiopian heavy
mineral suite within the Middle Pleistocene Dandara
Formation, which has been extensively documented on
both banks of the Nile River in Upper Egypt, distinguishes
Nile sediments from those found in other riverine systems.
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1 Introduction

The Nile is generally regarded as the world’s longest river
with a total length of about 6800 km and one of the most
notable geomorphological characteristics in Africa. Its drai-
nage basin is shared by eleven countries (Fig. 1): Tanzania,
Rwanda, Uganda, Burundi, Kenya, the Democratic Republic
of the Congo, Eritrea, Ethiopia, South Sudan, the Republic
of Sudan, and Egypt (Liu et al., 2009). By measure of the
volume of water flowing annually, the Nile is one of the
smallest of the main world rivers. It has two main tributaries
that meet at Khartoum: the White Nile, which starts from the
Lake Victoria basin, and the Blue Nile, which starts from the
Ethiopian Plateau. The Nile River is the primary source of
water supply for Egypt and Sudan, besides both renewable
and non-renewable groundwater. The Holocene Nile is
regarded to be of significant archaeological importance,
since ancient communities in Egypt were largely dependent
on it for drinking water and irrigation. Most Egyptians lived
along the Nile banks, and the Nile has played an important
role in establishing one of the planet’s earliest civilizations.
Today, the most important problems facing many African
countries north of the equator in achieving sustainable
development are the scarcity of fresh and clean water, which
is combined with a rapid increase in the population, and
extreme climate change (Issawi et al., 2016). Egypt is one of
the most drought-stricken countries in the world due to its
location in the arid belt of North Africa. The previous evo-
lution of the Nile River and the shifting tectonic and cli-
mate factors over time are not well understood until now
(e.g., Fielding et al., 2018; Macgregor, 2012; Woodward
et al., 2015).

Our knowledge of the geological and geomorphological
evolution of the integrated drainage system of the Nile come
from the early and pioneering contributions of Issawi (1976),
Said (1981, 1993), and McCauley et al. (1982, 1986) which
dealt with the physiography of the Nile in modern times.
These studies were followed by more detailed reviews which

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-95637-0_17&amp;domain=pdf
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have been recently published over the past decade
(e.g., Abdelsalam, 2018; Faccenna et al., 2019; Fielding
et al., 2017, 2018; Talbot & Williams, 2009; Woodward
et al., 2015).
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Fig. 1 The drainage system of the Nile River (after The World Bank, 2000)

The Eastern Sahara is presently the driest place on Earth
with arid to hyper arid climate. Although presently covered
by sand sheets of sand dunes, such extensive blanket of
Aeolian deposits buries a large number of channel courses
indicative a previous pluvial conditions and wetter climate
dominating the region. It is probable that the Earth’s equator
during the Late Eocene or Oligocene was situated at the
latitudes of Chad and Sudan in the present-day, which would
have resulted in pluvial conditions throughout North Africa
(Abdelkareem et al., 2012). However, the northward drift of

Africa during the Late Miocene in counterclockwise direc-
tion caused the formation of new valleys and abandonment
of old valleys and channels in the Sahara. These channels are
impossible to be identified during field expeditions or by
using aerial photography, therefore, space data surveys are
the best way to locate and identify buried older channels
with reasonable costs.

Shuttle Radar Topography Mission (SRTM) images
provide valuable information on the geological attributes of
the Earth’s surface. The images expose remnants of pale-
ochannels and give details of paleodrainage systems which
are covered with sand sheets. The shuttle images obtained
from the Columbia spaceship showed a large network of
hidden buried river channels below the covered sand. These



images started a long-lasting debate on whether a
north-flowing pre-Messinian ‘Blue Nile’ with connecting
tributaries from southern Egypt reached the Mediterranean
or Egypt was drained by a significant drainage system prior
to the Nile.
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In investigating the relation between the Messinian Nile
canyon east of the Nile Delta and the Quaternary Nile
channels, Egypt, Said (1981) stated that it was one river with
different names which flew from south to north across Egypt
heading to the Mediterranean Sea and there were five river
phases that succeeded each other: Eonile (Late Miocene),
Paleonile (Late Pliocene), and the Pleistocene Proto-, Pre-,
and Neo-Niles. These river phases are separated from one
another by long periods of recession and great unconfor-
mities. However, Issawi et al. (2009) disagreed with this
theory and suggested that the term “Nile” should be applied
only to the south-north-flowing river which gets its water
from the Ethiopian Plateau and Central African lakes. He
also advocated that the previous rivers that were running
during the Oligo-Miocene and the Late Miocene should be
considered independent systems. Those rivers that antedated
the modern Nile are generally of east–west slope that flew
from the eastern part of the Egypt including most of the
Eastern Desert to the present-day Western Desert.

During the Late Mesozoic, the maximum north–south
transgression of the Tethys took place, covering most of
Egypt’s surface. This was followed by a retreat of the
shoreline during the Early Eocene up until the Oligocene
north of Fayoum depression (Issawi et al., 2009). The
opening of the Red Sea and the uplift of the Red Sea
Mountains in the Eastern Desert started with the retreat of
the Tethys shorelines during the Late Eocene (Priabonian)
and terminated in the final pulse at about 21 Ma, the
boundary between the Aquitenian and the Burdigalian (Early
Miocene) (Omar & Steckler, 1995). The initiation and
evolution of the Nile River is the result of contribution of
several events: regional tectonics (the opening of the Red
Sea and East African Rift System accompanying with
uplifting of the Red Sea Hills) (Issawi & Osman, 2008),
local structures (the presence of Cretaceous and younger
faulting), and climate change (the MSC, the emergence of
the Sahara and the alternation of wet and dry climate)
(Butzer & Hansen, 1968; Said, 1993).

2 Stages of the Nile Evolution

The rise of African swells and Ethiopian Plateau have had an
impact on shaping of the Nile Basin which result to change
in river patterns and caused the drainage systems to switch
northward to initiate the current Nile system and form the
modern catchment. This must have caused climatic changes
accompanied by increased precipitation and runoff. It is

questionable whether this increase of runoff was sufficient to
provide permanent integrated river system or each river
ended in a separate delta. To answer this question much
work has been done on the source to sink relationships to
determine the nature and timing of the connection between
the Egyptian Nile and the Blue Nile. There is no agreement
on when the river first initiated; periods ranging from the
Oligocene (Fielding et al., 2018; Gani et al., 2007;
MacGregor, 2012; Said, 1981; Steinberg et al., 2011) to the
Pleistocene (Issawi et al., 2009; Shukri, 1950) have been
proposed for when the Nile trunk river first drained as far
south as the Ethiopian Highlands.

2.1 Early Origins of the Oligocene to Late
Miocene Nile (North-Flowing Pre-Messinian
Nile)

Evidence collected by Issawi and Osman (2008) suggested
that there was no Nile till the end of the Miocene but there
were many major rivers flowing over Egypt (Fig. 2). The
uplift of the southern Galala Bridge led to the formation of
north-flowing rivers to the Mediterranean (Ur-Nil River and
Bown-Kraus River) and the south-flowing main master
stream which had a N-SW direction forming the beginning
of the Qena system and he Gilf river, which ran from south
to north and during an earlier history (Late Eocene–Oligo-
cene) formed a westerly channel of the rivers which domi-
nated Egypt’s surface.

2.2 The Late Miocene Nile (the Messinian Nile
Canyon)

The Messinian breaking near the end of the Miocene (�
5.8 Ma) of the connection between the Atlantic Ocean and
the Mediterranean Sea led to the desiccation of the sea into a
number of isolated lakes (Hsü et al., 1973). The dramatic
sea-level fall during the Messinian salinity crisis and the
nearly empty Mediterranean Sea caused a phase of acute
degradation and produced canyons along the course when
the rivers were emptying their waters into the sea as they
carved their channels at least 2–3 km deep to reach the new
base level, the floor of the Mediterranean Sea. The Nile
carved a deep bedrock canyon (Fig. 3), which extended for
1200 km from the Mediterranean Sea to just north of Aswan
(Chumakov, 1967). This canyon was deeper and longer than
the Grand Canyon of the Colorado River. Approximately
80,000 km2 of rock and sediment were eroded from the
canyon during the Messinian and replaced by Pliocene
deposits. The Late Miocene Nile generated a number of fans
further downstream in the area of the North Delta
Embayment.
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Fig. 2 Egypt during the Late Oligocene–Miocene (after Issawi & Osman, 2008)

Fig. 3 Block diagram of the Nile Canyon (after Said, 1981)
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2.3 The Pliocene and Quaternary Niles

By the end of the Miocene and the start of the Pliocene, the
Mediterranean Sea and the Atlantic Ocean were connected
again. Higher Pliocene sea-levels flooded the canyon, turn-
ing it into a narrow, long gulf that reaches Aswan in the
south and filling about one-third of the depth with marine
sediments (Chumakov, 1967). The sea water penetrated the
Egyptian land, filling a wide area estimated to be 60 km
wide (Issawi et al., 2001). During the Late Pliocene, the
transgressive water changed into regressive water, resulting
in a changed in lithofacies from marine to brackish deposited
with a sediment load derived from local wadis of
fine-grained clastics as the fluvial freshwater zone shifted
progressively northwards toward the modern Mediterranean
coastline. The deeper part of the gulf in the north contains a
huge thickness of clay deposits, 1854 m in the subsurface
Kafr El Sheikh Formation of the Delta (Issawi et al., 2005).
Only drilling in the Aswan area has revealed the deep buried
Pliocene marine facies. The filling of the gulf area continued
through the whole Early Pliocene. During the Middle and
Late Pliocene, the nearly empty gulf became a good burial
place for the sediments brought by the Nile River. By the
end of the Pliocene and the beginning of the Quaternary, the
shoreline of the Mediterranean Sea nearly coincided with its
present line. The drop of water level in the Mediterranean
was a result of the building of thick ice sheets on both poles
of the earth. In the upper Nile Basin, Late Quaternary cli-
mates have fluctuated between cold-dry and warm-wet
conditions. Fluctuations in the climate in Africa during the
Quaternary holds a great impact on the behavior of the Nile
sediment system (Cockerton et al., 2015). El Mahmoudi and
Gaber (2009) carried out geoelectric resistivity surveys in
the eastern part of the Nile Delta and correlated between the
Messinian canyons (wadis) and the Late Quaternary chan-
nels. It was revealed that above the Messinian canyons
remained a negative geomorphic characteristic until the time
of the channeling of the Nile historical branches into the Nile
Delta.

The Nile today flows through a variety of strata, including
the volcanic Ethiopian Highlands in the south, Precambrian
foundation rocks of the Saharan Metacraton and Arabian–
Nubian Shield, and a Phanerozoic successions cover that
extends over much of its drainage area (Fig. 4). The Qena
Sand (Said et al., 1970) is the oldest Quaternary deposit in
the Nile Valley. It unconformably overlies, perhaps, the
Pliocene (?) Muneiha or the Issawia formations. Both of
these units represent the Late Pliocene’s regressive phase;
the Muneiha is a 14.5-m-thick clastic layer, while the
Issawia is a 22-m-thick brecciated limestone. The Qena
Formation at east Kom Ombo covers the plain of Burg El
Makhazin between the embouchures of Wadi Kharit and

Wadi Shait. The very interesting observation about the Qena
Formation is that it stretches to the other west side of the
river in a sloping sheet-like feature which is now cut by the
Nile water. The sheet was deposited by a river running from
east to west before the onset of the Nile. The Qena Forma-
tion represents the resumption of the E–W drainage system
above the buried gulf channel after the regressive phase of
the Late Pliocene. The chocking of the channel was very
uneven, resulting (later when the current Nile used this
channel) in an irregular floor of the river which obstructs the
navigation routes at present.

Fig. 4 Geological map of the Nile drainage (Fielding et al., 2018)

The important diagnostic characteristic distinguishing
Nile sediments from other riverine systems is the inclusion
of an Ethiopian heavy mineral suite. The sediments are rich
in pyroxenes (mainly augite) and amphiboles, with an
intermediate epidote content and strongly dwindled zircon
and ZTR values; certainly indicating Ethiopian derivation.
This suite is found in the silt of the Dandara Formation,
which is well exposed in Upper Egypt on both banks of the
Nile. It is believed that the Dandara is the first sediment
deposited by a river coming into Egypt from Ethiopia
heading toward the Mediterranean.

The silt beds below the Dandara Formation are known as
the Ghawanim Formation (Omar, 1996), and include both



Egyptian and, to a lesser extent, Ethiopian minerals. Thus, it
seems that the beginning of the Nile in Egypt was a weak
flowing drainage while the Qena System was still active,
hence the mixture of the two suites of minerals. Since the
Dandara Formations includes only Ethiopian minerals, a
cessation of Egyptian waters into the old river systems is
indicated. Radiocarbon dating of the upper Dandara For-
mation gives an age of 213 ± 14 ka (Issawi & McCauley,
1992), which indicates even an older age for the lower part
of the Dandara and the Ghawanim formations. The presence
of seventy species of nilotic fishes and crocodile remains in
the Tarfawi–Sahara area, 300 km west of the Nile, demon-
strates a link between the Nile and the faunal location
(Wendorf & Schild, 2014). The fauna is 174 ka at elevation
of about 247 m above sea-level. The various and extensive
playas south of Sin El Kaddab, as well as the Bir Tarfawi–
Bir Sahara stretch as well as the playas along the Darb El
Arbain, Kharga, and Dakhla scarps are all less than 200 m
above sea-level, meaning that during the Late Pleistocene,
Nile waters flowed into these depressions.
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Fig. 5 Long profile of the Nile from the White Nile headwaters to the Mediterranean Sea (after Said, 1981)

2.4 The Modern Nile

The White Nile supplies only about 30% of the water and
3% of the sediments to the Nile System because most of the
sediment load is trapped in the Sudd marshes. The Blue Nile,
which flows in a northwest direction and joins the White
Nile at Khartoum, supplies the Nile System with about 57%
of its water and about 60% of its sediment load. The
Tekeze–Atbara River contributes an additional * 22% of
water and * 25% of sediments to the Nile System (Garzanti
et al., 2015). The Nile flows through six discrete regions
which display differences in their geologic history,

geomorphological features, and environment. These regions
were described by Said (1981) (Fig. 5) as:

1. The Lake Plateau at the southern headwaters of the White
Nile in equatorial Africa.

2. The Sudd swampy areas and Central Sudan regions with
larger channel belts and low-gradient floodplains.

3. The Highlands of Ethiopia form the headwaters of the
Blue Nile and the Atbara River.

4. The Cataracts region extends from northern Egypt at
Cairo to Sudan at Khartoum.

5. The Egyptian Nile delta is a low-gradient complex in the
Mediterranean Sea.

3 The Nile’s Water and Resources

The most significant concern facing many African countries
north of the equator is the scarcity of freshwater, which when
paired with rapid population increase, might lead to a
shortage of water for irrigation and economic necessities. In
comparison to the United States, which has a freshwater
potential of about 10,000 m3 per person per year, Egypt,
west Sudan, east Libya, and east Chad have freshwater
potentials of less than 700 m3 per person per year, with
Somalia having even less. Such scarcity of water inevitably
leads to conflicts such as the Darfur tribal war and the
Sudan–Chad confrontation, not to mention the dispute
between Ethiopia and Sudan and Egypt over the construction
of a massive dam on the Blue Nile just upstream from the
Sudan border, in a seismically active region near the
Ethiopian Rift. It is surprising, therefore, to realize that large
amounts of water originating in central Africa and the Congo



are lost in the wetlands of the Bahar El Gebeland and Bahar
El Zaraf depressions in western South Sudan. This leads to
the suggestion that the ancient Cenozoic river system, which
flowed naturally from the south over what is now the Sahara
Desert, may be exploited to bring freshwater to the populous
areas of northern Africa at a comparatively modest cost.
Some of the Congo River’s northern feeders, such as those
around Buta or Ueley further north, have modest gradients
that might be reversed to allow water to flow into these
natural collectors. Satellite imagery reveal river channels that
could convey water from the sand-filled Gilf river channel or
further west into the ancient Chad–Libya mega system. The
main trunk of the rejuvenated channel would run from the
swampy areas in western South Sudan to Darfur at El Fas-
her, then to the Wadi Magrur and Wadi Howar. A reservoir
could be built at Merga, 100 km north, to supply two pri-
mary systems: the Paleo Gilf, which flows into Egypt across
the Sudanese border east of Gebel Kamel, and the Paleo
Kufra, which flows into north Chad and south Libya west of
Gebel Uweinat. The proposed new canals would use the
existing excavations made by the paleo river systems to
establish new life in dead deserts. Gradient reversal can be
done in recent streams, such as Uere and Uele, as well as in
some of the underground channels and Wadi Howar, by
elevating the water level through dams on the channels’
courses. The dams would serve a variety of purposes
including generating electricity, creating farmlands in cur-
rently desert areas, and generally increasing the amount of
water available to residents in these thirsty places.
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4 Conclusions

The evolution of the Nile drainage system remains poorly
understood. Since the acquisition of the Shuttle Radar
Topography Mission (SRTM) images, which has the capa-
bility of mapping paleodrainage systems, a debate has
erupted concerning the nature and timing of the connection
between the Blue Nile and the Egyptian Nile. We presented
the geological arguments based on source to sink evidence
supporting the idea that the Nile River was established as a
main drainage system reaching from the Ethiopian Highland
to the Mediterranean Sea around 30 Ma ago (Oligocene).
The oldest Quaternary deposits in the Nile Valley are the
Qena Sand, which has a suite of minerals specific to Egypt’s
Eastern Desert. The Ethiopian mineral suite is different and
only recognized in the Ghawanim Formation and the over-
lying Dandara Formation. The Ghawanim Formation
includes both Egyptian and Ethiopian suites, indicating that
the Qena System was still partially active when the Ethio-
pian water reached Egypt. The top third of the Dandara is
about 213 ± 14 ka, which gives an approximate age for the

Ethiopian water with its special mineral suite of at least 1/2
million years; the age of the present Nile.

Within the population growth and water scarcity, we have
no other source for water increase except to obtain water
from the White Nile or the Congo River by digging a canal
in the Sudan’s Western Desert and through rejuvenating the
old dry rivers in west Egypt (Gilf River) and in east Libya
(Kufra River). Prosperous settings for people in south and
west Sudan, east Chad, west Egypt, and east Libya will be
possible.
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The Phanerozoic Stratabound/Stratiform Ore
Deposits of Egypt: Their Mode of Occurrence
and Formation in Accordance
with the Phanerozoic Geological Evolution

Mortada Mourad Taha El Aref

Abstract

The present work provides an integral and comprehensive
view on the mode of occurrence and the mode formation
of the ores hosted in outcropped Egyptian Phanerozoic
rock sequences. The main goal of this work is to discuss
the time/space problem of the formation of these deposits
and to clarify the regional and local geological factors
controlled their formation, in order to be fundamental
guides for future exploration and investment plans. Also
focusing has been bayed to clarify the sedimentary
environments, parageneses, geochemical characteristics,
possible source, and economic potentiality of each ore
type as well as detailed explanation of the depositional,
digenetic, and post-diagenetic (supergenetic) processes
involved during the ore formation. The work shed some
light on the mining advantages and investment opportu-
nities of some of these ore deposits, as well as the
challenges facing the development of their economic
return. The ore deposits under consideration are of
stratabound/stratiform types, being confined within cer-
tain stratigraphic horizons of different ages and
paleo-geographic settings which concurrent well with
the Phanerozoic geologic history of North Africa and the
associated paleo-geographic evolution patterns of the
paleo-shorelines and the simultaneous paleo-topographic
configurations. The stratiform deposits show conspicuous
depositional and diagenetic features of shallow near-shore
environments and are hosted within certain marginal
stratigraphic units of regional or local magnitudes. The

stratabound deposits are genetically related to
paleo-erosion surfaces (sequence boundaries) and the
related supergenesis as they constitute the main product
of deep weathering processes. The concluded basic
factors which controlled the formation of these ores at
the time(s) and in the place(s) of their formation, can be
summed up as follows: (a) the paleo-geography of the
paleo-shorelines, (b) the paleo-topographic configurations
and distribution of paleo-highs and paleo-lows, (c) the
prevailed paleo-climates, (d) the simultaneous availability
of the ore components, either from the local medium or
from the adjacent hinterlands (d) the availability of a
suitable paleo-environments with the related facies hier-
archy and possible lateral facies changes, and (e) the
prevailed sedimentary dynamics and sedimentation and
post-sedimentation processes.

Keywords

Stratabound deposits � Digenetic processes �
Paleo-Tethys � Neo-Tethys � Sedimentary dynamics �
Egypt

1 Introduction

Egypt is located in the northeastern part of the African
continent and consists of Precambrian igneous and meta-
morphic rock association followed by Phanerozoic sedi-
mentary successions. The Precambrian rocks have been
affected by various deformational episodes, ended by the
Proterozoic Pan-African tectonothermal deformation.
According to Schandelmeir et al. (1987), the erosion and
deposition of the Phanerozoic rock successions are generally
controlled by reactivated faults and global sea level changes.
The Phanerozoic history of Egypt is a part of the Phanero-
zoic evolution of the African continent which reflect the
assembly of Pangea and the poly-phase breakup and the
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related tectonic phases of the Gondwana supercontinent. The
details of the Phanerozoic geological history of North Africa
have carefully studied and reviewed by distinguished sci-
entists, among them are: Klitzsch and Wycisk (1987),
Klitzsch (1984), Morgan (1990), Meshref (1990), Said
(1990a, 1990b, 1990c), Stern (1994), Wilson and Guiraud
(1998), Bosworth et al. (1999), Guiraud and Bosworth
(1999), Guiraud et al. (2001, 2005), Issawi (2002) and
Issawi et al. (1999, 2009). During the Phanerozoic time,
North Africa including Egypt comprises an essential part of
the southern boundary of the paleo- and new-Tethian seas.
Accordingly, its Phanerozoic geological history was based
mainly on the following dominating factors: (a) the effect of
many structural events and successive periods of rifting
phases accompanied by basaltic magmatic activities, (b) the
domination of the paleo-Tethys and neo-Tethys shorelines
along the northeast African margin, (c) sea level fluctuation,
and southward transgression and northward regression of the
seas, and (d) the geographic distribution and diversity of
sedimentary environments and the related rock facies asso-
ciations. With the context of the identification of the geology
of the Egyptian Phanerozoic time span, it is necessary to
clarify the geological setting and genesis of the ore deposits
hosted in the Phanerozoic rock sequences.

This chapter aims to update the previously published
contribution of El Aref (1996) on the origin of The Egyptian
Phanerozoic stratabound and/or stratiform ore deposits. The
inevitability, re-revision, updating, and republication of this
version are due to the following objective reasons: (a) the
original version is available only in the limited version and
locally distributed proceeding of the second International
Conference on the Geology of the Arab World (GAW II,
Cairo, 1994, published in 1996), (b) there are many conse-
quent scientific additions published after 1996 by the author
and his colleagues, containing more explanations and detailed
discussions on the nature and mode of formation of the ores
involved, and (c) the dealt stratabound ore deposits constitute
integral parts of the Egyptian Phanerozoic successions and
coincided well with the geological history of this Epoch. The
current comprehensive view, which is enhanced by new
additional and redirected illustrations, throws more light on
the main geological factors that controlled the development of
the Phanerozoic stratabound/stratiform deposits of Pb. Zn,
Cu, Fe, Mn, Sr, Ba, Al, P, and carbonate ore (the so-called
Egyptian Alabaster) in their spaces and times of formation
(Fig. 1; Table 1). The paleo-environments of these ores and
the processes involved during their formation are clarified and
discussed in detail. The other Phanerozoic geological
resources such as the varieties of building stones, industrial
non-metallic mineral resources, salts and evaporites, mineral
fuels and fluvial and heavy mineral concentrates are not
intended in this work. The chapter provides a compiled and an
integrated genetic scheme, exhibiting the intimate genetic

relation between the ore formation and multiple regional and
local geological processes (i.e. tectonic events, sedimentary
environments, paleo-drainage, and volcanic activities), and
also the general directions of the paleo-shorelines (trans-
gression and regression trends), which all or some of them
gathered at certain time(s) in a certain geological and geo-
graphic site(s) during the Phanerozoic history of Egypt
(Table 1). The stratiform deposits show conspicuous deposi-
tional and diagenetic features of shallow near-shore environ-
ments and are hosted within certain stratigraphic units of
regional or local magnitudes. The stratabound deposits are
genetically related to paleo-erosion surfaces (sequence
boundaries) and the related supergenesis as they constitute the
main product of the related deep weathering processes.
Besides the concerned ore deposits, wide varieties of the
stratigraphic rock sequences and environments in which the
deposits were accumulated were carefully studied. For clari-
fication, the formal lithostratigraphic nomenclature is used for
the viewed rock units, while the term time rock unit (se-
quence) is applied to those sandwiched between major
unconformities or stratigraphic gaps.

The achievement of this work is based mainly on a very
systematic way of deep observations and interpretations (i.e.
inductive reasoning, “bottom-up approach”), moving from
regional and local field investigations and mapping of the
mine areas with stratigraphic correlations and verification of
breaks of sedimentation and sequence boundaries to more
detailed megascopic and microscopic examinations of rep-
resentative and oriented polished slabs and thin and polished
sections as well as much-sophisticated “nono-scopic”
inspections of representative textures and spots, major and
trace chemical analyses and isotope measurements. The fine
(high resolution) stratigraphy of the ore intervals and the ore
architecture, ore geometry, and the degree of congruency
(fabric characteristics, fabric relations, and evolution), in all
scales, are essentially considered. Considerable attention is
attributed to the main characteristic features of the different
ore types, their regional or local paleo-geographic concor-
dances with the host rocks as well as the processes involved
during their formation. This is accompanied by the inter-
pretation of the several geological aspects that controlled the
structural, sedimentological, and paleo-topographical setting
of the host rocks and the associated deposits and the
accompanied distribution of paleo-highs and paleo-lows that
fairly settled at certain times and in certain places during the
Phanerozoic history of Egypt.

As a general main outcome, the concluded integral
scheme clarifies the situation (space and time) of the ore
formation which may hopefully assist further exploration
programs for new economic ore sites. It is important to clarify
that the present work did not neglect attention to the geo-
logical setting, characteristics, and mode of the formation of
many small-scale mineral occurrences or shows, in order for
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these occurrences to be fundamental necessities to future
evaluation or exploration plans for similar new more eco-
nomic places of the same geological setting or even to
encourage their investment as small or very small enterprises.

The different genetic classifications of the Egyptian ore
deposits including those confined within Phanerozoic rock
units are reviewed and discussed by El Shazly (1957) and
Hussein and El Sharkawi (1990). Hussein and El Sharkawi
(op. cit.) presented a modified classification which follows
the general scheme outlined by Hilmy and Hussein (1978).

El Aref (2001) has outlined the geologic setting of the
Phanerozoic sedimentary hosted deposits within the
chronologic framework of the Egyptian geological column
of the metallurgical map of Egypt. Most if not all of the
Egyptian ore deposits under consideration, occurred within
the Phanerozoic sediments, has previously been attributed by
the pioneer Egyptian epigenetists to epigenetic replacement
processes by hydrothermal solutions of the Oligocene vol-
canisms or of unknown sources. Meneisy (1990) in his study
of the Phanerozoic volcanic activities of Egypt related

Fig. 1 Simplified geological map of Egypt and distribution of the Phanerozoic stratabound/stratiform ore deposits (modified after El Aref, 1996)
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almost all the Phanerozoic Mn, Fe, and Cu to hydrothermal
processes of the Tertiary volcanism. He assumed that the
Red Sea metalliferous deposits are a product of seafloor
spreading and the related hot brines. The stratiform oolitic
Coniacian-Santonian oolitic ironstones of Aswan environ are
also recently related to a successive hydrothermal-
sedimentary origin by hypogene ascending poured acidic
iron-rich solution associated with the activation of the Upper
Cretaceous alkaline syenitic ring complex (Hassan et al.,
2004, 2006, 2018). Hassan (1990, 2002, 2016, 2018) has
grouped the different ore types of the Red Sea Coast, Gulf of
Suez and Sinai as metallogenic province of hypogene
hydrothermal origin. Hassan (2002, 2018) correlated the
formation of these deposits with the Miocene-Recent
rift-related Aden volcanic rocks, disregarding the geology
and time of formation of each ore type as well as the sedi-
mentation and geodynamic mechanisms of the Red Sea and
Gulf of Aden rift system and ignoring that no record of any

deep marine sediments or signs of hot brine pools have been
yet proven within the Egyptian Syn-Rift Neogene sequences.
Some authors still support the epigenetic hydrothermal
replacement origin for the iron ores of El Bahariya
Depression (e.g. Afify, 2017; Afify et al., 2015a, 2015b;
Baioumya et al., 2014). Also, this conclusion is lacking
concrete evidences for the source and composition of the
proposed hydrothermal solution and its relationship with the
geological setting and evolutional history of the iron ore and
the host limestones.

Since 1996, the present author together with his eminent
colleagues, co-authors, and students continued focusing their
deepgeological,mineralogical, and geochemical investigations
on the Phanerozoic stratabound deposits of all over Egypt,
accentuating and explaining their intimate relation with certain
sedimentary horizons and/or fossilized paleo-erosion surfaces
(Fig. 1; Table 1). Furthermore, special attention has been paid
to the formational environment and sub-environment of these

Table 1 Phanerozoic tectonic events, environmental evolution, and the related Phanerozoic stratabound and stratiform ore deposits (modified
after El Aref, 1996)
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deposits and the role of diagenesis and/or supergenesis in their
formation.More recently, El Aref (2020a, 2020b) has provided
a compiled synopsis on the Egyptian Fe and Mn deposits.
However, the present chapter includes more information than
those revised in El Aref (1996) and much genetic details and
illustrations than what has been inspected in El Aref (2020a,
2020b). Table 2 shows the chronological arrangement of the
Phanerozoic ore deposits.

2 Paleozoic Framework and Related Ore
Deposits

During the Early Paleozoic, Egypt as a part of Gondwana was
drifting toward the south reaching a paleo-latitude 70º S dur-
ing the Ordovician and subsequently moved northwards
rotating 180º (Smith, 1981). The Phanerozoic history of the
northern margin of North Africa including Egypt started after
the culmination of the Pre-Cambrian tectonic deformations.
The surface of the northern Africa generally slope toward the
paleo-Tethys and became very irregular, being dominated by
paleo-highs and paleo-lows. Throughout the Paleozoic Era,
the northernmargin ofNorthAfrica, including Egypt, exposed
to significant tectonic activities of regional or local magni-
tudes accompanied by alternating episodes of sea transgres-
sion and regression (Guiraud et al., 2001; Issawi et al., 2009).
The early sea transgression over Egypt is expressed by the
deposition of the Infra-Cambrian (earliest Cambrian) terrige-
nous sediments in Sinai (Taba Formation). During the Late
Early Cambrian, mixed platform (varied facies) of the Araba
Formation deposited on irregular Pre-Cambrian topography
and well exposed in central Sinai and north Wadi Qena
(Fig. 2a). Marine regression took place during Mid-Late
Cambrian, most probably related to the latest Cambrian-
Ordovician tectonic event. Fluvio-glacial clastics of the
Ordovician Naqus Formation deposited on the Early Cam-
brian Araba Formation (Fig. 2b). The Silurian and Devonian
seas have advanced only up to the northwestern corner of
Egypt, against high positive lands in most of Egypt (Fig. 2b).
During Early Carboniferous, marine transgression invaded
east central Sinai, depositing the Visean carbonate rock suc-
cessions (Um Bogma Formation) in the Um Bogma Region
(Fig. 2c, d), directly over the Cambrian-Ordovician sedi-
ments, while the southeastern sector remained positive land
under erosion. Tensional tectonic activity prevailed during the
Late Permian (Guiraud et al., 2001) followed the opening of
the neo-Tethys. As a consequence of plate collision and con-
struction of the supercontinent Pangaea (Late Paleozoic-Early
Mesozoic tectonic event Klitzsch, 1986), Upper Egypt was
uplifted along rejuvenated ENE trending faults (Schandelmeir
et al., 1987) and volcanic activities predominate (Meneisy,
1990).

The end results of the Cambrian-Carboniferous paleo-
topographic evolution patterns together with the configura-
tions of the paleo-shorelines during the Cambrian and Car-
boniferous times are well expressed in the Um Bogma
region (Fig. 2c). The lithostratigraphic rock sequences and
their environments of this region are shown in Table 3. As it
is evident, the Early Cambrian (Araba), and the Ordovician
(Naqus) sequences rest on irregular relief of the
Pre-Cambrian rocks and are followed unconformably by Mn
bearing carbonate unite of the well-known Um Bogma
Formation (Visean) which is punctuated by intra-Um Bogma
paleo-karst surface, separating this unite into two easily
identifiable sequences, a lower Mn bearing sequence and an
upper carbonate sequence. The Cambrian-Carboniferous
stratigraphic sequences of this region include varieties of
stratabound deposits (Table 1; Figs. 3, 4, 5, 6, 7 and 8),
among which are: (a) Thorium-Uranium bearing heavy
mineral concentrates, building up the basal polymictic con-
glomerates of the Cambrian sequence, (b) Cambrian strati-
form malachite, and (c) Early Carboniferous stratabound/
stratiform manganese deposits with copper and uranium
enrichment.

2.1 Cambrian Stratabound Th–U and Cu
Occurrences

In Um Bogma region, the Cambrian strata comprise the
shore face clastic sediments of the Araba sequence (Araba
“Formation”) with its trilobites and bilobites tracks as well
as detectable Th, U, and Cu occurrences.

2.1.1 Cambrian Th–U Occurrence
Cambrian radioactive conglomerates (up to 410–600 ppm
Th and 170–238 ppm U) build up the basal polymictic
conglomerate unit of the proximal fluvial clastics of the
Cambrian sequence (Aita, 1996; Hussein et al., 1998). The
radioactivity of these conglomerates is related to the con-
centration of detrital radioactive mineral grains including
uranothorite, thorite, and xenotime and metamict zircon,
probably derived from the nearby paleo-highs of the Pre-
cambrian igneous and metamorphic rocks, and shortly
transported together with other components into the upper
reaches of braided streams. Decomposition of the radioactive
heavy grains during transportation, deposition, and diagen-
esis is responsible for the redistribution of Th and U in the
Fe oxyhydroxides’ matrix and hematite cement of the host
rocks. The host conglomerates of this type could be more
uraniferous and of economic interest if they are traced far
from the weathering and oxidation zones, meaning sec-
ondary uranium, could be found on the surface.
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2.1.2 Cambrian Stratiform Malachite
Stratiform malachite is found within the upper part of the
shore face clastics of the Cambrian Araba sequence which is
correlated with the Cambrian cupriferous sediments of
Timna, Israel and Wadi Dana, Jordan. The malachite is
mostly confined to the middle green variegated part of the
host rocks (Figs. 3 and 4). In the overlying and underlying
parts, no malachite or other copper minerals are detected.
The Malachite of this type occurs as interstitial material in
the host sandstone, siltstone, and shale interbeds and is often
associated with kaolinite, illite, chlorite, and calcite (El
Sharkawi et al., 1990a).

The megascopic and microscopic geometric patterns of
the malachite and the associated minerals are almost con-
formable with or even form the syn-sedimentary
(syn-depositional, syn-deformational, and biogenic) struc-
tures of the host rocks, e.g. horizontal, adulatory, and
cross-laminations; ripple marks, flasers, biogenic (burrow-
ing), scour and fill structures and desiccation cracks (Fig. 3,
sections A*– C** and Fig. 5). The close congruence of the
geometric patterns of the malachite with the syn-sedimentary
structures suggests that Cu has been leached from nearby
copper bearing paleo-highs and transported with other
land-derived clays into the basin of deposition as copper

Fig. 2 (a–c): Late Early Cambrian, Latest Ordovician, and Latest Tournasian-earliest Visean (Early Carboniferous) paleo-geographic/
paleo-tectonic map (simplified after Guiraud et al., 2001). 1 = carbonate platform, 2 = mixed platform (varied facies), 3 = terrigenous platform,
4 = fluvial—lacustrine environment, 5 = exposed land, 6 = uplifted arch, 7 = active normal fault, 8 = unspecified active fault, 9 = present-day
Precambrian basement—sedimentary cover limit, 10 = present-day shoreline, 11 = depocenter. Figure (d): Location map of the Um Bogma
Region and the study sites and measured stratigraphic sections
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bicarbonate or microbial complex, where it was diageneti-
cally crystallized into malachite during the drying-out of the
host sediments (El Sharkawi et al., 1990a). The occurrence
of this malachite type in Um Bogma environ may be
attributed to the availability and proximity of copper bearing
Pre-Cambrian or Cambrian hinterlands.

2.2 Intra-Carboniferous Stratabound/Stratiform
Mn Ores with Cu and U Enrichment

• Geologic and stratigraphic setting

During the Carboniferous (Visean) time, the northeastern
corner of Egypt, particularly the entire Um Bogma region,
was transgressed by shallow Carboniferous sea, where car-
bonate sequences hosting Mn deposits (Um Bogma
sequences) were laid down (Fig. 2).

The Carboniferous carbonates are of limited distribution
and restricted only to the Um Bogma region. Meanwhile, the
southern and eastern hinterlands remained positive land
under erosion (Klitzsch & Wycisk, 1987). The Early Car-
boniferous Um Bogma carbonates rests unconformably

above the Pre-Cambrian rocks and/or above different clastic
horizons of the Cambrian Araba and Ordovician Naqus
sequences (Figs. 6, 7 and 8). Toward east and south, the
carbonate successions are highly attenuated and being divi-
ded into two distinguished sequences separated by intra-Um
Bogma paleo-karst surface (Figs. 6, 7 and 8; Tables 3 and 4.
The lower sequence is formed by laterally changed and
intertongued stratabound/stratiform Mn facies associations
(Fig. 7), sandwiched between two sequence boundaries, i.e.
the Cambrian/Ordovician-Carboniferous sequence boundary
and the intra-Um Bogma paleo-karst surface (Figs. 6 and 7).
The lower Mn bearing sequence is covered by overstepped
rhythmic alternations of dolostones and mudstones of the
Upper Um Bogma sequence (Figs. 6 and 7). The lithofacies
associations of the Mn deposits and the equivalent and
overlying carbonates are summarized in Table 3.

The fluvial and near-surface sedimentations of the Late
Visean–Early Namurian Abu Thora (Weissbrod, 1969) or
Ataqa (Issawi et al., 2009) Formation (sequence) rests on
different carbonate horizons of the upper carbonate sequence
and/or directly on different horizons of the Mn facies of the
lower Mn bearing sequence (Figs. 7 and 8). As clarified by
Klizsch (1990), El Aref (1996), and El Aref and Adel

Table 2 Chronological classification of the Phanerozoic stratabound ore deposits

Paleozoic • Cambrian Th–U occurrence

• Cambrian stratiform Malachite

• Intra-Carboniferous stratabound/stratiform
• Mn ores with Cu and U enrichment

Mesozoic • Jurassic-lower Cretaceous ironstones

• Upper Cretaceous ironstones, laterites, and phosphorite deposits

• Cenomanian ironstones

• Turonian laterites

• Coniacian-Santonian oolitic ironstones

• Campanian-Maastrichtian stratiform phosphorite deposit

Cenozoic Paleogene • Lutetian-Bartonian stratabound oolitic-oncolitic iron ores

• Fe-rich lateritic blankets (surficial ferricrete duricrust)

• Pre-rift fossilized alumino-ferruginous latosol

• Karst economic carbonate stones (karst cave fills, “Egyptian Alabaeter”)
Paleogene-Quaternary (?)

Neogene (rift-related ore
deposits)

• Oligo-Miocene (?) flinty conglomeritic Mn ore

• Middle Miocene stratiform to stratabound galena of beach environment

• Middle Miocene stratiform oolitic-oncolitic Mn ore

• Middle Miocene stratiform and post-Middle Miocene stratabound celestite

• Middle to Late Miocene stratiform and stratabound barite

• Middle to Late Miocene stratiform and stratabound biogenic sulfur deposit

• Post-Late Miocene stratabound Pb, Zn sulfides, and calamine ore

• Post-Miocene surficial Mn deposits

• Post-Miocene-Quaternary (?) surficial conglomeritic Mn deposits
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Motelib (2001), the Um Bogma sequences are completely
missing south of the Um Bogma environ. At northern Wadi
Qena in the Eastern Desert, Abu Thora fluvial sequence
unconformably deposited on the Cambrian clastics (Abdal-
lah et al., 1992).

• Mn ore facies (types) association

The Lower Um Bogma sequence is composed of the fol-
lowing continental and marine Mn ore facies (Table 4;
Figs. 6, 7 and 8 zones A–D):

1. Stratiform continental Mn ore type (facies),
2. Stratiform Lagoonal to swampy Mn ore type (facies),

superimposed by Stratabound karst Mn ore type, and

3. Stratiform near-shore oncolitic Mn ore type (facies).

These Mn ore facies or types intertongue form east to
west and change westward into up 0–45 m thick of contin-
uous section of marine fossiliferous (oolitic) carbonates and
shales (the type section of Um Bogma “Formation” at Gabal
Khabuba), (Figs. 6, 7 and 8). The intra-Um Bogma
paleo-karstification led to the destruction, dissolution, and
decomposition of the manganiferous dolostones and mud-
stones of the lower sequence and re-concentration of the
fourth enriched karst ore type.

The composition and main characteristics of the recog-
nized ore facies (types) and the superimposed paleo-karst
horizons are compiled and summarized by El Aref (2020b;
Table 5).

Fig. 3 General lithostratigraphic sections (A, B, and C) and fine (high resolution) stratigraphy (A*, B*, and C*) showing the stratigraphic setting
of the stratiform malachite interval of the Cambrian Araba Formation (sequence), Um Bogma region (El Sharkawi et al., 1990a)
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A. Stratiform continental Mn facies

This ore type is well-displayed in the extreme eastern zone
of the Um Bogma region (Figs. 6, 7 and 8 zone D, Table 4).
It consists of successive cyclic bodies (30–80 cm thick)
being lenticular in shape and of fining-upward pattern, often
interrupted by reactivation surfaces. The lower part is
formed by Mn conglomerates followed upward by Mn
sandstones and mudstones. The Mn-rich framework com-
ponents (up to boulder, gravel, and sand sizes) are usually
elongated parallel to the current direction and are flanked by
cross-laminated sandstones or as lags along troughs of
cross-sets. This ore type reflects deposition in braided
streams by land-derived lateritic Mn-rich clastic and muddy
materials, probably derived from nearby contiguous source
(paleo-highs).

B. Stratiform manganiferous mudstones and dolostones
(lagoonal to swampy facies)

This ore type is well-developed in the central zone of the Um
Bogma region (Figs. 6, 7, and 8 zone C; Table 4). It forms
stratified meter-scale sequences, each of which begins with
manganiferous and ferruginous mudstones at the base, ter-
minating upward by cyclic rhythmically alternating beds of
karstified and rotten manganiferous dolostones and mud-
stones, earthy or sooty in part, and rich in evaporite nodules.
It represents deposition in shallow shelf-restricted lagoonal
environment enriched by land-derived Mn and Fe oxyhy-
droxides in association with marine influx. The depositional
and marine diagenetic processes and textures of the Mn
dolostones are simply illustrated in Fig 9.

Karst Ore
As a result of the uplifting and exposing of the lower Mn
bearing sequence, the genuine lagoonal manganiferous
dolostones were highly subjected to intensive post-digenetic
processes (Fig. 10). These processes resulted in the forma-
tion of enriched karst ore (Figs. 6, 10, and 11; Tables 4, 5
and 6). The paleo-karst profile comprises three transitional
horizons, including (a) a lower horizon of karstified man-
ganiferous dolostones, (b) a middle subsoil (enrichment)
breccia horizon, and (c) an upper variegated topsoil
(lateritic) horizon (Figs. 10 and 11).

Along the paleo-karst surface, the karstified country rocks
show varieties of vadose and vadose to phreatic solution
features accompanied by telogenetic wall rock alteration
processes and pyogenesis (Figs. 9 and 10). Among which
are: dissolution, dedolomitization, pulverization, collapsing,
and accumulation of lateritic earthy Mn and Fe products,
vadose geopetal fillings, formation of coarse-grained Mn and
Fe-rich dolomite, Ferron calcite, late orthosparite, and barite
cementation (Fig. 9). The overlying gradational subsoil
(enrichment, illuvial) horizon (2–8 m thick) is dominated by
morphogenetic filled solution features of various shapes and
diameters, ranging from small passages of network pattern,
trough to V-shaped depressions as well as infilled solution
cavities, that developed along cross-cutting cracks or/and
bedding planes (Fig. 10). Predominant large scale infilled
cavities connected through solution passages and small-scale
sinkholes and collapse dolines, form detectable surface of
cuspate form. The solution features are often bordered by
crackled rocks and commonly filled with re-deposited
crustified colloform layers of Mn oxides and hydroxides,
mantling the cavities walls and ceils or surrounding collapse

Fig. 4 Field photograph showing the Paleozoic sequences of Wadi Nasib, Um Bogma region, and the stratigraphic position of the stratiform
malachite (red arrow) that is confined within the middle green shale of the upper part of the Araba sequence (2). 1 = the lower part of the Araba
sequence
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Fig. 5 Geometric distribution patterns of the Cambrian malachite (after El Sharkawi et al., 1990a). 1–3 = stratabound to stratiform malachite
disseminations, 1 = dissected lamina, 2 = stratabound randomly distributed spots, 3 = spotty ripple marks. 4–6 = stratabound to stratiform
streaks, 4 = stratified discontinuous streaks, 5 = planer non-parallel flasers, 6 = concave-convex oscillation ripples, 7 = filling scour and fill
structure, 8 = filling shallow burrow pipes, 9 = bifurcated flasers, 10 = stratified lamination, 11 = undulated lamination, 12 = spotted
cross-lamination, 13 = buried mud cracks, 14 = stratabound veinlet’s
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breccia fragments forming cockade textures, or may form
isolated or grouped, nodules and concretions of variable
diameters setting in earthy matrix. The topsoil horizon (20–
60 cm, Figs. 10 and 11; Tables 5–7) is a leaching (eluvial)
horizon being composed of multi-colored lenticular and
patchy segregations of nodular kaolinite, gibbsite, and jar-
osite mixed with red and yellow ochers, black earthy man-
ganiferous materials, alunite nodules, bituminous plant
remains (woody particles and organic detritus) and
land-derived palynomorphs. Barite and gypsum veinlets,
nodules and rosette forms, circular pores, tubules, root molds
and alveolar textures and desiccations are very common
within these lateritic products. Mn, Cu, and U bearing car-
bonate, chloride, sulfate, silicate, phosphate, and vanadate
minerals are frequently distributed within the topsoil horizon
(Table 6) filling shrinkage cracks or may migrate downward
through solution passages into the Mn-rich subsoil horizon.
The Egyptian Nuclear Materials Authority (NMA)

undertakes the study and evaluation of the radioactive ele-
ments concentrated in the intra-Um Bogma paleo-karst soil
sediments. According to Abdel Motelib (1987), the subse-
quent erosion of the exposed Mn bearing carbonates in some
sites led to gradual destruction and decomposition of the
paleo-karst horizons and the Mn deposits and the associated
Cu and U mineral associations.

C. Stratiform oncolitic Mn ore (Figs. 6 and 8 zone B;
Table 4)

This ore type represents the northwest lateral facies change
of the lagoonal Mn facies association. It is fairly bedded and
consists of small-scale (30–80 cm) coarsening-upward
sequences. Each sequence starts at the base by bioturbated
manganiferous to ferruginous mudstones rich in organic
matter, grading upward into manganiferous oncolitic

Fig. 6 Fine stratigraphy and lateral facies changes of the Carboniferous Um Bogma sequences (modified after El Aref & Abdel Motelib, 2001)
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storm-generated beds or coarse lags consisting of mangani-
ferous oncolites, goethitic in part, coarse skeletal fragments,
and fossil molds. The framework components set in a
Mn-rich clayey matrix. The sedimentological characters of
this ore type reflect formation under marginal marine con-
ditions with the deposition of land-derived manganefirous
materials from suspension in a calm environment followed
by storm-generated deposition responsible for the accumu-
lation of the oncolite and skeletal components.

• Genetic considerations

1. The intra-Carboniferous UmBogmaMn ore is confined
within the lower Um Bogma sequence and consists of
laterally changed stratiform continental and shallow
marine Mn facies. The paleo-geography, stratigraphic
setting, composition, and paleo-environments of the
different recognized Mn ore facies indicate the
following:

(a) The Um Bogma Mn ore is of sedimentary origin
developed along the Visean paleo-shoreline.

(b) Land-derived lateritic Mn-rich lateritic clasts
and/or suspensions were transported from the
adjacent lateretized hinterlands and deposited as
fluvial Mn facies in the eastern zone.

(c) The land-derived lateritic products moved into
the Visean shoreline, depositing lagoon to shal-
low marine Mn ore type in the central zone,
contemporaneous with the deposition of the
equivalent oolitic marine carbonates further west.

(d) The different Mn facies exhibits varieties of
syn-depositional textures and subjected to a
series of diagenetic processes. The central Mn
carbonates undergone subaerial dissolution and
enrichment as a result of paleo-karstification
processes of humid paleo-climatic condition.

2. The detailed field, megascopic, and microscopic
investigations, chemical analyses and radioactive

Fig. 7 Different gaps intervene of the Paleozoic sequences of Um Bogma Region and the stratigraphic setting of the associated stratabound ore
types (El Aref & Adel Motelib, 2001). 1 = carbonate facies; 2 = oncolytic Mn facies; 3 = lagoonal Mn facies; 4 = continental Mn facies;
5 = karst ore
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measurements of the karst Mn products, carried out
by: Hilmy and Mohsen (1965), Hilmy et al. (1958), El
Sharkawi et al. (1990a, 1990b), El Aref (1996), Abdel
Motelib (1987, 1996), Aita (1996), El Aref et al.,
1998; Hussein et al. (1998), El Aref and Abdel
Motelib (2001), and El Aref (2000) enable the
recognition of the detailed genetic processes prevailed
during the intra-Carboniferous paleo-karstification
and the formation of the different mineral assem-
blages throughout the karst profile, as has been briefly
reviewed below: Three main progressive processes
have been taken place during the periods of active
weathering under humid condition, including
a. Carbonate dissolution with desilication, hydroly-

sis, enrichment of Fe and Al and formation of
kaolinitic latosol along the surface of the weath-
ered carbonates, forming the upper soil horizon,
accompanied by Mn separation and concentration
in the subsoil horizon.

b. Secondary bauxitization through continuous
desilication and hydrolysis together with Mn–Si–
Al–Fe dissociation and gibbsite formation, and

c. Subsequent alunitization and formation of alunite
and evaporitic Cu and U minerals during the

general desiccation of the lateritic products under
arid to semiarid paleo-climate.

3. During the humid periods, the dissolution of the
exposed manganiferous dolostones is favored during
the increase in the pH and CO2 content of the soil
water, resulting from the plant and organic matter
decomposition. During the carbonate dissolution, the
mobile cations and anions (e.g. Ca2+, Mg2+, Na+, K+,
Sr2+, Ni2+, CO2+, Pb2+, Zn2+, Cu2+, Ba+, V3+, U4+,
Th4+. CO3

2−, SO4
2−, OH−, CO3 H

−, Cl−, PO4
3−. NO3−,

and H2+VO−
4) moved in the soil water. The less

mobile elements Fe3+, Mn2+, Si2+, and Al3 left as
residual products, i.e. formation of kaolinite and Fe
oxides and hydroxides under fairly acidic condition.

4. The concentration of the Mn oxides and hydroxides in
the subsoil solution openings as infilling crustified
(colloform) layers indicate the differential leaching of
the less mobile elements (i.e. Si, Al, Fe, Mn) from the
uppermost acidic topsoil (leaching horizon) during the
soilification processes with changing pH and Eh val-
ues. The leached Mn migrated downward toward the
subsoil horizon (enrichment horizon) and deposited
under more suitable pH-Eh conditions, leaving behind
the more resistant Si, Al, and Fe bearing minerals.

Fig. 8 Simplified structural map of Um Bogma region showing the geographic distribution of the recognized Mn facies and the equivalent
carbonates of the lower Um Bogma sequence (El Aref & Abdel Motelib, 2001)
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5. Cu and U minerals were deposited from pore soil
solution containing Cu2+, Cl−, SO4

2−, CO3
2−, PO4

3−,
SiO3

2−, V3+, and Al3+ ions and entrapped within the
topsoil products. The geochemical behavior of U dur-
ing the soilification and its concentration in the topsoil
products is mostly controlled by the Eh and the amount
ofCO2 in the system and the concentration of vanadium
and phosphorous and other soluble cations and anions.
The humic constituents of the soil products are very
effective trapping material and the Fe, Al, and Mn
hydroxides. Clays can also adsorb uranium. The for-
mation of copper minerals was prevailed during low
moister regimes or periods of evaporation and under
neutral to alkaline conditions. Veinlet’s of copper
minerals cutting through certain karst ore or karst
alteration products indicate the mobilization of the
above-mentioned ions during the subsequent acidic
leaching and their re-deposition during the drying out
of the soil moister.

6. The late cements and dripstones of carbonate and
sulfate minerals reflect crystallization during the arid
periods, as a result of ultimate evapotranspiration of
the soil moister and decrease in the biological activity
and CO2 content.

7. More details on the mechanism and geochemical
behaviors of the constituent elements and minerals
during their formation appear in the mentioned rele-
vant publications.

3 Mesozoic Framework and Related Ore
Deposits

The Late Paleozoic “Hercynian” tectonic event was followed
by Triassic sea transgression depositing marine rock asso-
ciation in the structurally low area of Arif El Naqa, northeast
Sinai. Southwards, along the Gulf of Suez, Permo-Triassic
paracontinital sediments (Quseib Formation) were accumu-
lated. In general, during Jurassic-Early Tertiary, coastal
plains and shallow shelfs of low relief prevailed in the
northern and central parts of Egypt, separating erosive
paleo-highs and continental sediments toward the south from
the marine Tethian Sea to the north, as shown in Table 1 and
Fig. 12 and as has been discussed and explained in detail by
Bosworth et al. (1996, 1999), Derocourt et al. (1993),
Guiraud and Bosworth (1999), Guiraud et al. (2001, 2005),
and Issawi et al. (1999, 2009). The marginal shorelines of
North Africa continued transgression southward until
reaching north Sudan at the Early Eocene time (Derocourt
et al., 1993) depositing the Thebes Formation (Fig. 16).

Stratiform oolitic and non-oolitic ironstones are mostly
congruent with the marginal paralic facies of the Jurassic to
Santonian Tethyan paleo-shorelines (Figs. 12, 13 and 14).
During the Campanian–Maastrichtian time duration, strati-
form phosphorite deposits accumulated along the relatively
stable epicontenental marginal facies of the Tethys. Meso-
zoic oolitic and non-oolitic ironstones of considerable Fe
content are recorded in:

Table 4 Mn ore Facies and the
equivalent carbonate Facies of the
early Carboniferous Um Bogma
sequences (Abdel Motelib, 1996;
El Aref & Abdel Motelib, 2001;
El Sharkawi et al., 1990b)

Western
facies

Central facies Eastern facies

Carboniferous
Um Bogma
sequences

Locations in
Fig. 2

W. Khaboba,
G. Nukhul

Sid El
Banat, W.
Kharig

Um Bogma,
W. Nasib

G. Sarabit El
Khadim

Upper Um
Bogma sequence
(rock unit facies)

Oolitic Grst Sandy
dolomitic Grst

Fosiliferous shale

Argillaceous Echainoidal Wkst–Pkst

Brachipod Pkst

m
Intraformatiomal paleo-karst + paleosol unconformity

Lower Um
Bogma sequence
(Mn ore and
carbonate facies)

Fossiliferous
shale–Grst–
sandy oolitic
Grst

Oncolitic
Mn facies

Karst ore
bedded Mn
dolostone
and
mudstone

Mn
conglomerate,
sandstone and
mudstone

Grst = grainstone; Pkst= packstone; Wkst= wackestone

Grst = grainstone, Pkst = packstone, Wkst = wackestone, Mdst = mudstone
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(a) North Sinai (El Maghara environ)
(b) North Eastern Desert (Wadi Qena)
(c) Gulf of Sues (W. Dara)
(d) Aswan region
(e) Central Western Desert.

The paleo-topographic and stratigraphic settings and
paleo-facies of the ironstones of these sites clearly demon-
strate their development along the paralic marginal facies of
the southward migrating Tethyan paleo-shorelines (Figs. 12,
13 and 14), which support their formation simultaneously
with lateritization (in situ or transported laterite) and conti-
nental sedimentation on the adjacent hinterlands. Although
the well-known Mesozoic oolitic ironstone of Egypt is
encountered within the Coniacian-Santonian sequence of
east and eastwest Aswan, however the other equivalent and

older occurrences were carefully studied in order to clarify
the mode of formation of this ore type in accordance with the
regional and local geological parameters which controlled
their formation and also to shed light on the geology and
geographic distributions of the host rocks, as a fundamental
data required for further geological exploration and ore
evaluation. Figures 13 and 14 show the geology of each site
and the detailed stratigraphy of the encountered non-oolitic
and oolitic ironstone intervals. The age, mode of occurrence,
the average Fe content of these ironstones and their eco-
nomic potentiality as well as their detailed sedimentological
and mineralogical aspects are compiled and summarized in
Table 8. The youngest rather most economic Phanerozoic
(Tertiary) oolitic-oncolitic ironstone of Egypt is the Middle
Eocene iron ore of El Bahariya Depression, Western Desert
(Section 4).

Fig. 9 Digenetic and wall rock alteration processes of the karstifiedmanganiferous carbonates in the lower UmBogma sequence (AbdelMotelib, 1987)
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3.1 Jurassic—Lower Cretaceous Ironstones

The Jurassic sea covered northern Egypt (Fig. 12). The
thickest Jurassic succession crop out in northern Sinai at
Gabal El Maghara (Fig. 13) and comprises an alternation of
transregressive marine and regressive paralic sequences. The
paralic facies association includes seams and ironstone
bands (Fig. 14). Albian-Aptian carbonates including iron-
stone bands are also exposed in Gabal Manzur, east of Gabal
El Maghara (Fig. 14). During the Jurassic-Early Cretaceous
transgressive–regressive cycles on northern Sinai, the hin-
terlands were under erosion with the deposition of the con-
tinental clastics and the associated currently quarried
kaolinite-rich laterites and paleosols of the Ragqaba, Tem-
mariya, and Malha formations in Sinai and the continental
clastics of Gilf Kebir, Six Hill, and Sabaya formations in the
Western Desert. The Jurassic and Early Cretaceous ironstone
intervals of north Sinai are of variable thicknesses and Fe
content. The ironstone bands comprise two, rather distinct

types including (a) non-oolitic ironstone horizons formed by
concretionary, massive, clayey ochreous, and rhythmic
laminated varieties. They represent either paleosols and/or
ferruginous mud flat intervals interrupting the cyclic clastic
sequences of the host Jurassic deltaic sediments, and
(b) oolitic ironstone bands often terminating an intermitted
short-lived small-scale shoaling cycles of intertidal regres-
sive falling sea level.

3.2 Upper Cretaceous Ironstones, Laterites
and Phosphorite Deposit

The Tethys initiated in Early Cenomanian by high stand sea
level, started to close with the development of widespread
Cenomanian–Turonian successions (Darwish, 1994; Issawi
et al., 1999). This led to the deposition of marine carbonates,
marls, and shales toward the north (Halal and Raha forma-
tions) and the equivalent paralic sediments of the Galala

Fig. 10 A = representative drawing of the intra-Carboniferous fossilized paleo-karst profile and the related Mn ore and Cu and U concentration.
A1–A4 = enlargement of solution features (A1 and A2 = trough-like depressions, A3 and A4 = V-shaped depressions) filled with collapse breccia
and soil materials. B and C = representative drawings of solution hole (B) and subsurface solution cavity (C) showing the alteration varieties
developed along the walls and roofs of the solution features, 1 = intact bed rock, 2 = pulverized dolomite, 3 = rusty carbonate, 4 = residual and
infiltrated red soily materials (modified and simplified after Abdel Motelib, 1987)
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Formation as well as the Bahariya and El Heiz formations in
the central Western Desert (Fig. 12). Further south, the
comparable clastics of the Maghrabi Formation (Kharga-
Dakhla district) show lesser marine influence. The entrance
of Wadi Dara, Gulf of Suez is occupied by late Cenomanian
siliciclastics and carbonate rocks, para-conformably overlain
by reduced Turonian succession and Miocene evaporites (El
Manawi, 2006, personal communication). In this site, the
Late Cenomanian rocks of the Galala Formation contain,
within its shallow marine middle part, an oolitic ironstone
interval of about 18 m thick and 21–46% Fe (Figs. 13 and

14; Table 8). This interval is divided into a series of
small-scale prograding parasequence sets of coarsening up
pattern, mostly restricted to tidal flat facies. The Cenomanian
paralic Bahariya Formation of the Western Desert includes
within its lower and upper members ironstone bands and
lenses, up to 15–150 cm in thickness, well exposed in El
Bhariya Depression or along its surrounding scarps as a
result of repeated tectonic pulses of the Late
Cretaceous-Early Tertiary “Laramide” tectonic event (Figs. 2
and 14; Table 1). Economic ironstone bands are reported in
El Harra mine area. Estuarine Cenomanian clastics of the

Fig. 11 Fine stratigraphy of the intra-Carboniferous paleo-karst profile and the topsoil sediments of two representative locations, including Talat
Salem (after Aita, 1996) and Abu Hamata (after El Sharkawi et al., 1990a)
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Bahariya Formation including ironstone bands of up to 1 m
thick are recorded to the west of Lake Naser at Gabal Saad
(Issawi & Osman, 1993).

3.2.1 Turonian Laterites
A major regressive phase has been established during the
Middle Turonian accompanying an important pulse of the
“Laramide” movement which was responsible for the ele-
vation for southern Egypt, El Bahariya arc and numerous
structures across northern Egypt and Sinai (Fig. 12). Thick
marine carbonates related to the Wata Formation were
deposited over the structural lows of northern Egypt, while

the coeval paralic sediments of the Um Umeiyed Formation
were deposited southwards and crop out in central Wadi
Qena. Meanwhile, the extreme southern hinterlands were
subjected to deep weathering processes inducing lateritiza-
tion and bauxitization and received simultaneous fluvial
deposits. Exposed outcrops of lateritized Pre-Cambrian
metamorphic and igneous rocks are widespread east and
south of Aswan and in the western part of Kalabsha area
near Sinn El Kadabb, southwest Aswan area (Fig. 12). The
continental Abu Agag Formation (* 5–40 m thick) overlies
an irregular relief of the extensively lateritized Precambrian
rocks. It consists of fining-upward sequences of breaded

Fig. 12 Paleo-geography of the Mesozoic stages and distribution of the related stratabound and stratiform deposits (compiled and simplified after
Klitzsch & Wycisk, 1987; Said, 1990a). 1 = open marine sediments, 2 = near-shore mixed sediments, 3 = fluviomarine sediments, 4 = fluvial
sediments, 5 = positive land, Fe = ironstone, K = kaolin laterite, Al = laterite
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river environment, including trough cross-bedded con-
glomerates and sandstones, kaolinite-rich laterite and in situ
latosols. Southwest Aswan at Wadi Kalabsha, the probably
correlative Kaolin Member of Said and Mansour (1971) is
overlain and underlain by the Abu Agag fluvial conglom-
erates and sandstones. Eastward of Aswan at Wadi Natash
(Fig. 13), Abu Agag Formation is intercalated with the
Natash volcanic sheets and their lateritic cap. The Turonian
Laterite deposits of southern Egypt could be classified into
two types according to their relation with the country rocks
within which they are found. These types are:

(a) Stratabound autochthonous bauxitic laterites (fossil
latosols) of two different stratigraphic positions,
including latosol capping Pre-Cambrian granites,
schist’s and migmatites and truncated by Abu Agag
fluvial clastics, and laterites capping Cretaceous

volcanic rocks and also truncated by the Abu Agag
clastics. The in situ latosol profiles comprise an upper
iron-rich pisolitic crust, 20–50 cm thick, with or with-
out silcrete intercalations; a middle bleaching (mottled)
horizon of up to 10 m in thickness rich in hydro-mica
and nodular kaolinite, and a lower argillaceous litho-
marge (saprolite) horizon (5–20 m thick) consisting of
kaolinitized rock fragments and mineral grains setting
in kaolinite-rich matrix. These constituents grade
downward into weathered parent rocks. Gibbsite,
boehmite, meghemite, and montmorillonite are also
recorded in these laterite profiles (Said et al., 1967), and

(b) Stratiform allochthonous kaolin-rich laterites, locally
bauxitic, intercalated within the Abu Agag fluvial sed-
iments in the form of either thick (up to 9 m) succession
as in W. Kalabsha or accumulated within the troughs of
the cross-bedded fluvial clastics. Ferruginous kolinitic

Fig. 13 Simplified geological maps showing the stratigraphic settings and areal distributions of the ironstone hosting sequences (G. El Maghara,
W. Dara, W. Qena, and Aswan occurrences), compiled from El Sharkawi et al. (1989); Helba et al. (2003); El Manawi (2006) and IEP (1993–
1997)
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paleosol intervals often terminate the fining-upward
sequences of the host Abu Agag sediments. In situ
second bauxitization of some of the laterite intervals
resulted into the formation of bauxite bearing latosol of
different thicknesses (Germann et al., 1987).

3.2.2 Coniacian-Santonian Oolitic Ironstones
The paleo-geographic patterns of the Coniacian-Santonian
shorelines were obviously controlled by two main factors:
(a) the continuation of the Late Cretaceous-Early Tertiary
“Laramide” tectonic movement and (b) the southward
transgression of the shallow Coniacian-Santonian Sea which
extended until northern Sudan. Genuine marine sediments
laid down in the structural lows of northern Egypt and the
Gulf of Suez (Fig. 12). Meanwhile, near-shore paralic sed-
iments including stratiform ironstone bands dominated
within the restricted Coniacian-Santonian basin. These sed-
iments crop out at central Wadi Qena (Hawashiya Forma-
tion, Figs. 13 and 14; Table 8) and at the vicinity of Aswan

(Timsah Formation, Figs. 13 and 14). In north Wadi Qena,
microglaebular ooidal ironstones occur within the Coniacian
transgressive succession of the Hawashiya Formation,
delineating basal transgressive facies and terminating shal-
lower regressive assemblages (Figs. 13 and 14; Table 8).
According to Helba el al. (2003), the ironstone development
is intimately related to the duration of specific sedimentary
dynamics, which reflect interaction between sediment supply
and hydrodynamic regime. The majority of the welded fer-
riferous framework components are related to in situ growth
from glauconite in sands and muds that are exposed to
lateritic weathering during periods of sea level fall (Helba
et al., 2003).

The Coniacian-Santonian Aswan ironstones constitute the
third shallowing-upward cycle of the Temsah Formation
(Figs. 12, 13 and 14; Table 8). The shallowing cycle, 1–3 m
in thickness, starts in the base with muddy ironstone fol-
lowed upwardly by Fe-rich oolitic ironstone band, repre-
senting gradual migration of tidal Fe ooid bar on basal

Fig. 14 Stratigraphic settings, facies, and environments of the Egyptian oolitic Mesozoic ironstones. 1 and 2 (El Sharkawi et al., 1989), 3 (IEP,
1993–1997), 4 (El Manawi, 2006), 5 (Helba et al., 2003), 6 (El Sharkawi et al., 1999)
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shallow shelf mud (Fig. 14, El Sharkawi et al., 1999). The
framework component of the oolitic ironstone bands are
represented mainly by mechanically accreted Fe ooids, with
or without sand grains. The ooids are formed by well or
ill-defined concentric laminae of hematite, chamosite, goe-
thite and Fe oxyhidroxides, kaolinite, calcite and ultra-fine

fluorapatite having variable Fe content (Fig. 15). According
to, the high phosphorous content of Aswan ironstone (up to
3 wt%) is related to the presence of disseminated aluminum
phosphate-sulfate (APS) minerals within the ferriferous
ooids and the matrix (Salama, 2014). However, Omran
(2015) and Omran et al. (2014, 2015) succeeded in removing

Fig. 15 Internal geometry and ooids and peloids composition Aswan Ironstone (CMRDI, 1998)
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phosphorous from this ore type by combined microwave and
ultrasound treatments. In addition to that, promising
upgrading results are concluded by Yahiya (2007). The
probable regional southward and south-eastward extensions
of Aswan oolitic ironstones, particularly along Wadi
Garrara-Gabal Abraq graben and Aswan-Allaqi sector, (until
lat. 22°), are considered as a good target for further ore
exploration (IEP Iron Exploration Project, 1993–1997; El
Aref, 1999b).

3.2.3 Campanian–Maastrichtian Stratiform
Phosphorite Deposit

The early Campanian–Maastrichtian sea transgression led to
the deposition of wide carbonate/clastic facies, containing
great reserves of phosphorite deposits (Fig. 12). The eco-
nomic phosphate strata are confined to the Campanian–
Maastrichtian phosphate bearing Duwi Group of Glenn and
Arthur (1990). The Duwi Group, up to 145 m thick, is best
exposed in a generally E-W trending belt extending along
the middle latitude of Egypt (Figs. 1 and 12). It overlies
non-marine, varicolored shales (Quseir Formation) and is
conformably overlain by gray, laminated, foraminiferal-rich
marine shales (Dakhla Formation). Within the Duwi Group,
two main depositional realms are identified by Glenn and
Arthur (1990): (a) a shallow hemi-pelagic environment
responsible for the formation of organic-rich shales,
bio-siliceous sediments and phosphorites and (b) a relatively
high energy depositional regime. The formation of the
phosphorites is attributed to current winnowing and con-
centration in reducing environment, associated with the
deposition of shales and biosilicious sediments (Glenn &
Arthur, 1990). In some sites, the phosphate ore shows
abnormal concentration of trace elements, REEs, and ura-
nium. The U content ranges between 20 and 180 ppm,
averaging 58 ppm (El Kammar, 2020). El Kammar (2020)
directed to utilize the rare earth elements (REE) as additional
products from the phosphoric acid industry.

4 Cenozoic Stratabound Ore Deposits

4.1 Cenezoic Framework and Related Ore
Deposits

The Cenozoic evolution witnessed global sea level changes
and crustal deformations (Table 1), involving: (a) the cul-
mination of the Early Tertiary “Syrian Arc” or “Laramide”
movement, (b) Oligo-Miocene volcanic activity, and (c) the
initiation and development of the Red Sea rift system.
Humid and warm conditions dominated most of the Tertiary,
while arid episodes were of short durations. A relatively
long interval of aridity was exclusively a Late Pleistocene
feature (McCauley et al., 1982; Said, 1990a). Late

Cretaceous-Early Tertiary worldwide rising of sea level
resulted in the submergence of most of Egypt by the Tethyan
Epicontenental Sea, depositing the Dakhla shales, chalk
formations, and the Esna shales. The southward migration of
the Early Eocene paleo-shoreline continued until north
Sudan. According to Issawi et al (1999), emergence of the
Egyptian land took place from south to north at the close of
the Late Eocene, accompanied by a major northward
regressive phase of the paleo-shorelines (Table 1; Fig. 16).
During the Middle and Late Eocene time span, further
northward retreat of the shoreline took place (Table 1;
Fig. 16). The Middle Eocene shoreline was approximately
along south Minea-El Bahariya latitudes (Table 1; Fig. 16).
The Early Cenozoic consequent streams (Gilf system of
Issawi & McCauley, 1992) followed this phase of sea retreat
and resulted in the initial stripping of the emerged Lower
Tertiary, Mesozoic, and Paleozoic rock successions to the
south. The denudation of these rocks was accelerated by
karst processes (El Aref et al., 1987; Issawi & McCauley,
1993). A late Eocene delta was developed in Fayum basin,
where the deltaic sediments of Qasr El Sagha Formation
were laid down. The Oligocene shoreline was confined to
the north, shelf marine sediments dominated in north Egypt,
while fluvial sediments were deposited in the
Suez-Cairo-north Fayum land stretch and El Bahr area
(northeast El Bahariya Depression). During the Neogene,
two main depositional regimes prevailed (Table 1), involv-
ing: (a) continental and shallow marine environments cov-
ering the extreme northern part of Egypt, accompanying
advanced northward sea retreats, and (b) rift-related conti-
nental and coastal environments corresponding to the Red
Sea rift dynamic (Table 1). The northward retreat of the
Tethyan paleo-shorelines and syn-rift uplifting phases left
behind vast areas of exposed carbonates of older ages, that
continued to be exposed to subsequent phases of paleo-
karstification processes during post-Eocene-Quaternary
humid rainy periods. This is what led to the gradual low-
ering of the carbonate relief, ultimately into the exposing
and denudation of older fossilized paleo-karst surfaces and
the related cave systems and formation of the present-day
karst morphogenetic carbonate landscape.

Two groups of Cenozoic stratabound and stratiform ore
deposits of different paleo-geographic positions, strati-
graphic setups, and paleo-environments are distinguished
and deeply examined. These are: (a) Paleogene stratabound
deposits and (b) Neogene rift-related deposits.

4.2 Paleogene Stratabound Deposits

These deposits encompass varieties of unconformity boun-
ded fossilized oolitic-oncolitic ironstones and iron laterite,
iron-rich lateritic blankets (surficial ferricrete duricrust) as
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well as karst precipitates and recrystallized carbonates
(“Egyptian Alabaster” and the associated red-matrix
breccia).

4.2.1 Lutetian-Bartonian Stratabound
Oolitic-Oncolitic Iron Ore (El Bhariya
Depression, Western Desert)

El Bahariya district (Fig. 17) is of special interest because it
contains exploitable large reserves of middle Eocene iron
ores (Table 9. This district represents one of the main

outcrops of Cretaceous rocks in North Western Desert, the
other outcrop is at Gabal Abu Roash west of Cairo. These
two localities display the highest push-up structural domains
aligned along a giant tectonic Line trending in ENE direction
of the Syrian Arc System or “Laramide” movement. The
associated structural elements are related to a wrenching
stress type of regime as concluded by Sehim (1993) and
Moustafa et al. (2003). In the Early Lutetian, sea drowns the
Bahariya paleo-high, which was subjected to denudation
since Late Cretaceous time. A general N to NE gentle

Fig. 16 Paleo-geography of the Cenozoic series (compiled from Klitzsch & Wycisk, 1987; Said, 1990b and simplified by El Aref, 1996).
1 = marine sediments, 2 = bethel sediments, 3 = deltaic sediments, 4 = fluviatile sediments, 5 = positive land, Fe = iron deposits
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sloping ramp was developed, containing isolated submarine
swells and islands in the northeastern plateau of the
depression, namely El Gedida (6.5 km2), El Harra (2.9 km2),
and Ghorabie (3.5 km2) submarine swells (El Aref et al.,
2001, 2006a, Fig. 17). The Cenomanian Bahariya Formation
constitutes the floor of the depression and most of the scarp
faces, and locally crops out on the northeastern plateau
surface as minor fault blocks (e.g. El Gedida, El Harra and
Ghorabi mine areas, Table 9). Along the ramp, Lutetioan
fossiliferous carbonates (Naqb and Qazun formations) cover
different Cretaceous rock units. The northward retreat of the
Tethyan paleo-shoreline which was accompanied by the
culmination of the Syrian arc system led to the uplifting of
the Cretaceous strata in El Bahariya region. This is evi-
denced by the development of lateritic iron deposits
demarcating the Cenomanian-Eocene unconformity surface

(e.g. the basal part of El Harra ore section, ore type 2 of
Table 10). The Facies assemblages of the Lutetian ramp
carbonate succession are accreted in three distinct deposi-
tional belts, comprising: (a) back-bank/pritiadal belt,
(b) bank/shoal belt, and (c) fore-bank/open marine belt
(El Aref et al., 2001), often disrupted by several depositional
breaks augmented by paleo-karstification processes. Upon
the submarine swells (mine areas), the Eocene carbonate
succession entirely changes into a very condensed section
of oncolitic-oolitic and nummulitic ironstone facies of
shallowing–upward pattern (Table 10; Figs. 18, 19
and 20).

As shown in Table 10, the condensed iron ore succession
is bounded between two unconformities (sequence bound-
aries), namely the Lower Cretaceous–Middle Eocene
boundary and the upper Eocene–Oligocene boundary. The

Fig. 17 Simplified geological and geomorphological map of El Bahariya Depression and locations of El Bahariye Fe mine areas and El Heiz
duricrusted hills (modified by El Aref et al., 1999a after Hermina et al., 1989, detailed structural elements are shown in Sehim, 1993)
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Fig. 18 a = Panel diagram showing the stratigraphic setting, lateral extension, and thickness variation of the different ironstone types of El
Gedida mine area (IEP, 1993–1997). b and c = Panoramic field photographs showing the stratigraphic settings of the different ironstone types of
the Eastern and Western Wadi sectors of El Gedida mine
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ore succession includes the following vertically stacked ore
facies types, arranged chronologically as follows:

(1) Stratiform ironstone bands and concretions encountered
within the upper storm-influenced shallow shelf sedi-
ments of the Cenomanian sequence (ore type 1,
Table 10). Most of these bands contain relics of oxi-
dized glauconite and quartz grains floating in earthy
goethite and hematite matrix mixed with amorphous
oxyhydroxids. Such bands and concretions reach

workable dimension and thickness in Nasser (north
Ghorabi) and El Harra mine areas.

(2) Stratabound iron and manganese-rich laterite hosting
kaolinite, alunite, and gibbsite nodules, developed
along the Cenomanian–Lutetian boundary in El Harra
and El Gedida mine areas (ore type 2, Table 10).

(3) Stratiform lateritized oolilitic-oncolitic and nummulitic
ironstone sequences of shallow marine environment
superimposed by lateralization processes (ore type 3,
Table 10).

Fig. 19 a = Fine lithostratigraphy of the Lutetian ironstones at the upstream of Wadi El Harra mine area (Helba et al., 2001). b = Close-up view
of the kaolinitic iron laterite developed along the Cenomanian-Lutetian contact, El Harra mine area. c = Field photograph showing the ironstone
succession of El Harra mine area and the related main ironstone facies
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(4) Stratiform channel fill ore conglomerates with abundant
melon-shaped concretions of silicified limestone and
chert enclosing abundant molds of Nummulites gize-
hensis, truncating the Lutetian lateritized oolitic-
oncolitic-nummulitic ironstones (ore type 4, Table 10).

(5) Bartonian iron laterite developed during intermitted
lateritization of the Bartonian glauconitic sediments
(ore type 5, Table 10) well-represented in El Gedida
mine area (El Sharkawi & Khalil, 1977).

Stratigraphic Architecture and Facies Hierarchy of the
Oolitic–Oncolytic-Nummulitic Ironstone
The encompassed Lutetian oolitic-oncolitic-nummulitic
ironstone succession is underlain by the Cenomanian
paleo-highs and or the Cretaceous-Eocene laterite deposits
and overlain by channel fill iron conglomerates, Bartonian

glauconitic succession, fluvial sediments, and/or silcrete
hard cap (Figs. 18, 19 and 20). The main ironstone facies
assemblage comprises two main sequences separated by thin
red veneer of lateritic paleosol (Figs. 18, 19 and 20;
Table 11). The lower sequence starts with tidal flat/lagoonal
mud-ironstones with minor siliciclastic mudstones, repre-
senting deposition from suspension in low energy deposi-
tional environment (Figs. 19 and 20). These pass upward to
shoals/mega-rippled yellow oncolytic-oolitic-nummulitic,
grain-to pack-ironstone peritidal facies association, and
indicating deposition under tidal and/or storm-generated
shoaling-upward conditions during periods of sea level fall.
The oncolitic-oolitic-nummulitic ore type constitutes the
thickest ore type in El Gedida mine (up to 22 m thick,
Fig. 18). In Ghorabi mine area (Fig. 20), the upper ironstone
sequence begins with the deposition of shallow subtidal

Fig. 20 Stratigraphic sections showing the distribution of the different ironstone units and the related facies of the different sectors of Gabal
Ghorabi area (after El Aref et al., 2006a)
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green mudstone facies of new marine transgression followed
by peritidal shallowing-upward cycles of ironstones termi-
nated by supratidal stratiform barite (Fig. 20). Each cycle
begins by shallow subtidal mud-ironstones grading upward
into shallow subtidal-intertidal nummulitic-bioclastic iron-
stones. The facies hierarchy of these ironstone sequences,
their vertical arrangement and lateral variation changes into
the coeval shallow subtidal-intertidal carbonate facies are
well recognized and identified in Ghorabi mine area
(Fig. 20; Table 11). The upper ironstone sequence is inten-
sively lateritized forming iron ore laterite. The superimposed
subaerial weathering complicated the diagenetic history and
in many cases may partially to completely obliterate the
original marine fabrics and textures of the upper ironstone
sequence (Figs. 18, 19 and 20; Table 11).

Petrographically, the Lutetian oolitic-oncolytic-nummulitic
ironstones comprise varieties of grain- and mud-supported
microfacies, which are defined relying on the type and
content of ferriferous allochems as well as depositional
fabrics and structures. Thematrixof these facies consistsmainly
of earthy iron oxides and hydroxides, ferrihydrite, amorphous

iron oxyhydroxide, sooty manganese-rich materials, phospho-
ric clays, ultra-fine kaolinite particles as well as sandy to silty
sized quartz and glauconite grains. The cement is formed
mainly of iron oxides and hydroxides and less abundant man-
ganese oxides and hydroxides, barite, dolomite, calcite, siderite,
quartz, gypsum, and halite. The recorded ferriferous allochems
are classified into three main categories, including (a) ferrug-
inized skeletal particles (tests and molds of nummulites, alve-
olinids,with body fossils of gastropods, bivalves, echinoderms,
and benthic algae as well as microbial remains, (b) ferruginous
coated grains and ooids (biogenically encrusted or
microbial-mediated grains such as ferriferous oncoids and
ooids, ferriferous cortoids and ferriferous concretionary
glaebules, and (c) ferriferous peloids and intraclasts. The
development of the various microbial-mediated structures
(stromatolites, oncoids, and ooids) is attributed to biogenic
accretion mechanism (El Aref et al. 1999b, 1999b, 2006b and
Helba et al. (2001). The biogenic accretion was responsible
for the accumulation and early cementation of the original
precipitates, i.e. amorphous Fe oxyhydroxides. The ferrugi-
nous microbialite morpho-structures are classified into three
main morpho-types (Fig. 21), including (1) Ferruginous

Table 10 Upper Cretaceous and Tertiary stratigraphic units of the northern part of El Bahariya Depression and the related stratigraphic gaps and
ironstone types (after El Aref et al., 1999a, 1999b)

Ironstone types: 1 = Cenomanian ironstone, 2 = Cretaceous-Eocene ferruginous latosol, 3 = Lutetian oolitic-oncolitic ironstone, 4 = ore
conglomerates, 5 = Bartonian glauconitic Fe laterite
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Fig. 21 Schematic illustrations of the recognized ferruginous microbialite morpho-structures of the Luteteian ironstones, not to scale (El Aref
et al., 2006b). Types (A1–A4): biostromal (stratiform) stromatolitic buildups, Type A5: digitate stromatolites, Types (B1.1–B1.9): cored oncolites
and micro-oncoids (ooids) with cores of: nonskeletal particles (Types B1.1–B1.3); mud ironstone clasts (Type B1.4); sromatolitic mat chips and
fragments (Type B1.5); intact and/or segments of ferruginous ooids and peloids (Types B1.6 and B1.7); and groups of ferruginous ooids and
oncoids Types (B1.8 and B1.9). Types (B2.1–B2.4): uncored ferriferous oncoids and micro-oncoids. Types (B2.1 and B2.2) are oncoids of
spherical to ellipsoidal shapes having plastically deformed or spastolithic forms (Type B2.2); Types B2.3 and B2.4 are oncoids with internal
convex outward discontinuous, wavy to slightly crenulated laminae
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stromatolitic microbialites (Fig. 22a, b), (2) ferruginous con-
centrically laminated microbialites (ferruginous oncoids,
micro-oncoids and ooids, and (3) ferruginous peloids. The
internal structure of the ferruginous stromatolites and micro-
bially coated grains consists of cyclic microbial and Fe oxy-
hydroxide laminae. The microbial laminae consist of fossilized
neutrophilic filamentous iron-oxidizing bacteria (Salama et al.,
2013, Fig. 22c).

The lateritization processes acted upon the upper iron-
stone sequence led to the development of solution openings,
passages and cavities and angular rubble to boulder-sized
collapse breccia’s of ooidal and nummulitic ironstones
(Figs. 18, 19, 20 and 22d–f). The solution features are
mostly filled by chemical and biogenic products. Their
internal walls are often lined by crustified banded yellow
amorphous iron oxyhydroxides and brown radial goethite

Fig. 22 a = Transmitted light photomicrograph of micro-columnar and micro-domal ferruginous stromatolites. b = Transmitted light photograph
of Large ferriferous oncoids with inner core made up of stromatolitic fragment and outer multiphase encrustations separated by micro-erosional
surfaces (arrows). c = SEM photomicrograph shows microbial ferruginous laminae consisting entirely of leptothrix-like bacteria (Salama et al.,
2012). d = An outcrop of the upper lateritic Fe sequence dominated by collapsed ironstone boulders setting in soily matrix. e and f = Cockade
structures of the upper Fe laterite sequence showing crustified colloform goethite cementing omcolitic ironstone fragments (arrows)
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crystals of colloform outlines. Cockade structure of crusti-
fied colloform goethite enveloping ironstone breccia frag-
ments is very common.

The mineralogy and geochemical characteristics of the
different marine ironstones and the related lateritic products
are intensively investigated by Salama et al. (2012, 2013,
2014, 2015) and Valerian Ciobotă et al. (2011), using a Jeol
JSM-7001 field emission scanning electron microscope,
applied Mössbauer spectroscope, SEM, XPS, XRD, FTIR
and ICP-OES methods, thermoanalyses (DTA-TGA) and
isotope measurements. The lagoonal ironstone facies asso-
ciation consists mainly of goethite, hematite, todorokite,
psilomelane, pyrolusite, birnessite, aurorite and manjiroite,
and authigenic kaolinite and illite together with detrital
minerals (quartz, rutile, and feldspars). The peritidal micro-
bially mediated ironstone facies association consists mainly
of goethite, psilomelane, pyrolusite, apatite, quartz, and
jarosite with organic materials such as proteinaceous com-
pounds, lipids, cellulose, and carotenoids are detected in the
cortices of the ferruginous ooids and oncoids. The iron
laterite consists mainly of crustified colloform goethite,
hematite and psilomelane, alunite, kaoinite, gibbsite, paly-
gorskite, and halloysite.

Sedimentary Processes, Diagenesis,
and Supergenesis
As it has been concluded by the above-mentioned publica-
tions, the original precursor materials include iron-rich
kaolinitic clays and amorphous iron oxyhydroxides (ferri-
hydrite) with less frequent oxidized glauconite peloids and
sandstone rock fragments. The iron compounds were trans-
ported as an organic-rich colloidal suspension from the
Cenomanian paleo-highs by rivers to the depositional sys-
tem. The depositional processes include:

(a) Deposition of detrital Fe-rich glauconitic and kaolinitic
clays and yellow amorphous Fe oxyhydroxides in areas
of variable water depths, Eh, pH, and organic matter
content with or without manganese enrichment in some
horizons depends on the behavior of the manganese and
iron in the solution during the depositional and diage-
netic processes,

(b) Growth of stromatolitic (microbial) buildup and forma-
tion of in situ Fe oncoids and ooids (Fig. 22a–c) in a quiet
water condition intermittentwith short agitated periods of
storm waves. The detailed composition of the accreted
microbialites, the precipitation, and accretionmechanism
of the different various microbial forms as well as the
ferruginization processes of the associated skeletal par-
ticles during the marine deposition, subsequent diagen-
esis, and subaerial processes are discussed in detail by

Mesaed et al (2005), Helba et al. (2001), Salama (2006,
2010) and Salama et al., 2012, 2013, 2014, 2015).
According to Salama et al. (2013), the microbialites
consist of cyclic alternations of microbial and iron oxy-
hydroxide laminae formed by neutrophilic iron-oxidizing
bacteria at the interface between ascending acidic Fe (II)-
rich groundwater and marine water. The microbial lam-
inae consist mainly of fossilized filamentous
iron-oxidizing bacteria, most similar to the modern
Leptothrix species, which indicate microbial precipita-
tion of amorphous iron oxyhydroxides around the bac-
terial surfaces, crystallized during early diagenesis into
nano-crystalline goethite. Acidic groundwater may have
induced syn- and post-depositional alteration by oxida-
tion of sulfides (primarily pyrite) hosted in the underlying
Cenomanian Bahariya Formation. Iron sulfates and oxi-
des were precipitated by another generation of aci-
dophilic iron-oxidizing bacteria (Salama et al., 2013),
and

(c) Reworking and distribution of shells and shell frag-
ments and their admixing with the other biogenic Fe
components in storm-dominated condition during
shallowing regimes.

• Early diagenesis

The early diagenetic processes include:

(a) Organic matter degradation by benthic microbes mainly
cyanobacteria, which create a weakly reducing
(post-oxic) diagenetic environment of low pH and Eh,

(b) releasing of Fe, Mn, silica, and other residual elements
and their re-concentration in the interstitial pore water
as a result of lowering in pH and Eh,

(c) Matrix pelletization and growing of in situ peloids and
ooids. In situ ferriferous peloids and ooids are formed
as organic-rich windows within the matrix components
due to the inhomogeneous distribution of the organic
matter with the precursor materials,

(d) Dissolution and replacement of the original calcareous
wall structures of the skeletal particles and the forma-
tion of intra- and inter-skeletal porosities. The calcare-
ous skeletal particles and bioclastic debris are also
subjected to early weakly reducing diagenetic changes
within the semi-confined micro-cavities of the for-
aminiferal tests and bioclastic debris. This may facilitate
dissolution of the original calcareous wall structures
leaving ferruginized fossil molds and casts, and

(e) Growing of barite nodules.
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• Late diagenesis

During the late diagenetic stage, the amorphous to poorly
crystalline iron oxyhydroxides (ferrihydrites) together with
the in situ formed early diagenetic ferriferous ooids and
peloids as well as the ferruginized skeletal particles undergo
diagenetic dehydration and recrystallization. During these
processes, the unstable yellow to reddish brown ferrihydrite
phase is directly transformed into varicolored stable phases
of well crystalline goethite and/or hematite of different
morphological forms. The recrystallization processes begin
within the interstitial iron oxyhydroxides matrix and extend
outwards into the enclosing ferriferous grains consequently
until the hematitization of the original components. Silicic
acids are released into the interstitial pore solution during the
early post-oxic diagenetic stage as a silica-like gel phase.
During the subsequent stages of dehydration, the silica gel
phase recrystallized into cryptocrystalline and microcrys-
talline quartz, this was followed by late siderite, calcite,
barite, and halite cements.

• Subaerial lateritization (supergenesis or telogenesis)

The superimposed subaerial lateritization complicates the
diagenetic history of the ironstones and partially to com-
pletely obliterates their original marine fabrics and textures
(Fig. 22d). Crustified colloform layers of goethite, hematite,
and pyrolusite form megascopic reniform textures, spher-
ules, and/or bundle-like or flower-like textures. The col-
lapsed ironstone breccia fragments are embedded in
illuviated iron oxyhydroxides and often cemented by layers
of colloform goethite, forming cockade structures (Fig. 22e,
f). The ferriferous ooids and ferruginized skeletal particles
are cemented by meniscus goethite vadose cement. Other
pedogenic features are also displayed by coating of ferrif-
erous ooids and peloids by amorphous iron oxyhydroxides
and goethite cutans, the presence of well-developed grain
bridges and sinuous fenestrae forming alveolar textures, as
well as the presence of root mold porosities. The formation
of sulfate, nitrate, carbonate, and silicate minerals in solution
openings may indicate more recent alteration under arid
climatic conditions.

Genetic Considerations and Recommendations
Summing up, the original Lutetian ironstones (iron ores) had
been accumulated on submarine swells (the wrench-related
Cenomanian swells) under well-aerated and intermittent
agitated and quiet water conditions. Hence, the
paleo-topographic evolution during the post-Cenomanian
and Eocene time span resulted in the drastic variations in
both facies and thickness of these ironstones. The humid
paleo-climate during the Cretaceous-Eocene time and the

paleo-geographic distribution pattern of the paleo-Tethyan
shoreline are other essential genetic parameters in the for-
mation of these ironstones. The main genetic parameters
responsible of the formation of these iron ores can be
summarized as follows:

1. paleo-topography of the glauconitic Cenomanian
paleo-highs,

2. paleo-climatic evolution,
3. paleo-geographic distribution pattern of the Tethyan

shoreline,
4. paleo-environments of the ramp carbonates and the

equivalent ironstone facies
5. syn-sedimentary supply of amorphous iron,
6. sedimentation and biogenic microbialite accretion of

iron oxide, in situ reworking and local transportation,
via mega ripple migration,

7. shallow marine and subaerial paleo-environments with
marine diagenetic modifications,

8. intermittent phase of uplifting and lateritization
responsible for the modification of the original marine
ironstone facies association and redisposition of iron
as cavity filling or laterite products,

9. authigenesis of iron and manganese oxides, silica, and
sulfates.

4.2.2 Fe-Rich Lateritic Blankets (Surficial
Ferricrete Duricrust)

In order to complete the perception of the geomorphological
history of El Bahariya region, special importance must be
focused on the developed El Heiz ferricrete high-laying
duricrust of El Bahariya Depression (Figs. 17 and 23a-d, El
Aref & Lotfy, 1989; Sokker, 1991; El Aref et al., 1991,
1992), touristically known as El Heiz black desert natural
protected area. It shows the extent of the lateritization and
karstification of the uplifted hinterlands of El Bahariya, since
the regression of the Eocene sea. The high-lying ferricrete
duricrust forms a clear black morphologic marker of fairly
constant altitude, ranging from extensive sheet as in Gabal
Radwan and Sandstone hills until discrete lenticular or
rounded masses within the depression, capping the summits
of isolated cone hills, inselbergs, and flat-toped tablelands of
different clastic and carbonate stratigraphic units (Fig. 23). It
represents remnants of an old erosion surface of old erosion
cycle and was formed by general lowering of the landscape
over long period of humid paleo-climate. The ferricrete
profile, 6–16 m thick, consists of three main gradational
horizons corresponding to the typical laterite profile
(Fig. 23), including (a) an upper hard cap, (b) a middle
varicolored (illuvial) horizon, and (c) a lower horizon of
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weathered rocks. Subsequent weathering and paleo-
karstification cycles with etchplanation and pedimentation
processes, (post-Eocene-Quaternary) affected the high-lying
paleo-peneplained surface and the surrounding carbonate
plateau. These processes led to continuous stripping of
regolith’s, incision and deepening of rivers, gradual con-
sumption of the interfluves, gradual slope, and scarp retreat
until the complete excavation of the depression and devel-
opment of remnants of duricrusted cone hills of black
appearance (Fig. 23c). Hence, the landform evolution of El
Bahariya region and the related development of lateritic
deposits indicate that the whole region was subjected to
multiple erosion cycles under humid conditions (lateritiza-
tion and karstification) affected the exposed carbonates and

clastics of the hinterlands, since the Middle Eocene north-
ward sea retreat.

4.2.3 Fossil Pre-rift (Post-Eocene-Pre-early
Oligocene?) Alumino-Ferruginous Latosol

Another proof of continuous weathering of the hinterlands is
manifested by well-developed alumino-ferruginous latosol
of Um Gerefat mine, Red Sea coast (El Aref, 1993a, 2020a).
It demarcates a pre-rift paleo-erosion surface acted upon
Pre-Cambrian granite and was later truncated by the
proto-rift Late Oligocene-Early Miocene fanglomerates of
the Ranga Formation (Fig. 24a). The latosol profile com-
prises three main horizons representing a series of weath-
ering degrees grading from slightly weathered Pre-Cambrian

Fig. 23 El Heiz high-lying ferricrete duricrust, El Heiz black desert Protected area, El Bahariya depression, Western Desert. a = field view
showing the high-lying ferricrete duricrust (arrows) capping isolated cone hills, b = ferricrete profile overlying Cenomanian clastics, c = ferricrete
profile overlying Cenomanian dolostone, d = ferricrete profile overlying Lutetian dolostone. Simplified after El Aref et al., (1991, 1992)
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granite into saprolite and Al and Fe–rich laterite (Fig. 24a).
The saprolite horizon is composed of thoroughly decom-
posed and disintegrated granitic minerals being enriched in
kaolinite mixed with Fe sesquioxides. The top laterite hori-
zon (up to 1.4 m thick) is obviously divided into a lower
Fe-rich ochreous zone and an upper Al-rich argillite
(bauxitic) zone (Fig. 24a). The lower zone (up to 60 cm
thick and of about 35% Fe) is formed of alternating con-
tinuous and discontinuous nodular layers and laminae of
reddish to yellow ochres and brick red mudstones, showing
abundant pelitomorphic to microgranular textures, lenticular
to patchy segregations of earthy goethite and kaolinite,
massive glaebules, clay aggregates, intra-formational con-
tortions, desiccations, spastoids, circum granular cracks,

vertically arranged goethite concretions, goethite coatings
and diffuse concentric layers of earthy goethite together with
root molds and root hairs, and microcellular and alveolar
textures. The uppermost yellowish to yellowish brown
Al-rich zone (15–21% Al) is bauxitic in nature being com-
posed entirely of nodular kaolinite and gibbsite with less
abundant amorphous “allophane,” natrualunite, goethite, and
hematite. Worm burrows, tubular voids, shrinkage cracks,
and load casts are very common in this zone. The extensive
petrographic and geochemical investigations conducted by
El Aref (1993a) led to recognition of the processes involved
during the lateritization, bauxitization, natural unitization,
and development of this laterite ore (Fig. 24b, c). The geo-
logic setting of this latosol type encourages more intensive

Fig. 24 a = Vertical lithostratigraphic profile of Um Gherifat alumino-ferruginous latosol, Red Sea Zone. b and c = Shematic illustrations of the
concluded stages of lateritization, secondary bauxitization and natroalunitization processes and formation of Um Gherifat lateritic iron deposits,
Red Sea Zone (after El Aref, 1993a)
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explorations for similar deposits along the Pre-Cambrian-
Phanerozoic unconformity surface in the eastern desert and
Sinai.

4.2.4 Karst Economic Carbonate Stones (Karst
Cave Fills, “Egyptian Alabaster”)

Carbonate rocks cover about 54% of Egypt’s area (Fig. 25)
and represent extremely valuable raw materials for con-
struction, cement manufacture, chemical, filler and paper
industries, crushed rock aggregates and building and orna-
mental stones (The Guide Investment Map For Limestone
Ore In Egypt, 2004–2006). The most important of which are
the famous historical ornamental calcium carbonate stone,
commercially known as “Egyptian Alabaster,” which is
extensively used since Early Dynastic times as pavements,
wall lining, sacramental kingdom shrines, statuettes as well
as small vessels, canopic jars, bowls and dishes, among other
uses. The different exposed Egyptian Phanerozoic carbonate
sequences are obviously punctuated by fossilized paleo-karst
surfaces of different magnitudes, demarcating periods of
carbonate rock exposing subjected to paleo-karstification
processes, most probably contemporaneous with the north-
ward retreat of the Tethyan paleo-shore lines (Table 1;
Fig. 26). The recognition and verification of these paleo-karst
surfaces are based on: (a) very systematic field observations

with high-resolution stratigraphic measurements and careful
delimitation of the underlying and overlying contacts and
biozon facies association, with emphasis on outcrop, hand
specimen, microscopic, and crypto-microscopic examina-
tions, following up the depositional, marine digenesis, and
subaerial telogenesis or supergenesis. (b) geochemical
examinations and textural (chemical and or biogenic) evo-
lution of the marine and freshwater textures, (c) isotope
measurements to differentiate between marine and freshwater
cements, and (d) quantitative morphometric identification of
the Egyptian surface karst-related landforms at various scales
and resolutions using field, remotely sensed data and geo-
graphic information utilities.

The economic potentiality of the recognized paleo-karst
systems is accentuated by the concentration of some
potential ore deposits as it has been explained in sections 3,
4, and 5 besides the “Egyptian Alabaster.” In addition to
these resources, karst reservoirs also host underground
storage of water (e.g. the great Farafra and Siwa karst
aquifers), subsurface oils and gases. Surface karst land-
forms form attracted geomorphic sites or geo-parks of great
knowledge and cultural values. The “Egyptian Alabaster” is
a karst product consisting of re-precipitated calcite inti-
mately associated with red soils and collapse breccias.
These karst precipitates comprise a well develop

Fig. 25 Paleozoic carbonate rocks of Egypt and distribution of the exposed karst cave fills (“Egyptian Alabaster”)
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paleo-karst profiles (e.g. Fig. 27) that formed along
paleo-karst processes acted upon Cretaceous-Neogene car-
bonates, since Upper Cretaceous and until the last rainy
periods of the Quaternary (Figs. 26, 27, 28, 29 and 30) and
completely or partially fill solution openings and caves of
variable scales. The re-precipitated cave calcite (flowstones)
form crustified rhythmic botryoidal layers and stomatolitic
laminae depositing on the internal walls and ceilings of
caves and solution passages (Fig. 28a and b) or all around
collapse breccia fragments forming cockade structure
(Fig. 28c and d). The re-precipitated crustified calcite lay-
ers together with the collapse breccia fragments and red
soils also form wide decorative textures such as crackle
breccia, mosaic breccia, clast, and red matrix-supported
chaotic breccia. Calcite crystals also form stalactites and
stalagmites, spheriolites, geoids, cave pearls, and hopper
structure. Unroofed karst carbonate fills and the associated
red soil products hosted in different carbonate sequences of
different ages (Upper Cretaceous-Miocene) are widespread
as remarkable small exposures all over the Western and
Eastern Desert (Figs. 25 and 28e, f). This confirms the
findings of Halliday (2003) proving that potentially kars-
tified rocks form the surface of much of Egypt and
northern Libya.

The intensive field investigations on the Egyptian car-
bonate outcrops enable the recognition of the following
types of paleo-karst surfaces (El Aref, 2000, El Aref et al.
2017a, 2017b and Fig. 26):

1. Drowned (fossilized or buried) paleo-karst surfaces,
including
(a) Inter-formational fossilized paleo-karst surfaces

displaying break in sedimentation or great hiatus
developed during periods of relatively long-lived
exposure of carbonate sequences (paleo-highs)
subjected to intensive karstifications.

(b) Inter-formational and Intra-formational fossilized
paleo-karst intervals displaying break of sedimen-
tation and karstification during relatively short
periods of exposure.

(c) Fossilized depositional paleo-karst surfaces termi-
nating meter-scale shoaling cycles.

2. Surface karst, responsible for the development of the
present-day geomorphological karst landscape, charac-
terizing the carbonate rock sequences all over the
Egyptian Sahara, as well as progressive destruction and
denudation of the outcropped fossilized paleo-karst fea-
tures and the related deposits.

Fig. 26 Intra-, inter-formational, and surface paleo-karst surfaces of the Western and Eastern Deserts and Gulf of Suez (modified after El Aref
et al. 2017a, 2017b)
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The recognized paleo-karst surfaces of the exposed Upper
Cretaceous-Miocene carbonate sequences are shown in
Fig. 26 and include:

I. Inter-formational fossilized major sequence bound-
aries (MK, Fig. 26), among which are:

i. Cretaceous-paleocene (K/P) paleo-karst
boundary,

ii. Cenomanian-Middle Eocene unconformity,
iii. Intra-Middle Eocene paleo-karst boundary,
iv. Middle to late Eocene-Oligocene paleo-karst

boundary.
II. Inter- and Intra-formational minor paleo-karst inter-

vals (mK, Fig. 26).

III. Intra-formational fossilized (depositional) micropaleo-
karst surfaces (mk, Fig. 26), and

IV. Surface paleo-karst (SK, Fig. 26).

Post-Eocene-Quaternary (?) karstification processes are
clearly manifested by the continuous lowering and back
wearing of the landscape of the exposed Cretaceous- Mio-
cene carbonates through successive processes of karstifica-
tion, and gradual unroofing, destruction and rejuvenation of
the naked paleo-features and related karst products, includ-
ing the “Egyptian Alabaster” (Fig. 28e and f). Intra- and
post-Miocene karst events are reviewed in section (5). The
karst-related red soils contain small vertebrate fossils of Late
Miocene age (Gunnell et al., 2016; Mein & Pickford, 2010;

Fig. 27 a = Fossilized paleo-karst surfaces and related facies of Wadi Sannur karst region (Gharieb, 1998). 1 = host rocks, karstified limestone,
2 = fossilized sinkholes, 3 = collapse breccia, 4 = crackle breccia, 5 = crustified calcite, 6 = stalactites and stalagmites, 7 = laminated red soil,
8 = concretionary soil. b = An outcrop of representative intra-Eocene paleo-karst profile of south Galala, Gulf of Suez, showing the upper red soil,
the middle breccia, and the lower karstified rock horizons
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Pickford et al., 2006).Younger karstification processes are
recorded along the Mediterranean coast (Halliday, 2003).
The exposed karstified carbonates (e.g. Figs. 26 and 29a and
b) are dominated by input, output, and residual polygonal
karst landforms of allogenic and autogenic recharge areas,
expressed by karst depressions (poljes, uvalas, sinkholes,
dolines), Karren, tower, pinnacle, cone and cockpits, allo-
genic and blind rivers, sinking streams and degraded and
rejuvenated karst systems, leaving behind remnants of cave
fill precipitates (e.g. Figure 28e and f). The gradual lowering
and back wearing of the present karst landscape could be
reached by determining the paleo-erosion (paleo-karst) sur-
faces and related. Each of which is of consistent altitude
range and demarcate certain paleo-erosion level resulted
from an old erosion cycle (e.g. S1–S4 paleo-surfaces of

Fig. 29c). The relatively old surfaces are topographically
inverted through subsequent etchplanation and pedimenta-
tion processes involving destruction and stripping of the
high-lying duricrusts, lateritic deposits and karst regolith’s
and the exposure of the bedrock forms; incision of valleys;
slope and scarp retreat; gradual consuming of the residual
hills, pedimentation and pavementation and development of
younger exposed karst surface (S1–S4, Fig. 29c). East of the
River Nile, The karst products including the “Egyptian
Alabaster” are usually confined within vertical staked
(amalgamated) paleo-karst surfaces and often truncated by
younger post-Eocene karst event as well-expressed in Wadi
Sannur area (Fig. 30). The detected main hiatus displayed by
intra-Eocene fossilized paleo-karst surfaces, most probably
coeval to those of the Western Desert. These are: (a) top

Fig. 28 a = Cave deposits entirely formed by crustified colloform calcite (“Egyptian Alabaster”). b = Polished slap of the “Egyptian Alabaster”
consisting of successive stromatolitic calcite laminae. c and d = Cockade structures formed of crustified calcite layers deposited all around collapse
breccia fragments (cave fill, “Egyptian Alabaster”). e = Partially unroofed elliptical cave filled by alternating layers of crustified calcite and red
soil precipitates, El Sheigh Ab Dallah denuded paleo-karst, White Desert Protected Area, Western Desert. f = Residual mound of unroofed cave
deposits being composed of red-matrix breccia enveloped by crustified calcite layers, El Bahariya-Farafra karst Territory
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Lutetian-Bartonian paleo-karst, and (b) top Bartonian-
Pribonian paleo-karst. The karstified carbonate sequences
of this area and the interrupted paleo-karst surfaces were also
subjected to post-dated intensive karstification in younger
time.

General Comments and Recommendations

(1) The study results emphasize the importance of all types
of unconformities especially paleo-karst sequence
boundaries as potential sites for ore exploration. It is
highly recommended to intensively examine such

paleo-karst surfaces and the related soil products (in situ
or transported) as a good environment for concentration
of varieties of trace or major elements. Furthermore,
Karst features are of high economic values for under-
ground storage of water and certain oil and gas
products.

(2) The surface landscape and the related features are now
considered as a valuable and most significant
geo-morphosites showing amazing complex paleo-karst
landforms side by side with the present-day arid mor-
phologies, which are very much attractive for geo-
tourism and research activities. Therefore, the karst

Fig. 29 a = GIS layer of the DEM and topographical features of El Bahariya-Farafra karst Territory showing the main karst depressions (El Aref,
2017a), b = karst map of El Bahariya-Farafra karst Territory showing the karst landforms zonation’s (El Aref, 2017a), c = Sketch profile of the
exposed paleo-karst surfaces (S1–S4) of El Bahariya-Farafra karst Territory, compiled and modified after Sokker (1991), Abu Khadra et al. (1987),
El Aref et al. (2000, 2017a, 2020a, 2020b)
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territories of Siwa Oasis, El Bahariya-Farafra, and Wadi
Sannure are declared by Ministerial Decrees as Pro-
tected National Geological Parks.

(3) Also, and in order to enhance the economic potentiality
of Karst, karst features must be included in every land
use planning and urban development.

(4) For accurate determination of the ages of the successive
karst events, an extended range of isotope measurements
are required, taking into consideration the successive
generations of the calcic crystals, as well as intensive
paleontological studies on the karst sediments.

(5) Detailed information about the Egyptian karst mor-
phology and karst products are extensively studied and
discussed in an ample of publications and M.Sc. and
Ph.D. projects, among which are: El Aref (1984, 1993b;
1996, 2000, 2005–2006), El Aref and Amstutz (1983),
Ahmed (1986), Abdel Motelib (1987,1996), Lotfy
(1989); El Aref and Ahmed (1986), El Aref and Refai
(1987), El Aref and Lotfy (1989), El Aref et al. (1985,
1986, 1987, 1991, 1992, 1999a, 2001, 2006a, 2006b,
2017a, 2017b, 2021), Gharieb (1990, 1998, 2003),
Sokker (1991), Philip et al. (1991a, 1991b), Halliday
(2003), Salama (2006, 2010), Pickford et al. (2006),
Mein and Pickford (2010), Hamdan and Lucarini

(2013), Salama et al. (2014), Gunnell et al. (2016),
Embabi (2004, 2018), Soliman (2018) and Hamdan and
Hassan (2020).

5 Cenozoic Stratabound Ore Deposits

5.1 Neogene Rift-Related Ore Deposits

Neogene stratabound/stratiform ore deposits are intimately
related to syn-rift facies and syn-rift paleo-karst surfaces
(Figs. 1, 31, and 32; Table 1). The Neogene deposition under
the Red Sea rifting dynamics led to the formation of a series
of faulted clastic, carbonate, and evaporite facies association
of variable stratigraphic setup and lateral distributions (El
Aref, 1993b; Monetant et al., 1988; Philobbos et al., 1988).
The main faulted rock association is classified into four main
stratigraphic sequences punctuated by regional unconfor-
mities (Fig. 32). The basal Late Oligocene-Early Miocene
proto-rift sequence is represented by the of continental
clastics, paleosols, and basalt flows of the Ranga Formation
in the Red Sea and the Abu Gerfan Formation in the Gulf of
Suez. The succeeding Middle Eocene sequence (Um Mahara

Fig. 30 Isometric panel diagram of Wadi Sannur karst region and the stratigraphic settings of the different time rock units and the associated
facies and paleo-karst surfaces. A–E = measured sections (simplified after Gharieb, 1998, 2003; Philip et al., 1991a)
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Sequence) overlies irregular relief of pre- and syn-rift units
and consists of mixed clastics and carbonates of reefal,
beach, lagoonal, tidal flat, subtidal-intertidal, and supratidal
environments. The upper carbonates of the Um Mahara
Formation (sequence) are truncated by a regional paleo-karst
surface related to the main phase of rift faulting, postdating
the development of this unit. Following this, paleo-karst
event is the deposition of subaqueous and sabkha evaporites
of the Middle to Late Miocene Abu Dabab sequence. South
of Quseir, supratidal-intertiadal dolostones of the Upper
Miocene-Paleocene? Um Gheig Sequence terminates the
Neogene successions. It either overlies the Abu Dabbab
evaporates or in some places (e.g. Um Gheig and Essel mine
areas) rests directly on Um Mhahra rock association. Almost
all the exposed evaporites and carbonate sequences show
remarkable solution karst features and karst sediments, such
as allogeneic dray rivers, conekarst and directed cockpits,
karst linear ridges, surface depressions, and subsurface
solution openings and cavities. The hill summits and hillside
slopes are often mantled by relatively thick calcrete crusts or
talus sediments derived from the karstified rocks, whereas,

the solution openings and cavities are commonly filled by
collapse breccia’s with or without concentration of some
mineral deposits mixed with autochthonous and allochto-
nous cave sediments. The development of the syn-rift
intra-formational and surface karst features is most probably
coincided with the evolution of the syn-rift river system of
Issawi and McCauley (1992, 1993) and Guiraud et al. (2001)
and the post-Late Miocene-Plio-Pliestocene heavy rainy
periods (El Aref et al., 1985, 1986, 1987).

5.2 Oligo-Miocene (?) Mn Conglomerates

This stratabound Mn ore is recorded in Sharm El Sheikh,
Sinai (Fig. 31) and previously described as post-
Oligocene/pre-Pleistocene fault-related mineralized breccia
ore type (Omara, 1959). However, El Aref (2020b) has
clarified that this ore type represents the basal conglomerates
of the syn-rift Miocene clastics of Abu Gerfan Formation of
El Azabi and Eweda (1996). It needs more study and eval-
uation of its economic return.

5.3 Middle Miocene Stratiform Galena of Beach
Environment

At Essel and Zug El Bohar mine areas (Figs. 31, 32, and 33),
stratiform galena deposit is confined within the basal beach
sandstones of the Middle Miocene Um Mahara sequence
(Formation), overlaying the Pre-Cambrian rocks. The clastic
galena bearing succession consists mainly of mature
cross-bedded sandstones including abundant heavy minerals
of beach environment. The galena shows typical stratiform
and stratabound geometrical patterns forming layers or
bedding structures closely symmetrical and concordant with
the primary structures of the enclosing sandstones. Galena
with or without cerussite constitutes the main cementing
materials of the sandstones as they fill the pores or spaces
left after diagenetic quartz overgrowths. Galena pore filling
is undergrown with a microcrystalline quartz, forming net-
work intergrowth patterns, and with cerussite forming zon-
ing textures. In comparison with the well-led belts of the
world, the geologic setting, the nature of the host rocks, the
geometric distribution, and sedimentological features of this
galena ore, are almost identical with the situation in the
Cambrian sandstone around the (partly) buried
Pre-Cambrian hills of mine Lamotte of the old Lead Belt, or
even at Vibumum in the new Lead Belt of Missouri (USA),
Lisvall (Sweden), Maubach-Michernich (Germany), Mor-
occo, etc. (El Aref & Amstutz, 1983). The Egyptian Pb
occurrences may represent the most recent stratiform-
stratabound lead deposits of this type in the world known
today.

Fig. 31 Location map of the Red Sea Neogene rift-related stratabound
and stratiform deposits
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5.4 Middle Miocene Stratiform Oolitic-Oncolitic
Mn Ore

This ore type forms a stratified oolitic-oncolitic Mn bed,
up to 80 cm thick and of 35.8–45.14 MnO%, encountered
within syn-rift Middle Miocene carbonates of reef, shoal,
and lagoonal environments (Figs. 1, 34 and 35). The
Mn-rich bed is formed by small-scale coarsening-upward
cycles of Mn and Fe ooids and oncoids setting in a

matrix of earthy manganese and carbonate mud (Fig. 35a
and b). The zonation, mineral composition, and geo-
chemical characteristics of this ore type are studied and
discussed in detail by Abdel Motelib (1996). The Mn
source and the depositional and diagenetic conditions
prevailed during the ore formation are also concluded. El
Aref (2020b) recommended further exploration survey in
order to evaluate the economic potentiality of this ore
type.

Fig. 32 Syn-rift sedimentation, uplifts, erosion, and related ore deposits in the Red Sea Coastal Zone between latitudes 24° and 28° N (El Aref,
1993b, 1996)
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Fig. 33 a = Geological map of Essel-Wadi Sharm El Bahary area. b = Stratigraphic columns showing the stratigraphic settings of the recognized
paleo-karst surfaces and the stratiform and stratabound Pb and Ce deposits, c = Schematic representation of isolated cone karst of the Miocene
carbonates of Essel mine area, showing the internal cave fills (El Aref, 1993b)
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5.5 Middle Miocene Stratiform and Post-middle
Miocene Stratabound Celestite, Essel Mine
and South Essel Areas (Stratigraphic
Sections 2–5, Fig. 33)

Resting on the tidal flat and galena bearing beach facies of
Essel mine area, is a 6–10 m thick celestite bearing
supratidal-intertidal facies, representing deposition in a
near-shore restricted basin during a period of tectonic sta-
bility and constant sea level. This facies comprises alternated
beds, 10–50 cm thick, of algal laminated and evaporitic
limestones and thin massive calcareous mudstones, dolo-
mitic in part. This succession is topped by paleo-karst sur-
face (pk2, sections 2 and 3, Fig. 33), where this surface is
buried under either mudstones and evaporates of the Abu
Dabbab sequence or the karstified bedded dolostones of the
Um Gheig sequence. Some tectonic blocks of this facies
remained exposed during the deposition of the succeeded
Abu Dabbab and Um Gheig sequences and have clearly
undergone later intensive weathering during a third karst
event postdating the uplifting of Um Gheig sequence (pk3,
Fig. 33). Two interesting types of celestite are recognized
within this facies, namely (a) stratiform celestite of rhythmic
pattern (assigned here as generation I celestite (Fig. 36a and
b), and (b) stratabound intra-karstic celestite related to the
post-Um Mhara paleo-karst event (generation 2 celestite,
Figs. 36c and d). It is recommended to intensify the

examination along the unconformity surface between Um
Mahara and Abu Dabbab syn-rift sequences for the high
probability of discovering new reserves of this ore type.

5.5.1 Middle Miocene Stratiform Celestite
(Generation I Celestite, Diagenetic
Crystallization Rhythmites, DCRs)

The primary lamination of this bedded facies is formed of
1 mm–3 cm couplets of alternating brownish stromatolitic
laminae and celestite-rich laminae, giving rise to character-
istic syn-sedimentary rhythmic patterns (Fig. 36a and b),
similar to the diagenetic rhythmic texture of Fontboté and
Amstutz (1980). This type of rhythmic lamination often
forms connected or disconnected domes, up to 40 cm high,
encountered within evenly laminated beds. Laminated fen-
estrae, desiccation cracks, tepee and enterolithic textures,
convolute lamination and syn-sedimentary slump folds and
faults are frequently observed within evenly laminated beds.
Progressive desiccation forms aligned polygonal plates.
Slump movement may affect several beds forming
small-scale recumbent and tight overturned folds, up to
40 cm in thickness, most of them are flat-based with convex
upper surface and usually arranged parallel to the strike of
the host strata) Figs. 36 and 37). Some isolated
wedge-shaped bodies become highly crumpled, over folded
forming disharmonic patterns. The rhythmic characteristic of
this celestite type is expressed by parallel algal mats and

Fig. 34 Simplified geological map of Gabal Abu Shaar El Qebli (after Abdel Motelib, 1996), showing the stratigraphic setting of the oolitic
limestone hosting the Mn bed
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spots rich in ultra-fine-grained celestite mixed with micrite,
acting as starting sheets for further crystallization, as well as
alternating rosettes or spherules, flat lens-like, fibroradiating
coarse-grained celestite and gypsum crystals, growing all
around the celestite rich spots or above and below the
starting algal mats with idiomorphic termination toward the
remaining pore spaces. The remaining pore spaces are usu-
ally filled by late coarse-grained celestite, blocky calcite, and
gypsum crystals. The paleo-environment and
syn-sedimentary fabrics of this Middle Miocene celestite
type can be correlated with the syn-genetic celestite deposits
elsewhere, e.g. Permian of Greenland (Scholle et al., 1990);
Triassic of Bristol area, England (Nickless et al., 1976);
Jurassic Hammelete West deposit, Germany (Brodkorb
et al., 1982), Late Miocene celestite of Granada basin, Spain
(Martin et al., 1984), and the celestite of Wenlock Olso
Region, Norway (Olausson, 1981).

5.5.2 Post-middle Miocene Stratabound Celestite
(Generation II Celestite, Karst-Related
Cavity Filling)

The post-Um Mahara paleo-karst surface, hosting the second
celestite ore type, is generally of cuspate form being pitted
and rubbly in some places. Near-surface solution joints and
channels are often connected with solution cavities of vari-
able diameters (Figs. 36c, d and 37a–c). The solution fea-
tures show successive stages of widening as a result of
dissolution under vadose or transitional vadose-phreatic
conditions possibly under progressive lowering of the
paleo-water table. Karst effects may extend down to the
contact between the hosts karstified celestite-bearing facies
and the underlying subtidal-intertidal facies association.
Re-precipitation of coarse-grained calcite and celestite
(generation II celestite) together with internal geopetal sed-
iments caused partial to complete filling of the intergranular
spaces between solution and collapse breccia fragments and
the megascopic and microscopic solution openings or may
form asymmetrical fringe growing preferentially downwards
into open spaces (Figs. 36c, d and 37a–c).

The karst-related calcite and celestite constitute stalac-
tites, stalagmites and flowstones composed of radiaxial
fibrous mosaic, bladed and wedge-shaped crystal growing
perpendicular to the roofs and floors of the solution features
(Fig. 36c–d). These crystals often show increase in size and
pyramidal or comb structure against the internal geopetal
sediments (mainly a mixture of silt-sized calcite and celestite
particles and red-stained calcareous mud), and/or late
coarse-grained blocky calcite crystals.

5.6 Middle to Late Miocene Stratiform
and Stratabound Barite

The Middle to Late Miocene evaporite sequence includes
small-scale occurrences of stratiform barite layers and stra-
tabound barite buckets widely distributed within the inter-
calated thin dolostone layers. The stratiform barite layers are
confined to restricted sabkha facies (Abdel Wahab and
Ahmed, 1987), while the stratabound barite fills solution
features as well represented in Gabal Abu Ghorban, south
Um Gheig mine area (Fig. 38). In this site, barite exhibit
well-defined geometrical rhythmic patterns, being composed
of rhythmic alternations of dark and light bands and streaks
(Fig. 38). The rhythmic characteristics of this barite type are
due to repetition of three subsequent generations of crys-
tallization. Generation I (corresponding to the starting sheets
of Fontboté and Amstutz, 1980) is represented by dark

Fig. 35 (a and b) Thin microphotographs of fairly stratified
oolitic-oncolitic Mn (a) and Fe (b) grainstones, with local grading in
the framework components (Abdel Motelib, 1996)
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bands, streaks, or spots being composed of cloudy aggre-
gates of fine-grained dolomite together with algal filaments
and cellular organic materials. Generation II forms the major
parts of the rhythmic light bands consisting of barite crystals
symmetrically arranged in bipolar patterns with idiomorphic
terminations growing on both sides of generation I. Gener-
ation III is displayed by the remaining empty spaces left by
generation I which are partially lined or completely filled
with celestite, calcite, and/or felty anhydrite. The geologic
setting and geometry of this barite type indicate development
during “syn-diagenetic” or syn-supergenesis crystallization
generations in restricted karst environment. The record of
these barite types within the Middle to Late Middle Miocene
evaporates of the Abu Dabbab sequence may encourage
further and intensive exploration for similar and more
promising barite occurrences in this stratigraphic and litho-
logic evaporitic interval, widely cropping out along the
whole Red Sea Coastal Zone.

5.7 Middle to Late Miocene Stratiform
and Stratabound Biogenic Sulfur Deposits

Sulfur deposits associated with bituminous materials and/or
surface oil seepages are confined to sabkha stromatolitic
carbonates and evaporites of the Abu Babbab sequence (e.g.

Ranga and Um Reiga occurrences (El Aref, 1984 and Abdel
Wahab and Ahmed, 1987) or the coeval Gemsa and Gabal El
Zeit occurrences (Shukri & Nakhla, 1955; Wali et al., 1989
and Youssef, 1989). Sulfur has been long extracted from the
range occurrence, where it forms as yellow stratiform layers
confined to the middle unit of the Middle to Early evaporate
section of this location (Fig. 39a and b), overlaying thick
biogenic frambouidal pyrite layer and overlain by brecciated
limestone. Sulfur, anhydrite, calcite, and bituminous mate-
rials are rhythmically arranged, showing well-defined
syn-sedimentary and syn-diagenetic textures. The congru-
ent arrangement and the sedimentary textures of these
components (Fig. 39c) suggest deposition in a partially
closed evaporitic system, under biogenic processes (bacterial
metabolisms) and rhythmic crystallization differentiation
during the diagenesis (El Aref, 1984).

5.8 Post-late Miocene Stratabound Pb, Zn
Sulfides, and Calamine Ore

The stratabound Pb–Zn sulfide deposits of Um Gheig mine
(Fig. 40) were extracted since the ancient Pharaoh Time as a
main source for lead and zinc. Unfortunately, the mine is
now closed and not declared for investment because of the
sulfide depletion. The hole mineral assemblage of this mine

Fig. 36 (a–d): Field photographs of the stratiform rhythmic celestite (a, b) showing enlarged solution openings features with precipitated calcite
and celestite. c = collapse breccia of laminated rhythmic celestite cemented by large celestite and calcite crystals. d = solution cavity coated by
celestite and calcite

The Phanerozoic Stratabound/Stratiform Ore Deposits of Egypt … 553



is hosted in a fill mass developed along a major NW–SE
post-Late Middle Miocene rift fault by water and gravity as a
response of Plio-Pleistocene (?) paleo-karst event (El Aref &
Amstutz, 1983). This ore type can be correlated to the upper
karst-related sulfides of the Mississippi Valley Pb–Zn–Cu
deposits (USA) and probably, representing the youngest
Mississippi Valley ore type in the world. Among this deposit
type are the karst-hosted sulfides of W. Wizr, Gabal El
Rusas, Anz and Ranga occurrences. The fill mass of Um
Gheig mine consists of chaotic breccia fragments derived
from the Middle and Late Middle Miocene carbonates and
evaporites (Fig. 40), embedded in soily clayey matrix, that
mixed with chemical materials of lead and zinc sulfides,
sulfates, carbonates, chlorides, phosphates, molibdates, and
silicates as well as Fe oxides and hydroxides, silica, Ca, Mg

and Fe carbonates and kaolinite. Three zones are recognized
in this ore type (Fig. 40). Based on the Zn content and
mineral assemblage, the oxidation (calamine) zone is dif-
ferentiated into two horizons: (a) an upper varicolored fer-
ruginous Zn-poor horizon (1.01–3.7% PbO and 1.88–3.22%
ZnO) being composed mainly of red and yellow earthy
ochreous sediments including quartz, hematite, goethite,
alunite, jarosite, calcite, gypsum, kaolinite, illite, and
montmorillonite, with variable proportion of lead and zinc
oxides and (b) a lower white to gray zinc-rich horizon (43–
58% Zn% and 2.0–6% PbO%) composed mainly of smith-
sonite, hydrozincite, and hemimorphite with variable con-
tents of goethite, calcite, quartz, and lead bearing minerals
(mainly cerussite). The recent development of worldwide
beneficiation techniques for the treatment of the non-sulfide

Fig. 37 (a–c): a = Representative cross-sectional drawing of the K2 karst surface beneath Abu Dabbab Fm., notice, the rubbly upper portion and
the distribution of solution passages and cavities (in black). b = solution cavities and channels with intra-karstic celestite crystals. c = enlargement
of the channel fill sediments squared in figure b showing in situ brecciating of large celestite bearing clasts and encrustation by new generations of
calcite and celestite speleothems (from El Aref, 1993b)
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zinc ores through light into the commercial importance of
this calamine ore type, which becomes a major source of
zinc metal in this century (Large, 2001). Recent detailed
investigations on the oxidation zone (calamine bearing zone)

by Farag (2011) and Farag et al. (2011, 2012) confirmed the
shearing of the calamine deposits of Um Gheig mine in
many characteristics with the typical carbonate-hosted
non-sulfide Zn ore (calamine ore type) all over the world.

Fig. 38 a, b = Location and generalized lithostratigraphic section of Abu Dabbab Formation of Gabal Abu Ghorban. c = schematic drawing of
the karst filling cavity. d = geometric distribution patterns of the barite: Type 1 = symmetrical filling of fractures within the host karstified
dolostone. Type 2 = drusy filling of geodes, vugs, and grooves within the tufaceous matric of the cave. Types 3–8 = internal fabrics of the barite
nodules, 3 and 4 = rhythmic alternations of dark (organic-rich) and light (barite) even (3) or branched (4) bands or streaks. Types 5 a and
b = parallel undulated thin rhythmic streaks (5a) or thin interrupted laminae of wavy appearance or flaser-like structure (5b). Types 6 a and
b = branched interrupted streaks (6a) and interconnected network pattern (6b). Types 7 and 8 = irregularly distributed (7) or connected spherulitic
or orbicular patterns. Notice, the possible transitional evolutions of the rhythmic growing from type to type (after El Aref & Ahmed, 1986)
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The liberation and mineralogical investigations and mineral
evaluation of representative samples of the Zn-rich lower
horizon proved that higher degree of liberation (over 90%)
between the valuable zinc bearing minerals and their gang-
ues can be achieved below size 0.106 mm at inclination
angle (25 1 min (Farag et al., 2012). At these optimum
conditions, a concentrate assaying 63.4% ZnO was obtained
with a recovery of * 93%.

Although the sulfides of Um Gheig mine are highly
depleted, the mine should be re-considered as a non-sulfide
zinc ore of high potentiality, highly recommended for

investment as a calamine ore for the production of Zn
metals. The geological setting of Um Gheig mine either as
sulfide or non-sulfide ore types can be used as a guide for
further exploration for similar deposits.

5.9 Post-Miocene Surficial Mn Deposits

Post-Miocene Mn and Ba deposits (up to 45% Mn) cover the
eroded surfaces of Pre-Cambrian and Miocene rocks in
Halaib–Elba-Abu Ramad land stretch (Figs. 1 and 31). The

Fig. 39 Location map (a) and a composite lithostratigraphic section of the Miocene sequences of the Ranga occurrence (b), showing the position
of the different ore minerals. c = the basic megascopic and microscopic geometric patterns of the sulfur with bitumen. Patterns I a–c = stratified
sulfur dust of isotropic appearance (I a), stratified layered pattern (I b) or openly folded pattern (I c). Patterns II a–c = stratiform lenticels gently
folded (II a, b) or disharmonically folded (II c). Types III a–i = show examples of derivations of deformed banded segregations as isolated
nebulitic-like texture (IIIa) with lateral gradation to stratified complicated and folded bands drawn out in the center and outwards (III b–i). Type IV
displays an example of an assemblage of different types in a gently folded arrangement (After El Aref, 1984)
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Fig. 40 Simplified geological map of Um Gheig mine area and A–A` and B–B` sketch profiles illustrating the grain size distribution, composition,
and vertical zonation of the ore-bearing channel fill materials, (updated and modified after El Aref & Amstutz, 1983)
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origin of these deposits is attributed to: (a) weathering of the
Pre-Cambrian rocks and supergene deposition (El Shazly,
1957 and El Shazly & Saleeb, 1959), (b) epigenetic
low-temperature replacement processes (Basta & Saleeb,
1971), and (c) deposition from deep-seated trans-magmatic
ore-bearing solutions (Balkhanov &Razvalyayev, 1981). The
surficial setting, mineral paragenesis, and textural character-
istics of these deposits described by El Shazly and Saleeb
(1959) and Basta and Saleeb (1971) led El Aref (1996, 2020b)
to classify this ore type as a Neogene surficial deposits related
to Plio-Pleistocene uplifting phase and weathering processes.

5.10 Post-Miocene-Quaternary (?) Surficial
Conglomeritic Mn Deposits

This ore type is represented by small occurrences of Mn–Fe
bearing rocks recorded in Wadi Araba, Gulf of Suez (Figs. 1
and 31) and suggested to be formed by Mn–Fe solutions of
volcanic origin (Abdallah, 1961). The total estimated reserves
of these deposits are * 4000 tons with 20–65 MnO% (Min-
eral Map of Egypt, EGSMA, 1979). These deposits form
morphogenetic hard cap (surficial crust) of conglomeritic
nature forming the summits of isolated small residual hills of
Cretaceous clastics and/or Eocene carbonates and represent
Post-Miocene to Recent surficial fluvial accumulation during
the senile stage of Wadi Araba (El Aref, 1996, 2020b).
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Potential Exploitation of the Phanerozoic
Glauconites in Egypt

Galal El-Habaak and Mahmoud Abdel-Hakeem

Abstract

Glauconite deposits are considered as one of the most
important sources of K commodity. More attention has
been paid to these deposits as being an alternative potash
fertilizer for the ever-increasing global K demand. Egypt
has considerable accumulations of glauconite deposits,
with an average 6 wt% K2O after adequate magnetic
separation. These accumulations are reported at many
localities in the Western Desert of Egypt: (a) Ghorabi iron
mine and on the eastern and western sides of El-Gedida
iron mine of El-Bahariya Oasis, (b) through the northern
plateau of the Kharga Oasis, (c) the mining sectors of
Abu-Tartur Plateau, and (d) at the Fayum Depression and
Wadi Al-Hitan, with total thickness varying between 6
and 25 m. Other limited occurrences are distributed
through the Upper Nile Valley and the west central Sinai.
The Egyptian glauconites are marine Phanerozoic depos-
its assigned to four different geological ages, including
Cenomanian, Lower-Middle Campanian, Upper Campa-
nian, Upper Eocene, and Oligocene. Also, glauconite
deposits impart their distinctive green color to some parts
of eight rock formations, namely Bahariya, Raha, Quseir
variegated shale, Duwi, Hamra, Qasr el Sagha, Ghannam,
and Qatrani Formations, and considered useful indica-
tions for the sea level changes in Egypt and the world.
These Phanerozoic glauconites occur as an overburden
above the commercial iron deposits of the El-Bahariya
Oasis and the mineable phosphorites of the Abu-Tartur
Plateau, a constitutional part of sandstone-dominated

formations in the northern Western Desert. This mode of
occurrence may be the main reason behind the little
attention for the commercial value of such deposits in
Egypt. Like the other developing countries, Egypt has
limited potash resources and depends mainly on the
imported fertilizers to increase the arable areas and crops
production for the ever-increasing population. At this
point, the present chapter discusses the characterization of
the Phanerozoic glauconites in Egypt as a direct K
fertilizer and sheds more light on the economic potential
of these deposits as one of the key corners of the future
potash industry.

Keywords

Phanerozoic glauconites � Fayum depression � Wadi
Al-Hitan � Qatrani formation � Abu-Tartur Plateau �
Fertilizers

1 Introduction

According to the pioneer works (Burst, 1958a, 1958b;
Hower, 1961; McRae, 1972; Odin & Fullagar, 1988; Odin &
Matter, 1981; Odom, 1984), glauconite is defined as a
green-colored phyllosilicate mineral rich in Fe and K ions,
which are trapped within the 2:1 dioctahedral illite-like
structure consisting of nonexpandable micaceous layers
“10 Å” alternating with expandable smectite layers. Glau-
conite contains variable Fe content as Fe+2 and Fe+3 ions,
which substitute for Al+3 sites in the octahedral sheets. On
the other hand, K2O content is increased from 2 wt% to
more than 8 wt% with the progression of glauconite matu-
ration starting from the yellow nascent smectitic glauconite
to the deep green micaceous glauconite (Table 1). Apart
from the chemical weathering, color variation of glauconite
grains is thought to be a function of the Fe+2/Fe+3 ratio in the
octahedral sheets rather than K content. The deficiency in
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Fe+2/Fe+3 ratio, taking place during glauconitization as a
result of the microbial reduction of the octahedral Fe+3, is the
main reason behind the gradual absorption of K to com-
pensate the octahedral layer charge (López-Quirós et al.,
2020).

Glauconite deposits are mostly recorded in rock succes-
sions assigned to the Cambrian-Recent in age and associated
with the global sea level changes (Amorosi, 1995, 2012;
Baioumy & Boulis, 2012a, 2012b; El-Habaak et al., 2016a;
López-Quirós et al., 2019; Van Houten & Purucker, 1984).
These deposits are distributed in various geographic zones
(e.g., North American continental margin, Palaeo-Tethys,
Palaeo-North Sea, and the high southern latitudes) and
several countries (e.g., USA, UK, Brazil, Australia, India,
and Egypt) (Fig. 1) and exploited for more than 100 years
for agricultural purposes due to their K enrichment. How-
ever, the exploitation of these deposits as K fertilizers was
excluded after the World War I when the manufacturing of
K-salt fertilizers (e.g., KCl, K2SO4, and KNO3) was initi-
ated. This can be attributed to the lower water solubility of
glauconite compared with the commonly used chemical
fertilizers (Dooley, 2006).

K is considered as a critical macronutrient without which
plants cannot survive. It is confined to many physiological
processes that are necessary for plant growth such as the
protein synthesis, enzymes activation, photosynthesis, water
relations, and transportations (Lidon & Cebola, 2012;
Mengel, 2007; Pettigrew, 2008). The most common K
sources applied to plants are mined from brines and salts
(e.g., sylvite and carnallite), with about 39 million tons of
K2O mostly come from ten companies in the northern
hemisphere, in particular, Russia, Belarus, Germany, UK,
and North America, where about 92% of the global potash
reserve occurs (Manning, 2017; Sheldrick et al., 2002). On
contrast, the developing countries of the southern

hemisphere are in a critical need to secure the food supplies
and increase the crop production to face the continuously
growing population. For example, potash consumption of
Africa is expected to be more than 1.6% of the world's
potash fertilizers between 2015 and 2050 (Manning, 2015).

In general, the developing countries have limited potash
reserves and mainly rely on the imported K fertilizers, which
are transported over vast distances, resulting in a high sale
price of potash and probable limited access to the conven-
tional markets. This in turn attracted the attention of many
researchers to focus and shed more light on the reconsider-
ation and exploitation of the alternative indigenous K sour-
ces such as glauconite deposits.

Most literature concerned with evaluation and roast
leaching of glauconite as an alternative K fertilizer and soil
conditioner. Through this context, glauconite deposits from
different regions, including Iran, New Zealand, New Jersey,
Southwest Argentina, and India, have been subjected to
chemical characterization and lixiviation in water and dif-
ferent acid solutions (e.g., Mazumder et al., 1993; Karimi
et al., 2011; Merchant, 2012; Franzosi et al., 2014; Smaill,
2015; Shirale et al., 2019; Shekhar et al., 2020). The results
indicated that glauconite grains release lower K+ levels in
water (23 mg K+/kg) compared to acid solutions
(2200 mg K+/kg). So, glauconite is favored to be used for
acidic soils, where K release rate can be accelerated to reach
sufficient levels needed by crops.

The agronomic experiments (e.g., McRae, 1972; Bam-
balov & Sokolov, 1998; Heckman & Tedrow, 2004; Karimi
et al., 2011; Franzosi et al., 2014; Rudmin et al., 2020) also
proven the efficient contribution of glauconite fertilizers,
even those of lower maturity “2.24 wt% K2O,” to enhance
the growth rate and production of some crops (e.g., olive
plants, wheat, potatoes, and oats) in a similar effect to the
application of the commonly used KCl. However, the

Table 1 Glauconite maturation and structure in relative to potassium content (after Odin & Matter, 1981)

Evolution stages Maturation stages Mineralogical structure Grain color K2O wt%

Nascent Low Smectitic glauconite

Micaeous glauconite

Yellowish green 2–4

Slightly evolved Moderate Light green 4–6

Evolved High Green 6–8

Highly evolved Very high Dark green > 8
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chemical K fertilizers still attracted more farmer attention
due to their high water solubility, resulting in immediate
nutrient supply for plants. This pushed many researchers to
find out a suitable technique to accelerate the K release rate
from glauconite grains. Some studies dealt with increasing
the water solubility of glauconite via adequate roasting with
a fluxing agent (e.g., CaCl2.H2O and LiCl) followed by
water leaching. About 96–100 wt% K2O can be obtained
from this route (Mazumder et al., 1993; Santos et al., 2017).
The other trend highlighted the production amenability of
liquid K fertilizers (e.g., KCl and K2SO4) from glauconite
through acid roasting followed by water leaching (e.g.,
Shekhar et al., 2017, 2020).

As aforementioned, glauconite deposits have been and
still a matter of several discussions in the field of agriculture
and soil fertility. The cultivation activities in Egypt are
highly limited to fertile soils distributed along the Nile
Valley provenance, with little attention paid to the other
sandy soils that occupy vast areas through the Western and
Eastern Deserts. Reclamation and mediation strategies of
such sandy soils are indispensable demand to secure suffi-
cient food supplies for the ever-increasing populations.
Generally, systematic plans are required to exploit the
indigenous Egyptian mineral resources for agricultural pur-
poses, leading to sufficient crops production and great

progression in the sustainable agricultural development.
Egypt has considerable quantities of glauconite deposits and
limited potash resources, which makes a continuous demand
for the imported potash fertilizers. From this perspective, the
current review will discuss all the previous studies con-
ducted on the Egyptian glauconite in terms of the occur-
rence, characterization, and beneficiation along with the
agronomic experiments to highlight the economic potential
of the Phanerozoic glauconites in Egypt as an alternative
potash fertilizer and soil conditioner.

2 Glauconite Occurrence and Stratigraphy
in Egypt

Occurrences and stratigraphy of the Egyptian glauconite
deposits are discussed by many works (Said, 1971;
El-Sharkawi & Khalil, 1977; Khalifa, 1983; Soliman &
Khalifa, 1993; El Aref et al., 1999; Masaed and Suror, 1999;
Hassan & El-Shall, 2004; Mesaed, 2006; El Aref et al.,
2006; Pestitschek et al., 2012; Baioumy et al., 2011;
Baioumy & Boulis, 2012a, 2012b; El-Habaak et al., 2016a,
2016b; Hegab & Abd El-Wahed, 2016; Ibrahim et al., 2017;
Banerjee et al., 2019; El-Habaak et al., 2019). Glauconite
deposits, as a pelletal type, are mainly recorded in detail

Fig. 1 Palaeogeographic distribution of the Paleogene glauconite deposits mainly at four zones: a North American continental margin (1–9, 44–
48, and 105–108), b Palaeo-Tethys (11–19, 54–74, and 109–111), c Palaeo-North Sea deposits (21–32, 76–86, and 113), and d High southern
latitudes (34–36, 88–93, and 119) (after, Banerjee et al., 2020)
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through two localities in the Western Desert of Egypt,
namely El-Bahariya Oasis and the Abu-Tartur Plateau
(Fig. 2).

El-Bahariya Oasis is an oval-shaped depression that can
be encountered toward the northern part of the Western
Desert between coordinates of 27° 48′–28° 30′ N and
28° 35ʹ–29° 10ʹ E. It is built up of the Upper Cretaceous
succession, including the Bahariya, El-Heiz, El-Hefuf, and

Khoman Formations, unconformably covered by the
Upper-Middle Eocene Naqb, Qazzun, and Hamra Forma-
tions. El-Bahariya Oasis is well-known for its considerable
reserves of iron deposits located in the northeastern part of
the depression at four sites: El-Gedida, Ghorabi, Nasser, and
El Harra. Glauconite deposits are mainly reported in
El-Gedida and Ghorabi mining areas and confined to the
Cenomanian Bahariya Formation and the Upper Eocene

Fig. 2 Geological map of Egypt a with a close-up showing the different rock units at El-Bahariya Oasis b and Abu-Tartur Plateau c as well as field
views of the Cenomanian and Upper Eocene glauconites at El-Bahariya Oasis (e and f, respectively) and the Campanian counterparts at Abu-Tartur
Plateau (g and h)
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Hamra Formation. The Cenomanian glauconites represent
the upper part of the Bahariya Formation and are exposed as
4 m thick brownish-green to yellowish-green, moderately
hard-friable, fine-medium-grained deposits with 50 cm thick
concretions of glauconitic ironstone. These deposits are
overlain by the Middle Eocene iron deposits of the
Naqb-Qazzun sequence and considered as an indication for
the Cenomanian sea level rise in Egypt. Moreover, some
restricted occurrences of the Cenomanian glauconites are
reported from the lower beds of the Raha Formation located
at Wadi Feiran and Wadi El Gheib, west central Sinai
(Gertsch et al., 2010; Kora et al., 1994). The Upper Eocene
glauconites occur at the eastern wadi of El-Gedida mine as
an overburden above the Middle Eocene iron deposits and
appear as 6–25 m thick green, moderately hard, moderately
sorted deposits with spots of iron oxyhydroxides and vein-
lets of calcite and alunite. On the western wadi of El-Gedida
mine, glauconites are affected by minor postdepositional
folding and faulting. Likewise the Cenomanian counterpart,
the Upper Eocene glauconites are related to the Upper
Eocene marine regression in Egypt.

On the other side, another accumulation of glauconite is
outcropped at the Abu-Tartur Plateau in the central part of
the Western Desert between latitude 25° 25′ 23.78″ N and
longitude 30° 05′ 15.6″ E. Abu-Tartur Plateau is a lime-
stone plateau that contains one of the most important
phosphorite deposits in North Africa. Lithologically, the
plateau escarpment is started, from base to top, by the
Upper Cretaceous Nubia plains covered by the Campanian
Quseir and Duwi Formations, Maastrichtian Dakhla For-
mation, and Early Paleocene Kurkur Formation. Abu-Tartur
glauconite is enclosed within the Campanian Duwi
Formation-hosted phosphorites. At the western mining
sector, it is restricted to the middle part of the Duwi For-
mation as 5 m thick green to yellowish-green, moderately
hard, sandy deposits with gray clay intercalations. Occa-
sionally, these glauconite deposits undergone postdeposi-
tional faulting and enclosed ferruginous concretions of
glauconitic ironstone along with evaporites interlayers:
Veinlets are perceived within the upper part of glauconite
deposits. Glauconite deposits cover 3.5 m intercalations of
black shale and marl. Toward the uppermost part of the
succession, 2 m thick greenish to brownish shale deposits
belonging to the Dakhla Formation overlay glauconite
deposits. At the eastern mining sector, glauconite deposits
are reported in a greater thickness compared to the western
sector succession. They attain about 8 m thick beds alter-
nating with 10.5 m thick gray to brown shale to form a total
of 18.5 m thick section that covers the mineable phosphate
bed and underlain by the Maastrichtian Dakhla Formation
and the Early Paleocene Kurkur Formation. Moreover,
restricted occurrences are perceived from the Beris member
of the Maastrichtian Dakhla Formation at Gabal Um

El-Ghanayem, 19 km to the northeastern part of El Kharga
Oasis (Orabi & Khalil, 2014).

The northern part of the Western Desert, in particular the
northern escarpment of the Fayum Depression, is also
endowed with considerable accumulations of pelletal glau-
conite deposits that are assigned to the Upper Eocene Qasr el
Sagha Formation (Dir Abu-Lifa Member) and the overlying
Oligocene Qatrani Formation. Glauconite deposits of Dir
Abu-LifaMember are made up of 7.5 m fine-medium-grained
glauconitic sandstone characterized by bioturbation and
nodules of barite and siderite. These deposits are considered as
a part of 77 m thick accumulation of gypsiferous, muddy, and
cross-bedded sandstone whose uppermost part is marked by
unconformity surface separating between the Dir Abu-Lifa
Member and the Oligocene Qatrani Formation. The latter
contains about 10–13 m thick glauconitic sandstone that
represents the lower part of the Qatrani Formation and con-
tains mud clasts, reworked nodules of limonite, interbeds of
gypsiferous sandstone, and sometimes rhizolith masses
cemented by calcite. It is worthy to mention that the two
glauconite types here are confined to the gradual Late Eocene
marine regression in Egypt, which results in the deposition of
nearshore marine and alluvial deposits dominated by varie-
gated, cross-bedded sandstone (Bown & Kraus, 1988; Gin-
gerich, 1992). Furthermore, minor occurrences of glauconitic
clays intercalated with sandymudstone, marls, and calcareous
sandstone were documented from the Upper Eocene Gehan-
nam Formation in the Wadi Al-Hitan area, about 80 km west
of the Fayum Depression (Gingerich et al., 2019) (Fig. 3).

By comparing with the Western Desert, occurrences of
glauconite through the Nile Valley provenance are only

Fig. 3 Location map of the Wadi Al-Hitan in the northern Western
Desert showing the distribution of the glauconite-bearing rock units
(Qatrani Fm., Qasr el Sagha Fm., and Gehannam Fm.) (after Gingerich
et al., 2019)
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documented in the geological map of Qena (Fig. 4). It is
confined to the Campanian Duwi Formation intercalated
with gray shale and oyster limestone (Ghilardi et al., 2012).
These lithological associations are laterally changed toward
the Eastern Desert, where the Duwi Formation is expressed
as a considerable thick succession of phosphorites overlain
by gray shale, marl, and oyster limestone (Baioumy & Tada,

2005). Until the present day, there is no published infor-
mation about any accumulation of mineable pelletal glau-
conite deposits through the Upper Cretaceous-Lower
Tertiary succession in the Eastern Desert of Egypt. On
contrast, the nonpelletal glauconite, occurring as clayey
layers and as argillaceous matrix under the optical micro-
scope, is widely distributed through the Western Desert, Nile

Fig. 4 Geological map of the Theban Plateau, Upper Egypt, showing the Upper Cretaceous-Lower Tertiary succession among which the
glauconite-bearing Duwi Formation exists (look at red arrow) (after Ghilardi et al., 2012). The illustrated rock units include: (1 and 2) Holocene
Nile alluvial sediments; (3) Pleistocene Prenile sediments; (4) Wadi deposits; (5) Fanglomerate; (6) Pliocene intercalations of sandstone, siltstone,
and claystone; (7) Thebes formation (Eocene); (8) Esna formation (Paleocene-Eocene); (9) Dakhla formation (Campanian–Maastrichtian);
(10) Duwi formation (Upper Campanian), consisting of phosphorites overlain by intercalations of glauconitic sandstone, gray shale, and oyster
limestone; (11) Quseir variegated shale (Lower-Middle Campanian); (12) Main fault line; (13) Hidden fault lines
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Valley, and Eastern Desert. It is reported from the
Lower-Middle Campanian Quseir variegated shale whose
greenish color is imparted from glauconite (Baioumy &
Boulis, 2012a, 2012b). Moreover, some restricted occur-
rences of the Cenomanian glauconites are reported from the
lower beds of the Raha Formation located at Wadi Feiran
and Wadi El Gheib, west central Sinai (Gertsch et al., 2010;
Kora et al., 1994).

3 Glauconite Genesis

Glauconite deposits are mainly deposited under marine
conditions from a wide variety of substrates, including
Fe-smectite, mica, Al-illite, bioclasts, fecal pellets, and
feldspar. Two main hypotheses were suggested for glau-
conite formation (Burst, 1958a, 1958b; Hower, 1961; Odin
& Matter, 1981). They are degraded lattice theory and

Fig. 5 Glauconitization mechanisms of argillaceous pellet (a) and foraminifera test precursors (b) by the degraded lattice and neoformation
theories, respectively (after Baldermann et al., 2013; López-Quirós et al., 2020)
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neoformation theory (Fig. 5). The first hypothesis involves
simultaneous absorption of K+ and Fe+2 ions from the
ambient seawater into degraded crystal lattice of clay parti-
cles. For more explanation, clay particles may be enclosed
within fecal pellets, which undergo microbial oxidation at
the sediment–water interface, resulting in partial/complete
degradation of the contained clay minerals and also the
surrounding sediment particles due to the surrounding
metabolic activities. The degraded clay lattice gradually
uptakes K+ and Fe+2 from the surrounding microenviron-
ment and is converted from nascent glauconitic smectite into
evolved/highly evolved glauconite. The latter theory pro-
poses that glauconite starts as a glauconitic smectite directly
precipitated from seawater within the micropores of sub-
strate (e.g., foraminifera tests) and its micaceous nonex-
pandable layers are then increased by the gradual
incorporation of K+ from the surrounding pore water. Ban-
erjee et al. (2012) added that the co-incorporation of K+ and
Fe+2 into the interlayer sites and octahedral sites, respec-
tively, is associated with the release of Al3+ from glauconite
crystal structure. This can be undertaken as the main dif-
ference between glauconite and its analogue high Al-illite.
According to these theories, the Phanerozoic glauconites in
Egypt were interpreted as a result of the successive forma-
tion of nonexpandable, K+ and Fe+2-enriched layers at the
expense of degraded smectite lattice (e.g., the Cenomanian
glauconite deposits) (Baioumy & Boulis, 2012a, 2012b), the
direct precipitation from seawater, starting as Fe-smectite
from gel precursor rich in K, Fe, Mg, Al, and Si, within the
micropores of argillaceous pellets (e.g., the Upper Eocene
glauconite deposits) (Masaed & Suror 2000; El-Habaak
et al., 2016a), and the degraded layer and neoformation
mechanisms together (e.g., the Campanian glauconite
deposits) (Banerjee et al., 2019).

4 Glauconite Alteration Products

Numerous white-pinkish pockets of alunite, halloysite, and
kaolinite are randomly distributed through glauconite suc-
cessions at El-Gedida mine and recorded by Hassan and
Baioumy (2007). They interpreted the formation of these
pockets as alteration products of glauconite under oxidizing,
acid sulfate environment, where glauconite is gradually
dissociated into mobilized Fe, K, Al, and Si. Fe species may
form amorphous grains of iron oxyhydroxides associated
with glauconite grains or may percolate downward forming
at least part of El-Gedida iron ores. K may combine with Al,
Si, and sulfate ions, resulting in alunite, halloysite, and
kaolinite. These alteration products are absent in the case of
Abu-Tartur counterpart, but instead evidences on the desta-
bilization of glauconite into Fe-rich smectite along with
color zonation of glauconite grains are documented by

Pestitschek et al. (2012). They suggested that glauconite
grains release differential amounts of K and Fe under acidic
oxidizing conditions, causing fuzzy grain boundaries and
gradual transformation into argillaceous matrix of
reddish-brown Fe-rich smectite. The acidic environment
may be driven by the chemical oxidation of pyrite, resulting
in free sulfate ions. The latter reacted with Ca ions in the
percolating surface water to form gypsum and anhydrite,
while the interaction with K ions enabled jarosite to
precipitate.

5 Glauconite Characterization as K
Fertilizers

In order to directly exploit glauconites as K fertilizer and soil
conditioner, some physical and chemical requirements have
to be assessed such as grain-size range “−250 lm + 88 lm,”
the proportions of clay matrix “2–3%” and glauconite pellets
“90%,” and the contained K level “at least 6%” (Dooley,
2006). Accordingly, the following lines highlight the physi-
cal and chemical properties of the glauconite in Egypt and the
optimum conditions by which we can achieve the ideal
exploitation of such deposits.

5.1 Physical Characterization

Glauconite appears in different shades of green color as oval,
suboval, rounded, moderately sorted grains set in glauconitic
argillaceous and iron oxides-rich cement (Fig. 6). Three
main size fractions, including 100–200 lm, 125–400 lm,
and 100–500 lm, were reported for the Cenomanian,
Campanian, and Upper Eocene glauconites, respectively
(Baioumy & Boulis, 2012a, 2012b; Baioumy et al., 2011;
Banerjee et al., 2019; El-Habaak et al., 2016b; Ibrahim et al.,
2017). They all fall within the sand size and can be reached
the optimum size fraction of glauconite fertilizers
(−250 lm + 88 lm) by means of crushing and grinding. As
such example, El-Habaak et al. (2016b) found that about
73.94–81.74 wt% of the Upper Eocene glauconite grains are
concentrated at grain fraction −250 lm + 125 lm after
adequate crushing and grinding up to −1 mm using jaw
crusher and rod mill in a closed circuit (Fig. 7). This uniform
size of glauconite causes a great enhancement in soil texture,
porosity, and permeability, and considered valuable char-
acter stands behind the application of glauconite as a soil
conditioner (Heckman & Tedrow 2004; Indian Minerals
Yearbook, 2011, 2012). Further, the dry sieve analysis of the
Egyptian glauconite revealed that the finer size fraction
−75 lm, where clay matrix is concentrated, does not exceed
the range 2.2–2.5 wt% (El-Habaak et al., 2016b; Ibrahim
et al., 2017). The increased proportion of clay matrix can be
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an indication for the imposed chemical weathering condi-
tions, which lead the external boundaries of glauconite pel-
lets to be fuzzy as well as a greenish alteroplasma forms. The
latter becomes reddish brown (iron-rich illite/smectite-mixed
layer) due to the gradual decrease in Fe and K-contents

(Meunier, 2004). As a result, the economic value of glau-
conite is expected to dropdown.

Regarding glauconite grains’ percentage, the Upper
Eocene glauconite contains about 75%, while the Campa-
nian counterpart comprises about 65–75% compared to the

Fig. 6 Photomicrographs showing green-yellowish green, oval, suboval, rounded, fine to medium-grained glauconite pellets (Gt) along with
quartz grains (Qt) set in argillaceous matrix of greenish glauconitic plasma (Gp) and reddish-brown illite–smectite mixed layer (I–S) (a and b);
glauconite pellets with deeply invading fractures within the entire grain (c) and interior as triangular cracks (d) filled by the glauconitic plasma;
alteration of glauconite pellets manifested by the fuzzy grain peripheries and formation of the glauconitic plasma (e) that gradually converted to the
reddish-brown illite–smectite mixed layer (f); the liberation of Fe from altered glauconite grains cementing the pellets (g) or as individual grains
(h) (look at arrows)
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associated impurities including quartz, calcite, gypsum, and
goethite. These percentages were upgraded to about 94–97%
using Frantz isodynamic magnetic separator, and the results
were supported by conducting XRD analysis on the head
samples along with the magnetic and nonmagnetic fractions
(El-Habaak et al., 2016b; Ibrahim et al., 2017). The magnetic
susceptibility of glauconite is ascribed to the contained Fe+2

in the octahedral sheets. Glauconite with high Fe+2/Fe+3

ratio is characterized by highly magnetic, dark green grains
(Baldermann et al., 2015, 2017; Bentor & Kastner, 1965).
The high recovery of glauconite grains can be interpreted
here depending on the discussions of Amstutz and Giger
(1972) and Petruk (2000) regarding the critical influence of
the interlocking nature between valuables and gangues. For
example, the straight, rectilinear, curved grain boundaries
are regarded as indications for the high liberation degree
during comminution and concentration processes due to the
simple locking between the mineral grains. This example
was manifested by El-Habaak et al. (2016b) who expected
high glauconite recovery from the Upper Eocene deposits as
a result of the simple locking between glauconite grains and
quartz, the main gangue mineral. According to the previ-
ously mentioned physical characters, the Egyptian glau-
conite deposits are suitable to be exploited as a direct K
fertilizer and soil conditioner. Also, the Cenomanian glau-
conite needs further studies and investigations through the
northern and central parts of the Western Desert, where the
host Bahariya Formation is 90–100 m thick (Said, 1971).

5.2 Chemical Characterization

For considering a given deposit as a potential fertilizer, there
are specific chemical aspects that have to be considered
including the valuable nutrient concentration, the contained
levels of heavy metals to avoid the toxicity of plants and
animals, the values of pH and salinity to protect the culti-
vated soil from long-term acidification and salinization, and
the solubility in water. At this point, the current review
discusses the economic value of the Egyptian glauconites as
a potential potash resource.

5.2.1 Macronutrients Content
K is one of the most important macronutrients needed by
plants, for which glauconite deposits are considered the
future potash resource. As listed in Table 2, there is a sim-
ilarity in the content of most nutrients between the Upper
Eocene glauconite of Egypt and the exploited deposits of
New Jersey, USA. It can be also classified as evolved
glauconites with higher K-contents (6.75–7.3 wt% K2O)
than the other nascent-moderately evolved Campanian
(3.12–5.3 wt% K2O) and Cenomanian glauconite types
(4.84–6.11 wt% K2O). According to Dooley (2006), the
Upper Eocene glauconites can be undertaken for direct fer-
tilizing applications, while the other types need to be bene-
ficiated by a suitable procedure. This was done by Ibrahim
et al. (2017), as mentioned before, depending on the mag-
netic susceptibility of glauconite. They obtained magnetic
fraction assaying 6.14 wt% K2O from head glauconite
sample containing 4.41 wt% K2O. Besides K commodity,
the present glauconites contain 50.89–59.12 wt% SiO2.
Silicon is considered to be another commodity and a bene-
ficial element for different crops due to its ability to enhance
the maintenance of nutrients for plants in available forms
and increases the tolerance level of plants to diseases and
insect attacks (Meena et al., 2013). Al2O3 content varies
between 5.88 and 13.84 wt%. The increased alumina con-
tent is related to glauconite maturity. The gradual absorption
of K+ and Fe+2 from the surrounding seawater is associated
with the liberation of Al+3 from the octahedral sites during
the glauconitization process (Banerjee et al., 2012). So, it is
expected that the high Al-glauconite is enriched in smectite
as a product of the deglauconitization process, as revealed
during the mineralogical studies performed by Pestitschek
et al. (2012), Baioumy and Boulis (2012a, 2012b),
El-Habaak et al. (2016b), Banerjee et al. (2019). In all cases,
high alumina concentration is not favorable for most crops
due to the toxic effects of aluminum on plant growth rep-
resented by the disturbance of the uptake and transport of
water and essential nutrients (Ca, K, and P) by plant roots,
leading to increase the sensitivity to drought stress. How-
ever, the toxic effects of aluminum can be mitigated by

Fig. 7 Distributions of wt% of the Egyptian glauconite showing that
the majority of the Upper Eocene glauconite is concentrated at + 250
−125 µm fraction (a), while that of the Campanian counterpart is met at
the coarser fractions (b)
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silicon, which promotes higher accumulation of biomass by
increasing the supplement of nitrate and iron and stimulating
the photosynthesis process (Ma, 2005). The soluble forms of
iron (Fe+2) have a vital role in the building up of chlorophyll
and facilitating the transport of oxygen through the roots and
leaves of plants. Under acidic soil conditions, the iron con-
centration will increase in the soil solution. This can cause
harmful effects for plants such as the root flaccidity and
leaves mottling (Rout et al., 2014). The present glauconites
have noticeable iron content varying between 19.54 and
25.56 wt% as Fe2O3, which must be considered for the
cultivation-based glauconite in acidic soils.

5.2.2 Heavy Metals Content
The high levels of heavy metals have toxic effects on soils,
plants, animals, and human health. For instance, heavy metal
contamination of the soil is caused by various metals among
which Cr, Mo, Pb, and Cd, leading to decrease the diversity

and activity of soil microorganisms responsible for the
supplement of plant nutrients through degradation of organic
matter. Also, accumulation of plentiful amounts of heavy
metals in plants can prevent them from absorbing water and
photosynthesis, resulting in reducing the growth rates of
roots and seedlings (Hinojosa et al., 2004). Human health
can also be subjected to the heavy metal toxicity through the
food chain, which starts with plants and animals. As, Cd,
Hg, Cr, and Pb are considered as the most toxic metals and
classified as human carcinogens (Tchounwou et al., 2012).
Accordingly, the heavy metal content of the present glau-
conite was compared with the tolerant levels issued by the
Canadian Inspection Food Agency “CIFA” (2020) and
Kenya Bureau of Standards for fertilizers (2018), as listed in
Table 3. It is clear that glauconite deposits in Egypt have
allowable content of the harmful heavy metals, and their
exploitation as natural fertilizers does not pose critical
environmental thrives.

Table 2 Comparison between
the chemical composition of
glauconites in Egypt and the
exploited New Jersey glauconite
(USA) (after Baioumy & Boulis,
2012a, 2012b; Banerjee et al.,
2019; El-Habaak et al., 2016b)

Oxides
(100%)

Upper Eocene
glauconite

Cenomanian
glauconite

Campanian
glauconite

New Jersey
glauconite

El-Bahariya Oasis

El-Gedida mine Ghorabi mine Abu-Tartur
PlateauEastern

wadi
Western
wadi

SiO2 52.10 50.89 58.19 54.74 51.83

TiO2 0.13 0.04 0.40 0.02 nd

Al2O3 5.99 5.88 7.74 13.84 6.23

Fe2O3 22.23 22.99 17.64 25.56 20.08

MgO 3.75 4.34 2.49 4.01 3.66

CaO 0.31 0.20 0.58 0.18 0.52

Na2O 0.10 0.05 0.30 0.02 0.76

K2O 6.75 7.30 5.41 3.12–5.30 6.60

MnO 0.02 0.08 0.02 0.04 nd

P2O5 0.14 0.07 0.29 0.45 0.31

SO3 0.21 nd nd nd nd

nd not determined

Table 3 Comparison between
heavy metal contents of the Upper
Eocene glauconite in Egypt and
that reported by the Canadian
Food Inspection Agency (CFIA,
2020) and Kenya Standards
(2018)

Heavy metal content (ppm) Mo Cu Pb Zn Ni As Cd Co Cr

Upper
Eocene
glauconite

Eastern wadi
glauconite,
El-Gedida
mine

< 0.1 3.7 2.0 86 15.4 2.4 < 0.1 25.8 110

Western
wadi
glauconite,
El-Gedida
mine

< 0.1 2.4 0.3 208 30.7 2.2 < 0.1 28.0 130

CFIA 5 400 150 700 62 13 3 34 210

Kenya Standards – – 30 – – 20 15 – 500
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5.2.3 PH and Salinity
Measurement of pH values and salinity levels for a given
rock-based fertilizer is an important procedure for two rea-
sons. The first one is that the continuous and intensive
application of fertilizers contributes mainly to change the soil
pH value to become more acidic or highly basic state. For
most plants, the appropriate pH values range between 5.5
and 7 (Kidd & Proctor, 2001). Under highly acidic condi-
tions (pH � 4.5), some harmful elements (e.g., Al) can be
released into the soil solution and affect the availability of
macronutrients such as phosphorous, which easily reacts
with aluminum to form insoluble aluminum phosphate
(Matsumoto, 2000). Further, pH values > 8 lead to increase
the adsorption of nutrients on the particles of clay minerals
and organic matter, which makes them unavailable for plants
(Neina, 2019). The second reason is owing to the detrimental
effects stem from the annual consumption of the fertilizers.
For example, the salt stress can lead to several disorders for
plants including osmotic imbalance, nutrient imbalance,
reduction in leaves number and roots length as well as low
photosynthesis activity due to the competitive process
between nutrients and salt ion species, in particular Na+ and
Cl− (Munns & Tester, 2008). Literature (El-Habaak et al.,
2016b; Morsy et al., 2016) has showed that the glauconite
deposits in Egypt are characterized by mild pH values
(19.10–7.59) and lower salinity levels (0.1–2.83 dS/m),
which are consistent with the other studies carried out in
other countries, e.g., Argentina and India, on the low pH and
salinity effects of glauconite on arable soils (Franzosi et al.,
2014; Rudmin et al., 2020).

5.2.4 Glauconite Solubility
Glauconite is well-known for its low water solubility along
with its behavior as a slow-acting K source. This character
can be attributed to the low hydration energy of K+ ions
occurring in the crystal structure of glauconite as nonex-
changeable interlayer cations tightly bonded to the nega-
tively charged tetrahedral layers (McRae, 1972, 1975).
Water solubility rate of K from glauconite crystal lattice is
measured between 6.94 and 23 mg K+/kg of glauconite (Rao
& Rao, 2008; Karimi et al., 2012; Smaill, 2015). From an
environmental perspective, the slow-release nature of glau-
conite is favored to make a sustainable supplement of
nutrients needed by plants and to avoid the detrimental
accumulation of heavy metals in soil resulted from the
continuous application of the fast-release salt fertilizers
(Rudmin et al., 2019). Also, glauconite can remediate the
soil deficiency in K, which results from the downward
percolation of K-bearing soil solution, crop harvest, and
K-fixation in the interlayer sites of the weathered clay
minerals (e.g., vermiculite and smectite) (Meena et al.,

2016). However, the direct application of glauconite is not
preferred for the short-season crops, which need an imme-
diate supplement of K. At this point, the chemical K fertil-
izers outperform glauconite due to their high water solubility
and the quick nutrient supplement for plants. Consequently,
the research work was directed to investigate all possible
methods by which the water solubility of glauconite can be
accelerated. It was found that about 96–100% of the inter-
layer K can be lixiviated either after adequate roasting at
900 °C in the presence of the chloridizing agent, in partic-
ular CaCl2.H2O and LiCl, followed by water leaching or
through acid roasting to obtain liquor rich in KCl or K2SO4

(Mazumder et al., 1993; Santos et al., 2017; Shekhar et al.,
2017, 2020). Also, the liberation of K can be promoted by
mixing glauconite with composts or inoculation with
K-solubilizing bacteria (e.g., Thiobacillus, Bacillus, and
Clostridium), resulting in a gradual destruction and collapse
of glauconite crystal lattice due to the metabolic microbial
products (e.g., organic and inorganic acids, extracellular
polysaccharides, enzymes, and hydroxyl anions) (Ullman
et al., 1996). In Egypt, the only published work on K
extraction from glauconite is that of Amer and Sediek
(2003). They recovered about 90% of the interlayer K from
the Campanian Abu-Tartur glauconite by the direct acid
leaching for 2 h at 20 wt% HCl and 225 °C. So, this point
needs more consideration to perform a detailed study on the
possible response of the Cenomanian, Campanian, and
Upper Eocene glauconites to the thermal, chemical, and
biological treatments. This is considered the second impor-
tant step after glauconite evaluation for building up the
future potash industry in Egypt.

6 Glauconite as a Soil Conditioner

Glauconite grains are characterized by high cation exchange
capacity, up to 30 cmol/kg, and numerous micropores.
Consequently, the application of glauconite to agricultural
soils can contribute to enhance the ability of soil to hold water
and store substantial amounts of plant nutrients (e.g., K, Ca,
and Mg) (Heckman & Tedrow, 2004). Also, the uniform sand
size of glauconite grains makes a noticeable improvement in
soil porosity, permeability, and texture (Indian Minerals
Yearbook, 2011, 2012). Accordingly, glauconite deposits are
considered as a good soil conditioner. Moreover, glauconite
is commonly found in association with gypsum, anhydrite,
and calcite minerals, which behave as amendments to
strength the erosion resistivity of soil and increase the pH
value of soil solution. The latter reduces the movement of
toxic metals (e.g., Al) and inhibits their reaction with the
essential macronutrients (Roy et al., 2006).
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7 Cultivation with Glauconite

Glauconite deposits were investigated in different regions as
a direct K fertilizer applied to various crop types such as
olive trees, coffee, oats, and sunflowers. The field experi-
ments were monitored during the first and second cultivation
seasons, and all results indicated the effective role of
glauconite-based fertilizers in enhancing the plant height and
the total yield of crops (Karimi et al., 2012; Franzosi et al.,
2014; Rudmin et al., 2019, 2020). In addition, the
glauconite-amended soils are characterized by increasing the
concentrations of organic carbon, exchangeable ammonium,
K, P, Ca, and Mg as well as a noticeable improvement of the
soil physical characters (e.g., moisture retention capacity,
porosity, and permeability) due to the uniform size of
glauconite grains and their surface micropores. Field
experiments were also conducted on the sandy soils of
El-Minia Governorate, Egypt, using the Campanian and
Upper Eocene glauconites collected from El-Bahariya Oasis
and the Abu-Tartur Plateau (Morsy et al., 2016). Six treat-
ment rates of glauconite deposits (0, 2, 4, 6, 8, and
10 ton/feddan) were applied to the sandy soil cultivated with
peas plants. The obtained results indicate the efficiency of
glauconite in enhancing some vegetation parameters (e.g.,
plant height and fresh and dry weight of plant shoots) as well
as increasing the water efficiency use by plants at application
rate of 10 ton/feddan (Table 4).

8 Conclusions and Recommendations

Egypt has considerable accumulations of the Phanerozoic
glauconites reported mainly in El-Bahariya Oasis, the
Abu-Tartur Plateau, west central Sinai, and Fayum Depres-
sion. They are assigned to the Cenomanian, Campanian,
Upper Eocene, and Oligocene ages. The Egyptian glau-
conites are associated with the Tethys sea level changes in

terms of transgression (Cenomanian) and regression (Upper
Eocene and Oligocene). The reported glauconites are con-
densed sections of variable thickness between 7.5 and 25 m.
The present glauconite deposits were subjected to more
detailed geochemical, mineralogical, and beneficiation stud-
ies to reveal their economic potential as alternative potassium
fertilizers. At El-Bahariya Oasis and the Abu-Tartur Plateau,
glauconites form green-yellowish green, friable-moderately
hard, moderately sorted deposits and can be classified as
low–high mature deposits, with K-content varying between
3.12 and 7.3 wt% K2O. Mineralogically, glauconite deposits
comprise 65–75% glauconite pellets together with quartz,
calcite, goethite, gypsum as the main gangues. Although
the Egyptian glauconite deposits are in accordance with the
physical and chemical specifications as an alternative potash
fertilizer, they attract little attention. This is ascribed to
the occurrence of such deposits as overburden covering
the commercial iron deposits in El-Bahariya Oasis and the
mineable phosphorites in the Abu-Tartur Plateau. Egypt has
limited potash resources and depends mainly on the imported
fertilizers to increase the arable areas and secure the food
supplies for the ever-increasing population. Any probable
future control on the imported potash (e.g., the German
control on potash exports in the early twentieth century) will
negatively affect the agricultural activities and crops pro-
duction in Egypt. So, it is the time to investigate and exploit
the alternative K resource for the future potash industry in
Egypt. Glauconites are one of these resources and greatly
eligible for the production of potash fertilizer after the fol-
lowing recommendations:

• First of all, the present glauconite deposits need a sys-
tematic plan to explore and estimate the possible occur-
rences and reserves in other areas of the Western Desert,
Nile Valley, and Eastern Desert.

• Microscopical, mineralogical, and chemical characteri-
zations have to be carefully performed for the discovered
deposits to evaluate the interlocking nature between

Table 4 Comparison between
the efficiency of glauconite
application on some vegetation
parameters in Egypt and the
Western Siberia (after, Morsy
et al., 2016; Rudmin et al., 2019)

Fertilizing rate
(ton/feddan)

Upper Eocene glauconites of Egypt Meso-Cenozoic glauconites of
Western Siberia

Plant height Fresh weight Dry weight Plant height Grain yield

cm R.
C.

g/pot R.
C.

g/pot R.
C.

cm R.
C.

Kg/ha R.
C.

0 66.6 100 24.6 100 2.32 100 69.6 132 1613 118

2 74.0 111 26.3 106 2.78 119

4 75.8 113 29.0 117 2.92 125

6 77.8 116 30.2 122 2.94 126

8 77.6 116 30.5 123 3.03 130

10 78.6 118 32.5 132 3.12 134

Note R.C.— Relative to control

Potential Exploitation of the Phanerozoic Glauconites in Egypt 577



glauconite grains and the associated gangues as well as to
determine the extent to which such deposits are suitable
for potash production.

• A combination of size reduction (−1 mm in diameter) and
high-intensity dry magnetic separation is recommended
for upgrading K-content. Hence, the obtained glauconite
concentrate can be used as a slow-release K fertilizer.

• From another perspective, the concentrated glauconite
can undergo procedures of roast leaching or direct acid
leaching to produce potash fertilizers in the form of
water-soluble K salts (e.g., KCl and K2SO4).
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Phanerozoic Rare Earth Element Resources
of Egypt: Metallogenetic and Mineral
Exploration Constraints

Hamdy Mahmoud Abdalla, Hiroharu Matsueda, Gehad M. Saleh,
and Shunso Ishihara

Abstract

The rare earth element (REE) Phanerozoic rocks in the
Egyptian Arabic Republic can be categorized into four
classes as follows: (1) Mesozoic, anorogenic nepheline
syenite ring complexes with LREE amounting up to
0.5%, particularly in fenitized and carbonatitized parts
(Abu Khruq, Naga, and El Gezira), (2) Anorogenic
post-Cretaceous Y, Th, HREE, and P-enriched, peralka-
line complexes that intrude the Phanerozoic rocks of the
Southwestern Desert with HREE amounting up to 2%
(Gara El Hamra and Nusab El Balghoum), (3) Carbonif-
erous sandstones of Southwest Sinai with conspicuous
xenotime contents attributing up to 0.8% of HREE
(Ramlet Hemyir, Um Hamad, El Adidiya), and (4) Qua-
ternary Littoral black sand deposits at the junctures of the
Nile branches with the Mediterranean Sea. Special
attention will be given for Abu Khruq, Gabal El Gara
El Hamra, Ramlet Hemyir, Um Hamad, and Rosetta.
Gabal El Gara El Hamra (GH) complex is an elliptical
stock of 0.4 � 0.8 km made up of peralkaline
granite-syenite. Considerably anomalous radioactivity
(U and Th reach up to 2800 and 16,500 ppm, respec-
tively) in addition to the rare: Y (up to 62,500 ppm),
HREE (31,580 ppm), Zr (7200 ppm), Nb (710 ppm), Be
(48 ppm), match with these hydrothermally altered zones.
Besides, P and Ba reach up to 67,600 and 16,000 ppm,
respectively. The core of Abu Khruq ring complex
(AK) comprises a crescent-shaped body of nepheline
syenite which has experienced subsolidus metasomatic
reworking. Metasomatic reactions result in sizeable linear

zones of Na-feldaspthized (i.e. albitized), carbonatized
(i.e. development of cancrinite + calcite ± anal-
cite ± sodalite ± natrolite) and reddish, hematitized
nepheline syenite. Anomalous radioactivity as well as
pronounced contents of the rare elements: Zr (up to 4230
ppm), Nb (6130 ppm), U (258 ppm), Th (2060 ppm), Y
(195 ppm), Be (59 ppm), and LREE (4900 ppm) coincide
with these hydrothermally altered zones. Concomitant
enrichment of Na, Ca, S, Cl, CO2, and Sr at early stage
was accompanied by a strong depletion in Al, Mg, K, Ba,
and Rb in these zones at late hematitization stage. This
alteration sequence can be equated with the waning stage
of the alkali metasomatism or “fenitization” typically
associating many carbonatite centres. A striking feature
for the mineralized alkaline ring complexes is the
emplacement of the nepheline syenite at late stage at
their interiors. These complexes themselves are arranged
along tectonic zones trending ENE-WSW and exhibit a
migrating age trend at specified time intervals. In
addition, mineralized nepheline syenite complexes are
highly differentiated, possessing a specialized geochem-
ical signature. The REEs content of Ramlet Hemyir
(RH) and Um Hamad (UH) areas, Southwestern Sinai,
Egypt, bear signatures of paleoplacer xenotime concen-
trations with significant REEs contribution due to
adsorption on clays or scavenging by ferromanganese
materials. Xenotime occurs mostly in clay to silty size
fractions. Close attention should be paid to the Paleozoic
rocks in the Sinai Peninsula, e.g. Um Bogma and Abu
Durba in Southwestern Sinai, and in eastern Sinai at the
Katherine-Nubie Road. The black sand placer deposits at
the outpouring of the River Nile into the Mediterranean
Sea coast contain monazite (up to 0.6%) and other
economic heavy minerals. The distribution of monazite
was found to be largely governed by the accretion/erosion
pattern affecting shore lines. Thus, monazite as do other
dense opaque minerals is largely accumulated as a lag
deposit within erosion areas.
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1 Introduction

The demands for REEs are increasing in importance due to
new technologies and clean energy production. REE’s con-
sumers became aware of possible supply shortages and are
looking for new resources (Takelharal et al., 2016). The four
classes of REE-mineralized Phanerozoic rocks in Egypt are,
namely (1) LREE-enriched, anorogenic Mesozoic nepheline
syenite ring complexes with LREE amounting up to 0.5%,
particularly in their fenitized and carbonatitized parts (Abu
Khruq, Naga, and El Gezira), (2) Y, Th, HREE, and
P-enriched post-Cretaceous anorogenic, peralkaline com-
plexes that intrude the Phanerozoic sedimentary rocks of the
Southwestern Desert with HREE amounting to 2% (Gabal El
Gara El Hamra and Nusb El Balghoum), (3) Carboniferous
sandstones of Southwest Sinai with conspicuous xenotime
contents attributing to up to 0.8% of HREE (Ramlet Hemyir
and Um Hamad), and (4) Black sand placers deposits at the
junctures of the Nile branches with the Mediterranean Sea
(Rosetta). The locations of the investigated resources in
relation to the Pan-African basement complex and the
Phanerozoic cover of Egypt are shown in Figs. 1a and 21.

Focussing on the available information regarding the
tectonic, geological, geochemical, and mineralogical fea-
tures of the known REEs localities in Egypt, the present
article attempts to deduce an up-to-date review of Phanero-
zoic REE resources in Egypt.

Large arrays of granite-syenite complexes are recorded in
both the Southeastern and Southwestern Deserts of Egypt
(Fig. 1b). At the Southeastern Desert, they are intruded into
the Pan-African basement rocks, whereas in the South-
western Desert, they are either unconformably overlain or
frequently intruding the Phanerozoic sediments. The com-
plexes occur as stocks and plugs of alkaline granite and
syenites, some of which exhibit ring structure, whereas the
others are isometric stock-like masses (Abdel-Karim et al.,
2020; Saleh et al., 2021). This is confirmed by spatial and
genetic relationships with the ring complexes and confine-
ment to the same tectonic lineaments.

Some of these alkaline complexes are either LREE min-
eralized, particularly those exhibiting ring structures with
nepheline syenite cores, whereas those occurring in
stock-like masses are typically peralkaline granites and
syenites with HREE-enriched signature.

In the following sections, detailed geological and geo-
chemical overview will be given to the aforementioned four
REE-enriched Phanerozoic rock associations (Gabal El Gara
El Hamra (GH), Abu Khruq ring complex (AK), Ramlet
Hemyir (RH) and Um Hamad (UH), and Rosetta black sands
on the Mediterranean shoreline of Egypt (Figs. 1a and 21).

2 HREE-Mineralized Alkaline Rocks (Gabal El
Gara El Hamra Complex)
(GH) of Southwestern Desert, Egypt

The Phanerozoic alkaline complexes in Southern Egypt are
typically occurring in a definable linear groups or arrays.
These arrays are observed and aligned along major tectonic
lineaments. Obviously, there are two sets of major structural
lineaments. One represents a series of onshore extensions of
transform faults, trending N60°E (Garson & Krs, 1976).
Many of the alkaline complexes are located either along one
of these two trends or at their intersections (GH and Nusab
El Balghoum, NB, Fig. 1c). GH complex is characterized by
development of HREE mineralization (El Agami & Abdalla,
2003; Abdalla, 2006), whereas little enhancement of REE is
recorded associating NB complex (Ibrahim et al., 2015) and
Wadi Natash alkaline volcanics (Ibrahim, 2010). Hence, GH
was selected to throw light on such paragenetic type of REE
mineralization (Fig. 1c).

2.1 Geologic Setting of Gabal El Gara El Hamra
Complex

A TM image of band ratios includes the investigated area
(Fig. 2a) which was used in the regional evaluation for
identification and association of general rock types. A rare
metal-mineralized stock (GH) was discovered at Gabal Gara
El Hamra area during a ground radiometric survey (El
Shazly et al., 1969; Abdalla, 2006).

GH complex is located along an ENE-WSW trending,
right strike-slip fault (Figs. 1c and 2b). The complex is
elongated (stretched) and teared horizontally into two parts,
northwestern and southeastern. The two parts are slipped
against each other for 600 m in the ENE-WSW direction
with a considerable brecciation zone. Moreover, this tectonic
zone seemed to be the WSW extension of the tectonic zone
that encompasses the Um Hibal (223 Ma, Hashad & El
Reedy, 1979) and Trabite North (351 Ma, Serencsits et al.,
1981) alkaline complexes (Abdalla, 2006; Abdalla & El
Afandy, 2003; El Afandi & Abdalla, 2002). According to
Black et al. (1985), Bowden (1985), the occurrence of
alkaline provinces in North Africa is controlled by major
lithospheric weaknesses represented by two major
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megashears and rift zones that transect the African continent.
These megashear zones are the Trans-African Lineament
(TAL, Nagy et al., 1976) which extends from the Niger delta
in Nigeria to the Nile delta in Egypt and the Central African
Lineament (CAL, Brown & Fairhead, 1983) which extends
from the Cameroon volcanic line to the Red Sea Hills in NE
Sudan (Schandelmeier and Pudolo, 1990).

GH complex is an elliptical, S-shaped, subvolcanic
intrusion of 400 � 800 m (Fig. 2c). Field relations indicate
that the evolutionary history of Gabal El Gara El Hamra
complex started with the early extrusion of volcanic pile
(mainly alkaline trachyte and rhyolite porphyry and their
breccia) occurring at the inner parts of the massif. This is
followed by successive intrusion of peralkaline syenites and
subordinate granites. The volcanic pile could represent
domes over small conduits since there are no conspicuous
indications of any unified volcanic structure. Thus, the
extrusion of volcanics may happen from dispersed conduits.
Cross-cutting dykes and apophyses of peralkaline granites
are frequently recorded intruding the syenites. The periph-
eral parts of Gabal El Gara El Hamra complex contain

xenoliths and fragments of the overlying Cretaceous Nubian
sandstone. So, the emplacement of Gabal El Gara El Hamra
complex can be constrained as post-Cretaceous as suggested
by Kamal (2004). Moreover, the forcible effect of intrusion
of Gabal El Gara El Hamra complex resulted into the for-
mation of domal to doubly plunging anticlinal form in the
overlying Cretaceous Nubian sandstone.

2.2 Petrography

GH peralkaline granite-syenite rocks are characterized by
complex textural features of both magmatic and subsolidus
reworking.

GH peralkaline granite is leucocratic, pink, equigranular,
medium- to coarse-grained. It is mainly made up of perthitic
K-feldspar, quartz, aegirine, and riebeckite. Zircon, apatite,
pyrochlore, and Fe-Ti oxides represent accessory minerals.
Alkali feldspar constitutes 60–70 modal% of the rock.
String, ribbon, and patchy exsolved perthites are the domi-
nant perthite texture. Aegirine forms ragged prisms,

Fig. 1 a Location map of Gabal El Gara Hamra (GH), Abu Khruq ring complex (AK), and Ramlet Hemyir (RH) (by HamdyM. Abdalla and GehadM.
Saleh). bDistribution of Precambrian craton, alkaline provinces and Trans-African lineaments in the Northern Africa. Figure 1c is outlined. Also shown
the Central Africa Lineament (CAL) and the Trans-African Lineament (TAL) and their relation to the transform faults of the equatorial Atlantic Ocean
(Schandelmeier & Pudolo, 1990), and c Location of Gabal El Gara El Hamra, (GH), Nasub El Balghoum (NB), peralkaline granite-syenite masses, and
Abu Khruq ring complex (AK), in relation to the alkaline province of southern Egypt (by Hamdy M. Abdalla and Gehad M. Saleh). Locations of other
specialized and/or mineralized nepheline syenite complexes, e. g. Nigrub El Fogani (NF), Naga (NG), and El Gezira (G), are also shown. The areas of
Figs. 2 and 10 are also outlined. Structural elements are from Garson and Krs (1976), Conoco Coral (1987)
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pleochroic in shades of yellowish-green to deep grass-green
(Fig. 3a). Fe-Ti oxides and apatite inclusions are common
within aegirine crystals.

GH syenite is medium- to coarse-grained and pink to red
in colour with hypidiomorphic texture. It is composed of
alkali feldspar, alkali pyroxene, and quartz. Alkali feldspar is
highly turbid and perthitic with exsolved albite phase (An0–
5) exhibiting the ribbon and patchy forms. Flow textures are
frequently remarked and typically trend ENE-WSW. They
are manifested by alignment of feldspar laths and segrega-
tions of aegirine crystals and by interdigitations of the per-
alkaline syenite and granite. Such phenomena indicate that
the two rock types represent synchronous phases of magma
that were controlled by regional structure during their
emplacement. In places, melanocratic patches or clots, 5–10
cm wide, of radiating acicular aegirine crystals exhibiting the
form of brushes and rosettes, are developed. These features
are typical vapour phase phenomena.

Aegirine of Gabal El Gara El Hamra granite-syenite
complex is commonly displaying four styles of zoning,
namely normal, concentric, reverse, and sector (El Agami &

Abdalla, 2003; Abdalla, 2006). In the normally zoned
crystals, the deep-green aegirine core is followed by a
yellowish-green rim. This corresponds to rim-wards
increasing content of Zr and Ti concurrent with depletion
of Fe3+. Some crystals exhibit a concentric pattern of zoning
with a homogeneous grass-green to bluish green core fol-
lowed by successive rims of yellowish-green zoned aegirine
(Ferguson, 1977). In some samples, aegirine crystals turn
black to nearly opaque due to oxidation and hence the
increase of Fe3+ content. Such oxidized aegirine is com-
monly degraded into or replaced by fine-grained zircon,
quartz, and Fe-Ti oxides pseudomorphs.

Late-to post-magmatic development included the forma-
tion of carbonate-fluorite-barite veins as well as deuteric and
hydrothermal reworking of syenite rock particularly at its
apical parts. The contact between fresh and altered syenite is
always gradational. In places, particularly along the
ENE-WSW right strike-slip fault, the altered syenite has
sheared and brecciated contacts against the unaltered variant.

Field observation and microscopic examination revealed
that alteration phenomena are overwhelmed by

Fig. 2 a Landsat image with the S-shaped Gabal El Gara El Hamra complex (by Hamdy M. Abdalla and Gehad M. Saleh) occupying the central
part of the image (See the text for further explanation). b General geological map of Gabal El Gara El Hamra complex with the area of (Fig. 2c) is
also outlined and c Detailed geological map of the hydrothermally altered, northern part of Gabal El Gara El Hamra peralkaline granite-syenite
complex, Egypt
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hematitization which is manifested by reddish-brown col-
oration due to deposition of hydrous ferric oxides. These
oxides occur as coatings on the other minerals and planar
zones of feldspar and alkali pyroxene, microfracture-fillings,
and impregnations (Fig. 3b). Hydrous ferric oxides occur as
amorphous to colloform aggregates. At incipient stage, the
rock is stained red by dust-sized hematite and hydrous ferric
oxides. When the process becomes pervasive, the rock turns
brick-red to orange in colour where the rock-forming min-
erals are strongly leached and replaced by hydrated ferric
oxides. Even pyroxene crystals turn black to nearly opaque
due to the increasing contents of the invading Fe3+-rich
fluids. Hematitization of Gabal El Gara El Hamra alkali

syenite is similar to the alteration phenomena described in
alkali rock associations elsewhere (Le Bas, 1977 “Rodberg
rock”; Andersen, 1984; and Abu Khruq, El Afandi &
Abdalla, 2002; Abdalla, 2006; Saleh et al., 2021).

2.3 Mode of Occurrence of Y, HREE, and Th
Mineralization

Rare metals mineralization recorded in Gabal El Gara El
Hamra altered syenite consists of a variety of exotic, rare
metal-bearing minerals. The degree of alteration directly
affects the content of ore minerals that ranges from 2 to 50%
of the rock volume (Fig. 3b). Generally, the higher the
degree of alteration, the greater potential abundance of rare
metal ore minerals. The principal ore minerals are
arranged according to their abundances as follows: xeno-
time, thorite, zircon, parisite, bastnasite, and pyrochlore.
Scarce grains of gittinsite, gadolinite, and gaggarinite were
also recorded.

Xenotime (YPO4) occurs as greyish to yellowish brown,
stubby bipyramidal crystals with short prisms (Fig. 3b). The
perfect [010] cleavage intersects giving rise to elongated
fractures. Commonly, xenotime occurs as compositionally
homogeneous crystals; with variable optical and chemical
compositions from core towards outer zones are also recor-
ded (Fig. 3b).

Thorite (ThSiO4) occurs as light brown to black, tetrag-
onal prismatic crystals with pinacoid and pyramid forms.
Under crossed nicols, some crystals exhibit a mottled
appearance with both amorphous, isotropic domains inter-
fering with anisotropic and microcrystalline areas. Corroded
and resorbed xenotime crystals are commonly mantled by
thorite overgrowths. This thorite overgrowth, which is pre-
sumably epitaxic, occurs as irregular zones reaching a
maximum width of 50 µm. Heterogeneous thorite exhibits
variable optical characteristics due to the inclusion of vari-
able contents of Zr, Y, U, and HREE.

Zircon occurs as brownish crystals, optically anomalous,
possessing a zonal structure with almost translucent to iso-
tropic zones.

Parisite occurs as yellowish to reddish pseudo-hexagonal
crystals with good [0001] cleavage. The crystal exhibits the
doliform habit due to the extreme development of steep
dihexagonal pyramids of prismatic appearance. Bastnasite
(Ce, La, Nd)CO3F) occurs as orange to reddish-brown,
hexagonal plates (dimensions are thin in one direction).
Bastnasite, parisite, and fluorite occur essentially as micro-
scopic veinlets.

Pyrochlore occurs as small (< 100 µm) yellowish brown,
rounded to octahedral crystals. Some grains exhibit a radial
fracture pattern manifesting the existence of radioelements
within the pyrochlore of GH altered syenite.

Fig. 3 Textural and mineralogical characteristics of Gabal El Gara El
Hamra mineralization. a Photomicrograph showing aggregates of
acicular to prismatic pleochroic aegirine crystals clustered in feldspathic
matrix, fresh syenite of Gabal El Gara El Hamra (Polarized light). Zoned
aegirine (ZA) crystals are also shown. Notice the long unidentified REE
mineral (REE) is also shown (by Hamdy M. Abdalla and Gehad M.
Saleh) and b photomicrograph of pervasively deep brown, hematitized,
and mineralized syenite with hydrated ferric oxides (H) filling voids and
exhibiting the colloform texture (crossed polars) (by Hamdy M. Abdalla
and Gehad M. Saleh). Ferric oxides occur as coatings on the other
minerals and cleavage planes of xenotime mineral (X). Xenotime
reaches 50 modal% of the rock with crystals exhibiting zonal growth
with core (XC) and rim (XR); see the text for further discussion
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2.4 Mineral Chemistry

2.4.1 Essential Minerals

(i) Feldspars
The alkali feldspars were detected to possess a
restricted compositional range in both GH peralkaline
granites and syenites, i.e. between Or74Ab25An1 and
Or79Ab20An1).

(ii) Alkali pyroxene
The general pyroxene formula is X Y Z2 O6 in which X
position is occupied by Ca, Na, and little Mg, Fe 2+,
Mn; Y = Mg, Fe 2+, Fe 3+, Al, little Ti and Zr; and
Z = Si and little Al, as GH peralkaline granite-syenite
complex contains Na-enriched pyroxenes with appre-
ciable amount of Fe as Fe3+. Following Bonin and
Giret’s (1985; 1990) ternary Ac-Hd-Di end members
scheme, aegirine of GH syenite ranges between
Di1Hd16Ac83 and Di0Hd5Ac95, where Di, Hd, and
Ac refer to the diopside, hedenbergite, and acmite end
members, respectively. Worthy to note that aegirine of
Gabal El Gara El Hamra syenite contains enhanced
contents of Ti and Zr. The TiO2 and ZrO2 contents may
reach 0.9 and 0.31%, respectively. The optically
detected zoning in aegirine of GH complex was
ascertained by electron probe micro-analyser (EPMA)
analysis (Table 1).

2.4.2 Ore Minerals

(i) Thorite
The average composition of thorite of GH altered
syenite is given in Table 1 and Fig. 4. The data points
for selected thorite analyses depict the existence of
two solid solution phases of thorite-xenotime and
thorite-zircon due to the inclusion of variable contents
of HREE, Y, P, and Zr.

(ii) Xenotime
However, some xenotime contain appreciable con-
tents of U and Th through minor substitution with
other end members, e.g. thorite and coffinite (Forster,
1998). The HREEPO4 component of xenotime of the
GH altered syenite ranges between 22 and 43 mol%.
Moreover, the proportion of YPO4 correlates inver-
sely with the HREE component. High HREE content
in GH xenotime is closely similar to those of A-type
granitoids (Forster, 1998). This heterogeneity consti-
tutes either concentric core-rim zonation or irregular
domains distributed within host crystals. The rim is

frequently enriched in HREEPO4 component relative
to the core (Table 1 and Figs. 4 and 5).

(iii) Zircon
Zircon of Gabal El Gara El Hamra altered syenite is
characterized by moderate contents of Y, U, and Hf.
However, Th and HREE occur in appreciable contents
(Table 1 and Fig. 4) reflecting the probable formation
of solid solution phases of zircon-thorite series.

(iv) Pyrochlore
Pyrochlore is a group of minerals possessing the
general formula of A2-m M2O6(O, OH, F)n. pH2O,
where A = Na, Ca, Sr, Ba, Fe2+, U, Th, and REE;
M = Nb, Ti, Ta, and Zr, with the current limits of
m = 0–2; n = 0–1 and p = 0–? (Foord, 1982; Hog-
garth, 1977, 1989). GH pyrochlore is typically enri-
ched in LREE (Table 1).

(v) Bastnasite and Parisite
Bastnasite and parisite belong to the same group of
REE-fluorocarbonate minerals. They are intimately
associating each other, even in syntaxic intergrowth,
in most REE paragenetic assemblage. According to
Ni et al. (1993), these minerals consist of layers of
REEF, CO3, and CaCO3 in the ratio of 1:1:0 (bastn-
asite) and 2:2:1 (parisite). Characteristically, GH
parisite and bastnasite are enriched in middle REE
(e.g. Sm and Nd), Y, and to some extent in HREE
(Table 1).
The minerals of zircon, thorite, and xenotime possess
the ABO4 structure type. Thus, the kind of association
of thorite and xenotime is presumably possible
because of the similar cell dimensions and isostruc-
tural relationship between these groups of minerals
(Speer, 1982a and b). Worth to note that thorite of
Gabal El Gara El Hamra altered syenite is strongly
depleted in U (average UO2 wt.% is 2.14), although
this mineral is structurally tolerant towards cationic
substitution of U. This may indicate that different
behaviours for Th and U were exhibited during the late
evolution of El Gara El Hamra peralkaline magma.
Pronounced substitution of Th and U was detected in
the GH xenotime. According to (Van Enden et al.,
1997), two solid solution substitution mechanisms
could be involved:

REE;Yð Þ3þ þ P5þ $ Th;Uð Þ4þ þ Si4þ ð1Þ

or 2 REE;Yð Þ3þ$ U;Thð Þ4þ þCa2þ ð2Þ

Clustering of data point of Gabal El Gara El Hamra
xenotime along the vector (Th, U) SiREE−1P−1, Fig. 4,
confirms the dominant role of the first substitution scheme
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Table 1 Average chemical compositions of aegirine and ore minerals recorded in Gabal El Gara El Hamra altered syenite, Egypt (El Agami &
Abdalla, 2003; Abdalla, 2006)

No.* 1 2 3 4 5 6 7 8 9 10 11

Nb2O5 – – – – – – – 57.50

Ta2O5 – – – – – – – 3.50

P2O5 32.57 34.95 32.15 2.24 0.65 _ 0.01 0.20

SiO2 1.99 2.96 1.91 13.12 30.05 0.52 0.33 – 52.80 52.32 52.95

ZrO2 0.01 0.01 0.02 3.92 60.03 – 0.01 – 0.21 0.16 0.31

HfO2 – – – 0.40 1.60 – – –

TiO2 – – – 0.03 0.02 – 0.02 3.20 0.53 0.34 0.91

ThO2 1.88 3.90 1.90 70.90 3.50 0.53 0.40 1.51

UO2 0.54 0.80 0.50 2.14 0.50 0.46 0.52 5.22

Y2O3 33.86 30.41 27.53 3.68 1.40 2.42 6.51 2.82

La2O3 0.01 – – 0.01 0.01 18.10 17.31 3.21

Ce2O3 0.01 – – 0.01 0.02 32.51 32.74 7.43

Nd2O3 0.02 0.01 0.01 0.01 0.02 9.54 8.92 3.50

Sm2O3 0.02 0.02 0.04 0.03 0.03 1.11 1.30 0.54

Gd2O3 4.16 4.11 4.90 0.78 0.06 0.28 0.85 0.53

Tb2O3 0.92 0.95 1.10 0.20 0.12 0.25 0.31 0.20

Dy2O3 5.84 5.10 6.50 0.90 0.25 0.62 0.91 0.40

Ho2O3 1.26 1.03 2.10 0.15 0.11 0.20 0.31 0.12

Er2O3 5.74 5.90 6.53 1.02 0.30 0.43 0.82 0.20

Tm2O3 1.00 1.10 1.20 0.17 0.18 0.25 0.42 0.15

Yb2O3 7.29 7.90 9.50 0.40 0.25 0.46 0.51 0.40

Lu2O3 1.31 1.90 2.10 0.12 0.18 0.18 0.21 0.20

Al2O3 – – – 0.01 0.01 – – – 0.18 0.15 0.15

FeO** 0.02 0.02 0.01 0.40 0.81 0.12 0.41 1.31 31.01 32.00 30.91

MnO 0.01 – 0.01 – 0.01 – – 0.01 0.25 0.18 0.20

MgO – – – – – – – – 0.28 0.26 0.22

CaO 0.30 0.38 0.25 0.80 0.40 7.16 0.82 3.51 0.50 0.42 0.31

Na2O – – – – – – – 1.22 12.54 12.41 12.61

CO2*** 21.22 22.57

F 6.41 6.53 4.63

_F = O 2.69 2.74 1.94

Total 98.76 101.46 98.26 101.44 100.51 100.00 100.00 99.57 98.31 98.24 96.57

No. of
cations****

P 3.855 4.024 3.835 0.102 0.017 P 0.000 0.002 Si 0.000 Z Si 2.148 2.165 2.174

Si 0.278 0.403 0.269 0.704 0.957 Si 0.050 0.092 Th 0.023 Al-iv 0.000 0.000 0.000
P

B 4.133 4.427 4.104 0.806 0.974 U 0.079 Al-vi 0.009 0.007 0.007

Zr 0.001 0.001 0.002 0.102 0.935 Zr 0.000 0.001 Y 0.102 Zr 0.004 0.003 0.007

Hf 0.000 0.000 0.000 0.006 0.014 Hf 0.000 0.000 La 0.080 Y Ti 0.017 0.011 0.029

Th 0.060 0.121 0.061 0.877 0.024 Th 0.011 0.025 Ce 0.185 Fe* 1.056 1.055 1.077

U 0.017 0.024 0.016 0.026 0.003 U 0.010 0.032 Nd 0.085 Mn 0.009 0.006 0.007

Y 2.519 2.280 1.992 0.105 0.023 Y 0.124 0.968 Sm 0.012 Mg 0.005 0.004 0.004

La 0.001 0.000 0.000 0.000 0.000 La 0.644 1.783 Gd 0.012 Mg 0.000 0.000 0.000

Ce 0.001 0.000 0.000 0.000 0.000 Ce 1.147 3.348 Dy 0.009 Ca 0.023 0.019 0.014

(continued)
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which reflects the existence of solid solution between
xenotime and thorite-coffinite (Van Enden et al., 1997).
However, only one point is shifted towards the vector (U,
Th)CaREE−2 indicating the minor role of the second
substitution scheme which reflect the probable existence of
limited solid solution between xenotime-barbantite and its
uranium equivalent.
It is distinguished that GH pyrochlore is enriched in U, Th,
Y, and to some extent HREE (Table 1). Moreover, parisite
and bastnasite are also characteristically enriched in middle
REE (e.g. Sm and Nd), Y, and to some extent in HREE, U,
and Th (Table 1).

2.5 Rock Geochemistry

Average major and trace element contents for GH granite,
syenite, and related alteration facies are given in Tables 2
and 3. The investigated rocks are typically peralkaline (with
alumina saturation and peralkalinity molar indices, ASI =
Al/(Na + K + Ca) < 1 and AI = Al/(Na + K) < 1, Fig. 6).
High normative quartz, albite, and K-feldspars (the three
components sum 80–90%) of the investigated rocks coupled
with the characteristically low abundance of anorthite (< 3
norm%) justify using the quartz-orthoclase-albite eutectic
granite system for estimating their crystallization paths. On

Table 1 (continued)

No.* 1 2 3 4 5 6 7 8 9 10 11

Nd 0.002 0.001 0.001 0.000 0.000 Nd 0.329 0.900 Er 0.004 X
Na

0.982 1.015 1.009

Sm 0.001 0.001 0.002 0.000 0.000 Sm 0.036 0.125 Yb 0.008

Gd 0.193 0.185 0.229 0.014 0.001 Gd 0.009 0.079 Lu 0.004

Tb 0.042 0.042 0.051 0.004 0.001 Tb 0.008 0.028 Fe* 0.074

Dy 0.263 0.223 0.295 0.016 0.003 Dy 0.019 0.082 Ca 0.256

Ho 0.056 0.045 0.094 0.003 0.001 Ho 0.006 0.028 Na 0.159

Er 0.252 0.252 0.288 0.017 0.003 Er 0.013 0.072
P

A 1.092

Tm 0.044 0.047 0.053 0.003 0.002 Tm 0.007 0.037 Nb 1.772

Yb 0.311 0.328 0.408 0.007 0.002 Yb 0.013 0.043 Ta 0.065

Lu 0.055 0.078 0.089 0.002 0.002 Lu 0.005 0.018 Ti 0.164

Fe* 0.002 0.001 0.001 0.013 0.021 Fe* 0.010 0.096
P

M 2.000

Ca 0.045 0.055 0.400 0.043 0.013 Ca 0.740 0.245 O 5.832
P

A 3.865 3.684 3.982 1.238 1.048 C 2.794 8.608 F 0.998

F 1.954 5.768
P

O + F 6.830

*Column nos. are average analyses of: 1 = xenotime; 4 = thorite; 5 = zircon; 6 = parisite; 7 = bastnasite; 8 = pyrochlore, and 9 = aegirine.
However, column nos. 2 and 3 refer to the core and rim of xenotime crystal; 10 and 11 refer to the core and rim of aegirine crystal, respectively
**Total Fe is determined as FeO
***CO2 is calculated to sum of 100%
****No. of cations are based on 4O for both of zircon and thorite; 16O for xenotime; 11(O + F) for parisite; 32(O + F) for bastnasite; 6 O for
aegirine; and based on M = 2 for pyrochlore
The blank sites mean no determination, whereas (–) means below detection limit

Fig. 4 Distribution of formula proportions (U + Th + Si) versus (HREE + Y + P) in xenotime, thorite, and zircon of Gabal Gara El Hamra
altered syenite. Cation proportions calculated on basis of 4 oxygen for both of zircon and thorite and 16 O for xenotime
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the Qz–Ab–Or haplogranite system, Fig. 7, the plot of Gabal
El Gara El Hamra granite-syenite rocks defines a continuous
linear trend close to the thermal valley and down the granite
minima, i.e. parallel to the general trend of feldspar cotectics
from c. 35% or on the Ab–Or join towards Qz apex. The
bulk compositions of GH complex follow the trend expected
of magmatic evolution of a syenitic parental melt on the Ab–
Or side towards the H2O-saturated minima at confining
pressure. However, the altered samples are largely shifted
away from the melt minima (largely towards the Ab–Qz
side) manifesting the role of subsolidus reactions that affect
the feldspar assemblage. The field of Um Hibal Zr-,
Nb-mineralized peralkaline pegmatites (Abdalla & El
Afandy, 2003) lies in the Southeastern Desert (* 70 km SW
of Aswan city) on the extension of GH fracture zone.

Both of GH granite and syenite are characterized by the
enrichment of many large ion lithophile elements (LILE),
e.g. Ba, Rb, and high field strength elements (HFSE), e.g.
Zr, Hf, Nb, Ta, and REE clearly reflecting their alkaline
character (Tables 2 and 3). The alkaline nature is also
ascertained by low Ca, Mg, and Sr contents.

GH peralkaline granite and syenite show closely similar
chondrite-normalized REE patterns (Fig. 8), but syenite is
considerably more enriched in total REE content. This
manifests that these rocks are genetically related and evolved
from the same magma source. The LREE/HREE ratio
averages 0.06, 0.06, and 0.27 in the granite, fresh syenite,
and altered syenite facies, respectively, manifesting prefer-
ential enrichment of HREE (Gd, Tb, Tm, Er, Ho, Yb, and Lu
which constitute between 60 and 90% of the total REE).
However, a moderate Eu anomaly (0.46) is observed in the
altered syenite facies.

Moreover, the intensity of the tetrad effect for REE pat-
terns was calculated for either fresh granite-syenite complex
or the hydrothermally altered syenite facies (Table 3). Both

the granite and fresh syenite display a non-significant to
moderate tetrad effect; meanwhile, the altered syenite exhi-
bits a pronounced significant tetrad effect (TE1,3 = 1.24).

Comparison of the REE normalized pattern of GH per-
alkaline syenite and granite with that of Um Hibal miner-
alized peralkaline granite-pegmatites reveals contrasting
types (Fig. 8). GH complex exhibits a pronounced
HREE-enriched pattern, whereas Um Hibal rock (Nb,
Zr-enriched)-association displays a positive distribution
pattern with marked LREE-enriched signature.

Ratios of geochemically coherent and antipathetic ele-
ment pairs such as Zr/Hf, Nb/Ta, and Th/U can be used as
indicators for the evolution of felsic rocks and related rare
metal mineralization. Because of the marked incompatibility
of Ta, Hf, and U, the aforementioned ratios tend to decrease
in crustal phases crystallizing at late stage. Thus, the higher
and nearly constant of Zr/Hf, Nb/Ta, and Th/U ratios in GH
fresh syenite and granite, Tables 2 and 3, reflects a primitive
fractionation level of the elements Ta, Hf, and U which is a
characteristic feature for the mantle-derived rocks (Cerny
et al., 1985; Batchelor and Bowden, 1985) (Fig. 9).

Among all petrotectonic associations, alkaline igneous
rocks (including those of carbonatites) are the most enriched
in HFSE and are frequently potential repositories of deposits
of these metals (e.g. Lovozero massif, Russia (Kogarko,
1980); Ilimaussaq and Narsarssuk, Greenland (Karup-
Moller, 1978), Arabian Shield, (Drysdall et al., 1984;
Jackson & Douch, 1986; Hackett, 1986; Harris et al., 1986)).
This can be attributed to the increasing of depolymerization
degree of alkaline melt as the result of existence of elevated
contents of alkalis and anhydrous volatile phases (e.g. CO2,
F−, and Cl−). These components increase the solubility of
HFSE via complexing them with alkali-silicate complexes
and/or alkali-fluoride complexes (Watson, 1979). The effects
of late-stage fluids in some alkaline rocks have been
described elsewhere (Gardar province, Greenland, Markl,
2001; Marks et al., 2003).

Many studies on the mineralized alkaline rocks revealed
that F-rich aqueous solutions have the capacity to remobilize
and redistribute the HFSE and REE’s (Boily &
Williams-Jones, 1994; Ngwenya, 1994; Salvi et al., 2000)
and hence resulted into rare metal concentration during
post-magmatic alteration. The stability of F-complexes
increases from the LREE towards the HREE (Wood,
1990). The conspicuously low LREE/HREE ratio in GH
altered syenite coupled with the high F contents in the fresh
and altered syenite (Table 2) manifests the dominant role of
F in mobilization of HREE via hydrothermal fluids.

According to the experimental data of (Wood, 1990;
Giere & Williams, 1992), F− and CO3

2− form the strongest
complexes with REE. Yttrium behaves like HREE in
F-dominated solutions, whereas in carbonate-rich solutions,
it behaves more like the LREE (Bau and Dulski, 1995).

Fig. 5 Compositional range of xenotime of Gabal El Gara El Hamra
altered syenite in terms of mole % HREEPO4 versus YPO4
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Table 2 Averages and ranges of major and trace element contents of Gabal El Gara El Hamra peralkaline complex, Egypt (El Agami & Abdalla,
2003; Abdalla, 2006)

Major oxides (Wt.%) Fresh Altered Peralkaline

Syenite Syenite Granite

SiO2 65.08 60.88 73.15

62.81–66.22 60.31–62.72 72.13–74.20

TiO2 0.40 0.17 0.21

0.31–0.52 0.12–0.22 0.18–0.25

Al2O3 13.98 6.75 11.17

13.61–14.35 5.91–7.55 10.96–11.42

Fe2O3* 4.84 10.55 3.80

3.80–5.41 9.12–12.73 3.10–4.60

MnO 0.07 0.11 0.09

0.03–0.10 0.01–0.22 0.06–0.10

MgO 0.11 0.19 0.05

0.03–0.21 0.15–0.23 0.02–0.08

CaO 0.79 1.20 0.48

0.49–0.95 0.49–1.83 0.39–0.54

Na2O 5.34 3.15 4.30

4.10–5.95 2.71–3.34 3.85–4.65

K2O 5.92 2.98 4.95

4.90–6.91 1.86–5.25 4.80–5.35

P2O5 0.20 3.06 0.15

0.10–0.25 0.92–6.76 0.12–0.18

H2O 0.62 4.18 0.70

0.42–0.91 2.23–5.31 0.51–0.83

CO2 0.18 0.31 0.20

0.12–0.26 0.22–0.43 0.14–0.28

Total 97.53 93.53 99.25

F 2460.0 8530.0 2080.0

2050.0–2600.0 5350.0–11,300.0 1650.0–2400.0

Trace elements (ppm)
Li

50.0 60.0 43.0

40.0–57.0 45.0–80.0 38.0–50.0

Be 6.0 38.0 4

4.0–10.0 27.0–48.0 3.0–5.0

Rb 125.0 161.0 140.0

90.0–160.0 110.0–260.0 110.0–195.0

Ba 120.0 11,250.0 160.0

78.0–180.0 7400–16,000 89.0–220.0

Sr 42.0 119.0 50.0

38.0–45.0 78.0–200.0 45.0–59.0

Zr 580.0 3400.0 515.0

390.0–700.0 900.0–7200.0 380.0–620.0

Hf 15.7 89.5 13.7

10.5–19.0 24.0–185.0 10.2–16.5

(continued)
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Thus, the abundantly developed xenotime (up to 50% by
mode of the rock) and its accumulation in the form of clots
(1–3 cm wide, Fig. 3b) confirm the speciation of Y and
HREE to an orthomagmatic F− and P-rich fluid in which the
HREE fluoro complexes are most stable (Haas et al., 1995).
Besides, an increase in the stability of REE2H2PO4

2+ com-
plexes with increasing temperature is predicted, above
approximately 150 °C, (Haas et al., 1995).

The late-stage formed bastnasite and parisite veinlets also
confirm the preferential removal of LREE in a
carbonate-dominated fluid. The similarity of REE patterns of
both fresh and hydrothermally altered syenite (Fig. 8a–c)
may indicate that the hydrothermal fluid originated as a
residual aqueous phase from evolved alkali syenite crystal-
lization. Moreover, the tetrad effect detected in GH altered
syenite (Table 3) has been recognized in granitic rocks
which have undergone high degree of fractional crystalliza-
tion, hydrothermal alteration, and mineralization (Bau, 1996;
Irber, 1999; Jahn et al., 2001; Monecke et al., 2002). The
detected cerium anomaly (i.e. Ce/Ce* = 1.27, Table 3) in the
altered syenite may confirm the higher fO2 under which the
alteration process had undertaken. Besides, the relative Eu
enrichment in the altered syenite, as manifested by the
weakness of Eu anomaly, can be also reasoned due to

desorption of Eu released from feldspar alteration in the
oxidized mineralizing fluids (Bau & Moller, 1992).

Moreover, rapid focussed release of such fluids brought
about brecciation of the solidifying peralkaline
granite-syenite magma which provided additional sites for
localizing the mineralization.

2.6 Petrotectonic Setting, Mineralization Type,
and Metallogenesis

The confining of alkaline rocks of anorogenic setting to
lines of weakness and tectonic zones together with its
repeated implies a tectonic control by the underlying
lithosphere for their magma production. Figure 1c shows
that Gara El Hamra complex (post-Cretaceous) and Um
Hibal peralkaline granite-pegmatite complex (223 Ma;
Hashad & El Reedy, 1979) are all located along an
ENE-WSW trending zone. According to (Garson & Krs,
1976), the age of the ENE-WNW block faulting is not
constrained, but it was probably initiated in the Precam-
brian and rejuvenated during the intrusion of the alkaline
ring complexes during the time of Permian-early to late
Cretaceous and Cenozoic.

Table 2 (continued)

Major oxides (Wt.%) Fresh Altered Peralkaline

Syenite Syenite Granite

Y 180.0 28,937.0 142.0

125.0–240.0 8730.0–62,500.0 115.0–162.0

Nb 198.0 470.0 150.0

144.0–295.0 290.0–710.0 130.0–184.0

Ta 13.7 32.5 10.2

9.6–26.0 19.8–48.0 8.7–12.1

Ga 31.0 35.0 34.0

24.0–38.0 27.0–40.0 28.0–40.0

U 9.0 1278.0 5.0

3.0–15.0 330.0–2800.0 4.0–9.0

Th 43.0 10,725.0 21.0

15.0–75.0 4900.0–16,500.0 16.0–33.0

Th/U 4.6 10.8 4.3

3.8–5.4 5.1–14.9 3.3–5.0

Zr/Hf 37.0 37.5 37.5

36.8–37.1 36.8–38.9 37.3–37.6

Nb/Ta 14.5 14.6 14.9

14.1–15.0 13.6–15.8 14.7–15.2

Number of samples analysed is 4 for each rock type
Major oxides are in wt.%, and trace elements are in ppm
*Fe2O3: Total iron as Fe2O3
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Table 3 Average, range, and ratios of rare earth element contents in Gabal El Gara El Hamra peralkaline complex, Egypt (Abdalla, 2006)

Rare earth elements (ppm) Fresh Altered Peralkaline

Syenite Syenite Granite

La 18.2 427.8 13.8

15.0–20.4 146.0–688.0 12.0–16.0

Ce 46.0 1592.5 25.8

38.0–51.0 520.0–2600.0 24.0–28.0

Pr 8.2 232.5 2.8

6.9–8.1 70.0–360.0 2.6–3.1

Nd 39.3 1170.0 18.9

37.0–45.0 330.0–1900.0 16.6–25.2

Sm 44.2 637.5 17.8

25.3–57.0 180.0–1200.0 14.0–28.0

Eu 2.2 166.0 1.7

1.9–2.8 47.0–330.0 1.6–1.8

Gd 127.0 1860.0 81.9

112.0–140.0 560.0–3800.0 74.5–92.0

Tb 50.1 602.5 17.9

37.2–60.0 170.0–1200.0 13.5–27.0

Dy 662.5 4875.0 238.0

420.0–980.0 1400.0–10,000.0 162.0–430.0

Ho 202.3 1157.5 119.5

165.0–271.0 360.0–2400.0 96.0–165.0

Er 676.3 3525.0 323.0

560.0–945.0 1000.0–7300.0 281.0–412.0

Tm 82.0 540.0 45.7

78.1–85.0 160.0–1100.0 42.3–47.1

Yb 710.5 2591.0 384.5

680.0–750.0 704.0–5130.0 335.0–520.0

Lu 126.8 342.8 94.0

111.2–140.0 96.0–650.0 75.0–130.0
P

REE 2796 19,720 1420

2332–3439 5743–38,217 1144–1921
P

LREE 157 4226 82

128.6–181.3 1293–6637 74.6–98.0
P

HREE 2616 15,494 1323

2203–3288 4450–31,580 1069–1823
P

LREE/
P

HREE 0.06 0.27 0.06

0.04–0.07 0.21–0.35 0.05–0.06

(La/Yb)N 0.02 0.11 0.03

0.02 0.07–0.18 0.02–0.03

Eu/Eu* 0.09 0.46 0.14

0.07–0.11 0.44–0.47 0.1–0.2

Ce/Ce* 0.94 1.27 0.81

0.66–1.07 0.97–1.4 0.71–0.87

TE1,3 1.13 1.24 0.73

0.88–1.4 1.2–1.33 0.4–0.85

TE1,3 = degree of tetrad effect calculated according to (Irber, 1999)
The Eu and Ce anomalies are calculated as Eu/Eu* = Eu/Euch./(Sm/Smch. x Gd/Gdch.)0.5 and Ce/Ce* = Ce/Cech./(La/Lach.)2/3 (Nd/Ndch.)1/3,
respectively
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Bonin (1986) reported three possibilities to account for the
distribution of alkaline complexes, namely distension and
formation of a rift; hot spot above plume and lithospheric
shearing. In the third setting, major shear zones exist which
affect the whole extent of lithosphere, and the anorogenic
alkaline magmas collect together at the level of pre-existing
fractures which are conjugately linked to the direction of
shear zones. This is most probably the setting for emplace-
ment of Um Hibal- Gabal El Gara El Hamra complexes along
the ENE shear zone with WSW age migration. Serencsits

et al. (1979, 1981) were the first to recognize the periodicity
of intrusion of alkaline complexes in Egypt through specified
time span (every 52 Ma). They added that some of these
cycles are either not represented by intrusives or such intru-
sives were formed but do not crop out on the present-day
surface of erosion. The periodicity of alkaline rocks is most
probably compared with the reverse of motion along this
shear system particularly in the early and late Cretaceous
(Schandelmeier and Pudolo, 1990). Such reversal movement
could trigger off partial melting in the mantle (Black et al.,
1985; De Gruyter & Vogel, 1981).

Worthy to note that the ages of Um Hibal (223 Ma) and
Gabal El Gara El Hamra (post-Cretaceous) are correspond-
ing to Cretaceous and early Cenozoic time span, coinciding
with late Paleozoic-late Mesozoic ring complexes of Nigeria
and Niger. According to El Afandi and Abdalla (2002) and
Abdalla and El Afandy (2003), the ENE-WSW trending
tectonic zone appears to have much control on the localizing
of the mineralized alkaline centres. Worth noting that the
mineralized alkaline granites province of Nigeria exhibits a
migrating ages from north to south at more or less fixed time
intervals (Bowden et al., 1984). Hence, it is suggested that
more attention should be paid for detailed exploration for the
alkaline complexes lying along the ENE-WSW trending
shear zones, e.g. those comprising Gabal El Gara El Hamra
and Um Hibal (Fig. 1c). So, an important exploration
parameter for recognizing such mineralized alkaline com-
plexes is to record the progressive uplift ages over
Phanerozoic time.

Close look at Figs. 7 and 8 indicates that the specialized
and/or mineralized A1-alkaline rock associations could be
possibly discriminated into two types.

(a) Um Hibal type
This type includes the peralkaline, A1-type
granite-syenite associations and distinguished by the
specialized geochemical signature of Zr, Nb, Th, and
LREE. This type is also characterized by the presence
of the zircon and pyrochlore mineralization. According
to Abdalla and El Afandy (2003), the alkaline granites
of Zarget Naam, Tarbite North and South, and Um
Hibal possess the characteristics fitting to this special-
ized type.

(b) Gabal El Gara El Hamra type
This type is also included in the peralkaline, A1-type
and can be distinguished by the specialized geochemi-
cal signature of Y, Th, HREE, and P. It appears that GH
and the post-cretaceous peralkaline complexes that
intrude the Southwestern Desert (Fig. 1c) are all
belonging to this class.
The high F contents of Gabal Gara El Hamra complex
manifest the F-enriched nature of the syenitic magma in

Fig. 6 Plot of agpacity versus peraluminousity indices (molar ratios)
for Gabal El Gara El Hamra. Discrimination fields for different rock
types are from (Manair & Piccoli, 1989)

Fig. 7 Qz–Ab–Or plot showing the normative compositions of Gabal
El Gara El Hamra peralkaline syenite-granite complexes. The stippled
area encompasses the field of mineralized peralkaline pegmatites from
Um Hibal area (Abdalla & El Afandy, 2003). The 1 and 5 kb cotectic
surfaces (Tuttle & Bowen, 1958); the feldspar cotectic for An3 (shown
as arrows indicating the downward slope of the liquids surface, and the
location of thermal trough (Carmichael & Mackenzie, 1963))
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this element. The experimental work of (Flynn & Burn-
ham, 1978) has demonstrated that LREE is fractionated
into Cl−-bearing fluids, whereas HREE is stabilized by

F−-or CO3
2−-rich fluids. Thus, the aforementioned two

peralkaline rock associations (i.e. UmHibal and Gabal El
Gara El Hamra types) are products of volatile system
dominated by Cl− and F−/CO3

2−, respectively. Although
the role of both F− and Cl− in deriving Um Hibal peral-
kaline mineralized granite-pegmatite system was dis-
cussed by Abdalla and El Afandy (2003), yet, it seems
that both F− andCO3

2−were themajor components of the
volatile system prevailed during the petrogenesis of
Gabal Gara El Hamra type.

3 LREE-Mineralized Nepheline Syenites (Abu
Khruq) (AK) Ring Complexes, Egypt

The Abu Khruq ring complex (AK) is a member of a group
of complexes that display typical rings, conical or stock-like
bodies, a prominent, clearly defined ring structure, and
intrusions of nepheline syenite at their centres. Along with
Abu Khruq, Nigrub Fogani, El Gezira, and El Naga are also
members of this group (Figs. 1c, 15a and b). These com-
plexes have comparable levels of magmatic differentiation,
which is evident in the different types of rocks that they
contain. With a 7 km diameter, Abu Khruq's centre is shaped
like a circle. Alkaline volcanic and plutonic rocks make up
its suite (mainly alkali gabbro, syenite, and nepheline

Fig. 8 REE distribution patterns of Gabal El Gara El Hamra peralkaline granite (a), syenite (b), and altered syenite facies (c) and (d). Notice that
the pattern of Um Hibal peralkaline, Zr–Nb-mineralized granitic pegmatite association, (Abdalla & El Afandy, 2003) is shown for comparison

Fig. 9 R1-R2 diagram (in millications), illustrating the fractionation
trend exhibited by Gabal El Gara El Hamra peralkaline syenite-granite
complex. The diagram is adapted from Bowden et al. (1984), Batchelor
and Bowden (1985) for volcanic and high-level intrusive alkaline rock
series. The arrows indicate fractionation trends in different alkaline rock
associations
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syenites). Numerous petrographic indicators show that
hydrothermal alteration processes affected nepheline syenite,
resulting in high concentrations of rare metals, including Nb,
Ta, Zr, Hf, Y, Be, LREE, and the radioelements: U and Th
(El Afandi & Abdalla, 2002; Hussein, 1990).

3.1 Geological Setting of Abu Khruq Ring
Complex

The locations of the alkaline ring complexes in the South-
eastern Desert province of Egypt are controlled by two sets of
major structural lineaments trending ENE-WSW and NW–

SE (Garson & Krs, 1976 Vail, 1985; Saleh et al., 2021).
The TM image of band ratios covers a major part of Abu

Khruq area as shown in Fig. 10a. Field relations indicate that
the evolutionary history of Abu Khruq started (Fig. 10b) with
major early volcanic activity (mainly alkaline trachyte and

rhyolite porphyry and their breccia) occurring at the centre of
the ring. This is followed by cauldron subsidence associated
with the successive intrusion of alkali gabbro, quartz syenite
(oversaturated), alkaline syenites (saturated), and nepheline
syenite (undersaturated). Alkali and nepheline syenites, which
occupy the core of Abu Khruq ring, are separated from quartz
syenite, which lies on the circumference (outer ring) of the
massif, by a large annular wadi. The quartz syenites form
incomplete circle along the country rock contact of the massif
(small part of which is shown in (Fig. 10c).

K–Ar age of Abu Khruq is established by (Serencsits et al.,
1981) at 90 ± 2 and 89 ± 2 Ma (late Cretaceous) for biotite
from alkali gabbro and nepheline syenite, respectively. This
age is consistent with Rb/Sr dating obtained by Lutz et al.
(1988).The indistinguishable ages of the different units of Abu
Khruq indicate that various lithologies are cogenetic and that
the nepheline syenite is likely representing the product of
fractionation of mildly alkaline mafic magma.

Fig. 10 a Landsat image with the Abu Khruq (AK) ring complex (by Hamdy M. Abdalla and Gehad M. Saleh). The annular structure with
nepheline syenites core is conspicuous. b Geological map of central part of Abu Khruq complex (modified from El Ramly et al., 1969) with the
area of Fig. 10c outlined, and c Detailed geological map of the LREE-enriched and hydrothermally altered northern zone of Abu Khruq (Without
latitudes and longitudes) (Modified from Bugrov, 1972)
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3.2 Petrography of Abu Khruq Ring Complex

Detailed petrographical description of various rock types
building the Abu Khruq was given in El Ramly et al. (1969;
1971). Here the article will focus on the textural character-
istics of the nepheline syenite and its altered facies in par-
ticular that are associated with anomalous radioactivity and
high concentrations of the rare metals and LREEs.

In the second type, the rock is less undersaturated (< 10%
nepheline), typically fine-grained, isotropically structured,
and idiomorphically textured. These two varieties were
distinguished by El Ramly et al. (1969), De Gruyter (1983)
as foyaite and ditroite, respectively.

The main petrographical features of the nepheline syenites
are displayed by nepheline, alkali feldspar, and alkali
pyroxenes. Nepheline commonly forms sub- to euhedral
quadrangular tabular to bladed and hexagonal crystals of
sizes 3–5 � 5–8 mm. Feldspar crystals are commonly cloudy
due to the incorporation of dust-sized hematite. The turbidity,
the degree of exsolution of alkali feldspar increased as a
result of interaction with peralkaline fluids (Charmichael &
Mackenzie, 1963; Martin, 1969). Aegirine-augite forms sub-
to euhedral prismatic crystals of size 2–4 � 5–8 mm. The
crystals are commonly exhibiting marked inhomogeneity in
optical properties (e.g. colour and pleochroism) which cor-
responds to variation in chemical composition (zoning). Four
styles of zoning were recorded: normal, concentric, reverse,
and sector. In the normally zoned crystals, the Na-augitic,
lighter-coloured, and less pleochroic core followed by a
strongly pleochroic and deep-green rim. This corresponds to
an increasing content of the aegirine (acmite) molecule
rim-wards. The reverse type of zoning with Na-depleted rim
is commonly encountered in subsolidus clots of alkali
pyroxene crystals.

In incipiently altered nepheline syenite, fine-grained
subsolidus albite clots are developed on the expense of
K-feldspar, manifesting early albitization process resulted
from the Na-rich fluids which emerged at late stage of
crystallizing nepheline syenite magma. In addition, the albite
domains in perthitic K-feldspar crystals are enlarged during
the process of alkali exchange till the perthite crystal is
completely replaced by them. This stage is subsequently
followed by turning the nepheline syenite into pale pinkish
to buff-coloured rock due to partial hematitization and con-
comitant development of some deuteric minerals, e.g. can-
crinite ((Na, Ca, K)6–8 (Al6Si6O24)(CO3, SO4, Cl)1–2 1–5
H2O, 1–5 modal%), calcite (1–12%) ± sodalite (Na8(Al6-
Si6O24)Cl2, 1–3%) ± analcite (Na(AlSi2)O6 1–5%), and
natrolite (Na2Al2Si3O10.2H2O, 1–7%) in addition to acicular
aegirine. These neoformed minerals are selectively replacing
the early formed nepheline crystals. The nepheline crystals
are commonly altered into cancrinite and fine-grained

micaceous and fibrous product (i.e. libenerite or hydro-
nepheline composed largely of secondary micas, probably
paragonite) and finally into fibrous natrolite. The alteration
proceeds along the grains peripheries and microfractures
until the whole grains becomes pseudomorphed by the
neoformed minerals. The close association of cancrinite and
calcite may indicate that cancrinite can pseudomorphs
nepheline in high PCO2 environment.

Superimposing andwidespread hematitization ismanifested
as a reddish-brown coloration due to deposition of hydrous
ferric oxides. Ferrihydrite and hematite, as detected by X-ray
diffraction technique, are the essential minerals in the hemati-
tized nepheline syenite. They occur as coatings on the other
minerals and planar zones in the feldspars, microfracture-
fillings, and impregnations. At incipient stage, the rock is
stained red by dust-sized hematite. When the process becomes
overwhelming (pervasive), the rock turns brick-red in colour
where the rock-forming minerals, except alkali pyroxene, are
strongly leached and replaced by hematite.

3.3 Mineral Chemistry

3.3.1 Feldspars
Alkali feldspars of Abu Khruq nepheline syenites commonly
occur as sub- to euhedral laths exhibiting fine to coarse
perthitic exsolution lamellae. The laths have composition of
the host orthoclase component ranging from Or70Ab30 to
Or79Ab21, and the exsolved albite component is of nearly
constant composition, Ab97An2Or1. Like many hypersolvus
rocks, the composition of alkali feldspars is rather restricted
(Parson, 1978).

3.3.2 Alkali Pyroxene
Following Bonin and Giret’s (1985) ternary diagram, the
alkali pyroxene of the fresh nepheline syenite ranges
between Di7Hd55Ac38 and Di16Hd35Ac49. Those of
subsolidus and acicular variety are aegirine rich, ranging
between Di3Hd17Ac80 and Hd10Ac90, respectively. The
optically detected zoning in alkali pyroxenes of Abu Khruq
nepheline syenite was ascertained by the electron probe
micro-analyzer (EPMA) analysis (El Afandi & Abdalla,
2002). The normally zoned crystals range from aegirine
augite with Di8Hd38Ac54 in core to aegirine with Di6H-
d21Ac73 in their rims.

3.4 Rock Geochemistry

Averages and ranges of major oxides and trace elements (El
Afandi & Abdalla, 2002) of Abu Khruq nepheline syenites
and its altered facies are given in Table 4. The moderately
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elevated Na2O/(Na2O + K2O) ratio values (averages 0.62,
Table 5) in the fresh nepheline syenite samples indicate the
sodic nature of these rocks and their parental magma. The
calculated alumina saturation and peralkalinity molar indices
are given in Table 5. Also, a very close discrimination
scheme (Hess, 1989) based on the atomic per cent of alkalis,
alumina, and calcium shown in Fig. 11a has the advantage of
calcium display and allowing comparison with other ele-
ments (e.g. Fe in Fig. 11b). Figure 11a shows that nepheline
syenite and related pegmatites of Abu Khruq ring complex
range from metaluminous to peralkaline due to the petro-
graphic characteristics (e.g. varying proportions of nephe-
line, alkali feldspars, and alkali pyroxene) of the studied
samples. However, the hematitized facies exhibits a dis-
tinctive peralkaline character.

Figure 11a and b show that fresh samples plot midway
along the alkali-Al join. Meanwhile, two concurrent trends
towards Fe and Ca enrichment are observed among the
altered nepheline syenites facies. These trends reflect the
overwhelming increase of Fe content and the concurrent
decrease of alumina and alkalis from fresh nepheline syenite
towards the hematitized facies.

High contents of high field strength elements, i.e. Nb, Y,
Zr coupled with low contents of the compatible elements of
Ba and Sr, impart the fresh nepheline syenite an evolved
geochemical signature. A gradual and gross enrichment of
Nb, Ta, Zr, Hf, Y, U, Th, Ga, Sc, and Sr occurs from the
fresh nepheline syenite to the hematitized facies (Table 4).
The REE distribution patterns for the averaged fresh and
altered nepheline syenites facies are displayed in Fig. 12. All
of variants are steeply LREE enriched with high positive
values of (La/Yb)N ratios ranging from 12.5 in fresh
nepheline syenites to 42 in the hematitized facies. The
hydrothermal alteration appears to have enhanced La and Ce
compared to the unaltered rocks as indicated by the
increasing of (La/Yb)N ratio (Table 4). Meanwhile, the
amount of Eu anomaly diminishes in the albitized facies and
nearly disappears in the carbonatized and hematitized
nepheline syenites (Fig. 12). The pronounced negative Eu
anomaly in Abu Khruq nepheline syenites and related peg-
matites (Fig. 12) manifests their derivation as late-stage
products of protracted fractionation.

3.5 Genesis of the Alteration Phenomena

The question arises now how such evolved nepheline
syenites can be a progenitor to specialized mineralized sys-
tem. Mineralogical similarity between nepheline syenite and
its related pegmatites indicates that crystallization of
nepheline syenite had progressed to the stage where pockets
and miaroles of residual Na, Cl, F, CO2, and SO4-rich fluids

were separated from melt and trapped along the NW–SE
trending shear zone. This fluid reacts with the primary
minerals, and pneumatolytic assemblage of acicular aegirine,
sodalite, and natrolite was deposited as replacement,
pegmatite-forming, and vugs-fillings. Crystallization of aci-
cular aegirine and carbonate rather than alkali amphibole
indicates an Na-rich environment and high fO2, above the
fayalite-magnetite-quartz (FMQ) buffer (Stephenson &
Upton, 1982) and low aH2O.

Hussein (1990) attributed the origin of the hematitized
zones at Abu Khruq to the action of the meteoric water
which leached the ore constituents from the alkaline rocks
and re-depositing them in the surface fractures. However,
field, petrographical, and geochemical data support the idea
that the recorded alteration phenomena, which brought about
by lately emerged oxidized fluids, were related to mineral-
izing source similar to that can give rise carbonatite bodies
as it will be verified:

(i) Field observations, textural characteristics, and geo-
chemical evidences all are pointing to that the recor-
ded alteration zones at Abu Khruq are closely similar
to late-stage alkali metasomatic features referred to as
“fenitization” typically associating many carbonatite
centres (Bowden, 1985). Fenitization is an alkali
element's enrichment apparently induced by solution
or fluid activities.

(ii) Hematitization of Abu Khruq is equivocal with that
responsible for the formation of the “Rodberg rock”
(Andersen, 1984; Le Bas, 1977). Rodberg is a
late-stage secondary hematite-calcite carbonatite most
commonly associated with alkaline complexes else-
where. Field evidence includes the occurrence of large
intrusion of undersaturated rocks, e.g. nepheline
syenites, which are typical associates for carbonatite
(Le Bas, 1981, 1987).

(iii) Confining of nepheline syenites (as the youngest
rock type) and its alteration facies to the central part of
Abu Khruq ring is a typical petrologic and structural
feature for the nepheline syenites commonly hosting
carbonatites as described (Kapustin, 1980; Le Bass,
1977) for the African, European, and Brazilian
carbonatites.

(iv) Geochemical evidence includes the concomitant of
the light REE enrichment and steeply decreasing
concentration gradients in the interval Nd-Eu (Fig. 12)
in the cancrinitized and hematitized nepheline syen-
ites. Anomalously high REE (particularly, the LREE)
is a distinctive feature of carbonatite. Gradual
diminution in Eu anomaly from carbonatized to
hematitized facies is consistent with Eby (1975) about
the addition of Eu during fenitization. This

Phanerozoic Rare Earth Element Resources of Egypt … 597



Table 4 Averages and ranges of major and trace element contents of Abu Khruq nepheline syenites and its altered facies, Egypt (El Afandi &
Abdalla, 2002)

N*
Major oxides (Wt.%)

Fresh Nepheline Albitized Carbonatized Moderately Strongly

Nepheline Syenite Nepheline Nepheline Hematitized Hematitized

Syenite Pegmatite Syenite Syenite Nepheline Nepheline

5 4 2 3 Syenite Syenite

3 2

SiO2 57.77 57.66 58.16 56.66 51.13 37.20

55.90–60.58 56.10–59.85 57.21–59.10 54.10–59.20 46.10–55.20 36.30–38.10

TiO2 0.21 0.16 0.11 0.20 0.13 0.11

0.14–0.25 0.09–0.25 0.09–0.12 0.14–0.27 0.11–0.16 0.10–0.11

Al2O3 20.48 19.34 22.21 16.51 9.09 4.16

17.81–23.76 18.10–21.50 21.40–23.01 15.95–17.40 6.50–11.61 4.01–4.30

Fe2O3* 5.94 5.82 4.12 7.64 15.53 34.10

5.33–6.83 4.91–6.82 3.43–4.81 6.38–9.35 9.53–21.30 31.50–36.70

MnO 0.13 0.16 0.19 0.10 0.84 0.97

0.08–0.18 0.14–0.18 0.18–0.20 0.07–0.13 0.71–0.99 0.82–1.12

MgO 0.27 0.19 0.08 0.19 0.03 0.01

0.06–0.51 0.12–0.23 0.08 0.10–0.33 0.02–0.04 0.01

CaO 0.76 0.91 0.37 1.63 2.87 1.17

0.65–0.88 0.70–1.20 0.31–0.43 1.37–2.01 2.31–3.95 0.83–1.51

Na2O 8.67 8.79 10.51 7.80 5.69 3.02

7.71–9.79 7.70–10.20 10.21–10.81 7.29–8.12 5.51–6.04 2.81–3.23

K2O 5.37 5.14 4.02 3.18 0.58 0.09

4.91–6.27 4.61–5.57 3.93–4.11 1.30–5.82 0.09–1.50 0.08–0.10

P2O5 0.14 0.05 0.13 0.20 0.24 0.13

0.11–0.21 0.02–0.07 0.12–0.13 0.16–0.28 0.11–0.30 0.12–014

H2O + 0.43 0.99 0.48 2.77 9.83 17.30

0.3–0.48 0.88–1.20 0.41–0.54 1.21–4.40 6.80–12.60 16.10–18.50

CO2 0.40 0.65 0.50 1.48 2.28 0.90

0.2–0.5 0.45–0.84 0.45–0.54 1.25–1.80 1.75–3.01 0.60–1.20

S < 0.01 0.06 < 0.01 0.09 0.12 0.08

< 0.01–0.03 0.05–0.08 < 0.01 0.07–0.12 0.05–0.16 0.07–0.08

Total 100.57 99.92 100.88 98.45 98.36 99.24

F 440.0 1250.0 565.0 920.0 620.0 340.0

300.0–600.0 840.0–1700.0 400.0–730.0 625.0–1320.0 400.0–710.0 230.0–450

Trace elements (ppm)
Li

36.0 40.0 32.0 25.0 15.0 9.0

23.0–48.0 28.0–50.0 25.0–39.0 21.0–30.0 10.0–22.0 6.0–12.0

Be 5.0 3.8 8.0 12.0 49.0 22.0

3.0–8.0 3.0–5.0 4.0–12.0 8.0–15.0 41.0–59.0 18.0–25.0

Rb 122.0 148.0 89.0 84.0 28.0 11.5

92.0–160.0 112.0–198.0 80.0–98.0 60.0–112.0 10.0–61.0 11.0–12.0

Ba 43.0 256.0 19.0 28.0 37.0 23.5

34.0–60.0 210.0–312.0 18.0–20.0 18.0–39.0 32.0–41.0 22.0–25.0

Sr 13.0 12.0 15.0 64.0 151.0 184.0

7.0–18.0 9.0–15.0 14.0–15.0 44.0–83.0 92.0–220.0 172.0–195.0

(continued)
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Table 4 (continued)

N*
Major oxides (Wt.%)

Fresh Nepheline Albitized Carbonatized Moderately Strongly

Nepheline Syenite Nepheline Nepheline Hematitized Hematitized

Syenite Pegmatite Syenite Syenite Nepheline Nepheline

5 4 2 3 Syenite Syenite

3 2

Zr 648.0 767.0 648.0 779.0 3144.0 1565.0

518.0–750.0 586.0–925.0 530.0–765.0 587.0–940.0 2130.0–4230.0 1480.0–1650.0

Hf 17.0 20.0 17.0 20.0 81.0 40.5

14.0–19.0 15.0–24.0 13.8–20.0 15.0–24.0 55.0–110.0 38.0–43.0

Nb 157.0 185.0 208.0 263.0 5283.0 1600.0

122.0–180.0 158.0–220.0 195.0–220.0 145.0–385.0 3855.0–6130.0 1400.0–1800.0

Ta 10.5 12.0 17.0 17.1 340.0 107.0

8.1–12.1 10.1–14.3 13.0–21.0 9.2–25.0 250.0–393.0 93.0–120.0

Sc 1.2 1.8 1.3 3.9 33.0 15.3

1.0–1.4 1.1–3.5 1.0–1.6 1.4–6.8 25.0–40.0 12.5–18.0

Ga 23.0 30.0 37.0 41.0 35.0 21.5

19.0–29.0 28.0–32.0 36.0–38.0 38.0–44.0 32.0–38.0 18.0–25.0

Y 37.0 35.0 42.0 39.0 170.0 78.0

24.0–50.0 18.0–48.0 36.0–48.0 22.0–53.0 125.0–195.0 75.0–81.0

Pb 9.0 7.5 9.0 62.0 257.0 133.0

7.0–12.0 5.0–10.0 7.0–12.0 40.0–90.0 150.0–397.0 105.0–160.0

Zn 156.0 141.0 170.0 566.0 1487.0 965.0

106.0–190.0 93.0–195.0 160.0–180.0 420.0–690.0 960.0–1830.0 910.0–1020.0

U 3.3 6.4 4.5 6.8 203.0 64.0

2.9–3.7 3.9–9.0 4.0–5.0 4.3–9.0 132.0–258.0 58.0–70.0

Th 14.3 20.0 18.0 27.0 1104.0 352.0

13.0–16.0 11.7–32.0 13.0–22.0 19.0–34.0 480.0–2060.0 350.0–354.0

La 101.0 107.0 141.0 171.0 1567.0 328.0

82.3–120.0 75.8–140 133.0–149.0 94.4–280.0 1200.0–1900.0 320.0–335.0

Ce 209.0 202.0 308.0 283.0 2250.0 455.0

155.0–285.0 123.0–310.0 295.0–320.0 160.0–370.0 1710.0–2740.0 450.0–460.0

Nd 60.0 59.0 101.0 83.0 573.0 118.0

45.0–71.0 43.0–80.0 95.0–107.0 47.0–112.0 450.0–690.0 115.0–120.0

Sm 13.0 11.4 13.5 17.0 109.0 26.0

10.8–16.5 8.4–15.0 13.0–14.0 11.0–22.0 83.0–138.0 24.0–27.0

Eu 1.7 1.4 2.1 4.0 20.1 8.0

1.0–2.8 1.0–1.6 2.0–2.1 1.5–6.5 9.3–27.0 7.4–8.0

Gd 15.1 14.1 12.5 17.3 47.0 26.0

13.0–17.0 12.0–16.0 11.0–14.0 10.0–22.0 28.0–60.0 25.0–26.0

Tb 1.5 1.2 2.3 3.9 7.0 4.5

1.3–1.6 0.5–2.0 2.1–2.4 1.7–5.1 6.3–7.5 4.3–4.5

Yb 3.9 4.1 7.8 7.4 26.2 14.5

3.3–4.2 3.3–4.6 7.5–8.0 5.7–8.5 16.1–34.0 14.0–15.0

Lu 0.7 0.6 1.5 1.4 4.0 2.3

0.6–0.8 0.5–0.7 1.4–1.5 1.0–2.2 2.5–5.2 2.1–2.5

*N: number of samples analysed and ** Total iron was determined as Fe2O3
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phenomenon is again ascertained by the interesting
relationship between the Eu anomaly and Sr, one of
typomorphic elements characterizing carbonatites,
contents in the investigated altered nepheline syenite
samples (Fig. 13). The Eu/Eu* < 1, i.e. negative
anomaly in Sr-poor, fresh, and highly fractionated
nepheline syenite is increased to the unit value in
Sr-rich carbonatitized and hematitized facies. Thus,
the REE distribution in metasomatized nepheline
syenites at Abu Khruq is most probably ascribed to
extreme mobility of REE in CO2-rich fluid derived
from underlying carbonatite bodies. In such fluids, the
REE-carbonate complexes are stably formed (Wend-
landt & Harrison, 1979).

(v) Worth noting that in the altered nepheline syen-
ites samples, averages of H2O, CO2, S, and F range

between 4.4 and 15.4%, related predominantly to
increasing amount of hydronepheline (libenerite)
cancrinite, zeolite, carbonate, and ferrihydrite. The
broadly sympathetic REE patterns of nepheline
syenites and its altered variants, e.g. enrichment in
LREE and the exhibition of steep slopes from La to
Yb (Fig. 12). Such a source is an alkalic silicate
melt most probably saturated with respect to
carbonates.

(vi) The last geochemical evidence supporting the car-
bonatitic rather meteoric source for the emerged fluids
is the very close ages of the nepheline syenites and
hematitization as reported by Lutz et al. (1988) at
90 ± 2 Ma. This is consistent with dominant mag-
matic source rather than derivation from later mete-
oric water contribution.

Table 5 Characterization of rare metal potentiality of Abu Khruq nepheline syenites and its altered facies using different metallogenic indices,
Egypt (El Afandi & Abdalla, 2002)

Element Fresh Nepheline Albitized Carbonatized Hematitized

Ratio Nepheline Syenites Nepheline Nepheline Nepheline

Syenites Pegmatite Syenites Syenites Syenites

Na2O/K2O 0.62 0.63 0.72 0.73 0.94

0.58–0.66 0.58–0.69 0.71–0.73 0.56–0.86 0.79–0.98

(Na + K)/Al 0.93 0.99 0.98 0.98 1.18

0.79–1.04 0.93–1.02 0.92–1.03 0.92–1.10 0.92–1.41

Al/(Na + K + Ca) 0.96 0.93 1.00 0.87 0.60

0.89–1.07 0.91–0.95 0.94–1.05 0.81–0.93 0.4–0.78

Rb/Sr 10.00 12.70 6.20 1.50 0.19

7.30–16.70 10.20–15.30 5.30–7.00 0.90–2.50 0.06–0.70

K/Rb 380.00 300.00 380.00 300.00 101.00

255–458 202–342 333–426 133–431 55–204

10,000 * Ga/Al 2.10 3.00 3.20 4.70 8.60

1.80–2.30 2.50–3.20 3.00–3.40 4.40–5.20 5.20–11.70

Zr/Hf 38.61 38.58 38.33 38.96 38.68

37.00–39.10 37.84–39.00 38.25–38.41 38.57–39.17 38.37–38.95

Nb/Ta 14.97 15.41 14.84 15.48 15.33

14.88–15.06 15.24–15.64 14.67–15.00 15.29–15.76 15.00–15.60

Th/U 4.37 3.03 3.83 4.07 5.25

4.14–4.69 2.71–3.55 3.25–4.40 3.78–4.42 3.54–7.98

Zn/Pb 16.60 20.40 19.00 9.60 6.80

15.10–17.80 16.00–23.30 15.00–22.90 7.70–10.70 4.20–8.70

(La/Yb)N 14.60 14.90 12.30 13.00 28.30

12.50–16.00 12.80–15.40 12.01–12.70 9.50–19.90 12.70–42.00

(Eu/Eu*)N 0.38 0.34 0.50 0.66 0.87

0.25–0.54 0.23–0.45 0.48–0.52 0.42–0.90 0.60–1.00

The element ratios are cited as average and ranges. The agpacity (Na + K)/Al and peraluminicty (Al/(Na + K + Ca)) indices are expressed as
molar ratios of oxides. The subscription N in the REE ratios indicates the chondorite normalized values
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The nepheline syenites complexes and related carbonatites
can be plotted on the R1-R2 cationic diagram showing the
evolution trends of the various rock types as well as illustrating
the trend of fenitization at carbonatite centres (trend F, Fig. 14).
This figure shows that the alteration facies (fenitized wall rock)
of AK exhibit a trend of increasing of Fe (lesser R2 factor) and
Ca (more positive R1 factor) at nearly constant silica content
(trend H). This trend is inconsistent with that described for the
carbonatite rocks and their genetically related fenitized aureoles
elsewhere (Kampunzu & Lubala, 1991). The inconsistency can
be understood by realizing the typical assemblage of fenites
that is formed at higher-temperature conditions. This assem-
blage includes both K-metasomatized (i.e. microclinzation
and development of biotite-phlogopite) and Na-metasomatized

(i.e. overwhelming albitization and development of magnesio-
arfvedsonite to eckermannite) country rocks (Bowden, 1985;
Trueman et al., 1988). However, the recorded alteration phe-
nomena at AK are small and erratic occurrences of albitized
facies, restricted zones of cancrinitzed and carbonatized facies,
and widespread hematitized facies. Thus, it is reasonable to
akin the alteration facies of Abu Khruq ring complex to trend
H rather following trend F (Fig. 14). In the high-level intrusion
setting, as the case of Abu Khruq, where the late-stage
evolution of the system is proceeding at variable scale of dis-
equilibrium effects, it is difficult to estimate the physico-
chemical conditions (i.e. pressure, temperature, volatile
fugacities, and component activities). The temperature and
pressure of the emerged fluids, based on the mineral equilibria
of the pegmatitic K-feldspar and aegirine, can be defined
at nearly 500 °C and 1300 bars, respectively (Prins, 1981;
Naldrett & Watkinson, 1981).

Fig. 11 Al–Ca–(Na + K) and Al–Fe–(Na + k) ternary diagrams (atomic proportions) of Abu Khruq nepheline syenites and its alteration facies
showing: a Degree of peralkalinity using the classification of Shand (1951) and b Migration of composition away from the alumina-alkalies joins
towards the Fe apex with increasing the intensity of hematitization. The arrows indicate the concomitant enrichment in Fe and Ca during the
progress of alteration from albitized to hematitized rock

Fig. 12 REE distribution patterns of Abu Khruq nepheline syenites
and its alteration facies

Fig. 13 Eu/Eu* versus Sr in the Abu Khruq nepheline syenites and its
alteration facies. The shown trend demarcates the diminution of
europium anomalies as the alteration processes progressed towards
carbonatization and hematitization
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It is worthy to note that the markedly increased peralka-
linity in the carbonatized and hematitized facies can be
attributed to the fact that the alkali feldspars and nepheline
are gradually destabilized during the hydrothermal rework-
ing, whereas the alkali pyroxene is the only phase persisting
the fluid action even in the strongly hematitized nepheline
syenites rock as petrographically detected.

Weak depletion in silica of the albitized, carbonatized,
and moderately hematitized nepheline syenite is contradict-
ing with the usual desilication observed in the fenitized
rocks. Prins (1981) attributed such phenomenon to the
degree of saturation in Si of the infiltrating fluid relative to
the invaded wall rock. Thus, it is reasoned that, if the fluids
percolate, a Si-undersaturated wall rock such as the case of
Abu Khruq, desilication will not occur to establish equilib-
rium with the metasomatizing fluids, whereas the opposite
will occur if the wall rocks are Si oversaturated.

Ratios of geochemically coherent and antipathetic ele-
ments such as K/Rb, Rb/Sr, Nb/Ta, Zr/Hf, Ga/Al, and Pb/Zn
(Table 5) can be used as indicators for the evolution and
specialization of the alkaline rocks and their alteration zones
and hence their potentialities as a sources for rare metals and
REE mineralization.

3.6 Pyroxene as Petrogenetic Tracer

Pyroxenes of the fresh nepheline syenites being sodic-calcic
(Ac 38–49) to sodic (Ac73) especially along the outer rims
and Fe-rich (Fe/(Fe + Mg)atom range between 0.83 and 0.93.
Thus, pyroxene mineral of the nepheline syenites is very
sensitive to oxidation–reduction conditions during the crys-
tallization of the nepheline syenite and related pegmatite
rocks. They are considered as good mineralogical tracers of
the chemical evolution of the magma, e.g. agpaicity and Fe
enrichment and of physical conditions of emplacement
(temperature, Ptotal, and fO2). Increasing of aegirine content
in the pyroxene with the progression of crystallization as
manifested in either the rim zones, pyroxene from pegmatites,
or subsolidus acicular pyroxenes may indicate the increasing
of fO2 of the evolved magma till the emergence of highly
oxidized fluids at late to post-magmatic stage. Oxygen is
provided by the thermal decomposition of water. The trend
exhibited by alkali pyroxenes of Abu Khruq nepheline syenite
is consistent with miaskitic under saturated rock series (Bonin
& Giret, 1985). This trend is confined by two substitution
schemes. The first is the acmitic-hedenbergite type of sub-
stitution (i.e. Ca, Mg $ Na, Fe3+) which is characteristic for
silico-carbonatite and related nepheline syenites. The second
is the diopside-acmite type of substitution (i.e. Ca, Fe $ Na,
Fe3+) which is found in urtite and related carbonatite. The
evolution path exhibited by alkali pyroxenes of Abu Khruq
nepheline syenites and pegmatites depicts well its crystal-
lization from a relatively Mg-poor syenite magma.

3.7 Metallogenetic and Exploration Constraints

There are three ring complexes that share Abu Khruq with
many common features. These are the Nigrub Fogani (NF),
Naga (NG), and El Gezira (G) (Figs. 15a and b). Abu Khruq
(92 Ma) lies on a NW–SE tectonic zone, implying a tectonic
control for its intrusion. The three ring complexes are of late
Jurassic-early Cretaceous magmatism (140 ± 4 Ma), which
includes Nigrub Fogani-Naga-Gezira. These rings are con-
fined to S60°W tectonic zone. A progression in ages is
shown by these complexes. They increase in ages south-
westward along the tectonic zone. The identification of
linear age trends indicates a possible tectonic control, con-
temporaneous or shortly earlier activity commenced with
Red Sea rifting, for the distribution of alkaline magmatism
along the NE–SW tectonic zones.

According to Garson and Krs (1976), the age of the
N60ºE block faulting is not constrained, but it was probably
initiated in the Precambrian and rejuvenated during the
intrusion of the alkaline ring complexes in the early and late
Cretaceous.

Fig. 14 Cationic diagram R1-R2 for Abu Khruq nepheline syenites
and its alteration facies. The dominant compositional trend in
undersaturated rock series and the related carbonatites are from
(Kampunzu & Lubala, 1991). The trend F indicates the evolution path
of typical fenitization process associating carbonatite centres, whereas
the trend H demarcates the evolution of low-temperature hematitization
process recorded at Abu Khruq ring complex
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Fig. 15 a Landsat image showing the alignment of some mineralized/and or specialized ring complexes (e.g. Abu Khruq, Nigrub Fogani, Naga,
and El Gezira) along ENE shear zone (by Hamdy M. Abdalla and Gehad M. Saleh) and b Generalized geological maps showing geology and
ages of those with high potentialities (e.g. Abu Khruq, Nigrub Fogani, Naga, and Gezira). The cited ages in practices are compiled from (Hashad
& El Reedy, 1979; Serencsits et al., 1981). The geology of the rings is compiled from El Ramly et al. (1971). To the left side of Fig. 15b, the
schematics controls of alkaline magmatism (Bonin, 1983). 1. Effects of extensional setting, causing linear doming expresses as a ridge and
ultimately as rift, which is the case of Abu Khruq ring complex-Kahfa zone; 2. Hot spot model generated by upwelling mantle plume; 3. Alkaline
complexes located along shear zone which is the case ascribed for the ring complexes located along the ENE tectonic zones, e.g. Nigrub Fogani,
Naga, and El Gezira, Egypt
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Bonin (1986) reported three possibilities to account for
the distribution of alkaline complexes, namely distension
and formation of a rift; hot spot above plume and litho-
spheric shearing (i.e. Harpoon effect of Black et al. (1985)).
In the distension or extensional setting, the alkaline melt
collects together at the level of fracture system and emplaced
along the length of pre-existing lineament, e.g. transform
fault. In this case, ring complexes will be aligned parallel to
the structural lineament and will not show difference in age
as in the case of Kahfa-Abu Khruq along the NW–SE rift
zone which is parallel to the axis of Red Sea rift. In the
plume setting, the asthenosphere swells up as a magmatic
balloon-like rising structure causing the distension of the
overlying lithosphere. The cause of updoming and swells of
the crust is related to intraplate mantle hot spots (Wright,
1973), where parts of the plate overlying positive thermal
anomalies are heated by the upwelling convection columns
in the mantle (Briden & Gass, 1974). In the plume setting,
the alignment of alkaline magma is parallel to the directions
of plate motion and will reveal a well-defined trend of ages
migration. In the third setting, major shear zones exist which
affect the whole extent of lithosphere and the alkaline
magmas collect together at the level of pre-existing fractures
which are conjugately linked to the direction of shear zones.
In such situation, the alkaline complexes will be aligned
along the shear zones and will show migration of their ages
at specified time intervals corresponding to the time at which
these zones are reactivated. This is the typical case for the
complexes aligned along the ENE-WSW shear zones, which
comprises the mineralized complexes of Nigrub Fogani,
Naga, and El Gezira with WSW-ENE intermittent age
migration through specified time span. Serencsits et al.
(1979, 1981; Saleh et al., 2021) recognized the periodicity of
intrusion of alkaline ring complexes in Egypt, every 52 Ma,
spanning the time interval from Cambrian through the Cre-
taceous. Worth noting that the mineralized alkaline granites
province of Nigeria exhibits a migrating ages from north to
south at more or less fixed time intervals (Bowden et al.,
1984). Hence, it is suggested that more attention should be
paid for detailed exploration for the ring complexes lying
along the ENE trending shear zones, e.g. those comprising
Abu Khruq; Nigrub Fogani-Naga-El Gezira; and the south-
ernmost Mansoury ring complex.

4 HREE-Mineralized Carboniferous
Sandstones (Ramlet Hemyir and Um
Hamad) of Southwestern Sinai, Egypt

The Landsat thematic map image (TM) of Um Bogma area
(Fig. 16a) shows the Phanerozoic (Lower Carboniferous)
sedimentary cover exposed in the region and discriminated
in the geological map of Fig. 16b. Three main subdivisions

of Lower Carboniferous: the lower sandstone, middle car-
bonate, and the upper sandstone units (Baron, 1907). The
base of the middle carbonate and the upper layers of the
lower sandstone units contain possible resources of anoma-
lously radioactive xenotime (YPO4), e.g. those recorded at
Um Hamad and Ramlet Hemyir (El Kammar et al., 1997).

The areas of potential xenotime, known locally as Ramlet
Hemyir and Um Hamad, are located at the environs of Um
Bogma to the northeast of Abu Zeneima town (Fig. 16b).
The middle carbonate unit is considered as promising unit
with respect to economic ores, e.g. manganese, uranium, and
rare earth elements. Ferruginous cement imparts the sedi-
ments the characteristic reddish to brownish coloration
(Fig. 17).

Chemical analysis, supported with X-ray diffraction data,
indicates that the xenotime-bearing sediments of Ramlet
Hemyir and Um Hamad are highly ferruginous (FeO
Total + MnO may reach up to 75%) and argillaceous (El
Kammar et al., 1997). The sediments of Um Hamad are
more argillaceous than those of Ramlet Hemyir which are
more arenaceous. In Ramlet Hemyir, the molecular ratio of
Si:Al ranges between 8:1 and 32:1, due to increasing content
of free silica (e.g. detrital quartz) on the expense of the
argillaceous material. Data of xenotime-concentrates and
pure xenotime fractions separated from the investigated
potential sandstone (El Kammar et al., 1997) are represented
through Figs. 18 and 20.

The chondrite-normalized patterns of representative bulk
sandstone samples from Ramlet Hemyir and Um Hamad are
graphically constructed in (Figs. 18a and b). Besides, the
chondrite-normalized patterns of xenotime mineral and
xenotime-rich concentrates are also displayed in Fig. 19. The
patterns bear clear and easily distinguishable “finger prints”
of xenotime mineral with sharp enrichments of the HREEs
(Gd, Tb, Er, Yb, and Lu) over the LREEs (La, Ce, Nd, and
Sm). According to Shata (2013), xenotime is among other
detrital heavy minerals (ilmenite, rutile, zircon, and
ilmenorutile) that were recorded in the basal conglomerate
and the black sand lenses encountered within the ferruginous
sandstones in Um Bogma environs. Shinkawa (2013) stated
that, in Lower Carboniferous Um Bogma Formation, Fe–Mn
sediments were deposited undersea from hydrothermal
plume. The REE from hydrothermal fluid coprecipitated
with MnO and/or FeO and was mainly absorbed into FeO.
Besides, Ce in seawater was deposited on the Fe–Mn sedi-
ments. Then, terrigenous sediments were deposited on the
Fe–Mn sediments. The REE in terrigenous sediments exists
in hardly soluble mineral like zircon. Um Bogma Formation
(Fe–Mn sediments and terrigenous sediments) came ashore
by diastrophism and was covered by upper sandstone unit
between Upper Carboniferous and Permian. The REEs in
Um Bogma Formation were concentrated in Fe-bearing
mineral due to chemical weathering.

604 H. M. Abdalla et al.



Fig. 16 a Landsat image with the Ramlet Hemyir, Sinai, Egypt and b Geological map of the Ramlet Hemyir (modified from El Sokkary, 1971),
Sinai, Egypt
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The frequency distribution of the HREEs and LREEs in
the various size fractions (Fig. 20) implies the following
significant inferences:

1. Both light and heavy REEs display almost identical fre-
quency confirming their incorporation within the same
mineral (i.e. xenotime).

2. The frequency distributions are in each case bimodal
with (+2.0– + 1.0 mm) and (+0.125 mm) size fractions
exhibiting the highest REEs contents.

3. Generally speaking, the LREE/HREE ratio increases
with decreasing grain sizes. This phenomenon can be

attributed to the selective adsorption of LREE on clays or
scavenged on ferromanganese cementing materials.

4. In spite of the obvious HREE-enriched signature of the
analysed bulk samples, still bulk rock samples and size
fractions contain high Ce and La, which cannot be con-
tributed from xenotime.

In summary, it can be concluded that the REEs content of
the Ramlet Hemyir and Um Hamad areas, Southwestern
Sinai, Egypt, bears signatures of xenotime with significant
REEs contribution due to adsorption on clays or scavenging
by the ferromanganese material. Xenotime occurs mostly in

Fig. 17 Photograph showing the ferruginated radioactive, xenotime-bearing sandstone, Ramlet Hemyir area, Sinai, Egypt (Photo byGehadM. Saleh)

Fig. 18 (a) and (b) Chondrite-normalized REE patterns of some representative samples of a Um Hamad (UH) and b Ramlet Hemyir (RH) areas,
Sinai, Egypt
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clay to silty size fractions; therefore, it dominates in the more
argillaceous sediments of Ramlet Hemyir. Aero radiometric
exploration survey is a priority to delineate the promising
xenotime paleoplacers potential sandstone beds.

5 REE Resources in Black Sand Deposits
of Egypt

Black sands, which are found as a component of placer
deposits, are a heavy, partially magnetic mixture of typically
fine sands. On beaches, heavy minerals that are resistant to
mechanical concentration mostly occur under high-energy
conditions. Along its course from central and eastern Africa
in the south to the Mediterranean Sea in the north, the River
Nile and its tributaries draw minerals from various sources.

The amount of trace elements in the heavy minerals fraction
of the Nile sediments reflects the make-up of the minerals
and the origins of the sediments (El Kammar et al., 1992).

The Egyptian placer black sand comprises huge reserves
of economic metals-rich heavy minerals that include ilme-
nite, magnetite, garnet, zircon, rutile, and monazite in
addition to the industrial green silicates at the outpouring of
the whether today active Rosetta and Damiatta branches or
the old extinct branches of the River Nile into the
Mediterranean Sea coast. Of considerable potentiality is the
coastal deposit extending for 17 and 36 kmto the west and
east of Rosetta promontory (Fig. 21). Monazite with con-
centrations up to 0.6 wt.% (Moustafa & Abdelfattah, 2011)
is considered as an important source for REEs.

Rosetta promontory is surrounded by two embayments to
the west and east separated by protruding headland, Rosetta
mouth, in the sea formed during the growth of delta. The
area west is characterized by narrow to moderately beach
face and wide backshore zone (coastal flat). Meanwhile, the
area east exhibits moderately beach face and relatively wide
backshore zone. The coastal plain is generally flat. The
surficial sediments of the backshore flat are composed of
well sorted fine to very fine sand.

The Egyptian black sand deposits are present either as
beach sediments or in the form of coastal sand dunes.
Monazite is one of the economic minerals among the Rosetta
beach sands. The assessment of black sand is now being
explored by Nuclear Materials Authority of Egypt. The
content of monazite in beach sands and coastal sand dunes
along the Egyptian Mediterranean coast is normally below
0.01 wt.%. However, monazite concentrations reach to 0.6
wt.% in the eroded beach zones as discontinuous patches or
as thin (10-30 cm) layers of surfacially highly concentrated
black sands near and parallel to the shoreline (Moustafa &
Abdelfattah, 2011).

Distribution of Monazite in west Rosetta area grades
relatively increases from 0.01 to 0.166% near the promon-
tory to 7.0 km with an average of 0.066% and then decreases
westward. Meanwhile, in the east Rosetta area, two sites of
monazite accumulations can be recorded. The higher one
near the promontory, 3 km from the Rosetta branch eastern
bank, after dried lagoonal locality and extend for 10 km.
Another site is rather lower, occurring at 24 km to the east
from Rosetta mouth. Monazite grades vary between 0.03 and
0.6 wt.% with an average of 0.2 wt.% in the Rosetta east area
(Hammoud, 1966). Areas of low and high grades of mon-
azite (and other heavy minerals) are coinciding with the
accretion and erosion zones delineated by (Frihy & Komar,
1991; Frihy & Lotfy, 1994).

Two monazite varieties, in the Egyptian black sands, are
distinguished, namely Ce-monazite and Th-monazite, how-
ever, the extreme Eu deficiency (DEu = < 0.1) (El Kammar
et al., 2011, Table 6). Deposits of suitable grades for future

Fig. 19 Chondrite-normalized patterns of xenotime mineral and
xenotime-rich concentrates, Ramlet Hemyir (RH) and Um Hamad
(UH) areas, Southwest Sinai, Egypt

Fig. 20 Abundance distribution of light and heavy rare earths in the
various grain sizes of representative sample from Um Hamad
xenotime-bearing sediment, Southwest Sinai, Egypt
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exploitation (Fig. 21) mainly occur in four localities: the
coastal area to the east and to the west of Rosetta, the coastal
sand dunes of El Burullus-Baltim, the coastal area of
Damietta, and the north Sinai coastal area (Dawood & Abd
El-Nabi, 2007).
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Major Groundwater Reservoirs of Egypt

Mohamed H. Geriesh, Abdou Abouelmagd, and Basma M. H. Mansour

Abstract

Egypt is known as the Nile’s gift because it relies on the
Nile River for around 94% of its freshwater resources. As a
result, Egypt’s national security is clearly dependent on the
Nile River, where over a hundred million people are now
concentrated in a narrow swath of the Nile Valley, which
stretches fromAswan in the south to Cairo in the north. The
Nile Valley and Delta are home to more than 97% of
Egypt’s population. The Nile River supplies Egypt with
55.5 billion m3/year reflecting that the average available
fresh water resources stand at 600 m3/year/capita in 2020
but considering population growth is expected to drop
below the 500 m3/year/capita threshold of absolute water
scarcity by 2030. The strategy of the Egyptian Government
indicates that the agriculture sector holds 85%, industry
9.5%, and drinking 5.5%. Egypt anticipates a severe water
shortage because of the Grand Ethiopian Renaissance Dam
(GERD) building upstream of the Blue Nile. Great water
demands due to increasing population rate and fixing water
resource budget along with great water losses due to
evaporation damming of water flow and supply are
expected. Therefore, a promising strategic plan to develop
water resources in Egypt that depends on developing
traditional and non-traditional water resource supplies is
recommended. Additionally, the deep groundwater
beneath the vast deserts of the western, eastern, and Sinai
Peninsula along with limited quantities of rainwater and
flooding are considered non-renewable resources and can
be exploited according to the development conditions and
the water needs. Non-traditional water resources include
the reuse of exhaust uses from agriculture, industry,
sanitary, industrial sewage, and desalination. This chapter
sheds the light on Egypt's major groundwater reservoirs as
a potential and strategic solution for water shortage for

expanding agricultural and economic activities until 2030.
Egypt’s primary groundwater reservoirs are comprised of
six aquifers, namely: (1) the aquifers of the Nile Valley and
Delta, which are recognized as Egypt’s primary source of
groundwater supplies and they both provide about 85% of
all groundwater abstractions. Annual aquifer withdrawals
are estimated at 6.1 Bm3/year, which is mostly replenished
by excess irrigation water infiltration or through the
irrigation network and Nile distributaries (2) The Nubian
Sandstone Aquifer System (NSAS) is Africa’s largest
fossil aquifer system, with estimated reserves of
150.000 Bm3. Around 2.2 million km2 of the NSAS are
shared by Egypt, Libya, Sudan, and Chad, with Egypt
contributing 828,000 km2 (38%). The thickness of the
fresh water-bearing layer ranges from 200 meters in East
Uwinat to 3,500 meters in the northwestern of El-Farafra
Oasis. Between East Uweinat and El-Farafra Oasis, the
fresh water layer’s thickness ranges from 200 to 3500 m.
Recent studies have revealed that the NSAS receives
transboundary recharge fromEgypt’s, Sudan’s, and Chad’s
southern and southwestern borders, as well as local
recharge through major fractures and joints along its
southern outcrops; (3) the Fissured Carbonate Rock
Aquifer, which occupies more than half of Egypt's land
area and stretches from the Sinai Peninsula to Libya. . It
serves as a confining layer on top of the Nubian Sandstone
Aquifer System and features numerous natural springs.;
(4) the Fissured Basement Aquifer System, which is
located in the Eastern Desert and the southern Sinai
Peninsula and is often recharged by modern rainfall ;
(5) the Moghra aquifer, which is located in the northwest-
ern Desert of Egypt and the groundwater is flowing
towards the Qattara Depression; (6) the Coastal Aquifers
that are located along the coastal areas on the Mediter-
ranean and Red seas. The groundwater abstractions are
limited due to the risk of saltwater upconing . The
groundwater reserve storage in these six aquifers has been
estimated to be roughly 1200 Bm3 with variable recharge

M. H. Geriesh (&) � A. Abouelmagd � B. M. H. Mansour
Geology Department, Faculty of Science, Suez Canal University,
Ismailia, Egypt
e-mail: mohamed_geriesh@science.suez.edu.eg

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
Z. Hamimi et al. (eds.), The Phanerozoic Geology and Natural Resources of Egypt, Advances in Science,
Technology & Innovation, https://doi.org/10.1007/978-3-030-95637-0_21

613

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-95637-0_21&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-95637-0_21&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-95637-0_21&amp;domain=pdf
mailto:mohamed_geriesh@science.suez.edu.eg
https://doi.org/10.1007/978-3-030-95637-0_21


rates. The long-term sustainability of these aquifers
depends on corrective actions including lowering the
number of pumping wells, decreasing start-up and oper-
ating times, and setting up a drip irrigation system. It is
strongly advised to monitor the quantity and quality of
groundwater resources.

Keywords

Groundwater reservoirs � Moghra Aquifer � Nile
Valley Aquifer � Nile Delta aquifer � Aquifer of Nubian
Sandstone Aquifer System � El-Farafra Oasis � Egypt

1 Introduction

Egypt is the Nile’s gift (Herodotus, c. 425 BC) as it is
dependent on the Nile River in providing approximately 94%
of its freshwater resources. As a result, Egypt’s national
security is clearly dependent on the Nile River, where more
than 100 million people are now confined to a small area of
the Nile Valley that stretches from Cairo in the north to
Aswan in the south. Further, Northern Egypt’s Nile Delta
population, is quite dependent on the Nile River, whether for
drinking, agriculture, industry, or other economic activities.
The Nile basin includes a significant mass of Egypt, with the
exception of numerous ephemeral drainage networks that
drain the Red Sea Hills in the Eastern Desert toward the Red
Sea and to the Western Desert in the west. The longest river
in the world is the Nile River and the only perennial river that
crosses the Sahara Desert, with an estimated length of
6800 km (Said, 1981). The basin course of this significant
river is remarkable in that it nearly totally flows from south to
north before emptying into the Mediterranean Sea at a lati-
tude of 31° N (Fig. 1). Its basin is relatively narrow and
modest in contrast to most other prominent rivers around the
world. The Nile Valley and its Delta stretch from south of the
Nile valley to the Mediterranean Sea extending from Aswan
to the south of Cairo to the Mediterranean Sea north of
Cairo. . The Nile Valley and Delta are home to about 97% of
Egypt’s population (Frenken, 2005). The Nile River supplies
Egypt with 55.5 billion m3/year reflecting that the average
available fresh water resources stand at 600 m3/year/capita in
2020 but considering population growth is expected to drop
below the 500 m3/year/capita threshold of absolute water
scarcity by 2030 (FAO, 2016). Further water shortage is
expected due to building dams on upstream areas of the Nile
River. Significant water losses due to evaporation and dam-
ming of water flow and supply are expected, as well as the
risk of destructive flooding if such dams have weak structural
integrity after its complete filling with water is another sce-
nario (Mohamed & El-Mahdy, 2017). The water losses are

usually caused by either poor land-use practices, including
the building of canals and drains in poorly suited areas, or
flood irrigation techniques (Geriesh et al., 2015; Mansour,
2015). In 1987, the Egyptian government developed a water
master plan. This was the first organized attempt to envision
the future of the country's water resources and its use. To
follow up with that plan, the Ministry of Water Resources and
Irrigation (MWRI) established a multidisciplinary group in
2017 to picture the future of water resources and their
applicationsT. Egypt’s water resources development strategy
is based primarily on the development of traditional and
non-traditional water resource supplies. It has been common
to distinguish between two types of supply:

1. Natural or physical resources: means the volume of water
available, whether visible or underground, salty, or fresh.

2. Available resources: The actual available water supply
from various water sources is difficult for humans to
exploit economically.

According to theNileWaters Agreement, which Sudan and
Egypt signed in 1959 to give themselves full authority over the
use of the Nile waters, the Nile River’s water resources offer a
sizable supply, amounting to 55.5 billion cubic meters annu-
ally. Furthermore, deep groundwater beneath enormous
deserts in thewestern, eastern, and Sinai Peninsula, in addition
limited amounts of rains and flooding, are considered
non-renewable resources that can be utilized based on devel-
opment conditions and water needs. Non-traditional water
resources include the reuse of exhaust uses from agriculture,
industry, sanitary, and industrial sewage.

Another unconventional source is the exploitation of shal-
low underground aquifers in the Nile Delta and valley whose
water comes from Nile water leakage or canals, banks, and
agricultural water. Finally, desalination as a potential water
resource can be exploited, especially on coastal areas on the
northern and eastern borders, and some local aquifers with very
high-water salinity. The strategy also indicates that the agri-
culture sector uses 85%, industry 9.5%, and drinking 5.5% of
the available water. The water resource development strategy is
divided into various stages, the most important of which are:

• Developing additional water resources by expanding the
uses of the desalinated saltwater plants to reach 11 billion
m3 and exploitation of the deep groundwater to reach
5 billion m3.

• Establishing joint projects with countries of the Nile
River basin.

• Applying best management practices that maximize water
uses to reconcile the different needs of providing drink-
ing, domestic, agriculture, river navigation, and demands
for power production.
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• Maintaining the flow of the Nile River and waterways at a
cost of 255 million EGP through the implementation of
maintenance and periodic disinfection of irrigation and
drainage networks, as well as covering canals and banks
that infiltrate residential areas at a cost of 1.4 billion EGP.

• Maintaining a high standard of water quality through
cooperation with relevant ministries in the treatment of
wastes from industrial and sewage.

• Daily coordination with various ministries and agencies
(the ministries of agriculture, electricity, tourism, trans-
port, housing, health, and interior).

This chapter sheds light on Egypt’s major groundwater
reservoirs (i.e., aquifers) as a potential and strategic solution
for water shortage, thus expanding agricultural and eco-
nomic activities according to the 2030 national plan.

Egypt’s primary groundwater reservoirs are made up of
six primary aquifers, which are listed below (Fig. 2):

• The Nile Valley and Nile Delta Aquifer (NVNDA).
• The Nubian Sandstone Aquifer System (NSAS).
• The Fissured Carbonate Rock Aquifer (FCRA).
• The Fissured Hard Rock Aquifer (FHRA).
• The Moghra Aquifer.
• The Coastal Aquifer.

2 Nile Valley and Nile Delta Aquifer
(NVNDA)

The NVNDA aquifer is of Quaternary and Late Tertiary age,
and is overlain by the Nile flood plain, Nile Delta, and its
desert fringes. In its majority, it consists of a thick layer of
graded sand and gravel that is covered by a clay layer. .

2.1 Geologic and Hydrogeologic Settings

The geologic succession of the Nile Valley ranges in age
from Precambrian to Quaternary. Precambrian rocks are
mostly igneous and metamorphic in nature. The basement
complex’s sedimentary strata date from the Paleozoic to the
Recent. The NVNDA is mostly made up of Quaternary
fluvial sediments. Figure 3 illustrates how its thickness
ranges from 300 m in the Middle of Egypt (Sohag Gover-
norate) to just a few meters in the north towards Cairo and
south towards Aswan. (Fig. 3). There is no hydraulic linkage
between the NVNDA and the underlying Nubian Sandstone
Aquifer due to the presence of impermeable Pliocene clayey
layers underneath the NVNDA aquifer. However, there
could be a linkage between the Quaternary deposits of the

Fig. 1 Nile River location and physiographic map of Egypt

Major Groundwater Reservoirs of Egypt 615



NVNDA aquifer and the surrounding limestone rocks
(Geriesh, 1998). The entire Egyptian Nile Valley is governed
by wrench faults that run parallel to both Gulfs of Suez and
Aqaba (Geriesh et al., 2020; Youssef, 1968).

Because its salinity is less than 1500 parts per million, the
water in the NVNDA is mostly used for domestic uses and
irrigation. The NVNDA is a renewable resource, with key
recharge sources being infiltration from surplus agricultural
water application and leakage from the irrigation canals (El
Tahlawi et al., 2008; Geriesh, 1998; Geriesh et al., 2015). The
NVNDA’s saturated thickness ranges from 10 to 200 m and
its hydraulic conductivity, on the other hand, ranges from50 to
70 m/day. The Fluvial Pleistocene aquifer (MitGhamr For-
mation) is the Nile Delta’s principal groundwater-bearing
layer. It is mostly composed of gravely sand with interbedded
and low-extendable clay lenses in the north. The Nile Delta
Aquifer is classified as a semi-confined aquifer because it is
overlain by Holocene silt, clay, and fine sand in the Nile
floodplain (Fig. 4). In the Delta’s northwestern part, a cal-
careous loamy layer with a thickness varying from 0 to 20 m
acts as a confining layer beyond the floodplain. However,
there is a hydraulic connection between the Quaternary
aquifer and the Moghra aquifer to the west (Fig. 2).
Such connection can be confirmed by observing the westward
continuation of the piezometric gradient . At the desert’s
fringes, the semi-confined layer is vanished, and phreatic
conditions prevail (El Tahlawi et al., 2008; Geriesh et al.,
2015). The thickness of the groundwater storage strata varies
depending on location; nevertheless, 190 m is the average
thickness. It progressively rises to the north, reaching 350 m in
Tanta City. The water layer thickness ranges between 120 andFig. 2 Hydrogeologic map showing the major groundwater aquifers in

Egypt (modified after RIGW/IWACO, 1988)

Fig. 3 Hydrogeologic profile through the Nile Valley and Delta basins (modified after Hefny & Shata, 2004)
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220 m in the western section of the Nile Delta, and gradually
decreasing toward the east. The entire thickness of the aquifer
grows from Cairo northward to reach about 1000 m toward
theMediterranean coast (Idris&Nour, 1990). The depth of the
groundwater level in the Nile Delta Aquifer increases from
north to south. It ranges from one to two meters in the north to
three to four meters in the center and five meters in the south
(Armanious et al., 1988).

Because the salinity does not exceed 1000 ppm, the
southern part of the aquifer has better quality and quantity
than the northern part as the irrigation water infiltration
always recharges the aquifer (Geriesh et al., 2015; Idris &
Nour, 1990). In the Quaternary Nile Delta aquifer, the hor-
izontal hydraulic conductivity ranges between 0.05 and
0.5 m/day. The storage coefficient ranges between 10-4 and
10-3, with 0.3 indicating the porosity of the aquifer medium.
The transmissivity ranges from 500 m2/day at the desert's
edge to 25,000 m2/day in the Nile Delta’s apex. The northern
regions of the aquifer have quite distinct conditions as the
aquifer becomes less productive, higher salinity due to
saltwater upconing, high evaporation, and rising ground-
water levels, Figure 5 depicts the vertical distribution of the
water-bearing layers in the Nile Delta 5). The Holocene silty
sand and mud (Belqas Formation) overlay the Pleistocene
aquifer along the main southern flood plain but with an
extremely variable thickness ranging from the south to north

between 4 and 50 m, respectively. This aquifer is also
confined along the northern boundaries, especially along the
coastal zone. While the majority of the other parts of the
desert fringes are considered unconfined, the Pleistocene
aquifer is generally under phreatic conditions. Several per-
ched aquifers are formed together with the northern coastal
plain’s lowlands and the Delta of Wadi El-Tumilat branched
to the east, particularly within dune accumulations. Most of
these parts are suffering from water logging and soil salin-
ization due to the high prevailing evaporation rate (El-Fawal
& Shendi, 1991; Geriesh, 2000). Global glacial-eustatic
sea-level changes were the most powerful paleoenviron-
mental impacts the Nile Delta’s groundwater flow regimes,
particularly throughout the Quaternary period (Diab et al.,
1997; Fairbanks, 1989; Geirnaert & Laeven, 1992; Geriesh,
2000; Geriesh et al., 2015; Perissorateis & Conispoliatis,
2003; Zaghloul et al., 1979).

2.2 Palaeohydrogeologic History

The Nile Delta’s principal fluvial Pleistocene aquifer is the
most potential water-bearing layer. It is made of porous sand
and gravel with clay lenses and has a maximum thickness of
around 975 m (Zaghloul et al., 1979). At the central Nile
Delta, the Holocene silt and clays overlay the Pleistocene

Fig. 4 Groundwater aquifers in the Nile Delta (modified after El Tahlawi et al., 2008)
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aquifer. While along the western and eastern flanks, it is
unconformably overlain by a thin reddish pebbly gravel
layer, most probably El Abbassia gravel, which was
deposited by the Late Pre Nile-early New Nile system (Said,
1981). In most areas, the Miocene and Pliocene successions
underlain the Quaternary sediments in the Nile delta, func-
tioning as an impermeable layer for the main Quaternary
aquifers. From bottom to top, the Nile Delta’s
Neogene-Quaternary subsurface is divided into eight for-
mations: Sidi Salim, Qawasim, Rosetta, Abu Madi, Kafr
El-Sheikh, El-Wastani, Mit Ghamr, and Bilqas. Three cycles
are represented by these formations (Rizzini et al., 1978) or
four cycles (Zaghloul et al., 1979) and can be distinguished
based on the environmental conditions of deposition
(Fig. 3). The Neogene-Quaternary succession is mainly
represented by shale , with interbedded layers of dolomitic
marl in the bottom section and sandstone and siltstone at the
top. According to Zaghloul et al. (1979), the shale has a
foreshore to nearly deep marine character and was formed in
a transgressive sea, whereas the top sandstone appears to
have been deposited in a somewhat regressive sea. The Mit
Ghamr Formation, on the other hand, is the most important
hydrogeological unit in the aforementioned successions. Its
thickness increases gradually northwards and is open into
the sea to form the Nile cone deposit (Fig. 5). This unit's
basin mostly covered the area of the present Delta, and its
fringes with a shoreline formed nearly at the present coast
but extended further southeast and southwest (Attia, 1954).
The Pleistocene water-bearing layers appear to have been
deposited underlagoon fluviatile and beach environments,

according to Zaghloul et al. (1979). These sediments reflect
the start of the third Holocene Sea transgression phase,
advancing primarily from the north and northeast. The
Plio-Pleistocene aquifer’s deposition regime is more influ-
enced by Europe’s glacial periods. During that time, the
coastline was near the continental shelf’s edge, and the Nile
River created new channel deposits of sands and gravels
with minor clay. The entire delta surface was thus
sub-aerially exposed, resulting in clay oxidation and the
production of gypsum and salt crusts duringarid phases
(Geirnaert & Laeven, 1992). The sea level rose rapidly
between 18,000 and 7500 years B.P., and the marine clays
can be found up to 50 km inland. The sea reached its
greatest extent at 5000 years B.P., after which it receded to
its current shoreline. During the Holocene, regular flooding
resulted in the deposition of thick layers of clay and siltuntil
the High Dam construction in 1970, which eliminated the
Nile's seasonal floods. The necessary information about this
subject was collected from different sources such as (Butzer,
1967; El-Fayoumi, 1987; Fairbridge, 1967; Geriesh et al.,
2015; Sestini, 1989; Shackleton & Opdyke, 1977; Shepard,
1963; Zaghloul et al., 1979). The Nile Delta witnessed sig-
nificant changes during the Late Pleistocene due to major
changes in sea level and climate conditions. The interglacial
periods that separated the Middle Pleistocene from the Late
Pleistocene caused a sea-level rise of roughly 13 m above its
current level (Fiarbridge, 1967), undulating the sub-aerial
delta plain and aggravating the distributaries on the low-
lands. The last Pleistocene maximum transgression invaded
most central lowlands at the period from 13,000 to

Fig. 5 Hydrogeologic cross-sections in the Nile Delta (modified after Geriesh et al., 2015)
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6000 years B.P. It rose to a level varying between 9–15 m
above the present sea level. Continuous Sea level fluctuation
but within the range of its present Sea level characterized the
latest Pleistocene period (Geriesh et al., 2015). The statistical
analysis of radiocarbon dates for Saharan groundwater has
supported the Holocene recharging period (Geyh & Jakel,
1974).Two or three different distinct short and humid phases
have been discussed in the literature, with rainfall maxi-
mums ranging between 8500 and 5500 years B.P. (Rognon
& Williams, 1977). There is also general agreement that one
intermediate arid phase occurred approximately 7000 years
B.P. and that no major humid period has occurred since
3500 years B.P. Inspection of the above-discussed
paleo-hydrogeological history suggests that the most criti-
cal events to evaluate the existing groundwater aquifers are
those that prevailed during the Holocene(Fig. 6). The
Holocene time is characterized by two major climatic phases
(El-Asmar, 1991; Geriesh, 2000; Geriesh et al., 2015). The
older phase, which corresponded to the early Holocene, was
distinguished by a warm-wet limate. Whereas, the younger
one, 5000 to 3000 years B.P., was distinguished by arid
climatic conditions associated with the Atlantic-sub-boreal
phases. These two major climatic changes were also men-
tioned by Wendorf et al. (1977), Stanely and Maldonado
(1977), Paulissen and Vermeersch (1987), Paepe and Mari-
olakos (1984), Van Overlop (1984) and were deduced from

the post-glacial climatic curve of the Levant who pointed out
the two climatic phases related to the Holocene. The older
one (10,000–7500 B.P.) was humid, and the younger one
was dry and related to the Atlantic stage. According to
Rognon (1987) and Geriesh et al. (2015), there was a wet
phase during the Holocene dated up to 6000 years B.P.,
followed by an arid phase during which gypsiferous deposits
occurred formed at low land areas. It should be noted that
groundwater age of the Pleistocene aquifer of the Nile Delta
spans between 3000 and 8000 years B.P. (Geirnaert &
Laeven, 1992; Geriesh et al., 2015).

2.3 Groundwater Recharge

Many authors have discussed the Nile Delta’s hydrogeology
and groundwater movement, including Shata and
El-Fayoumy (1970), Geirnaert and Laeven (1992), Dahab
(1994), Diab et al. (1997), Geriesh (2000), and Geriesh et al
(2015). Groundwater recharge (Fig. 7) to the Pleistocene
aquifer occurred via downward seepage from surface water
(Nile branches and surface irrigation system) and by exces-
sive irrigation in the traditionally cultivated lowlands and
reclaimed desert fringes, (Geriesh et al., 2015). Rainstorms
may also contribute in recharging, particularly in the uncon-
fined aquifers of the southeast and southwest rolling plains.

Fig. 6 3D model shows the paleo-hydrogeological history of groundwater recharge of the Nile Delta during the Holocene episode. Model
(A) shows the aquifer refilling phase during the pluvial phase (8500–5000 B.P.), model (B) shows the aquifer deterioration phase during Holocene
(5000–3500 B.P.), and model (C) shows the aquifer flushing phase from 3500 BP until the present. The blue curved arrow indicates that model
(B) is expected to prevail as the next phase (modified after Geriesh et al., 2015)
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Fig. 7 Groundwater table map of both Pleistocene aquifer (black) and Holocene aquifer (red) of the Nile Delta (modified after Geriesh et al.,
2015)

Fig. 8 Groundwater salinity in ppm of both Pleistocene aquifer (black) and Holocene aquifer (red) of the Nile Delta (modified after Geriesh et al.,
2015)
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The general groundwater flow tis from south to north,
eventually reaching the Mediterranean Sea and coastal
lakes. Local groundwater flows from the Nile branches
eastward to the Suez Canal and northern lakes (El-Manzala

and El-Balah lakes), and westward to Wadi El Natrun
(Fig. 7). The hydraulic gradient is quite low throughout the
area, ranging between 0.1 and 0.3 m/km (Geriesh et al.,
2015).

Fig. 9 Hydrochemical facies of both Holocene (a) and Pleistocene (b) aquifers of the Nile Delta (modified after Geriesh et al., 2015)
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Fig. 10 Deuterium distribution map of Nile Delta aquifer (modified after Geriesh et al., 2015)

Fig. 11 Geographic distribution and regional geology of the Nubian
sandstone aquifer system (NSAS) with delineating recharge areas
(modified after Sultan et al., 2013; Thorweihe, 1982)

2.4 Hydrogeochemistry and Groundwater
Quality

Many studies have been carried out about the hydrochem-
istry of the Nile Delta's groundwater aquifers including
Shata and El-Fayoumy (1970), Abdel Mogheeth (1975),
Diab et al. (1997), Geirnaert and Laeven (1992), Mansour
(2015), and Geriesh et al. (2015), . According to these
investigations, Nile Delta groundwater varies greatly in
composition and salinity (Fig. 8). Salinity maps show two
distinct zones, low salinity (TDS< 1000 ppm) nearby the
flood plain and the Rosetta branch and high salinity
(TDS > 10,000 ppm) along the coastal plain to the north and
nearby the Suez Canal to the east (Fig. 8) are separated by a
distinct interface as shown in Fig. 8 , which could be
attributed to the change in lithologic facies from alluvial to
fluviomarine salty facies and the impact of evaporation on
the shallow water of the lowland areas to the north. The
salinity contour lines around the Suez Canal and the attached
lakes indicate discharge boundaries. Groundwater facies
(Fig. 9) vary gradually from Ca-HCO3 and Mg-HCO3 close
to the flood plain and Rosetta branch to Na-HCO3 and
Na-Mix to the west and the north and finally to Na-Cl and
Ca-Cl toward the desert fringes and Na-Cl and Mg-Cl
toward the coastal plain (Fig. 9). In the Na-Mix zone, Na
exists as a surplus ion (Na>Cl), which may be attributed to
the leaching process to a former brackish or saline water in
this zone. Stable isotope analyses of the western Nile Delta
flank indicated that most analyzed samples are arranged in a
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linear relationship between precipitation and Nile water
(Awad & Nada, 1992; Geirnaert & Laeven, 1992; Geriesh
et al., 2015). This might imply that the Nile is constantly
releasing groundwater from the southern flood plain and
Rosetta branch into the lowlands of Wadi El-Natrun
(Fig. 10). This association shows that mixing of Nile water
and fossil groundwater occurs where groundwater becomes
more depleted in heavy isotopes as it moves toward the
desert fringes, yet samples near Nile branches are enriched in
heavy isotopes.

3 The Nubian Sandstone Aquifer System
(NSAS)

The NSAS is Africa's most widespread fossil aquifer system,
with a groundwater capacity estimated to be 150,000 Bm3,
equivalent to about 500 years of Nile River discharge
(CEDARE, 2002; Salem & Pallas, 2002; Thorweihe, 1990;
Thorweihe & Heinl, 2002). The NSAS is one of the world's
largest transboundary aquifers, shared by Egypt, Libya,
Sudan, and Chad (Fig. 11). It covers an area around
2.2 million km2, including 828,000 km2 in Egypt (38%),
760,000 km2 in Libya (34%), 376,000 km2 in Sudan (17%),
and 235,000 km2 in Chad (11%). The majority of the aqui-
fer's water resources are located in Egypt and Libya, with
Chad and Sudan having a lesser fraction (CEDARE, 2002;
Thorweihe & Heinl, 2002). The NSAS has a maximum depth
of 4500 m and a hydraulic head varying from 570 m above
mean sea level west of Darfur in Sudan to -78 m below mean

sea level in Egypt's Qattara Depression (Sefelnasr et al,
2015). The freshwater layer’s thickness ranges from 200 m
east of Uweinat to 3500 m northwest of El-Farafra Oasis
(RIGW, 1990), with medium to good hydraulic properties, as
shown in Table 1. The following are the actual withdrawal
rates from the NSAS as of 2012: Egypt: 1029 Mm3/yr;
Libya: 851 Mm3/yr; Sudan: 406 Mm3/yr; and Chad: 1 Mm3/
yr (Ahmed, 2013). The NSAS water storage in Egypt is
believed to be roughly 40,000 Bm3, but unfortunately this is
not renewable due to the low recharge of groundwater in the
Western Desert (El-Rawy et al., 2020; Heinl & Thorweihe,
1993). The NSAS was initially used on a wide scale in Egypt
in 1960, in the main Oases of the Western Desert, with total
groundwater extraction projected to be in the billions of cubic
meters (CEDARE, 2014).

3.1 Geologic and Hydrogeologic Settings

The Nubian Aquifer System (NSAS) is made up of Paleo-
zoic and Mesozoic deposits that overlying the Precambrian
basement complex that underlies the entire NSAS basin.
The NSAS is composed of medium to coarse sandstone
formation (Fig. 12). Because of different water-bearing
strata, the NSAS contains two distinct groundwater sys-
tems: (1) the Lower Nubian Aquifer System (LNAS), which
is over 400 m thick and is under unconfined condition
below the 25th latitude, but confined in the north; and (2) the
Post Nubian Aquifer System (PNAS), which often occurs
north of the 25th latitude and overlies the (LNAS) in Egypt’s
Western Desert and northeastern Libya.

The NSAS is divided into three major sub-basins:

• Kufra sub-basin in northeastern Chad, northwestern
Sudan, and Libya.

• Dakhla sub-basin in Egypt.
• Northern Sudan Platform sub-basin in northern Sudan.

At the western desert, the aquifer is mostly made of hard
ferruginous sandstone with thick shale and clay intercalation
and ranges in thickness from 140 to 230 m (Sefelnasr et al.,
2015).

Table 1 Average aquifer
thickness, transmissivity, and
hydraulic conductivity of the
NSAS in the Oases of the
Western Desert (Hesse et al.,
1987; Sefelnasr, 2002)

Area Thickness (m) Transmissivity (m2/s) Conductivity (m/s)

Kharga 1250 3.2 * 10–2 2.5 * 10–5

Dakhla 1750 7.5 * 10–2 4.8 * 10–5

Farafra 2600 1.2 * 10–2 4.2 * 10–5

Bahariya 1880 8.8 * 10–3 4.5 * 10–5

East Uweinat 430 1.3 * 10–2 2.3 * 10–5

Kufra 2850 1.1 * 10–2 5.9 * 10–5

Selima 260 2.6 * 10–2 1.3 * 10–5

Adapted from Hesse et al. (1987) and Sefelnasr (2002)

Fig. 12 Geologic cross-section of the Nubian sandstone aquifer
system from S to N along the western desert of Egypt (modified after
Thorweihe, 1990)
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The Upper Cretaceous Nubian Sandstone Aquifer, which
lies near the land surface in some regions, is the major
aquifer in the Western Desert. The Late Paleocene and Early
Eocene Esna Shale cover most of it, followed by a highly
broken Eocene limestone (Geriesh et al., 2020). In West of
Aswan, an erosional unconformity can be detected, and thick
fluvial deposits from various origins and ages cover the
Nubian Sandstone Aquifer. Despite its enormous size, the
NSAS is regarded a closed system since it is naturally
bounded to the west and south by mountainous outcrops of
the Kordofan Block, Ennedi, and Tibesti, and to the east and
southeast by Nubian Shield mountain ranges (Fig. 11). The
Saline-Freshwater Interface is the natural northern boundary
of the Nubian Sandstone Aquifer System, and its location is
assumed to remain spatially constant (Fig. 12). Most
groundwater in the NSAS is meteoric in origin (i.e., atmo-
spheric), while minor part is derived from magma (Juvenile
water). Low irregular rainfall, constant drought, land
degradation, and desertification characterize the region's
climate. Rainfall occurs most frequently between June and
October, with an annual average of less than 25 mm in the

far north. It usually increases to the south, with an average of
200 mm near Khartoum, although its distribution is highly
varied (Fig. 13).

3.2 Aquifer Recharge and Hydrogeochemistry

Several studies relate the recharge of the NSAS to Nile
River along its eastern borders, groundwater flow from the
Blue Nile, and local rainfall on ephemeral watersheds in the
mountainous terrains. Due to groundwater discharge into
depressions, evaporation potential in regions with shallow
groundwater table, and upward leakage into confining beds,
low values of infiltration rate were obtained when compared
to natural groundwater flow. As a result, under current cli-
mate conditions, the NSAS is considered as a non-renewable
groundwater resource (Mirghani, 2012). It is also believed
that the NSAS receives current recharge regionally from
southern borders (Sudan and Chad) and locally (west of
Nasser Lake and Aswan) through significant fractures and
joints, as well as in the northern regions of Sinai Peninsula
where exposed aquifer rocks receive high amounts of rainfall
(e.g., Geriesh et al., 2020; Robinson et al., 2007; Sultan
et al., 2013). The NSAS has an isotopic signature that is
depleted, with 18O levels ranging from -9.8 to -10.99 ‰ and
2H values ranging from -77.6 to -87.8 ‰ (Abouelmagd
et al., 2012, 2014; Aly et al., 1989; Geriesh et al., 2020;
Hamza et al., 1982; Swailem et al., 1983). Further studies on
fossil groundwater from the Nubian Aquifer in the Sinai
Peninsula revealed that their radiocarbon ages ranged
from * 24,000 to * 31,000 years B.P., indicating
recharge during and/or before the Last Glacial Maximum
(Abouelmagd et al., 2014). These isotope signatures may
have indicated paleo-water replenishment during the Late
Pleistocene (Geriesh et al., 2015). Nile water seepage; local
rainfall on aquifer outcrops, and local infiltration from pre-
cipitation during previous wet periods are also sources of
recharge. Groundwater varies from fresh to somewhat saline
(salinity ranges between 240 and 1300 ppm). Low salinity
and, in some cases, super-fresh groundwater characterize the
majority of the water-bearing Nubian sandstone layers. in
many areas such as the Farafra Oases and deep layers in the
Siwa Oasis. The Na-Cl and Na-Cl-HCO3 groundwater types
represent the Nubian Sandstone aquifer's old meteoric water
(Geriesh et al., 2020)

3.3 Groundwater Flow and Aquifer
Characteristics

Groundwater flow in the NSAS is generally from South to
North at Dakhla Basin in the Western Desert (Sefelnasr et al,
2015) and Sinai Peninsula (Abouelmagd, 2014). However,

Fig. 13 Cumulative average precipitation rate derived from
three-hourly Tropical rainfall measuring mission (TRMM) data over
NSAS during the period from 2002 to 2009(Sultan et al., 2013)
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because the Uweinat-Aswan uplift impedes groundwater flow
from south to north, the flow in the Kufra basin is from
southwest to north and northeast (Sultan et al., 2013).
The groundwater ages range from less than 30,000 years in
the south to one million years in the north (Sturchio et al.,
2004). The age increases to the north, and there is local
groundwater recharge west of Lake Nasser and the Toshka
plain to the Nubian sandstone aquifer that extends for less than
5 km in length (Geriesh et al., 2020; Masoud et al, 2013).
Findings indicate strong correlation between low-salinity
groundwater and the spatial distribution of fluvial and struc-
tural features. Low-salinity water can be found near alluvial
fans especially in the southwest reaches of structurally
enclosed streams, . The presence of low-salinity water in wells
near structures emphasizes the need of structural knowledge
in understanding groundwater flow patterns (Geriesh et al.,
2020; Koch et al., 2012; Robinson et al., 2007). Between the
late 1950s and the early 2010s, when the New Valley project
was initiated, there was an urgent need to examine the
underground reserves of the land reclamation areas. The fol-
lowing groundwater extraction results were obtained from all
models in the region:

1. El-Bahariya Oases drawing areas were in the range of
30 Mm3/yr (1990) and could be increased to 143 Mm3/yr
(2000).

2. Areas of the Farafra Oasis: The current pumpage is in the
range of 131 Mm3/yr in 1996 and can be increased to
about 469 Mm3/yr.

3. El-Dakhla Oases: The current abstraction is 185 Mm3/yr
and can be increased by 217 Mm3/yr, while reports from
the Ministry of Irrigation indicate that a potential for an
increase of 76 Mm3/yr could be added.

4. El-Kharga Oases: The current figure is estimated at
110.3 Mm3/yr, and the report of the University of Berlin
advises against increasing.

5. South of Baris Oasis, there are no studies of the possibility
of land reclamation, and it is recommended to develop a
hydrogeological model to include this area using data and
information that can be obtained from existing wells,
wells being drilled, and future wells in this area.

6. East Uweinat: Based on numerical modeling for the
Eastern Uweinat region, three scenarios were simulated
for the exploitation of the NSAS water. These scenarios
build up based on keeping the potentiometric water level
do not complete the model area’s aquifer’s complete
depletion. A realistic plan would be based on lowering
the water level at a maximum drop to a depth of fewer
than 100 m. Egypt’s total storage capacity is estimated to
be 40,000 Bm3/yr; however, usage of this resource is
dependent on pumping costs and economic returns over a
short time . In the Western Desert (East Uweinat, Farafra,

and Dakhla Oases), the total potential groundwater
withdrawal is roughly 3.5 Bm3/y (El Alfy, 2014).
In central Sinai, the NSAS aquifer has potential for fur-
ther development (200–300 Mm3/y, JICA, 1992), while,
in the Eastern Desert, the aquifer potential ranges
between 50–100 Mm3/y.

If large-scale depletion continues in the Western Desert,
the aquifer will be stressed and the water level will fall to
the point of being depleted. Superior quality water with
relatively high iron and manganese concentrations is
pumped from the Nubian Aquifer in several regions across
the Western Desert and the Sinai Peninsula. The salinity of
groundwater varies vertically and horizontally. Groundwa-
ter abounds with high potentiality in four water-bearing
strata separated by interbedded shale and clay beds in the
El-Bahariya Oasis, with its flow patterns varying from SW
to NE (Khaled & Abdalla, 2013). In Kharga and Dakhla
Oases, salinity drops with depth from more than 1000 mg/l
in the top water-bearing layer to 200 mg/l in the lowest
water-bearing layer . The top water-bearing layer near the
saltwater boundary in the Siwa region includes freshwater
(200–400 mg/l), but the deeper water-bearing layer con-
tains hypersaline water (up to 100,000 mg/l). Because of
the high quantities of free CO2 and H2S, as well as the low
redox potential, this groundwater is particularly corrosive.
The high iron and manganese concentrations (2–20 mg/l)
found in Farafra, Bahariya, and other locations cause well-
screen clogging (Korany, 1995). Furthermore, groundwater
radium pollution beyond the maximum contaminant limit
(MCL) of drinking water has been recorded in the Nubian
Aquifer in the Western Desert (Sherif & Sturchio, 2021)
and the Sinai Peninsula (Sherif et al., 2018).

4 The Fissured Carbonate Rock Aquifer
(FCRA)

Over half of Egypt’s land area is covered by the FCRA,
which stretches from the Sinai to Libya (see Fig. 2). It has
several natural springs because it functions as a confining
layer on top of the NSAS. Uncertainty surrounds the aqui-
fer's recharge, and its potential is not well understood
(MWRI, 2013). Despite accounting for at least half of
Egypt’s entire surface area, the FCRA is the least studied
and utilized. It is mostly found in Egypt's Western Desert’s
northern and central sections. The aquifer’s recharge is
dependent on upward seepage from the deeper Nubian
Sandstone aquifer and, occasionally, local precipitation. Its
thickness extends from 200 to 1000 m, with an estimated
5 billion m3 of exploitable brackish water in the fissured
carbonates (MWRI, 2013).
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4.1 Geologic and Hydrogeologic Settings

Three formations may be distinguished within the carbonate
complex:

• Lower Formation: Upper Cretaceous,
• Middle Formation: Lower and Middle Eocene,
• Upper Formation: Middle Miocene.

An upper fractured limestone complex with a thickness
varying around 650 meters (Upper Cretaceous to Middle
Miocene) and lying irregularly on the NSAS is discovered in
wells dug in the Siwa Oasis. There are 200 or more natural
springs scattered around the top of the Middle Miocene fis-
sured limestone outcrop, with a daily flow of about
200,000 m3 and salinities varying from 1500 to 7000 ppm. At
Gebel Anguilla and the EI-Farafra Oasis, the aquifer’s water
levels range from 62 to 80 m above mean sea level, and
various wells tapping it (Khalifa, 2014). With extremely few
exceptions, direct rainfall, and surface runoff, the FCRA is
mostly recharged by upward groundwater leakage from the
underlying Nubian Sandstone Aquifer via existing deep faults
(EI-Ramly, 1967; II Nouva Castoro, 1986). The Upper Cre-
taceous aquifer in central Sinai is distinguished by a thick
section that rises over 800–1000 m and is mostly made of
chalk, chalky limestone, marl, dolomite, dolomitic limestone,
and shale (Abdalla & Scheytt, 2012). Numerous limestone,
marl limestone, and marl layers make up the Eocene rock.
Near the outcrops of the El Egma and El Tih Plateaus, the
thickness of these strata progressively reduces southward to
about 200 m. Salinity levels in groundwater climb northward
and range from 3800 to 5000 mg/l (JICA, 1992). The yearly
recharge for the Sinai Peninsula is anticipated to reach
76 Mm3 (JICA, 1992). The Upper Cretaceous aquifer is
contained by a down-faulted tertiary-age rock that stretches
from the district's central region to the north of GabalMaghara
and Gabal EI-Halal districts. The free to semi-confined
properties of this aquifer system in the center of Sinai are
accompanied by modest discharge rates through several
shallow wells and natural contact springs. The groundwater
flows from the southern terrains towards the northern low-
lands. A typical SE-NW flow with a hydraulic gradient of
0.0035 is present. In southern Sinai, intercalation of Ceno-
manian, marly limestone, and shale occurs downstream of
Wadi Feiran, forming a confining unit (aquitard) for the
underlying NSAS. The aquifer thickness and top confining
unit vary from 100 m near its outcropping sections along the
eastern portions to approximately 450 m westwards with the
Wadi exit to the Gulf of Suez (Geriesh & El-Rayes, 2000).
The aquifer is discharged westward into the Gulf of Suez
through natural springs near the coastline (e.g., Hammam

Pharaon and Ayoun Moussa). Marine Miocene carbonate
rocks, which may influence water quality due to their high
evaporite concentration, underlie the aquifer’s furthest
downstream reaches. Hydraulic conductivity in central Sinai
is 18.4 m/day, while transmissivity is 663.7 m2/day (Abdalla
& Scheytt, 2012). Karstified sedimentary formations are the
only places where groundwater occurs and flows freely. The
aquifer’s groundwater potential is growing due to fault and
fissure systems. The transmissivity of Helwan, south of Cairo,
ranges from 4.6 10-3 m/s to 9.3 10-3 m/s. The degree and
continuity of fractures affect well productivity, which varies
by geography (Abdalla & Scheytt, 2012). The fissured lime-
stone possesses karstic properties due to groundwater circu-
lation through many warm springs, and salt concentrations
can reach > 5000 ppm (Abdalla & Scheytt, 2012). Well
discharge rates in the Siwa Oasis, Western Desert, range from
5 to > 300 m3/h. Salinity varies according to the recharge
area's location and the kind of rock found in the water-bearing
strata. Freshwater only appears if the aquifer is significantly
recharged with freshwater from wadi infiltration or upward
leaking from the Nubian Aquifer into overlying carbonate
aquifers. Groundwater in the western desert’s Farafra Oasis is
extremely fresh and has a salinity of less than 1000 ppm.
Salinity ranges from 2000 to 5000 ppm in the southern part of
the northern plateau, and it rises to more than 10,000 ppm in
the north, where the Dabaa Shales cover the aquifer (Joint
Venture Qattara, 1979). The Middle Eocene through the
Pleistocene and Holocene are covered by the El Minia
Governorate’s FCRA. Eocene rocks provide a wide variety of
limestone formations (fissured, chalky, and silicified). An
Eocene (limestone) aquifer known as the Samalut Formation
is made up of hard, white, and abundantly fossiliferous
limestone that is intercalated with shale and marl. A fault
network that affects the Eocene aquifer could have an impact
on how the aquifer recharges. Under porous alluvium layers,
groundwater is present under unconfined condition. The
Eocene aquifer’s water depth varies between 25 and 120 m
west of the Nile and 6 and 153 m east of the Nile. The eastern
bank of the Nile is where you will most observe an increase in
water depth from north to south. Recharge sources for the
Eocene aquifer include current precipitation percolation,
periodic flash floods, downward leakage from the
upper Quaternary aquifer, and perhaps upward leaking from
the Nubian sandstone aquifer. In the northern part of the
Eastern Desert, thick wide multi-horizon successions of car-
bonate rock facies, sandstones, shale, and clay constitute the
main representation of the fractured limestone and sandstone
aquifers. The Middle Miocene aquifers have hydraulic con-
ductivity, storativity, and transmissivity values of 4.31 m/d,
1.2 � 10–3, and 70 m2/d, respectively (El-Ghazawi and
Abdel Baki 1991 ).
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5 The Fissured Hard Rock Aquifer (FHRA)

Non-volcanic (plutonic) igneous and metamorphic rocks are
usually referred to as crystalline rocks according to their ori-
gin from the crystallization of magmas and re-crystallization
of other rocks. They occur as intrusive amidst other rocks, as
extrusive on the surface, or as large bodies or plutons, crys-
tallized at considerable depths. The aquifer runs through the
Red Sea hills and the southern Sinai Peninsula, where exposed
schist, gneiss, and granite rocks (see Fig. 2).

5.1 Aquifer Geology and Hydraulic
Characteristics

The FHRA is primarily made of granite, granodiorite, and
gabbros. Rhyolite and andesite dikes are abundantly dis-
tributed throughout the Red Sea and southern Sinai
(Fig. 14). The composition of crystalline rocks varies from
acidic to basic depending on the silica amount and compo-
sition of feldspars and ferromagnesian minerals. The Pre-
cambrian basement aquifers are oucropped along most of the
investigated watershed area, as well as in southern Sinai
(Fig. 14). The fractured and worn crown (up to 5 m depth)
of these rocks serves as the primary recharging location for
the basement wadi filling aquifers and is regarded as a water
collector from a hydrogeological standpoint, with ground-
water occurring largely in the joints and cracks within these
rocks (Geriesh & El-Rayes, 2000). The joint density, the
number of tapped fault zones, and the terrain of the

immediate area around the well site all affect the wells’
output (El-Rayes, 1992). Southern Sinai's Precambrian and
Cambrian rocks get an estimated 52,000 m3/d of recharge
(Dames & Moore, 1985). Fresh, solid, unaltered, and
unfractured specimens of crystalline igneous and most
metamorphic rocks have primary porosities that rarely
exceed 2%. Many rock types are, therefore, impervious and
impermeable. Secondary porosity and permeability are
imparted to these rocks by weathering and fracturing. The
permeability of crystalline rocks varies greatly depending on
the degree of weathering, the composition of the weathered
components, and the intensity of fracturing and open spaces
in the cracks. The hydraulic conductivity of the upstream
sediments (3–6.8 m/d) increases in tandem with the wadi
filling deposits in the basement terrains. The hydraulic
conductivity of downstream sediments, on the other hand, is
the lowest (< 0.5 m/d), which can be related to the abun-
dance of carbonate rocks and large mud proportions in most
downstream streams. Also, hydraulic conductivities of the
trough areas (i.e., basins) are much lower than those areas of
the steeply sloped stream gradients (Geriesh & El-Rayes,
2000). The depth of the water table fluctuates significantly
throughout the FHRA due to its undulating topography. In
the Wadi Feiran basin in the southern Sinai, the fractured
basement rocks aquifer has an estimated average transmis-
sivity of 57.3 m2/day and a specific yield of 0.017.
(Abouelmagd, 2003). The FHRA may be divided into the
following three units based on the hydrogeological signifi-
cance and areal distribution:

1. Pre-Cambrian fractured basement rocks.
2. Quaternary alluvial deposits.
3. Volcanic dykes and sills.

Because of the decrease in the porosity and specific yield
with depth, water held in storage and water potential for
extraction from a unit volume of basement rock decrease with
increasing depth. Although the worn and interconnected
fracture zones form a continuous aquifer with hydraulic con-
tinuity, the heads in individual zones might vary, lowering in
recharge areas and increasing in discharge areas. The crys-
talline aquifers are affected by lithologic and structural control.
Depth to water levels broadly follows the topography. Where
the rocks are highly permeable and where the local base level
of erosion lies deep, the water level may also be deep due to
quick water drainage. If there are several flows, perched
aquifers may be formed above the impermeable horizons of
different flows. The alternating succession of permeable and
dense horizons in volcanic rocks form a multi-aquifer system.
Wadi filling deposits in most basement hydrographic basins
act as good collectors for rainfall and flash floods that occur in
the basement terrains’ watershed zones.Fig. 14 Geology of the crystalline province of Southern Sinai (after

Ginzburg et al., 1979; Neev, 1975)
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Aquifer storage and depths of these wadi filling deposits
depend mainly on the underlying basement topography and
wadi crossing dykes (Geriesh et al., 2004; Shendi &
Abouelmagd, 2004). The topmost weathered, jointed, vol-
canic dykes, and the vesicular layer form phreatic aquifers.
The inter-flow permeable horizons occurring below the
massive zone comprise confined aquifers, with intercon-
nections to a varying degree, depending on the nature of
layers in between. Small, thin, intrusive bodies like sills and
dykes emplaced far away from the volcanic vents may have
congealed rapidly and developed joints within the intrusive
body as well as in the host rocks. When bordered by less
permeable host rock, weathered dykes can operate as pre-
ferred flow conduits, but impermeable dykes can signifi-
cantly contribute to impounding groundwater flow, acting as
barriers, and causing local aquifer compartmentalization
(Houben et al., 2018; Mohamed et al., 2015).

5.2 Groundwater Recharge and Quality

Precipitation is considered as the main source of groundwater
recharge in the FHRA. Massive runoff along the main wadis
toward the Red Sea may be the result of heavy rainfall in the
Eastern Desert. However, a significant amount of rainfall can
percolate downward and be stored in the cracked basement
rocks via open areas and fracture systems. Groundwater flows
downward through the cracks because of the hydraulic gra-
dient and gravity force to replenish both the Phanerozoic
sedimentary aquifers and the Quaternary alluvial deposits that
fill the hydrographic basins and plains (e.g., El-Qaa Plain in
southern Sinai). In southern Sinai, the FHRA is also recharged
by small infiltrating rainwater quantities (El-Rayes, 1992), so
water flows through fractures, joints, and voids. Hand-dug
wells provide a limited quantity of water with good salinity
along with the wadi filling deposits in most southern Sinai and
EasternDesert areas. Deepwells, such as the El-BaramyaWell
in the Eastern Desert, provide a plentiful supply of water. The
water quality ranges between 300 and 800 ppm in the water-
shed areas and between 1800 and 2500 ppm in the down-
stream areas (Geriesh &El-Rayes, 2000; Geriesh et al., 2004).
The groundwater quality of the Pre-Cambrian basement
aquifer is significantly influenced by the geochemistry of the
host rock and the surrounding area. In the northern region of
the EasternDesert, the quality of thewater ranges from fresh to
brackish. Salinity levels vary between 600 and 3500 ppm. The
most dominant ion orders in the headwaters are Ca > Na >
Mg and HCO3 > Cl > SO4. Because of a possible ion
exchange mechanism, Na replaces Ca and Cl, and SO4

replaces HCO3. The arrangement of ion dominance changes
downstream to Na > Ca > Mg and Cl > HCO3 > SO4. The
fractured basement aquifer is characterized by the
Ca-bicarbonate facies, while the Quaternary aquifer of the

wadi filling deposits is characterized by the Na-mix facies
(Geriesh & El-Rayes, 2000). The biochemical interferences
could change water facies in the shallow dug wells found in
hard rock (Geriesh et al., 2004). The presence of algae in the
shallow dug wells water indicates an environment rich in
nutrients and organicmatters that help grow these algae. Algae
create an oxidizing environment as a result of the photosyn-
thetic process during which oxygen increases. Moreover, the
alkalinity of water also increases, consequently reacting with
Ca ions to form calcite that precipitates once the water reaches
the saturation state. On the other hand, the presence of bacteria
and organic matter in some of these wells reduces SO4 ions
and, consequently, increases HCO3 content. This biochemical
interference may explain the enrichment in HCO3 ions and the
decline in Ca/Na ratio along the upstream reaches in basement
terrains, characterized by low salt contents.

6 The Moghra Aquifer

In Moghra aquifer, groundwater flows westward from the
northwestern desert to the Qattara Depression (Fig. 2).
Rainfall and lateral inflow from the Nile Delta aquifer
recharge the Moghra aquifer. Only freshwater is present, and
salinity increases in the north and west (Khalifa, 2014). The
Nile Delta aquifer is thought to recharge the Moghra aqui-
fer at a rate of 50–100 Mm3/yr. Evapotranspiration from the
Qattara Depression in the southwest and Wadi El-Natrun in
the west leads to natural discharges.

6.1 Aquifer Geology and Hydrogeologic
Settings

The Moghra aquifer is made up of Lower Miocene sandstone
with claystone and siltstone intercalations that shift to shale as
you get closer to the Mediterranean (Fig. 15). The aquifer’s
base is Oligocene basalt and Dabaa shale. The aquifer slopes
from ground surface level at Cairo to 1000 m below mean sea
level west of Alexandria. (Khalifa, 2014). Its thickness is
thinned in the north and west to overlap with the Marmarica
Limestone and ranges from 200 m in Wadi El-Farigh to
800 m in the Abu El-Gharadig basin east of the Qattara
Depression. Both fossil and renewable water can be found in
the Moghra aquifer. The Moghra aquifer exists under
phreatic condition, with groundwater table varying from
60 m below MSL in the west in the Qattara Depression to
10 m above MSL near the Nile Delta aquifer boundary. With
an average gradient of less than 0.2 m/km, the hydraulic
gradients are quite gentle. The permeability of the aquifer
varies from less than 1.0 m/day in the Qattara area and along
the coast to 25 m/day east of Wadi El-Farigh. In m2/day, the
transmissivity ranges from 500 to 5000. Groundwater is
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utilized to irrigate more than 60,000 Feddans (252 Mm2) in
Wadi El-Farigh, and irrigation wells yield outputs of more
than 200 Mm3/y at the water-table/ground-surface junction
(Youssef, 2012). The Qattara and Wadi EI Natrun depres-
sions, where multiple springs discharge 706 Mm3/y, are the
sites of substantial evaporation. Aquifer discharge occurs by
lateral seepage into carbonate rocks west of the Qattara
Depression (El-Rawyet al., 2020).

6.2 Aquifer Recharge and Groundwater Quality

The Nile Delta Aquifer, the Marmarica Limestone Aquifer,
the direct rainfall on the aquifer’s outcrops, and the upward
seeping from the underlying Nubian Sandstone Aquifer are
the four sources of recharge for the aquifer (El-Sayed &
Morsy, 2018; Geriesh et al., 2015; Salah & Samah, 2018).
Groundwater predominantly flows west from the Nile Delta
aquifer to Wadi El-Natrun and the northern parts of the
El-Moghra aquifer with a gentle hydraulic gradient of
around 0.003 (Gerish et al., 2015). The water salinity in the
El-Qattara depression varies from less than 1000 (ppm) in
the east (next to the primary recharge area) to more than
5000 ppm in the west (near the main discharging area). The
water type exhibits mixed facies of renewable and fossil
water recharge from the Nile in the east (Geriesh et al.,
2015). The saturated thickness varies from 70 to 700 m
(RIGW, 1991). While conditions are unconfined in the
south, they are confined as you move north. While the

present yearly discharge is anticipated to be 200 million m3,
the annual production surpasses one billion cubic meters.
A hydraulic gradient of 0.2 m/km directs groundwater flow
farther westward into the El-Qattara Depression. Perme-
ability drops from 25 m/day in Wadi El-Farigh to 1 m/day
on the Mediterranean coast in the north. The transmissivity
ranges from 500 to 5000 m2/day, (Salah & Samah, 2018).
The anticipated yearly lateral leakage from the Nile Delta
aquifer to the Moghra aquifer is about 50–100 Mm3

Only in Wadi El-Farigh, on the aquifer's eastern bound-
ary, can fresh groundwater exist (500–1000 ppm), and
salinity rises north and westward until it reaches > 5000
ppm (Salah & Samah, 2018). As water levels drop, salin-
ization and nitrate contamination caused by over-pumping
along the aquifer basin impair water quality and its viability
for drinking, residential, and agricultural uses. The hydraulic
head falls off in the Wadi El-Natrun region by around
0.5 m/y due to over pumping from wellsTo maintain this
aquifer, corrective actions must be taken, including
decreasing the number of pumping wells, decreasing intial
and operational well time, s, and installing drip irrigation
systems (Youssef, 2012). According to isotopic fingerprints,
the west of the site had a major depletion, while there is a
gradual enrichment towards the northern and eastern Nile
Delta reaches (Geriesh et al., 2015).

7 The Coastal Aquifer

Direct rainfall recharges the coastal aquifer, but the presence
of saline water under the freshwater lenses restricts
abstractions (MWRI, 2013). Quaternary sediments are the
major unit of the coastal aquifer. Its thickness ranges from
30 to 90 m, and the groundwater along the eastern
Mediterranean coast is generally brackish (> 3,000 ppm).

7.1 Aquifer Geology and Hydraulic Properties

The hydrogeology of the northern Mediterranean coast has
been studied by RIWR (1995), Ghodeif and Geriesh (2003),
Geriesh et al. (2004), Geriesh et al. (2015a), and Arnous
et al. (2015, 2017). They described the physical and chem-
ical parameters of the northern coastal aquifers and further
discussed the problem of seawater intrusion. According to
these studies, the groundwater exists in three rock units:
(1) the sand dune unit; (2) the old beach sand unit, and
(3) the calcareous sandstone (Kurkar Formation) unit to the
east and the calcareous sandstone aquifer to the west of the
Mediterranean shore line (Fig. 16). Most of the water well
fields tap the last two aquifer units. The sand dune aquifer
consists of well-sorted sands attaining 5–15 m in thickness
and extends horizontally to cover most of the eastern parts of

Fig. 15 Geology of El-Moghra aquifer (modified after RIGW, 1991)

Major Groundwater Reservoirs of Egypt 629



the northern Sinai Mediterranean coast (Fig. 17). They vary
in thickness between 30 and 90 m. The good hydraulic
conductivity and high porosity of the sand dunes charac-
terize its good potentiality. The calcareous sandstone aquifer
is divided into two layers: upper alluvial and lower old beach
sands. Groundwater capacities in the northwestern Sinai are
more restrained than in the northeastern area. The latter is
covered in sand dunes, which make up the principal aquifer.
Water is found there between 1 and 7 m below the surface,
where it is present as a thin layer on top of the main saline
water (El-Shazly et al., 1975). As a result, pollution poses a
serious threat to this valuable water supply. Two transverse
zones might be created from the western coastal area. The

groundwater potentiometric surface is greater than the
ground surface of the northern El-Tina plain, a part of the
Nile flood plain coastal aquifer made of silty clay interca-
lated with salts, evaporites, and sands. The groundwater is
primarily salty and unsuitable for irrigation (Fig. 16). East-
ward, the aquifer’s composition transforms into silty clay
and clayey silt that is covered in a salt crust (Arnous et al.,
2017; El-Rayes et al., 2017; Geriesh et al, 2015a). The
Pelusium line and the coastal hinge fault are tectonic features
that control the Sinai Mediterranean coast. A section of the
Egyptian Mediterranean coast zone to the east of Port Said
occupies El-Tina plain and its environs. The Mediterranean
coast’s dynamic processes include sea components (waves,
currents, and tides), wind, and sometimes rainfall. Quater-
nary sediments cover the southern area and control the land
sculpturing rate (degradation and aggradations processes).
The hydraulic properties of the Quaternary aquifers vary
from north to south, where the hydraulic conductivity varies
between 1.25 and 12 m/d along the southern zones to 38 and
64 m/d along the sand dune belt to the north. The trans-
missivity varies between 86 and 690 m2/d at the south to
700 and 1910 m2/d in the north, whereas storativity
(S) varies between 0.01 and 0.05 at the south to 0.15 at the
northern sand dunes zones (RIWR, 1995).

From these hydraulic characteristics, it could be con-
cluded that the sand dune and old beach aquifers in the north
are highly productive and highly vulnerable to contamina-
tion relative to the Kurkar aquifer in the southeast. The three
Quaternary aquifer units are hydraulically connected. Along
El-Tina plain, the coastal aquifer is composed mainly of
fluviomarine sediments, and therefore, its water quality is
highly saline (Geriesh et al., 2015a).

Fig. 17 Hydrogeologic cross-sections along the Mediterranean coastal
aquifer, northern Sinai, A-B and D-C of Fig. 16 (modified after Geriesh
et al., 2004)

Fig. 16 Geology of the
Mediterranean coastal aquifer
(modified after CONOCO, 1987)
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The Miocene (Rudies Formation) and Nubian Sands
comprised groundwater wells excavated in the coastal aquifer
along the Red Sea Coast in Wadi Dara, Ras Ghareb, and Ras
Shoqeir. Depth of groundwater formations reaches 600 to
900 m from the land surface. The Aquifer’s thickness ranges
from 90 to 140 m. Water depths vary from 30 to 50 m.

7.2 Groundwater Recharge and Quality

The main source of groundwater recharge in the coastal
aquifer is rainfall. It can reach 300 mm per year near the Sinai
Shore and 170–200 mm per year along the Nile Delta and
western coast. About 10% of the rainwater feeds the Qua-
ternary aquifers in the coastal area (RIWR, 1995). Sewage
effluent and irrigation return flow from cultivated fields serve
as supplementary recharge supplies for the shallow, highly
vulnerable aquifers in the central and northern sand dunes
belts, as well as the scattered agricultural lands along the
Mediterranean coast zone (Geriesh et al., 2004). The existing
water wells yielded about 27,000 m3 of water per day. Water
salinity shows high variability from west to east. It varies
between 600 ppm along the northeastern sand dune zone and
more than 6000 ppm along the northwestern coastal zone.
Water composition varies between Na/Ca–HCO3 along the
fresh water zone to Na-Cl facies along the salty water zone
reflecting interferences of seawater intrusion.

Rainfall along the Red Sea coast is less than
100 mm/year. However, thunderstorms of high precipitation
rates could form intermittent flash floods causing catas-
trophic problems. Harvesting flood water could increase the
recharge of groundwater resources of the coastal aquifer.
Basins of Wadi Hodeen and Kerafon at the Red Sea coast
have high groundwater potential as they have fair water
quality (1000–1500 ppm). In the Ras Banas—Halayib
Sector, where water is found in Quaternary sediments along
the coastal zone’s limited coastal strip, groundwater is the
main source of fresh water. The salinity range for ground-
water in these areas is between 1700 and 3400 ppm.

8 Conclusions

The construction of the Grand Ethiopian Renaissance Dam
(GERD) on the upstream sections of the Blue Nile is expected
to cause a significant water scarcity in Egypt. Great water
demands due to increasing population rate and fixing water
resource budget along with great water losses due to evapo-
ration, damming of water flow, and supply are expected. As a
result, it is advised that Egypt design a potential strategic plan
for growing water resources that is based on developing tra-
ditional and non-traditional water resource supplies. The Nile
water resources, which total 55.5 billion m3 per year, are a

significant supply of water in Egypt. Additionally, rainfall,
flooding, and deep groundwater are scarce in the Sinai
Peninsula, Western Desert, and Eastern Desert. Desalination is
a water resource that can be explored and used, particularly in
coastal areas that stretch east and north, as well as in some
high-water salinity aquifers. The strategy also indicates that the
agriculture sector uses 85%, industry 9.5%, and drinking 5.5%
of the water supply. The plan gives Egypt’s major ground-
water reservoirs great attention as an alternative solution for
water shortages for expanding agricultural and economic
activities until 2030.

The major groundwater reservoirs of Egypt consist of
several aquifers, summarized as: (1) The Nile Valley and
Delta Aquifers, which are acknowledged as Egypt’s main
source of groundwater supplies, are among the most
prominent of the many aquifers that make up the country’s
main groundwater reserves. It has a thick layer of sand and
gravel on top of which is a clay cap that ranges in depth from
1 to 50 meters. 85% of Egypt’s total groundwater abstrac-
tions are provided by it; (2) The Nubian Sandstone Aquifer
System (NSAS) is Africa’s most extensive fossil aquifer
system, with reserves estimated at 150.000 Bm3. Around
2.2 million km2 of the NSAS are shared by Egypt, Libya,
Sudan, and Chad, with Egypt contributing 828,000 km2

(38%). With a hydraulic head that varies from 570 m above
sea level west of Darfur to 78 m below sea level in the
Qattara Depression, the NSAS has a maximum depth of
4500 m. From 200 m in East Uweinat to 3500 m northwest
of El-Farafra Oasis, the fresh layer’s thickness varies. Recent
research has shown that the NSAS receives local recharge
through significant fractures and joints along its southern
outcrops as well as transboundary recharge from Egypt’s,
Sudan’s, and Chad’s southern and southwestern borders;
(3) The Fissured Carbonate Rock Aquifer stretches from
Sinai to Libya and makes up more than half of Egypt’s land
area. It serves as a confining cap to the Nubian Sandstone
Aquifer System and features several natural springs.
Recharge potential of the aquifer remains uncertain . (4) The
Fissured Hard Rock Aquifer is commonly recharged by
moderate quantities of infiltrating precipitation along the
Eastern Desert and the Southern Sinai Peninsula. (5) The
Moghra aquifer is located southwest of the Nile Delta, and
groundwater is diverted into the Qattara Depression. It is
replenished by rainfall and Nile aquifer recharge. (6) The
Coastal Aquifer is recharged by local precipitation, and the
abstraction rates are limited avoid saltwater upconing and
seawater intrusion. The total reserved storage of the signif-
icant groundwater reservoirs of Egypt is expected to have a
round figure of 1200 Bm3 of variable recharge rates from
high along the Nile Delta and Valley, moderate along the
Coastal aquifer system to low along the Moghra Aquifer,
and very low to non-renewable along the main Nubian
Sandstone Aquifer m3.
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As water levels decrease across the majority of the
Western and Eastern Deserts, as well as Sinai, the quality
and sustainability of groundwater are in jeopardy.
Over-pumping in the Nile Delta and in the Valley and
El-Moghra aquifer areas to the west of the Nile Delta neg-
atively impacts water quality by causing salinization and
nitrate pollution. Therefore, the strategic approach should
take these risk priorities into account. The hydraulic head
decreases by around 0.5 m/y in arid conditions. For the
long-term extension of these aquifers, recovery actions
including reducing the number of pumping wells, cutting
start-up and running periods, and switching to drip irrigation
are crucial. It is highly advised to keep track on the quantity
and quality of groundwater. On the other hand, careful
extraction rates should be used and monitored in conjunction
with the Nile Delta and Coastal regions, which are very
sensitive aquifers, to minimize saltwater intrusion and
deterioration of water quality.

The deep groundwater beneath the vast deserts of the
western, eastern, and Sinai Peninsula along with limited
quantities of rainwater and flooding are considered non-
renewable resources and can be exploited according to the
development conditions and the water needs. Non-traditional
water resources, such as the reuse of exhaust uses from
agriculture, industry, sanitary, and industrial effluent, are
strongly suggested to meet Egypt’s anticipated shortfalls in
available water resources in the next years.
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Geothermal Potentiality of Egypt: Review
and Updated Status

Mohamed Abdel Zaher, Gad El-Qady, and Samah Elbarbary

Abstract

Egypt seeks to diversify in exploiting new energy resources
that can be obtained at competitive rates in order to
continue sustainable development processes. Whereas due
to limited water and fossil fuel supplies, as well as growing
environmental concerns, Egypt’s demand for clean and
renewable alternative energy is increasing. Unexploited
geothermal resources may contribute with additional forms
of renewable energy to meet domestic energy requirements
while also allowing electricity exports to increase. In this
chapter, we review the state-of-the-art geothermal poten-
tialities and resources in Egypt as well as current geother-
mal energy uses and future developments. Generally,
almost all prior studies agree that the highest geothermal
prospective sites are located in the eastern part of Egypt
near the Red Sea, the Gulfs of Suez and Aqaba. However,
some areas in the Nile Delta and Western Desert have
normal to low-temperature geothermal resources that can
be utilized in many direct applications.

Keywords

Renewable energy Geothermal potentiality
Geothermal resources Red Sea Gulf of Suez

1 Introduction

Fossil fuels (oil and gas) are the essential resources for
Egypt’s energy needs, accounting for 95% of the country’s
overall energy consumption in 2020 (BP, 2021; Enerdata,
2021). In January 2021, Egypt’s electricity consumption was
estimated to be 11,878.000 kWh mn. The data is updated

monthly, with 289 observations averaging 9382.000 kWh
mn from January 1997 to January 2021 (Ceicdata, 2021).
Subsequently, Egypt’s energy is primarily derived from
petroleum products, however Egypt’s Supreme Energy
Council has set an ambitious plan to rise the share of
renewable energy to 20% of total energy demand by 2030.
Whereas a huge shift away from fossil fuel-based energy
production and toward renewable energy sources is taking
place throughout the world. Geothermal energy is a valuable
renewable and clean energy source that can help with carbon
emission reduction and the global energy transition. Hence,
geothermal is a promising source of renewable energy for
generating power and contributing to addressing Egypt's
energy needs in a clean and efficient manner.
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National Research Institute of Astronomy and Geophysics
(NRIAG), Helwan, Cairo, 11421, Egypt
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The most common categorization for geothermal resour-
ces is based on the temperature of the fluid in the geothermal
reservoir. Temperatures above 150 °C are found in high
enthalpy resources, which are good for power generation,
whereas temperatures below this are found in low-enthalpy
sources (Martín-Gamboa et al., 2015). The recognized
geothermal resources of Egypt are mostly low to medium
enthalpy, however there are some high enthalpy locations in
deep water along the Red Sea rift (Lashin, 2020). The
geothermal systems are expected to develop in a variety of
structurally geological sediments in Egypt. They can be
originated from deep fluid circulation through faults or fol-
ded permeable strata, tectonic uplift of hotter rocks, and
residual heat from intruded plutons. Whereas the geothermal
energy is found all over the world and the only concern is
the depth of drilling necessary to reach the required amount
of heat for energy production.

The rift zones are a good example of geothermal fields that
are tectonically delimited (Latin et al., 1993; Nyblade et al.,
2000). One of the world's largest rift systems is the East
African Rift System (EARS), it is structurally active zone,
which is portrayed by a spreading crust, covers 6400 km long
and up to 64 km in width, and reaches out across various
countries in Eastern Africa including eastern part of Egypt

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-95637-0_22&amp;domain=pdf
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(Fig. 1). The EARS’ geological features rich in geothermal
energy resources that, can provide a reliable, economical, and
indigenous source of renewable energy. Hence, the eastern
side of Egypt which is limited by a middle spreading center in
the Gulf of Suez and Red Sea indicate the significance of
these regions for geothermal development.
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Fig. 1 The location of Egypt on the map of Africa continent showing the distribution of heat flow from wells in different countries, modified after
Macgregor (2020). The map depicts the eastern part of Egypt with a significant heat flow

2 Geothermal Surface Manifestations
in Egypt

Geologically, Egypt’s geothermal resources can be classified
into twomain systems: one is tectonically controlled, which is
found in the rift of the Red Sea and the Gulf of Suez, where
there are a number of hot springs. The other resources are
governed by the sedimentological system of the many

stratigraphic units of Egypt’s Western Desert, which is home
to several flowing hot springs. Egypt’s geothermal manifes-
tations can be found in many places, including hot springs
near the surface and thermal deep wells (Lashin, 2020)
(Fig. 2).

The hottest springs in Egypt are often found near the Gulf of
Suez's coasts, includingAin Sokhna on thewestern shore of the
Gulf and Ayun Musa, Ain Hammam Faraun, and Hammam
Musa on the eastern shore (the location of these hot springs are
shown in Fig. 2). The rift of the Gulf of Suez is thought to have
resulted in the formation of these springs, which are tectonic or
non-volcanic in origin (Boulos, 1990). The Helwan sulfur
spring, 25 km south of Cairo, is another probable thermal
spring, with temperatures ranging from 23 to 32 °C (El-Ramly,
1969). In the Western Desert, all thermal water comes from
deep wells, which many of them are artesian (Lashin, 2013).
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Fig. 2 Landsat image of Egypt showing the distributions of hot spring and thermal well and their temperatures (modified after Abdel Zaher et al.,
2018)

3 Geology and Structural Setting of Egypt

Egypt’s geology contains rocks dating from the Archaean
through the early Proterozoic periods (Said, 1962). These
oldest rocks can be found as inliers, older rocks encircled by
younger rocks, in the Egypt’s Western Desert. While, the
rocks of the Eastern Desert are mostly late Proterozoic in age
(Hamimi et al., 2020). The older basement is covered by
Paleozoic sedimentary rocks all around the country. The
majority of Egypt’s surface is covered with limestone, which
sits atop a layer of sandstone that represents the surface
rocks of Nubia and southern Egypt. Tectonism governs the
surface outcroppings of Egypt's Basement rocks, with about
90% of these rocks buried beneath the Phanerozoic sedi-
mentary layer (El-Shazly, 1977). Basement exposures are set
up in the most rugged mountainous sections of the Eastern
Desert and the southern Sinai Peninsula, as well as isolated
areas of southern Egypt, such as those near Aswan and
Gebal El-Uweinat in Egypt’s southwest corner (Fig. 3).

The unstable shelf, the stable shelf and the Arabian-
Nubian massif make up Egypt’s overall tectonic framework,
which has shaped the country’s sedimentological and struc-
tural history (Bosworth et al., 2015; Hussein & Abd-Allah,
2001; Youssef, 2003). The stable shelf, which surrounds the
Arabian-Nubian massif, represents relative tectonic stability
in southern Egypt and covers a large portion of Egypt. It is
protected by a pre-Cretaceous rock base (Said, 1962). On the
other hand, northern Egypt is part of the unstable shelf, which
has seen extensive rock deformation, basin subsidence, and
the creation of steep northeast-trending anticlines and

cross-cutting faults (i.e., the Syrian Arc). Eastward, the
northern extension of the East African Rift System (EARS) is
encompass of the Red Sea and its two branches; the Gulf of
Suez and the Gulf of Aqaba linked with the divergence of the
Arabian and African plates (Dahy, 2012).

4 Heat Flow of Egypt

Regional heat flow studies can help in preliminary assess-
ment of the prospective areas of geothermal potential. Areas
with high heat flow and hydrological media to transfer the
heat to the near surface or even to the surface enable
geothermal energy to be utilized for producing electricity,
space heating, local industry and agriculture. Based on data
from 596 deep wells with bottom-hole temperatures (BHT),
Abdel Zaher et al. 2018 estimated the heat flow map of
Egypt and temperature distribution at various depths
(Fig. 4). Heat flow values of Egypt range from 27 to around
180 mW/m2, with an average of about 78 mW/m2. They
came to the conclusion that the most encouraging locales for
geothermal potential in Egypt are around the Red Sea and
Gulf of Suez coasts. El-Gouna region, found south of the
Gulf of Suez, has a more noteworthy geothermal chance,
which may be connected to the Sinai triple intersection of
Africa, Arabia, and Sinai.

In addition to the oil wells, there are minor boreholes
devoted primarily to heat flow studies, where the heat flow
patterns of Sinai are assessed. The eastern edge of the
crystalline Sinai massif, on the other hand, has the highest
heat flow values, exceeding 90 mW/m2 (Fig. 5). The heat



flow along the western margin of the Gulf of Suez was
predicted to be 60–80 mW/m2 and may reach to
100 mW/m2, assuming a thermal conductivity of 2.3 W/mK
as a minimum value (Morgan et al., 1985; Boulos, 1990).
These values must be doubled due to the presence of a thick
evaporates layer with high conductivity in the Gulf of Suez
portion. The thermo-mechanics process that governs the
tectonic development of the Gulf of Suez remains a mystery.
However, the rift flank's very enormous magnitude given the
amount of extension in the Gulf of Suez points to a thermal
uplift component (Feinstein et al., 1996). According to
geothermometer data, the Hammam Faraun area has a sub-
surface reservoir temperature of 94.5 °C and a heat flow of
roughly 122 mW/m2. (Lashin & Al-Arifi, 2010, El-Qady
et al., 2005).
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Fig. 3 Simplified geological map of Egypt, map in scale 1:2 million @Geological Survey of Egypt (GSE, 1981). The Nubian-Arabian Shield
margin’s structural elements are based on Said (1962). Surface structural lines are denoted by black lines

At a depth of 1720 m, the estimated formation tempera-
ture in the Hammam Faraun-Sudr region reaches 128 °C,

which is considered high when compared to other equivalent
depths in other regions (Lashin, 2013). In front of the Upper
Eocene rocks, both thermal conductivity (2.8–3 W/m/K) and
heat flow (105–120 mW/m2) increase, implying that these
rocks could be the future geothermal hot water reservoir.
The temperature gradient in the Hammam faraun area was
measured as 42.9 °C/km (Lashin, 2013) (Fig. 6).

Morgan et al., 1983 reported subsurface temperature data
from oil wells in northern Egypt, the Nile Delta, and the Gulf
of Suez. A thermistor, a gadget whose electrical resistance
varies with temperature, was used to measure the tempera-
tures in the boreholes at 5 m intervals with a precision of
0.01 °C. Figure 7 shows the locations of existing boreholes
in which temperatures were measured and temperature gra-
dients were calculated. The findings from the Western Desert
show modest temperature gradients of between 15 and
19 mKm−1, which were calculated in sediments with low



thermal conductivity, implying minimal heat flow. The
oxidative heating of pyrite in the phosphate deposit at a
depth of around 80–150 m causes the significant tempera-
ture gradients in the Abu Tarture region (74 mKm−1). On
the other hand, temperatures were taken in Precambrian
basement outcrops in the Eastern desert, which have a

greater heat conductivity than the sediments in western
Egypt. In the Hammam Faraun hot spring, a large temper-
ature gradient was observed (48 mKm−1).
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Fig. 4 a Heat flow map of Egypt based on temperature data from deep onshore and off shore wells, b the distribution of temperatures at various
depths (modified after Abdel Zaher et al., 2018)

Fig. 5 Heat flow values in mW/m2 in Sinai Peninsula and vicinity
(modified after El-Qady et al., 2005)

Fig. 6 A borehole’s temperature profile and average geothermal
gradient in the Hammam Faraun region of the Gulf of Suez (Lashin,
2013)
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Fig. 7 Locations of the boreholes where temperature logs were measured by Morgan et al. (1985). The table on the right refers to the depth and
temperature gradient for each well

High heat flow values of up to 175 mW/m2, roughly three
times average, have been reported in eastern Egypt, accord-
ing to Morgan and Swanberg (1979), and the heat flow
appears to increase toward the Red Sea coast. Furthermore,
the heat flow values in the northern part of the Nile Delta
were calculated by Riad et al. (1989) using 228 temperature
observations from 48 wells, with thermal conductivity values
for the rocks composing the stratigraphic section in the Nile
Delta ranging between 2 and 2.3 w/m°C. The heat flow
values were found to range between 39 and 56 mW/m2,
showing that due to lithological changes, the Nile Delta is a
geothermally anomalous area. Mohamed et al. (2015) cal-
culated the heat flow in the northern Western Desert using
bottom-hole temperature (BHT) data from 116 deep oil wells.
The heat flow is generally 40–70 mW/m2, although a few
locally moderate heat flow (100 mW/m2) are observed and
are explained by potential local geothermal fields.

5 Exploration of Geothermal Resources
in Egypt

Several studies have been published on the exploration and
evaluation of geothermal resources in Egypt's regions (such
as, Abdel Zaher et al., 2011a, 2011b, 2012; Chan-
drasekharam et al., 2016; El-Qady, 2006; El-Qady et al.,
2000, 2005, 2020; Feinstein et al., 1996; Lashin, 2007,

2013; Morgan et al., 1983). Recently, Abdel Zaher et al.
(2018) used digital data layers and maps in a GIS model to
develop a geothermal favorability map of Egypt that focuses
on the most promising geothermal locations (Fig. 8). Tem-
peratures at various depths, heat flow, Curie Point Depth
(CPD), distance to seismic activity, Bouguer gravity anom-
aly and distance to faults, are the evidence thematic layers.
In general, between the Red Sea and the Gulf of Suez
coastlines, Egypt has the most promising geothermal
potential.

Fahil et al. (2020) adjusted temperature data from 197
onshore and offshore oil wells in the Gulf of Suez region.
According to the findings, the research region has an
amplitude temperature of 49.48–157.8 °C, a geothermal
gradient of 24.9–86.66 °C/km, a thermal conductivity of
2.6–3.2 Wm−1 k−1, and a heat flow of 31–127.2 mWk−1.
Nine raster layers were interpolated over the research region
to produce continuous raster layers for inclusion in the
GIS-based geothermal potential model, including geother-
mal gradient, heat flow, thermal conductivity, and depth to
crystalline basement, elevation, lineaments density, land
surface temperature, drainage density, and major lithological
units (Fig. 9a). Additionally, Abuzied et al. (2020) com-
bined several evidence layers to create a geothermal poten-
tial map in the Gulf of Suez region showing the locations of
the most promising geothermal reservoirs. The ideal sites are
found in places with highly structured and porous surficial



outcropped lithologies. El-Tur, Abu Durba, Belayim, Abu
Rudies, Ras Badran, Ras Matarma, and several sites on the
southwestern shore of the Gulf of Suez are expected to prove
fruitful (Fig. 9b).
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Fig. 8 Egypt's geothermal favorability map, based on weight overlay assessments of many thematic layers (Abdel Zaher et al., 2018)

Using power spectrum analysis, an aeromagnetic map of
Egypt was utilized by Elbarbary et al. (2018) to predict the
Curie point depth (CPD), temperature gradient, and heat
flow (Fig. 10). The deduced heat flow values range between
47 and 195 mW/m2, with the largest temperature gradient
and heat flow found in the Red Sea and the Gulf of Suez, due
to tectonic processes in the region linked with the Eastern
African Rift System (EARS).

Aboulela et al. (2021) used chemical geothermometers to
determine the subsurface conditions in terms of reservoir
temperature and heat flow in hot springs that are located
around the Gulf of Suez. The calculated reservoirs temper-
atures are around 96, 82, and 86 °C while the heat flows
range around 124, 102, and 108 mW/m2 for Hammam
Faroun, Hammam Musa, and Ain Sukhna hot springs,
respectively. In the western side of Egypt, the Artificial
Neural Network (ANN) approach was used to link
geothermal gradients from 116 deep oil well BHT logs with
gravity data in order to develop geothermal gradient maps of

the northern Western Desert (Mohamed et al., 2015). They
concluded that despite the modest regional temperature
gradients (30 °C/km) in Egypt’s northern Western Desert,
numerous possible local geothermal fields (> 40 °C/km)
were discovered (Fig. 11).

6 Geothermal Present Utilizations
and Future Developments

No real assessment is made for the whole geothermal prob-
ability in Egypt. However, a geothermal asset appraisal was
made in Gulf of Suez region because of its extraordinary
geothermal attributes. As indicated by Lashin (2007, 2013), a
12.4 MWt geothermal energy potential is given for Hammam
Faraun region, accepting geothermal supply temperature of
95 °C. The planned geothermal plant has a turbine transfor-
mation proficiency factor of 0.26, 50 years of work, and a
recovery factor of 0.20. On the other side, based on a
numerical calculation, Abdel Zaher et al. (2012) found that
the Hammam Faraun hot spring area has a slightly higher
geothermal potential of 19.8 MWt, suggesting a reservoir
thickness of 500 m, an initial temperature of 130 °C,



and a 30-year reservoir production. In addition, it was sup-
posed that the geothermal reservoir contained hot solid rock
and single-phase liquid water.
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Fig. 9 Gulf of Suez geothermal potential maps based on: a simple additive weight (SAW) procedure (Fahil et al., 2020) and b statistical
examination of the weight of evidence (WOE) and information value (IV) (Abuzied et al., 2020)

In Egypt, there are currently no installed geothermal
power plants; nevertheless, several direct use applications
have been installed. Thermal water has been used directly in
ancient Egypt for thousands of years, with many ancient
Egyptians using the warm waters from hot springs for
medical and domestic purposes (Gianfaldoni et al., 2017). In
Egypt’s western desert, certain papyruses have been dis-
covered that record such usage. Some direct low-grade
geothermal applications have recently been implemented.
District heating, fish farming, agricultural applications, and
green houses are the most typical uses. Along the Gulf of
Suez’s eastern coast, some refreshment and swimming pools
have already been built. These pools are mostly utilized for
recreational and therapeutic purposes. The major source of

water for these pools is geothermal water from a hot spring
(Kaiser & Ahmed, 2013). On the other hand, the
low-enthalpy resource at the Gulf of Suez can be used to
generate power using standard binary-cycle technology
(Abdel Zaher et al., 2012). The generated electricity would
be sufficient for desalination of water for both human and
agricultural use. This might be put to good use in the Sinai
Peninsula for long-term development.

According to Lashin (2013), downhole pumps can be
employed to exploit the reservoir thermal waters of the
Hammam Faraun region to provide a water that is over
85 °C. Thermal water can be used to run a simple design of a
small Kalina cycle power plant. The surface thermal water
from Hammam Faraun, on the other hand, can be utilized for
various direct heat applications. Table 1 summarizes the
usage of geothermal resources in direct heat use in Egypt
(Lashin, 2015) and demonstrates that bathing and



swimming, greenhouses, and space heating are the most
common direct heat uses. Aboulela et al. (2021) illustrated
that the thermal water of Hammam Faroun hot spring can be
exploited for probable energy generation employing low
boiling water geothermal plants. A total of 19.68 MWt of
geothermal energy may be produced.
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Fig. 10 Egypt’s heat flow map, based on spectrum analysis of aeromagnetic data (Elbarbary et al., 2018)

7 Conclusions

According to the Ministry of Electricity and Energy’s yearly
reports, Egypt’s installed generating power capacity is
mostly dependent on oil and natural gas sources. The
growing energy consumption has put a lot of pressure on the
government’s strategy to find alternative energy sources as a
top priority for the country. In a nationwide appeal, the
Egyptian Supreme Energy Council announced an ambitious
aim to boost renewable energy’s proportion of overall

demand to 20% by 2030 and geothermal energy is one of the
most promising renewable energy sources.

Overall, Egypt has promising geothermal potential along
the coasts of the Red Sea, the Gulf of Suez, and the Gulf of
Aqaba which can be utilized to generate electricity. On the
other side, the hot springs and thermal wells in the Western
desert can be utilized as a direct application. Egypt’s demand
for clean, renewable, alternative energy, as well as the
potential for collecting undiscovered geothermal resources,
may fulfill internal electrical needs while also allowing
Egypt to export electricity.

More in-depth research on geothermal resources is
required for future work in order to fully assess Egypt's
geothermal potential. The primary goal is to take a big step
toward creating an ATLAS of Egypt’s geothermal resources.
This is accomplished by developing scientific and laboratory
tools for geophysical and geothermal applications to assist
government agencies, companies, and investors in better



understanding the potential of geothermal energy in key and
promising locations, as well as providing technical advice
prior to the construction of a geothermal plant.
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Fig. 11 Northern Western Desert temperature gradient map produced from gravity and BHT data correlation using ANN (Mohamed et al., 2015)

Table 1 Geothermal direct heat
uses of Egypt (after Lashin, 2015)

Use Installed capacity (MWt) Annual energy use (TJ/yr = 1012 J/yr)

Individual space heating 0.3 3

District heating 1.5 15

Greenhouse heating 1 10

Bathing and swimming 4 60

Total 6.8 88
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Petroleum Source Rocks of Egypt:
An Integrated Spatio-temporal
Palynological and Organic Geochemical
Studies Within the Phanerozoic

Haytham El Atfy , Bandar I. Ghassal, and Ralf Littke

Abstract

This chapter evaluates the integration between optical and
geochemical methods as one of the best ways to screen
hydrocarbon source rock potential and its diagnostic
impact on kerogen investigation, in addition to its
consistent involvement in paleoenvironmental inferences.
While those kerogen types are usually resulting from
Rock-Eval data, palynofacies and organic petrographic
data deliver additional and consistent information.
Rock-Eval data for samples with low to moderate TOC
are mostly non-reliable due to free hydrocarbons in the
mineral matrix. Consequently, palynofacies analysis rep-
resents a valuable complementary proxy for investigating
the petroleum generation potential of source rocks. This
chapter presents the first comprehensive review of the
application of palynofacies with respect to the framework
of geochemical data and the interpretations of different
spatio-temporal source rock windows in Egypt. This
integrated palynofacies and geochemical approach pro-
vides an improved understanding of the paleoenviron-
mental and petroleum source potential studies of the
Phanerozoic sequences in Egypt.

Keywords

Petroleum source rocks � Palynology � Hydrocarbons �
Kerogen � Palynofacies � Paleoenvironment �
Phanerozoic

1 Introduction

Egypt possesses five primary petroleum provinces located in
various geographical regions, namely the Gulf of Suez, Red
Sea, Nile Delta, North Western Desert, and Southern Egypt.
These provinces comprise prolific petroleum basins of
diverse Phanerozoic ages (Fig. 1) and represent diverse
depositional environments (e.g., passive margin, rift, ter-
restrial, deltaic, and marine). The variable geological settings
and ages resulted in complex petroleum systems that have
required detailed investigations by advanced techniques.
Some of these basins are better understood due to a long
exploration history, a large number of drilled wells, and the
availability of geological, geochemical, and seismic data.
Furthermore, some of the basins are poorly understood with
respect to the depth and age of the intervals (e.g., below the
best-known reservoir rocks), such as the pre-Miocene in the
Nile Delta and the pre-Jurassic in the Western Desert. In
addition, few attempts have been made to assess uncon-
ventional petroleum resources in spite of the presence of
source rock outcrops in several areas.

This chapter provides detailed insights into the principal
petroleum systems in Egypt. It also addresses the possible
overlooked geological intervals which may be relevant to
petroleum systems using in-depth comprehensive explo-
ration techniques, mainly palynology and organic geo-
chemistry. Palynology was widely utilized in the petroleum
industry during the mid-twentieth century as a standard tool
for exploration. Since the 1980s, palynology has not solely
meant the study of spores, pollen, and other organic-walled
microfossils. It encompasses investigations of all categories
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of microscopic organic particles ranging from objects with
well-defined morphology, such as dinoflagellate cysts, wood
particles and cuticles, structured and unstructured remains,
and other tissues of indeterminate sources that are not easily
categorized. Although palynology has a broad spectrum of
applications in paleoenvironmental and paleoclimatic
reconstructions, palynostratigraphy continues to be the most
important for the majority of palynological research and is
still the focus of most studies.

During the last few decades, more focus has been given to
the wide variations in the composition of organic facies
linked to different rock types, generating rapid growth of
research in other non-biostratigraphic implications. The most
important of these, because of their value to the petroleum
industry, is the source rock evaluation in terms of quantity,
quality, and maturation of organic matter (OM) recovered
from sedimentary successions (Batten, 1982).

Palynofacies (sensu Combaz, 1964) analysis as a helpful
proxy into the interpretation of depositional environments
and petroleum source rock identification has been considered
in detail by Tyson (1995) and Batten (1996a, 1996b), in

addition to some more recent publications (e.g., El Atfy,
2021; Ghassal et al., 2018; Zobaa et al., 2013), thereby
aiding in the general evaluation of the hydrocarbon potential.
In the oil and gas industry, there is a considerable emphasis
on improving the recovery of hydrocarbons within produc-
ing fields; thus, there is a need for biostratigraphy to be
applied on a very fine scale to determine both the reservoir
architecture and provide answers to problems associated
with petroleum production and development. Under such
circumstances, the palynological effort usually relies largely
on quantitative and semi-quantitative analyses of data and,
hence, on palynofacies analysis from which local changes in
depositional conditions may be inferred (Batten, 1999).

Although some efforts have been made to integrate both
palynological and sedimentologic data dating back to the
1950s, only within the last few years, has a substantial effort
in these fields considering this sort of work thoughtfully.
From the standpoint of petroleum potential, especially
important studies should be concerned with the occurrence
and composition of source rocks. Many papers have been
written on this topic, but only a few discuss their

Fig. 1 Location map showing the sedimentary basins of Egypt (Dolson et al., 2000)
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palynological contents in satisfactory detail. The present
chapter presents the first summary of the concept of paly-
nofacies and its application within the context of geochem-
ical data and interpretations of different spatio-temporal
source rock windows in Egypt. Such an integrated approach
undoubtedly enhances the understanding of the detailed
paleoenvironmental and petroleum source potential studies
in the Phanerozoic successions in Egypt.

It is also worth mentioning that, since the 1960s,
researchers studying Egyptian palynology have focused on
the classic aspects of palynology comprising taxonomy,
palynostratigraphy, and paleoenvironmental deductions.
Only recently have they started to give more consideration to
the application of palynology for thermal maturation of
organic constituents of sedimentary rocks (e.g., Hartkopf-
Fröder et al., 2015) and source rock potential (El Atfy et al.,
2014; Ghassal et al., 2018).

The integration between optical (i.e., palynofacies and
organic petrology) and organic geochemical methods has a
definite impact on determining kerogen types, petroleum
source rock potential, and paleoenvironmental deductions.
Kerogen types are traditionally assigned based on organic
petrology and Rock-Eval pyrolysis. However, optical
microscopic methods such as palynofacies and organic pet-
rography can provide additional and reliable information. In
particular, Rock-Eval pyrolysis data are mostly doubtful for
samples with low to moderate TOC due to the retained
hydrocarbons in the mineral matrix (e.g., Grohmann et al.,
2018), in addition to unreliable readings of hydrogen and
oxygen indices. Therefore, integrating geochemical and
palynofacies methods is a valuable complementary tech-
nique for comprehensively investigating the petroleum
generative potential of source rocks. Historically, this inte-
gration was first introduced for the Phanerozoic sediments in
Egypt by El Beialy et al. (2010) for the Upper Cretaceous of
the north Western Desert, followed by a series of contribu-
tions on different spatio-temporal stratigraphic windows,
which will be discussed in depth subsequently in this
chapter. The chapter employs integrated palynological and
geochemical approaches to shed more light on selected case
studies and examples and reviews the primary successions of
the Phanerozoic sedimentary cover in Egypt.

2 Source Rock Deposition: Processes
and Mechanisms

Source rocks are fine-grained carbonate or siliciclastic sed-
imentary rocks that are rich in organic matter and expected
to generate hydrocarbons when subjected to high tempera-
tures (Littke et al., 1997; Tissot & Welte, 1984). Organic
matter productivity, preservation, and depositional settings
are the key aspects that control the source rock richness and

quality (Ghassal, 2017). The origin of the organic matter in
source rocks is either transported (allochthonous), mostly
from terrestrial sources, or in-situ (autochthonous), (e.g.,
Bustin, 1988; Katz, 2012; Littke et al., 1997). Comprehen-
sive investigations have been conducted to understand the
productivity and preservation of organic matter, as well as
kerogen formation under several depositional environmental
conditions. This section reviews the common marine source
rock depositional environments that mostly characterize the
Egyptian source rocks.

The Nile Delta petroleum system represents one of the
most challenging systems investigated in Egypt (Ghassal
et al., 2016), especially because the depositional environ-
ment of deltas is transitional from terrestrial to marine set-
tings. Deltas are characterized by high energy and
sedimentation rates, the predominance of silicates, and the
presence of abundant heavy minerals within low salinity
waters (Ghassal, 2017). In such fluvial-deltaic settings,
higher land plant tissues are common with a lower content of
aquatic algae (Bustin, 1988; Littke et al., 1997; Tissot &
Welte, 1984). Galloway (1975) classified deltaic environ-
ments into three chief types: river-dominated, wave-
dominated, and tide-dominated deltas—primarily based on
the supply and types of sediments. In addition, primary
productivity and organic matter preservation are significantly
different in these three types of deltas. Prominent examples
of river-dominated petroleum systems are the Mississippi,
Niger, and Mahakam deltas (e.g., Peters et al., 2000; Tuttle
et al., 1999). Therefore, this delta type is probably the most
well-understood system among the three types in terms of
petroleum potential. However, the Nile Delta which is
allocated as a wave-dominated delta (Coe et al., 2003), is
still poorly understood (Ghassal et al., 2016). Rivers supply
the inner shelf with terrestrial organic matter such as vit-
rinite, inertinite, and coal particles as well as fresh/brackish
water algae (Ghassal, 2017; Ghassal et al., 2016). Mixing of
freshwater and marine water can lead to changes in nutrient
supply and thus primary productivity and bottom water
oxygen supply. Moreover, the liptinite macerals possess low
densities that make them selectively transported (Bustin,
1988). These effects lessen toward the distal settings as the
interplay between fluvial and marine systems becomes
minimal. Other factors such as tectonism, climate, and
sea-level change play significant roles in the bottom water
condition and, thus, the source rock quality and richness.

Rift basins usually host prolific petroleum source rocks in
the pre-, syn- and post-rift sections. Typical examples are the
Atlantic Ocean and Red Sea basins (e.g., Duarte et al., 2012;
Ghassal, 2010; Katz, 1995). Small rift basins and failed rift
basins also host source rocks but on a small scale, depending
on the burial history, dimensions of the basin, sedimentation
rates, and climate (Katz, 1995). Due to the tectonic com-
plexities and rapid changes in sediment fill and water
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chemistry in such basins, the source rock distribution, rich-
ness, quality, and thermal maturity are very heterogeneous
within small distances (Ghassal, 2010; Katz, 1995). Note
that there are two types of rift systems: marine and
non-marine basins. The focus of this chapter is on the marine
rift system as it represents the common type found in the
various Egyptian basins (the Gulf of Suez Basin is the
prominent example). In rift basins, the balance between
primary productivity and preservation is the principal con-
trolling factor of the source rock richness. These two factors
are regulated by tectonic stability and sedimentation rates
which change the oxygen contents and drive the nutrient
availabilities (Katz, 1995 and references therein).

Apart from rift basins, sedimentation of marine petroleum
source rocks occurs mainly in three settings, namely oxygen
minimum zones on continental margins, upwelling zones,
and silled/barred basins (Fig. 2) (e.g., Katz, 2012; Littke,
1993; Selley, 1998).

The biomass decay and the deficiency of circulation and
photosynthesis in relatively deep and dark water consume
the bottom water oxygen and inhibit its resupply, which
causes anoxic conditions and creates oxygen minimum
zones (Selley, 1998). Furthermore, water temperature and
salinity determine the position of these zones (Katz, 2012).
Upwelling zones reckon nearly half of the organic-rich
source rocks worldwide (Parrish, 1987) and are character-
ized by high biological productivity that surpasses the

productivity of regular shelves by almost three-fold (Katz,
2012; Koblentz-Mishke et al., 1970; Ryther, 1969). During
the predominant global greenhouse warming climate, winds
move the shallow coastal warm water, which enables
upwelling nutrient-rich water to substitute it (Bakun, 1990).
The introduction of the nutrients increases bio-productivity,
and later rapid deposition of organic matter (Bakun, 1990;
Parrish, 1987). Additionally, the water oxygen level
decreases, creating favorable conditions for organic matter
preservation (Katz, 2012; Parrish, 1987). Climate also plays
a significant role in intensifying the upwelling processes that
are less prevailing during cold phases (Bakun, 1990; Parrish,
1987). Furthermore, the locations of the pronounced
upwelling zones are usually along the western continental
margins due to variations in wind direction and the Coriolis
Effect ensuing from Earth’s rotation (e.g., Katz, 2012).

In silled/barred basins, the bottom water anoxia evolves
due to density-related stratification or thermal stratification.
Density stratification forms when low saline and less dense
water cover the more saline and denser deep water. Thermal
stratification occurs when warm water rests on colder ones
and no mixing takes place. Many barred basins are present in
tropical and subtropical areas where minimum changes
occur in the seasonal temperatures (Gluyas & Swarbrick,
2013; Katz, 2012).

3 Source Rock Distribution Through Time
and Space—Egyptian Outlook

The Paleozoic source rocks in Egypt are poorly understood
due to limited well penetrations and outcrop data. A generic
overview of the geology and available source rock under-
standing is discussed in this section. Moreover, a
global-scale glaciation event took place through the stabi-
lization of the Gondwana supercontinent (*750–600)
(Craig et al., 2009). There is no evidence of Infra-Cambrian
source rock potential in Egyptian basins due to the lack of
suitable climatic, tectonic, and marine and non-marine
source rock development conditions (Bassett, 2009; Craig
et al., 2009; Lučić and Bosworth 2019). Throughout the
Paleozoic, a significant part of North Africa acted as the
southern margin of the paleo-Tethys ocean, which received
sediments from the hinterland from the south (Lučić and
Bosworth 2019). The Paleozoic witnessed four global-scale
glaciation events alternating with multiple marine trans-
gressions, which resulted in siliciclastic-dominated
tectonostratigraphy (Bassett, 2009; Beydoun, 1998; Craig
et al., 2009; Lučić and Bosworth 2019). The lower Silurian
hot shales constitute a major domain of the proven Paleozoic
source rocks in northern Africa. These shales, which are rich
in organic matter and uranium, are primary source rocks in
North Africa and Arabia (Abohajar et al., 2015; Abu-Ali and

Fig. 2 A schematic diagram of common marine source rock deposi-
tional settings. Pink polygons are anoxic/oxygen minimum zones
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Littke 2005; Belaid et al., 2010; Dolson et al., 2014; Lüning
et al., 2000; Yahi et al., 2001). However, these successions
have not been discovered in Egypt yet. Few studies reported
siltstone dominated lithologies in various locations in Egypt
but no organic-rich layers (El-Hawat et al., 1997; Keeley,
1989; Klitzsch, 1990; Lüning et al., 2000).

The source rock deposition of the Mesozoic to Cenozoic
in Egypt was controlled by several tectonic and climatic
events including the breakup of Gondwana, Jurassic rifting,
the Red Sea opening, the Syrian Arc event, and the Messi-
nian Salinity Crisis. Moreover, several global warming/
cooling climatic phases prevailed, which triggered oceanic
anoxic events and intensified the sea-level changes.

The extensional system in North Africa, in general, is
largely attributed to the opening of the Central Atlantic and
the drift of the Turkish-Apulian terrain (Guiraud et al., 1987).
During the Middle Jurassic, East–West half-graben evolution
occurred in an association with sea-level transgressions.
Prolific source rock depositions span the Middle Jurassic,
such as the Masajid Formation. However, some of these
source rock successions were eroded throughout the Upper
Cretaceous and Cenozoic inversions (Guiraud & Bosworth,
1999). Good to excellent source rock potential with variable
qualities occurs in rocks in the Gulf of Suez, southern Nile
Delta, and the Western Desert (see details in Sect. 4).

During the Early Cretaceous, active rifting occurred
coevally with the separation of the Arabian-Nubian Block
from the South American Plate (Guiraud et al., 2005).
Rifting continued during the Aptian until the Santonian.
Furthermore, warm climate and the highest recorded
Phanerozoic sea transgressions occurred throughout the
Middle to Late Cretaceous, which resulted in oceanic anoxic
events (OAEs) (Berra & Angiolini, 2014; Guiraud et al.,
2005; Haq et al., 1988). The OAEs represented periods of
excessive organic carbon deposition and improved bottom
water anoxia (Jenkyns, 2010). The best source rock quality
intervals in Egypt were deposited during the Cretaceous in
all the major Egyptian petroleum basins (e.g., El Atfy et al.,
2019; Ghassal et al., 2018).

Large areas of North Africa witnessed major sea trans-
gression during the Paleocene to Eocene, which was
responsible for depositing shallow marine sediments (Guir-
aud et al., 2005). During the early Oligocene, high sea level
coexisted with the NE-SW extensions in North Egypt, which
started the Gulf of Suez and the Red Sea rifts (Dolson et al.,
2014).

During the Miocene, extreme compressional and exten-
sional tectonic events prevailed in Northeast Africa,
including the rifting of the Red Sea and the Gulf of Aqaba,
and the maturation of the River Nile (Bosworth et al., 2005;
Dolson 2020). The Miocene witnessed the deposition of the
primary source rocks in the Nile Delta, Gulf of Suez, and the
Red Sea basins (El Atfy et al., 2014; Ghassal et al., 2016).

The Quaternary is characterized by extensive fluvial deposits
(Guiraud et al., 2005). No source rock deposition was rec-
ognized during this time.

4 Phanerozoic Source Rocks—Examples
and Evaluation

4.1 Paleozoic Source Rocks

The oldest recognized potential source rocks in Egypt are in
the poorly studied Carboniferous basins in the Western
Desert that are unseen underneath the Hercynian unconfor-
mity and, consequently, poorly understood. To the west, in
Libya and Algeria, sub-Hercynian traps comprise strati-
graphic and structural cessations often sourced by bulky
glacially scoured valleys that were later infilled with Silurian
and Devonian source rocks. It is possible that comparable
settings occur across northern Egypt, but they have not been
proven so far from seismic and well data (Dolson 2020 and
citations therein).

To the authors’ knowledge, the only published studies on
the palynofacies of the Paleozoic of Egypt have been by
Makled et al., (2018, 2021). They integrated palynofacies
with Rock-Eval pyrolysis and organic petrography to assess
the hydrocarbon generation potential of the Devonian strata
within the Faghur-1, NWD-302–1, and Sifa-1X wells in the
north Western Desert. Their palynofacies data generally
revealed the occurrence of gas-prone kerogen Type III. TOC
concentrations indicate poor organic richness with content
not exceeding 0.9 wt.%. These sediments are mostly mature
based on the TAI (2–3). Their burial history models showed
that hydrocarbon generation started throughout the Creta-
ceous in the studied boreholes. From our perspective, the
Tmax and Production Index (PI) data are not reliable in this
case due to the low quality and insufficient reactive kerogen
contents. Moreover, the reported TOC values indicate
insignificant volumes of generated hydrocarbon.

However, in their study of the Sifa-1X well, Makled et al.
(2021) reveal that Devonian succession has organic matter
content of varied kerogen, namely Type I, Type II, mixed
types II/III, and Type III. This mixture of kerogen was also
identified using organic elemental and pyrolysis gas chro-
matography data. Furthermore, maturity data from the well
shows that the entire Devonian sequence belongs to the oil
window, and hence, has the potential to generate oil and gas.

4.2 Mesozoic Source Rocks

4.2.1 North Western Desert
Within the north Western Desert, the Upper Jurassic-Lower
Cretaceous sequences are among the most prolific
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hydrocarbon plays in North Africa. Though, their source
rock characteristics and depositional environments are still
not well known (El Atfy et al., 2019). Palynologically, those
subsurface Jurassic-Cretaceous strata were the subject of
several palynological investigations that have chiefly
focused on taxonomy, palynostratigraphy, and to a lesser
extent paleoenvironmental interpretations. On the other
hand, few efforts have been paid to examine the thermal
maturity and source rock potential (e.g., Ibrahim et al., 1997;
El Beialy et al., 2010 and references therein; Zobaa et al.,
2013; Ghassal et al., 2018; Gentzis et al., 2018; El Atfy
et al., 2019).

(a) Jurassic
Felestteen et al. (2014) introduced the first compre-
hensive palynofacies investigation supplemented with
organic geochemistry that targeted the Jurassic deposits
in the north Western Desert. However, a previous
investigation carried out on the Masajid Formation by
Zobaa et al. (2013) produced relatively similar paly-
nofacies results, as was also the case for the studies by
Hewaidy et al. (2014) and El Atfy et al. (2019). The
palynofacies results of Felestteen et al. (2014) did not
offer a clear separation between the different Jurassic
rock units, resulting in their being lumped under one
palynofacies group dominated by opaque phytoclasts
and interpreted as mixed but gas-prone facies. El Atfy
et al. (2019) suggest fair to good gas source rock
potential, with possible minor oil potential within
multiple intervals in the Jurassic formations (Fig. 3).
Their TOC concentrations exceed 2.0 wt.% and HI
values reach 240 mgHC/gTOC. The results of Felest-
teen et al. (2014) share the same conclusions. They
reported marginal to very good source rocks with TOC
and HI values up to 4.0 wt.% and 199 mgHC/gTOC,
respectively, at low thermal maturity.
Gentzis et al. (2018) studied the hydrocarbon potential of
the Jurassic succession in the Abu Tunis-1 � well in the
Matruh Basin, north Western Desert. Their multi-proxy
approach identified two palynofacies associations for the
studied material, both are AOM-dominated. The first
association represented the Wadi Natrun Formation, the
lowermost and the uppermost Khatatba Formation, and
the Masajid Formation. The second palynofacies asso-
ciation from the upper Khatatba Formation. The
Rock-Eval and organic petrological data reveal similar
conclusions with relatively high TOC and HI index
values and VRe values exceeding 0.9%. The evaluated
Jurassic section possesses mixed Type II/III kerogen and
attained thermal maturity within the peak oil window.
A recent investigation of the Khatatba and uppermost
Ras Qattara formations in the Falak-21 borehole
(Shushan Basin) by Mansour et al. (2020) tells that this

interval has a good–excellent generative potential
(kerogen Type III). The maturity reached a mature oil
window in the Khatatba and uppermost Ras Qattara
formations. Based on the total sulfur (TS) versus TOC
relationship, the uppermost Ras Qattara Formation and
Yakout Member (of the Khatatba Formation) were
formed under oxic circumstances, however, the middle
and upper parts of the Khatatba Formation were mostly
deposited throughout high paleoproductivity in dysoxic–
suboxic and suboxic conditions, correspondingly.

(b) Cretaceous
The Cretaceous strata in Egypt comprise manifold gen-
erative source/reservoir intervals. Consequently, they are
considered the chief deeply-seated exploration goals of
working companies, especially in the north Western
Desert. A closer view of the Cretaceous sedimentary
successions demonstrates that they have been well
explored in comparison with the pre- and post-
Cretaceous layers. The Cretaceous strata in the north
Western Desert are subdivided into a lower unit, made of
clastics that have their place in the Lower Cretaceous
Burg El Arab Formation (comprising from bottom to top:
Alam El Bueib, Alamein, Dahab, and Kharita members),
and an upper unit composed of carbonates of Upper
Cretaceous age that represent from bottom to top, the
Bahariya, Abu Roash, and Khoman formations.

Lower Cretaceous

In spite of the fact that the Upper Jurassic-Lower Cretaceous
sequences in the north Western Desert are among the most
productive hydrocarbon plays in North Africa, their source
rock characteristics and depositional environments are still
not well known. The study of El Atfy et al. (2019) which
utilized an integrated palynofacies and organic geochemical
approach for the Upper Jurassic Masajid Formation and
Lower Cretaceous Alamein and Alam El Bueib members in
the OBA. 3–1/1A and OBA. S-C wells yielded interesting
results (Fig. 3). Two main organic facies types connected to
depositional environments and kerogen types were estab-
lished: palynofacies PF I in the Alamein and Alam El Bueib
members and PF-II in the Masajid Formation. PF I is
expressed by kerogen Type II and Type III, which is more
confirmed by pyrolysis data that tell fair organic richness and
gas generation potential in the Alamein Member, with TOC
values ranging from 1.0 to 2.5 wt.% and HI from 64 to
112 mg HC/gTOC. The Alam El Bueib Member demon-
strated better organic richness and quality with TOC ranging
from 1.6 to 3.1 wt.% and HI from 121 to 318 mg HC/gTOC.
The thermal maturity assessment indicates that the Alamein
Member is immature, whereas the Alam El Bueib Member is
early to oil-mature (Table 1). Furthermore, the APP ternary
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Fig. 3 Palynofacies, TAI, and SCI readings of the upper Jurassic-lower Cretaceous samples (BA. 3-1/1A and OBA. S-C wells), north Western
Desert, Egypt (El Atfy et al., 2019). Spore colors follow the corrected scheme of Pearson (1984); SCI numbers per Marshall and Yule (1999) and
TAI numbers after Batten (1982)
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plot data suggest that both the Alamein and Alam El Bueib
members were formed in a suboxic to anoxic basin (Fig. 4).
While the Type III kerogen (gas-prone) interpretation for the
Alamein Member by El Atfy et al. (2019) is similar to those
previously described for the Sharib-1 � and Ghoroud-1 �
wells (Zobaa et al., 2013), other authors, such as Ibrahim
et al. (1997) and El-Soughier et al. (2010) stated that the
Alamein Member was characterized by Type II kerogen
(oil-prone).

It is worth noting here that the Late Jurassic and Early
Cretaceous perceived the deposition of gas-prone source
rocks as similar to those from the southern onshore Nile
Delta Basin. These results have weighty inferences for the
understanding of the types of source rocks in the northern
onshore and offshore Egyptian basins and the future of gas
exploration in the region (El Atfy et al., 2019). These source
rock intervals were deposited in shallow marine environ-
ments based on geochemical and palynological assessments.
Better source rock qualities are expected in deeper facies
where optimum preservation of organic matter prevailed, but
more work is needed to completely understand the source
rock quality and distribution in this vital petroleum basin.

Upper Cretaceous

The integrated approach for studying the Upper Cretaceous
successions in the north Western Desert was pioneered by El
Beialy et al. (2010), who studied the subsurface Cretaceous
units in the basin through a collective optical (spore col-
oration, palynofacies, and vitrinite reflectance) and organic
geochemical (TOC and Rock-Eval pyrolysis) investigation.
Their results appear to be valid for most north Western
Desert regions and have been confirmed by other later
contributions, such as Zobaa et al. (2011) and Mahmoud
et al. (2017). In a detailed study, Ghassal et al. (2018) refined
the results of these earlier studies to provide new under-
standings of the depositional environment from the Ceno-
manian to the Santonian (Table 2; Fig. 5), as well as the
petroleum source rock potential of the Abu Roash “F”
Member and residual hydrocarbons in the Abu Roash “C”
and “D” members. Below, we highlight the results from all
these studies.

1. The Abu Roash and Bahariya formations are comprised
mainly of kerogen Type III, and thus gas-prone, except
for the Abu Roash “F” Member which shows of an
oil-prone facies (Fig. 6).

2. In contrast to the other Abu Roash members, the “F”
Member shows a positive correlation between TOC and
CaCO3 as well as TS. It signifies an interval of anoxic or
strongly oxygen-depleted bottom waters with improved
preservation of organic matter, which is expressed in a

high proportion of amorphous organic matter (AOM),
high TOC, and HI values. This organic-rich layer is
interpreted to mark the short-term global oceanic anoxic
event (OAE2). Three depositional phases (Figs. 7 and 8)
have been recognized, as follows:
a. Transgression phase-I is marked by anoxic bottom

water conditions, generating sediments that are rich in
TOC, carbonate, and S, and partially deprived in Fe
and other detrital elements. This recommended sulfur
amalgamation into organic matter. Sediments repre-
senting this phase seem to have been deposited in a
more humid climate compared to the other intervals
based on the illite/smectite ratio.

b. Regression phase has seen a fall in sea level and
freshwater incursions, together with acidification of
the waters and heavy mineral deposition, as construed
from the abundance of siderite, rutile, detrital ele-
ments, and Mn.

c. Transgression phase-II is plentiful in TOC, charac-
terized by suboxic conditions and fairly higher detrital
element concentrations related to transgression
phase-I, which hampered sulfur assimilation into
kerogen.

3. The differences between the two transgressive phases of
the depositional environment resulted in the formation of
types of two source rocks, one, as well as the other, is
immature relative to oil generative potential. Neverthe-
less, transgression phase-I source rock comprises kero-
gen Type IIS, which produces high sulfur oil, whereas
transgression phase-II contains kerogen Type II/III,
which expells sweet oil with negligible gas upon expul-
sion. Interestingly, Rock-Eval and biomarker maturity
data reveal lower thermal maturity for the Abu Roash
“F” source rock interval compared to the sediments
beyond it. This conclusion advocates retardation/
suppression of maturation courses in oil-prone source
rocks, but may also be due to the existence of migrated
bitumen of improved maturity, i.e., from deeper source
rocks, in all rock units except for the Abu Roash “F”
Member.

4. The residual oils of the Abu Roash “C” and “D” reser-
voirs reveal two different partitions. The Abu Roash “D”
residual oils are forced by either biodegradation or
evaporation, whereas those from the Abu Roash “C”
show a bi-modal n-alkane distribution with higher con-
centrations of low molecular hydrocarbons relative to the
Abu Rash “D” residual oils. The different oil types may
be indicative of more than one source rock charging the
Abu Roash Formation.

5. Quantitative and qualitative investigations of palyno-
floras and palynofacies show that the Abu Roash “A” and
“C” Members, together of Coniacian-Santonian age,
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signify an oxic proximal and distal shelf environments,
respectively. The Abu Roash “D” and “E” members,
dated as Turonian, denote an oxic proximal shelf,
whereas the Abu Roash “F” Member of the Cenomanian
age was deposited in a distal suboxic–anoxic basin. The
Abu Roash “G” Member and the Bahariya Formation,
also Cenomanian in age, were formed in shallow marine
and shallow marine to fluvio-deltaic environments, cor-
respondingly. The integrated approach illustrates strong
agreement between the palynological, organic, and
inorganic geochemical interpretations.

4.2.2 Gulf of Suez
Petroleum exploration in the Gulf of Suez is relatively dif-
ficult since it is surrounded by many uncertainties. Due to
huge sequences of evaporites, seismic data for the pre-salt
are of very limited use and much of the Rock-Eval data are
missing or unreliable. As discussed earlier, rift basins are
very dynamic, and hence, the source rock quality, thickness,
and distribution are highly variable. Also, approximately, all
organic-rich intervals in the Gulf of Suez are drained in
humic macerals while vitrinite particles are mostly absent, or
show low reflectance (Mostafa & Ganz, 1990). Therefore,
introducing palynofacies as an exploration tool, especially as
a maturation detection parameter, will help to solve this
problem.

El Diasty et al. (2014) introduced the first combined
palynofacies and organic geochemical study that focused on
the Upper Cretaceous-Eocene (Matulla, Brown Limestone,

and Thebes formations) within the central part of the Gulf of
Suez. Palynofacies analysis (Fig. 9) indicated that the
Thebes and Brown Limestone formations were both depos-
ited under a distal suboxic–anoxic environment. Conversely,
the Turonian-Santonian Matulla Formation supports the
presence of variable depositional settings from a marginal
marine under dysoxic–anoxic basinal to proximal suboxic–
anoxic shelf environments. Rock-Eval pyrolysis and TOC
results indicate that most of the formations are immature to
slightly mature and have a good petroleum source potential.
They are organic-rich, containing oil- and gas-prone Type II
and III kerogens, preserved under marine reducing condi-
tions satisfactory for hydrocarbon generation and expulsion.

4.2.3 Nile Delta
The Nile Delta Basin is well-thought-out one of the most
prolific petroleum basins in Egypt and the eastern Mediter-
ranean region, particularly for gas resources, and accounts
for approximately 60,000 km2 correspondingly onshore and
offshore (Barakat, 2010).

Data for the source rocks within the Mesozoic strata in
the Nile Delta Basin (sometimes referred to as the north
Eastern Desert) based on an optical investigation (i.e.,
palynofacies) are available exclusively from Ibrahim et al.
(1997). They applied the spore coloration index (SCI),
which is equivalent to the thermal alteration index (TAI), in
an attempt to deduce the thermal maturation of the sedi-
ments. They inferred that the Jurassic sequence in the Abu
Hammad-1 well was generally thermally mature, while the
overlying Lower Cretaceous sediments were immature. In
their conclusion, Ibrahim et al. (1997) highlighted the

Fig. 4 APP ternary plot (Tyson 1993), A = OBA. 3-1/1A well, and B = OBA. S-C well. Field I = kerogen type III; field II = kerogen type III;
field III = kerogen type III or VI; field IV = kerogen type III or II; field V = kerogen type III˃IV; field VI = kerogen type II; field VII = kerogen
type II; field VIII = kerogen type II˃I
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nature of the source rocks for the Abu Hammad-1 well as
follows:

1. Highly oil-prone and mature source rocks with amor-
phous organic matter in the lower Masajid, Khatatba, and
middle Rajabiah formations.

Fig. 5 Total organic carbon (TOC), CaCO3, total sulfur (TS), and rock-eval data versus depth, Bahariya, and Abu Roash formations within the
GPT-3 well, Abu Gharadig basin (Ghassal et al., 2018)

Fig. 6 Pseudo van Krevelen diagram covers most of the known source rock intervals within different basins in Egypt. Data are available in Tables
1, 2, 3, 4 and 5
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2. Highly oil-prone but immature source rocks with amor-
phous organic matter in the Alamein and Alam El Bueib
formations.

3. Oil-prone, mature source rocks in the upper Masajid
Formation.

4. Gas-prone, mature source rocks in the upper Rajabiah
Formation.

However, geochemical investigation of the Abu
Hammad-1 well by Ghassal et al. (2016) suggests that the
Upper Jurassic Masajid and the Lower Cretaceous Alam El
Bueib formations contain gas-prone source rock, with TOC
up to 4.0 wt.% and HI ranging from 46 to 130 mg HC/g
TOC (Table 3). Microscopic investigation reveals that these
source rocks are dominated by vitrinite, inertinite, and coaly
particles (Fig. 10). Furthermore, Tmax and vitrinite reference
(VRe) indicate low thermal maturity.

4.3 Cenozoic Source Rocks

Palynological studies dealing with the Cenozoic of Egypt are
somewhat dispersed and few in comparison with those car-
ried out on older strata. Moreover, among the relatively

limited number of publications, palynofacies studies target-
ing are even fewer. These studies are available only from the
Gulf of Suez and the Nile Delta, and there is one case from
the north Western Desert.

4.3.1 North Western Desert
From a palynofacies perspective, El Beialy et al. (2016)
introduced the first study that dealt with the kerogen por-
tion of the subsurface material (Amana-1X well) within the
Dabaa Formation. They utilized palynofacies analysis to
study the hydrocarbon potential of the organic matter and
provided a comprehensive interpretation of the prevailing
paleoenvironmental conditions (Fig. 11). As a result, they
established two major marine palynofacies. The older
palynofacies (palynofacies 1) contained Type II/III kerogen
(mostly oil-prone), which was formed in an outer shelf to
upper slope under suboxic to anoxic settings. Palynofacies
2 comprised Type III kerogen (largely gas-prone) that
signifies shallower, more terrestrially influenced circum-
stances. However, SCI determination (spore coloration
measurements) implied thermally mature conditions for
both palynofacies. There was no verification by organic
geochemistry.

Fig. 7 TS versus TOC showing the characteristic signature of the Abu Roash “F” Member. The samples are classified into three groups, which
are: (1) Abu Roash “F”Member transgression-1; (2) Abu Roash “F” member transgression-2; and (3) oxic/suboxic shelf: the samples from the rest
of the rock units. CaCO3 was calculated from total inorganic carbon (Ghassal et al., 2018)
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Fig. 8 Comprehensive depositional model of the Abu Roash “F” member, depended on an integrated geochemical and palynological
interpretation of the Abu Gharadig Basin (Ghassal et al., 2018)
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Fig. 9 Palynofacies assemblages from the central Gulf of Suez, Egypt (reproduced from El Diasty et al., 2014). a Non-marine AOM flakes may
characterize amorphous biodegraded phytoclasts (Thebes Formation); b fluorescent AOM aggregates, a distinctly structured rim (arrows) might
signify biodegradation or transformation of phytoclasts into AOM (Thebes Formation). c Fine granular, yellow to gray (arrows) marine amorphous
masses, apparently of algal origin (Thebes Formation); d highly fluorescent AOM, may reflect an algal origin (Thebes formation). e A mixed
palynofacies association comprised mainly AOM (arrows) with dispersed pyrites, tracheid phytoclast (TR) and dinoflagellate cyst (D) may
represent Isabelidinium/Chatangiella sp. (Matulla Formation); f a variable fluorescent potential among the different palynofacies components
(Matulla formation); g a dispersed leaf cuticle (CU) phytoclast displays a regular, rectangular cellular structure bounded by AOM (Matulla
formation); h a dispersed leaf cuticle shows very weak fluorescence (Matulla formation)
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Fig. 10 Organic microscopy photographs from the Nile Delta source rock. a b Allochthonous coal particles under incident and fluorescent lights;
c tellovitrinite under incident light

Fig. 11 Quantitative distribution of the different kerogen components of the Oligocene Dabaa Formation, AMOM represents amorphous marine
organic matter (El Beialy et al., 2016)
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4.3.2 Gulf of Suez
Mainly, the Miocene has been studied in the Gulf of Suez. In
spite of the intense micropaleontologic efforts (mainly for-
aminifera and calcareous nannofossils) in the last years, few
contributions have been published on the palynology of this
region in comparison with other parts of Egypt. Until
recently, there were few palynological studies (mainly
biostratigraphic) on the Miocene deposits of the Gharandal
and Ras Malaab groups, which are considered among the
most important hydrocarbon-bearing sequences in Egypt.
Therefore, introducing palynofacies herein especially as a
maturation detection parameter covers such a niche.

To the authors’ knowledge, El Atfy et al., (2013, 2014)
introduced palynofacies research to the Miocene of the Gulf
of Suez. These publications integrated palynofacies with
organic geochemistry and organic petrography to attain the
following results:

1. Palynofacies analyses discriminated the Nukhul Forma-
tion into three of two main palynofacies assemblages
(PF-Ia, PF-Ib, and PF-II): PF-Ia and PF-Ib were the
dominant facies within the Ghara Member, representing a
suboxic–anoxic environment. Kerogen Type III was
established for these two assemblages. PF-II mainly
dominated the Shoab Ali Member, showing a composi-
tion of mixed Type III and Type II kerogen with more
phytoclast input supporting a fairly continental suboxic–
anoxic basin characterized by low AOM. These results
were in great accordance with previous organic geo-
chemical analyses (El Atfy et al., 2013).

2. TOC and Rock-Eval analyses suggested a fair to good
organic richness for the Rudeis and Kareem formations
(Table 4). According to palynofacies analyses and
organic petrology, Type III or Type II/III kerogen were
identified with a very limited terrestrial input. Further-
most of the sediments were deposited under oxygen-
deficient, but not totally anoxic, conditions. Multi-proxy
thermal maturation determination techniques indicated an
immature to early mature level for the organic matter and
a rise of maturation with depth.

4.3.3 Nile Delta
The study carried out by Ibrahim (1996) on core samples
retrieved from El Qara-2 borehole in the north-central Nile
Delta was the only attempt to employ palynofacies as an
exploration proxy within the basin. SCI index enabled him
to recognize three organic facies, immature, mature (Kafr El
Sheikh Formation), and overmature (Abu Madi Formation).

The Miocene source rocks of the Nile Delta, on the other
hand, were studied in more detail by organic geochemistry
by Ghassal et al. (2016) who provided a comprehensive
review of the regional source characteristics (Table 5). The

central Nile Delta Basin possesses higher source rock quality
than the eastern part. The difference in quality is ascribed to
the variation of the depositional setting. The eastern Nile
Delta Basin was deposited in shallower water settings during
the Middle Miocene time. For example, the highest reported
HI values in the eastern part of the delta is 184
mgHC/gTOC, whereas it reaches 480 mgHC/gTOC in the
western part of the basin (El Nady, 2007; El Nady & Harb,
2010; Ghassal et al., 2016; Keshta et al., 2012; Shaaban
et al., 2006).

5 Conclusions

The integration of optical and geochemical techniques rep-
resents the best way to screen hydrocarbon source rock
potential and has a distinguishing impact on kerogen analysis,
besides its utilization in paleoenvironmental inferences. It is
worth noting that while kerogen types are usually obtained
from Rock-Eval data, palynofacies and organic petrographic
data offer additional reliable information. For samples with
low to moderate TOC, Rock-Eval data are mostly uncertain
for the reason that the retained hydrocarbons in the mineral
matrix (Grohmann et al., 2018). Consequently, palynofacies
analysis is a valuable, complementary technique for investi-
gating the petroleum generation potential of source rocks.
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Hydrocarbon Potential of Carbonate Rocks
in Egypt

Mohammad Abdelfattah Sarhan

Abstract

Carbonate rocks in Egypt are characterized by a great
variability in facies and complexity in deformational
styles. Their role as hydrocarbon reservoir in Egypt is still
associated with some remaining open questions. This
chapter summarizes the whole carbonate rock units which
have significant importance in petroleum exploration in
Egypt rather than attempting to comprise everything that
has been published on the carbonate deposits of Egypt
over the past decades. Also, the current chapter provides a
careful selection of case studies in hydrocarbon explo-
ration from different carbonate fields in Egypt. Three
major provenances in Egypt containing thick carbonate
deposits varying from Mesozoic to Tertiary in age are
extremely prospective for oil and gas as conventional or
unconventional resources. These provenances are Wes-
tern Desert, Gulf of Suez and offshore Nile Delta Basin.
The continuous progress in the technologies of seismic
and well logging data techniques resulted in the devel-
opment of new approaches that can identify and accu-
rately evaluate the hydrocarbon-bearing carbonate rocks
in Egypt.
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1 Introduction

Carbonate rocks encompass approximately half of hydro-
carbon reservoirs worldwide (Harbaugh, 1967). Studying
carbonate reservoirs has drawn the consideration of numer-
ous academic researchers and petroleum exploration com-
panies (e.g., Vicentelli et al., 2015; Wei et al., 2015; Beigi
et al., 2017; Liu & Wang, 2017; Nazari et al., 2019; Sequero
et al., 2019).

Due to the difference in the carbonate facies and the
complexity in their deformation styles, assessment of the
carbonate reservoir is very difficult. Accordingly, several
applications of different geophysical and geological tech-
niques are required for characterizing the lithology and
structure of carbonate reservoirs (Burchette, 2012; Cerepi
et al., 2003). Moreover, in carbonate hydrocarbon reservoirs,
pore networks are vital components controlling the fluid
pathways, reservoir quality and production (e.g., Anselmetti
& Eberli, 1999; Eberli et al., 2003; Hollis et al., 2010, 2017a,
2017b; Karimpouli et al., 2013; Worden et al., 2018).
Because of the heterogeneity and the complicated relation
between rock fabric and pore system in the carbonate
deposits, modelling of petrophysical properties is challeng-
ing (e.g., Sha et al., 2019; Zhao et al., 2015). Accordingly, in
order to adequately evaluate carbonate reservoirs, multiscale
and integrated datasets are required together (Radwan et al.,
2021). The subdivision of carbonate deposits into units
called electrofacies (e.g., Euzen & Power, 2012; Torghabeh
et al., 2014) led to categorize petrofacies based on their
variation in physical properties and geological conditions
(Radwan et al., 2021).

Carbonate rocks are susceptible to diagenesis which
cause noticeable changes in pore size and shape, leading to
either decrease or increase of the petroleum reservoir quality
(e.g., Afife et al., 2017; Watney et al., 1999). The pore
spaces, structures and petrophysical characterization of car-
bonate reservoir rocks can change through time or be
affected by several factors such as diagenesis (e.g.,

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-95637-0_24&amp;domain=pdf
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Ehrenberg & Nadeau, 2005; Ehrenberg et al., 2019; Nabawy
et al., 2020; Salah et al., 2016a, 2016b), structural and
sedimentological discontinuities (e.g., Ali et al., 2018; Baud
et al., 2017; Heap et al., 2018; Michie & Haines, 2016;
Rashid et al., 2017; Trippetta et al., 2017), presence of
infilling materials (e.g., Trippetta & Geremia, 2019; Trip-
petta et al., 2020) and temperature/pressure settings
(Anselmetti & Eberli, 1993).
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Fractured carbonate reservoirs are significant in produc-
ing oil and gas in numerous giant fields such as Gachsaran
Field in Iran and Kirkuk Field in Iraq. Several types of
fractures may be developed and extremely increase the
heterogeneity of the hydrocarbon-bearing rocks (Tavakoli,
2019). Based on their natural existences, fractures are divi-
ded into tectonic, regional, surface-related and contractional
fractures, but also, they can be classified experimentally into
extension, shear and tensile (Nelson, 2001). Open fractures
increase the permeability of the hydrocarbon reservoirs;
while, mineral-filled fractures may produce compartmental-
ization as they act as fluid barrier layers (e.g., Massaro et al.,
2018). Even though all fractures are secondary in origin,
they may be affected by lithologic characteristics and sedi-
mentary facies (e.g., Korneva et al., 2018; Michie, 2015).
Although fractures are very important in rising the perme-
ability of the reservoirs, they are ignored in many reservoir
studies. This is due to the complication in the interaction
between fractures, matrix porosity and permeability and the
overall deficiency of quantitative data covering fractures

(Nelson, 2001). In carbonates reservoirs, the value of
cementation exponent “m” of Archie model (Archie, 1942)
differs according to the type of porosity. In limestone of
intergranular porosity, “m” equals two whereas in fractured
porosity, “m” is less than 2, and for the vuggy porosity, “m”
is larger than 2 (Asquith, 1985). For example, by applying m
equal or exceeds two (i.e., m = > 2) in fractured carbonate
reservoirs, a major error will be caused in the calculated
values of “Sw”. Consequently, this mistake leads to the
hydrocarbon zones which can be easily wasted as they
appear as water zones. Also, if fractures are plane in nature,
“m” can be as low as 1.0, while, if fractures are not plane,
“m” is between 2.0 and 1.0 (Aguilera, 1980; Ransom, 1984).

Fig. 1 Regional map representing the locations of different sedimentary basins in Egypt and the sites of several carbonate hydrocarbon fields
presented in this chapter as case of studies

In Egypt, the carbonate reservoirs represent a large por-
tion of the remaining oil and gas reserves. Accordingly, this
chapter aims to summarize the potential of the
hydrocarbon-bearing carbonate rocks (source rocks and
reservoirs) in different sedimentary basins in Egypt. The
carbonate rock units are located in different three prove-
nances; northern Western Desert, Gulf of Suez Basin and the
recently explored in the offshore Nile Delta Basin (Fig. 1).

2 Western Desert

The petroleum potential in northern Western Desert is
occurring preliminary within the thick Mesozoic-Cenozoic
section. The folds related to the Late Cretaceous inversion
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tectonic plus the tilted fault blocks of the Jurassic-
Cretaceous rifting phase are the chief structural traps at
northern Western Desert; although, numerous stratigraphic
and combination traps are yet to be explored (Moustafa,
2008). The Mesozoic-Cenozoic megasequence in northern
Western Desert classified into four major cycles each one
completed by a marine transgressive phase (Sultan and
Hahm, 1988) and contains alternations between siliciclastics
and carbonate rock-units.
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Table 1 Summary table displays the hydrocarbon potential for the carbonate rock units in the Western Desert Basins

Rock unit Lithology Age Hydrocarbon
potentiality

Fields examples References examples

Source
rock

Reservoir

Apollonia
formation

Chalky
limestone

Late
Paleocene–
middle
Eocene

√ BED–JDT Elmahdy et al. (2020)–Maky & Saad (2009)–Salah
et al. (2016a, 2016b)–El-Bendary et al. (2016)–Sousa &
Badri (1996)

Abu Roash
D member

Limestone Turonian–
Coniacian

√ SW Qarun–Abu
Gharadig

Sestini (1995)–Sarhan et al. (2017)

Abu Roash
F member

Limestone √ SW Qarun Lüning et al. (2004)–Labib (1985)–Sarhan & Basal
(2020)

Alamein
formation

Dolomite Aptian √ Alamein–Razzak–
Yidma

Abdel-Fattah et al. (2015)–El Shaarawy (1994)

Masajid
formation

Limestone Late Jurassic √ Different fields in
the western desert
basins

Ramadan et al. (2014)–Peters (1986)

The carbonate rock units which have hydrocarbon
potential in the Western Desert basins include as follows; the
Late Jurassic Masjid Formation; the Aptian Alamein Dolo-
mite, the late Cenomanian–Turonian Abu Roash Formation
and the Eocene Apollonia Formation (Table 1).

2.1 Masajid Formation

The Late Jurassic Masajid Formation is composed of dense
limestone section with no clastic intercalations reflecting the
prevailed open marine nature during its deposition. It is
variable in thickness due to the paleotopography and the
tectonic activity during the Late Jurassic time (Ramadan
et al., 2014). The total organic carbon content (TOC) of
Masajid Formation ranges between 0.60 and 1.02 wt%
(Ramadan et al., 2014) indicating that the organic richness
for this formation is fair to good (Peters, 1986).

The Masajid limestones entered the initial stage of pet-
roleum generation during the Early Cretaceous (90 MYBP)
and reached the oil window through the Late Cretaceous (75
MYBP) to Oligocene time (35 MYBP), while it entered the
gas window in the Eocene age (40 MYBP) till the present
time (Ramadan et al., 2014).

2.2 Alamein Dolomite

The Aptian Alamein Dolomite has a prevalent lateral
extension over most of the northern Western Desert. It is
considered one of the important oil reservoirs in different
fields such as Alamein, Razzak and Yidma fields
(Abdel-Fattah et al., 2015).

The Alamein Dolomite reservoir in Razzak oil field was
initially discovered in 1972 (El Shaarawy et al., 1992). The
first exploratory well (RZK-1) was drilled to examine Ala-
mein Dolomite high structure (El Shaarawy, 1994). This
well produced from seven different oil-bearing zones within
the Alamein Dolomite by perforating an interval varies
between 7652 and 7704 ft. The cumulative oil production
from this well reached 4.95 million barrels of oil in 1983, but
after performing 3D seismic survey in 2004, new reservoir
zones within Alamein Dolomite have been explored in north
Razzak area (Abdel-Fattah et al., 2015).

On seismic profiles, Alamein Dolomite horizon is very
clear and displaying strong, continuous and high amplitude
seismic reflector due to the high contrast of the acoustic
impedance between the dolomite and the overlain clastics.
Usually, the top of Alamein Dolomite on seismic data picked
and interpreted to show the development of structural ele-
ments affected the Cretaceous rocks in northern West Desert
basins (e.g., Abdel-Fattah et al., 2015).

The trapped hydrocarbon within Alamein Dolomite
reservoir usually migrated from the older rocks beneath and
sealed by the overlying impermeable shales of Dahab For-
mation. The oil-producing horizons of Alamein Dolomite
are restricted either in the topmost part of four-way closures
where the extreme fractures occur or in three-way dip clo-
sures sealed by fault (Abdel-Fattah et al., 2015).
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2.3 Abu Roash Formation

Abu Roash Formation represents the Turonian-Coniacian
time span, and it superimposes the Cenomanian Bahariya
Formation and underlies the Senonian Khoman Formation in
Western Desert. It is distinguished into seven different
members, (A, B, C, D, E, F and G) (EGPC, 1992). B, D and
F are mainly carbonate members, where A, C and E are
mainly clastic units.

Generally, Abu Roash Formation was deposited through
shallow marine settings within high fluctuating sea levels
(Sarhan, 2017a). The carbonate members were deposited in
moderately high relative sea-level episodes; however, the
clastic members (C, E and G) were deposited throughout
comparatively low relative sea-level intervals (RRI, 1985;
EGPC, 1992). Commonly, the clastic members of Abu
Roash Formation are potential hydrocarbon reservoirs at
different sedimentary basins in western Desert (El Gezeery
& O’ Connor, 1975). Moreover, Abu Roash D Member is
also an oil-bearing reservoir in the Western Desert basins
such as Abu Gharadig Basin (Sestini, 1995) and Gindi Basin
(Sarhan et al., 2017).

The abundance of the normal faults (extensional regime)
affected the entire limestone of Abu Roash DMember within
Abu Gharadig Field (AG-Field) within Abu Gharadig Basin
(Sarhan & Collier, 2018; Sarhan, 2017b) as shown in Figs. 2
and 3 increases the possibility of forming fractures, which
may retain hydrocarbon and become suitable hydrocarbon

reservoirs. Also, the seismic explanation and the created
structure map for the top of Abu Roash D Member in SW
Qarun-Field show NE-SW anticline plunges toward NE and
bounded by NE-SW reverse faults (Figs. 4 and 5). This
anticline forms a distinctive structural closure for being
suitable oil reservoir in the fractured limestones of Abu
Roash D Member within Gindi Basin (Sarhan et al., 2017).
This folding formed by the Late Cretaceous tectonic inver-
sion ensuing the NW movement of the African Plate relative
to Laurasian Plate (Moustafa, 2008). Moreover, the mud log
description (Fig. 6) in addition to the well logging inter-
pretation for the limestone of Abu Roash D Member in SW
Qarun-Field evidenced the existence of fractures with rela-
tively high porosity and low water saturation (Fig. 7)
reflecting the high potential of these fractured limestone for
being hydrocarbon reservoir within Gindi Basin (Sarhan
et al., 2017).

Fig. 2 Interpreted seismic line no. 5240 within Abu Gharadig Field (after Sarhan, 2021a) shows frequent normal faults (extensional regime)
intersect Abu Roash D Member which increase the possibility of forming fractures within the Abu Roash D limestones

Abu Roash F Member is the greatest potential source
rock with total organic carbon content (TOC) which ranges
between 1.5 and 6% (Labib, 1985; Lüning et al, 2004). In
Southwest Qarun-Field (SWQ-Field) at Gindi Basin, Abu
Roash F Member represents the maximum promising source
rock in the whole members of Abu Roash Formation with
calculated TOC content which ranges from 1.5 to 3.2% TOC
(Fig. 8) indicating good to very good source rock (Sarhan &
Basal, 2020). The calculated S2 values (which represents the
amount of the released hydrocarbon from samples during
pyrolysis process) for the carbonates of Abu Roash



F Member in SWQ-Field are high and varying from 7.63 to
18.66 mg HC/G (Sarhan & Basal, 2020).
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Fig. 3 Structure contour map (in depth unit) for the top of Abu Roash
D Member in Abu Gharadig Field (edited after Sarhan, 2021a) displays
the ENE-WSW asymmetrical anticline that plunges to NE and its
fragmentation by abundant NW–SE normal faults indicating the effect
of the Late Cretaceous dextral wrench tectonic in Abu Gharadig Basin

2.4 Apollonia Formation

Apollonia Formation corresponds the Late Paleocene to
Middle Eocene age and overlain by the shale of the Oligo-
cene Dabaa Formation and underlain by the chalky lime-
stone of the Late Cretaceous Khoman Formation
(Schlumberger, 1984, 1995). It has been subdivided into
four units; A, B, C and D members but the most porous
gas-bearing zones lie within A and C members (Elmahdy
et al., 2020). Apollonia Formation is composed mainly of
microcrystalline pelagic chalk with abundant planktonic
foraminifera and intercalated with terrigenous clay. The
pelagic chalk is subdivided based on the clay percentage into
four different facies; clean chalk, slightly argillaceous chalk,
argillaceous chalk and marl (Elmahdy et al., 2020).

The of Apollonia carbonates are characterized by high
porosity (around 30%) and low permeability (less than 1
mD) (Elmahdy et al., 2018) with good live-source rock and
low formation pressure (Maky & Saad, 2009; Salah et al.,
2016a, 2016b). Accordingly, this chalk is an unconventional
gas reservoir requiring different techniques such as hydraulic
fracturing plus horizontal drilling to release the excessive
amount of the entrapped hydrocarbon within this formation
(Elmahdy et al., 2020; Salah et al., 2016a, 2016b).

Fig. 4 Interpreted seismic line no. 4766 within the Gindi Basin
showing its central anticline bounded by two reverse faults (edited after
Sarhan & Collier, 2018)

Fig. 5 Structure contour maps (in time unit) for the top of Abu Roash
D Member in SW Qarun-Field in Gindi Basin characterizing the
NE-SW anticline plunges toward NE bounded by two NE-SW reverse
faults (modified after Sarhan & Collier, 2018)
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Fig. 6 Mud log of SWQ-21 well in Gindi Basin (modified after Sarhan et al., 2017) shows the topmost part of Abu Roash D limestone. Note the
high value of total gas content with 97 ppm methane, 41 ppm ethane, 93 ppm propane, 65 ppm butane, 25 ppm pentane and 71 ppm hexane. The
red rectangle in the lithologic description track highlights the presence of tannish (TAN), spotty (SPTY) and pachy (PTCHY) oil stains (O.STN)
with dull (DULL) yellow (YEL) fluorescence (FLOUR) and slow bluish (BLUSH) with (WH) radial stream (STRM) cut. The red arrows display
the existence of oil shows opposite the uppermost carbonate interval of Abu Roash D Member. Note the high drilling rate for the uppermost
interval (6 min/5 ft) reflecting the presence of fractures rather than massive or tight limestone

Fig. 7 Pickett cross plot for Abu Roash D reservoir in SWQ-21 well
(redrawn after Sarhan et al., 2017). Note that: a m < 2 (= 1.56)
revealing the occurrence of fractures; b points plotted between Sw
lines; 30 and 40% represent the oil zone within Abu Roash D limestone

The first successful well in Apollonia Formation was
drilled in 2007 by Shell (Elmahdy et al., 2018), and many
fields in Abu Gharadig Basin such as BED and JDT are tar-
geting the shallow gas in the chalk of the Apollonia reservoir,
though most of the production fields in this basin concerns

with the deeper targets including; Cretaceous, Jurassic and
Paleozoic hydrocarbon zones (Elmahdy et al., 2020).

The chalk of the Apollonia reservoir in Abu Gharadig
Basin is described as a tight reservoir (Meckel & Thomas-
son, 2008) as it has a vertical permeability fluctuating from
0.01 to 0.13 mD and horizontal permeability range from
0.03 to 1.1 mD. While, the porosity of this chalk ranges from
10 to 40% (Elmahdy et al., 2020). The application of
foam-fracturing technique in Apollonia reservoir in the BED
field at Abu Gharadig Basin improved the rate of hydro-
carbon production 40 times greater than the normal pro-
duction (El-Bendary et al., 2016). Therefore, the Apollonia
chalk requires attention from petroleum exploration com-
panies (Sousa & Badri, 1996).

3 Gulf of Suez Basin

The Gulf of Suez Basin is the most prospective and prolific
oil province in Egypt. It is an intercontinental rift extending
northward from Hurghada city in the south for about



325 km (El Nady et al., 2016). Its rifting was initiated in
the Miocene age, both post-rift and pre-rift sequences hold
potential source rocks and hydrocarbon reservoirs (EGPC,
1996; Shaheen & Shehab, 1984; Atta et al., 2002). To the
west of Gulf of Suez Basin (Southern Galala plateaus), the
Late Cretaceous carbonate platform-derived slope sedi-
ments intercalated with basinal chalk and calcareous shale
farther south. However, during the Early Tertiary, carbon-
ates were deposited within platform, slope and basin set-
tings. The facies architecture of this platform–slope–basin
transition reflects the evolution from a rimmed shelf (in the
Late Cretaceous) to a distal steepened ramp (within the
uppermost Cretaceous to Paleocene) and finally to a
homoclinal ramp (during the Early Eocene age) (Kuss
et al., 2000).
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Fig. 8 Well log suite displays the resistivity-porosity logs overlay technique (Passey et al., 1990) for Abu Roash F carbonate in SWQ-25 well
(edited after Sarhan & Basal, 2020). Note that: a the separation between porosity logs (density log “RHOB”; neutron log “NPHI”) overlays the
deep resistivity log “LLD” reflects that the limestone of Abu Roash F Member is an organic-rich interval due to the existence of organic matter
lead to low values for both density and velocity, whereas the resistivity log characterized by high values because of the presence of organic matter.
b The wide separation between the resistivity-porosity logs (D log R) indicates the high degree of thermal maturity for the organic matter in Abu
Roash F carbonate

The potential pre-Miocene carbonates source rocks within
the Gulf of Suez Basin includes the Late Senonian Brown
Limestone in addition to the Eocene Thebes Formation
(Table 2). These formations also represent vertical seals
above the Cretaceous sandstone reservoirs. However, the
carbonate reservoirs within the Gulf of Suez (Table 2) can be
classified into pre-rift reservoirs, such as the fractured
limestone of Eocene Thebes Formation; and syn-rift reser-
voirs, such as the Miocene carbonates of Nukhul Formation,
Rudeis Formation, Kareem Formation, Belayim Formation
and Ras Gharib Formation which usually sealed by Miocene
evaporites (Alsharhan, 2003). These Miocene carbonates are
also form some proven stratigraphic traps in the Gulf of Suez
region such as in Ras El Bahar discovery, where the porous
carbonate wedge is sealed laterally and vertically by dense
carbonate (Alsharhan, 2003).

3.1 Brown Limestone

The Brown Limestone Formation represents the Late
Senonian age which was deposited during the Tethyan
transgression across the north-eastern portion of Africa
(Alsharhan, 2003). It represents the primary and richest
source rocks in the central and northern parts of the Gulf of
Suez (Alsharhan & Salah, 1994, 1995; Rohrback, 1982).
The carbonate of this formation has average TOC of 3.5%
and exhibits high hydrogen index (HI) with low oxygen
index (OI) values of type I and type II kerogen.

The generated oil from the Brown Limestone Formation
was formed within strong reducing marine conditions and
characterized by low API gravity and high sulfur content
such as in the oil fields of October, Ras Budran, Abu Rudeis,
Belayim Marine and Belayim Land (Alsharhan, 2003).

3.2 Thebes Formation

Generally, the Eocene rocks in the Gulf of Suez Basin play a
critical role in the development and evolution of the petro-
leum system, where they are representing self-source rocks
or self-reservoirs or combination in several areas within the
basin (Radwan, et al., 2020).

The entire carbonate of Thebes Formation was deposited
throughout the Tethyan transgression over the NE of Africa
like the Brown Limestone. It also represents a potential
source rock with TOC equals 3.2% of type I/II kerogens, but
the generated hydrocarbon has low API gravity, high sulfur
content, high HI and low OI values (Alsharhan, 2003).
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Table 2 Summary table shows the hydrocarbon potential for the carbonate rock units in the Gulf of Suez Basin

Rock unit Lithology Age Hydrocarbon
potentiality

Fields examples References examples

Source
rock

Reservoir

Ras Gharib
formation

Limestone-dolomitic
limestone

Miocene √ Different fields in the Gulf of
Suez basin

Alsharhan (2003)

Belayim
formation

Reefal Limestone √ Esh El Mellaha–Ras Fanar–
Hareed–Felefel

Alsharhan (2003)

Kareem
formation

Limestone √ Felefel Alsharhan (2003)

Rudeis
formation

Limestone and
Dolostone

√ Rabeh East Sarhan (2020)–Sallam
et al. (2019a, 2019b)

Nukhul
formation

Reefal Limestone √ Kareem–Al Ayun–Zeit Bay Alsharhan (2003)

Thebes
formation

Limestone Eocene Asal–Sudr–Ras Matarma–
Kareem–Bakr–West Bakr–
Issaran–Shoab Ali–Rahmi–
Rabeh East

Radwan et al. (2020)–
Alsharhan (2003)–
Sarhan (2021b)

Brown
limestone
formation

Limestone Late
Senonian

√ October–Ras Budran–Abu
Rudeis–Belayim Marine–
Belayim Land

Rohrback (1982)–
Alsharhan & Salah
(1994, 1995)–Alsharhan
(2003)

The fractured limestones of the Thebes Formation con-
tribute about 1.1% of oil production in the Gulf of Suez
provenance with 13% average porosity and net pay thickness
of 15–17 m. It produces oil from many fields such as Asal,
Sudr, Ras Matarma, Kareem, Bakr, West Bakr, Issaran,
Shoab Ali and Rahmi fields (Alsharhan, 2003).

The thick Eocene carbonate of Thebes Formation in
October oil field within the Gulf of Suez region (recently
named Radwany Formation) has unique multiscale charac-
terization as unconventional (tight carbonate reservoir) and
conventional hydrocarbon resource in its basal part (Radwan
et al., 2021). The pore system in these carbonates varies
between mesopores and macropores and displays a combi-
nation of diagenetic and depositional processes with differ-
ent porosity types including; fractures, inter-particles,
intra-particles and moldic porosity (Radwan et al., 2021).

3.3 Nukhul Formation

The reefal limestone of Nukhul Formation yields oil from
few fields in the Gulf of suez provenance (e.g., Kareem, Al
Ayun and Zeit Bay); however, it produces oil and gas from
Felefel field. This limestone has porosity equals 16% with
net pay thicknesses ranges from 20 to 60 m (Alsharhan,
2003).

3.4 Rudeis Formation

Rudeis Formation deposited under shallow to deep marine
settings through Early Miocene age in the Gulf of Suez
(Alsharhan & Salah, 1994). It is conformably overlying the
Early Miocene Nukhul Formation and underlies the Middle
Miocene Kareem Formation (Takasu et al., 1982). The
included foraminifers within Rudeis Formation prove a
Burdigalian age and represent intertidal lagoon; barrier
shoals; and reef complex which reflects down-dip deposi-
tional profile of rimmed carbonate shelf under shallow
marine conditions (Sallam et al., 2019b). It contains con-
siderable oil and gas reserves, making it one of the most
productive hydrocarbon reservoirs within the Gulf of Suez
Basin (Sallam et al., 2019a).

The clastic sediments of Rudeis Formation represent
hydrocarbon source rocks in the Miocene section in the Gulf
of Suez province (El Sharawy & Nabawy, 2018; El Srogy
et al., 2002). The sandstone intervals of Rudeis Formation
are oil producing in several oil fields such as Sudr, Um
El-Yusr, Belayim, Kareem, Feiran, Asl and October fields
(Metwalli et al., 1978; Nabawy et al., 2018; Zaid, 2012).

The carbonates of Rudeis Formation are composed
principally of vuggy/moldic, fractured/stylolitic, bioclastic
coralline-algal dolostone and biogenic limestone. The
diagenetic characteristics including cementation, com-



paction, micritization and anhydritization reduce the
reservoir quality, while stylolitization, dissolution and
microfracturing improved the production potential (Sallam
et al., 2019a). These carbonate beds are also oil producers
in the Bahr, Zeit Bay, Asl, Sudr and Matarma fields,
whereas, in the Felefel field, it produces both oil and gas,
with porosity of about 16%. These beds are principally
well developed in the submerged high areas inside the
Early Miocene basin, for example, in the North Bahar area
(Alsharhan, 2003).
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Fig. 9 Mud log of RE-22 well in Rabeh East Field (edited after Sarhan, 2020) displays the gas analysis and the lithology of Rudeis formation. The
red arrow refers to the occurrence of oil shows in front of a thick limestone interval between depths 4550 and 4630 ft which based and sealed by
marl with high values of gas analysis. The red rectangle in the lithologic explanation track highlights the presence of spotty oil stains with pale
yellow to yellow fluorescence with weak stream cut

In Rabeh East Field (RE-Field) at the southwestern por-
tion of the Gulf of Suez Basin, an oil-bearing limestone bed
of 26 feet thick within Rudeis Formation (Fig. 9) forms a
distinctive stratigraphic trap by vertical and lateral facies
change to non-permeable marl. This stratigraphic trap
extends for about 1.5 km in N-S direction and for 0.75 km

in E-W direction (Fig. 10). This interval displays hydro-
carbon saturation above 50% (Fig. 11), shale volume of
21%, total porosity of 20%, effective porosity of 15% and
bulk volume of water of 0.07 (Sarhan, 2020).

3.5 Kareem Formation

The carbonates of Kareem Formation display good sec-
ondary porosity and represent potential gas reservoir in
several fields in the Gulf of Suez Basin such as Felefel Field
(Alsharhan, 2003).

3.6 Belayim Formation

The Belayim limestones are more significant than the
Belayim sandstones in the Gulf of Suez Basin. These



carbonates form reefal buildups on fault-controlled high
areas and display porosity fluctuating between 10 and 19%.
The net pay thickness of these limestone beds is around 9–
12 m. These carbonates produce both oil and gas from Esh
El Mellaha Field and oil from Ras Fanar Field. However, in
Hareed and Felefel fields, yield only gas (Alsharhan, 2003).
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Fig. 10 E-W seismic line no. 789 tied to RE-22 well (edited after Sarhan, 2020) displays the entire seismic reflectors of Rudeis formation in in
Rabeh East Field. The continuous seismic reflector outlined by the black rectangle represents a stratigraphic trap for the limestone interval between
depths 4550 and 4630 ft in RE-22 well and extending for about 0.75 km. The black arrow displays the high deep resistivity value for the examined
reflector approving the presence of hydrocarbon

Fig. 11 Pickett cross plot for the limestone interval within Rudeis Formation in RE-22 well (edited after Sarhan, 2020). Note that plotted points
situated between Sw lines; 25 and 50% characterize the promising oil-bearing reservoir

3.7 Ras Gharib Formation

The limestone and dolomitic limestone interbeds within the
evaporitic successions of Ras Gharib Formation produce oil

in different fields within the Gulf of Suez Basin (Alsharhan,
2003).

4 Offshore Nile Delta Basin

The Nile Delta Basin (NDB) is a huge clastic play province
in the East-Mediterranean region. In the last years,
numerous big gas fields have been discovered from strati-
graphic sandy levels vary from Oligocene to Quaternary.
NDB contains a reserve of around 223 trillion cubic feet of
natural gas in more than 126 gas fields dispersed in the



Nile Cone (Kirschbaum et al., 2010). These fields assumed
to be sourced mainly from thermally mature source rocks
corresponding to the Neogene deltaic sedimentary succes-
sion as well as the existence of a significant biogenic gas
constituent (Vandre et al., 2007). The Messinian Abu Madi
sandstones are the chief gas provenance in the onshore and
offshore portions of the NDB (e.g., Abu El-Ella, 1990;
Sarhan, 2021c). But also, the sandy levels of the
Early-Middle Pliocene Kafr El-Sheikh Formation besides
the Late Pliocene El-Wastani Formation are positive targets
for gas exploration in NDB (Lashin & Mogren, 2012). The
presence of thick evaporite deposits beneath the NDB due
to the Messinian crisis when the Mediterranean was iso-
lated from the Atlantic ocean and desiccated (Barber, 1981;
Harms & Wary, 1990; Sestini, 1989) led to poor seismic
imaging for the pre-Messinian section (Dolson et al.,
2002).
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Fig. 12 NW-SE seismic profile (modified after Bertello et al., 2016) displays the giant Zohr prospect in the Shorouk concession close to the
Egypt/Cyprus boundary with 654 m of gas column and 30 TCF of estimated gas reserve. Zohr Field is a huge Miocene carbonate buildup sealed by
the Messinian evaporites (Rosetta formation) and charged by biogenic gas from Tertiary source rock

In 2015, the Italian oil and gas company ENI discovered
a giant carbonate buildup (Zohr Field) beneath the dense
Messinian evaporites in the Shorouk Concession approxi-
mately 190 km north of Port Said City close to the
Egypt/Cyprus boundary. Based on regional 2D seismic data
interpretation, Zohr Field represents high structural feature
in an area of 100 km2 at a water depth of 1450 m. Zohr
buildup is an incredible biogenic gas column of 654 m
(Fig. 12) with 30 TCF of estimated gas in place (Bertello
et al., 2016; Esestime et al., 2016). This huge carbonate
buildup was deposited during the Early-Middle Miocene
times under shallow water conditions confirming the
occurrence of a basin locates north of the Nile Delta
(Esestime et al., 2016).

The carbonate buildup features may be also found in
other places within the offshore part of the Nile Delta Basin
beneath the Messinian evaporites. In North Sinai concession,
the seismic data shows possible carbonate buildup like those
of Zohr Field in the Mesozoic succession (Fig. 13). It
exhibits a great similarity and is expected to be new target
for hydrocarbon exploration, but it should have the interest
to be tested by new deep exploration wells.

5 Conclusions

The current chapter is an attempt to identify and collect dif-
ferent carbonate rock units which may have significant
hydrocarbon potential in different sedimentary basins of Egypt.
These units were grouped in three major districts: Western
Desert, Gulf of Suez Basin and Offshore Nile Delta Basin.

The sedimentary succession of the northern Western
Desert contains three carbonate intervals which exhibit
hydrocarbon reservoir characteristics. These potential reser-
voirs are Alamein Formation (Aptian), Abu Roash D Mem-
ber (Late Cretaceous) and Apollonia Formation (Tertiary).
However, the main potential carbonate source rocks in the
Western Desert include as follows; the Jurassic Masajid
Formation, the Late Cretaceous Abu Roash F Member and
the Apollonia Formation. However, the sedimentary section
of the Gulf of Suez Basin comprises five Miocene carbonate
reservoirs; Nukhul Formation, Rudeis Formation, Kareem
Formation, Belayim Formation and Ras Gharib Formation.
However, the limestone of the Eocene Thebes Formation
displays source rock and reservoir characteristics. The late
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most important carbonate source rock in the Gulf of Suez.
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Fig. 13 E-W seismic section in North Sinai concession displays possible hydrocarbon prospect of carbonate buildup similar to those of Zohr Field
in the Mesozoic succession, offshore Nile Delta basin

Recently, the offshore Nile Delta Basin contains impor-
tant exploration in carbonate which builds up beneath the
Messinian evaporites such as Zohr Field. These reef builds
up may be also explored in the adjacent places in the off-
shore Nile Delta Basin which will provide extensive reserve
replacements in the coming decades.

Discovering the hydrocarbon zones in carbonate succes-
sion is a challenge due to the carbonate reservoirs display
several forms of primary and secondary porosity (inter-
granular, intracrystalline, vuggy, moldic and fractured).
Also, the pore size in carbonate rocks varies from micro-to
mega-pore based on the diagenetic processes plus the
depositional environment. Accordingly, it is highly recom-
mended to apply the advanced techniques in seismic
acquisition, processing and visualization in addition to run-
ning the modern well log suit such as nuclear magnetic
resonance (NMR), formation micro-imager (FMI), oil-based
micro-imager (OBMI) to improve the identification and
evaluation of the carbonate reservoirs.

General Petroleum Corporation (EGPC), Khalda Petroleum Company,
North Sinai Petroleum Company (NOSPCO), Ganoub El-Wadi Petro-
leum Holding Company and Qarun Petroleum Company for providing
the geophysical data presented in this chapter.
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Western Desert Petroleum System: New
Exploration Opportunities and Challenges

Ahmed E. Radwan

Abstract

The Western Desert province is one of Egypt’s most
productive hydrocarbon provinces, ranking second in
terms of oil production after the Gulf of Suez province and
second in terms of gas and condensate production after the
Nile Delta. Over the last few decades, many discoveries
and thousands of wells have been drilled to explore
hydrocarbons in the organic-rich sedimentary basins of the
Western Desert. This chapter aims to provide comprehen-
sive studies on the Western Desert’s total petroleum
system, as well as the tectono-stratigraphic history control
on petroleum system development across the basins. The
dominant source rocks, conventional reservoirs, uncon-
ventional reservoirs, seals, and petroleum traps have all
been thoroughly discussed in this chapter. This chapter
also includes the major Western Desert sedimentary basins
and their petroleum systems in detail. Furthermore, this
chapter introduces new exploration opportunities as a
means of achieving successful exploration and the
discovery of new resources, such as stratigraphic traps,
deeper targets, inversion structures and faulted traps,
sequence stratigraphy application, and unconventional
resources. Finally, the chapter discusses the challenges
that could affect hydrocarbon exploration in the Western
Desert, such as drilling, petroleum systems, and seismic
imaging, as well as some mitigations.
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1 Introduction

Understanding the petroleum system of hydrocarbon reser-
voirs in sedimentary basins is a critical factor in evaluating
and simulating hydrocarbon reservoirs for better exploitation
and development (Radwan et al., 2021a). Global energy
consumption has increased significantly in the last few dec-
ades as a result of significant technological advancements
and rising living standards. Thus, ongoing research devel-
opments in the energy sector aim to improve subsurface
resource exploitation by increasing production (Radwan,
2022; Radwan et al., 2022). This can be accomplished by
accurately modeling the characteristics of the petroleum
system in subsurface basins in order to improve production
efficiency and resource recovery (Radwan et al., 2021a).
Furthermore, a better understanding of the petroleum system
elements will lead to more discoveries and shed light on
unconventional reservoirs, which will impact countries’
economies and raise people’s living standards. Northeast
Africa sedimentary basins have been distinguished by their
organic richness and multi-hydrocarbon-bearing reservoirs,
including the Western Desert (WD), Nile delta, Gulf of Suez
and Mediterranean sedimentary basins of Egypt. Intraplate
rift basins, according to Guiraud et al. (2005) and Radwan
et al. (2021a), are the most prolific hydrocarbon-bearing
places in Northeast Africa. The Egyptian economy is heavily
reliant on petroleum energy, and governments are focusing
on attracting foreign and domestic companies to invest in
Egyptian petroliferous basins. Egyptian oil and natural gas
production is constantly expanding as a result of ongoing
exploration and investment activities. According to BP’s
2019 statistical report, Egyptian oil proved reserves reached
3.1 BBL in 2019, and natural gas proved reserves exceeded
75.5 TCF (Fig. 1). The daily production of oil, natural gas,
and condensate is increasing year after year as a result of new
discoveries in the three major petroleum provinces, which
include WD, the Nile Delta, and the Gulf of Suez (Fig. 1).
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Fig. 1 Petroleum production sketch for Egyptian petroleum provinces, a summary of the discovered volume of fluids in Egyptian petroleum main
provinces, updated to 2017 (Dolson, 2020); b Egypt’s oil production from 2009 to 2019, with proven oil reserves until 2019; c Egypt’s natural gas
production from 2009 to 2019, with proven oil reserves through 2019 (BP Statistical Review of World Energy 2020)



The WD is Egypt’s second most important petroliferous
province in terms of oil, gas, and condensate production
(Fig. 1). Over geological time, the WD sedimentary succes-
sions formed during complex tectonic regimes such as rifting,
inversion, and deformation phases. The WD sedimentary
succession is rich in reservoir intervals and organic-rich
source rocks (e.g., Dolson et al., 2001a, 2001b; Katz, 1995;
Leeder & Gawthorpe, 1987; Scherer et al., 2007). Rifting in
WD begins in the Late Triassic, but the main rifting phase is
mostly associated with the Middle Jurassic (Dolson et al.,
2001a, 2001b; Garfunkel, 2004; Guiraud et al., 2005). These
basins are formed by a southwestward thickening Paleozoic
strata overlying the crystalline basement complex, which is
followed by a northward thickening Mesozoic-Neogene sed-
imentary pile (Said, 1990; EGPC 1992). The north WD rift
basins were formed during the Early Mesozoic continental
breakup phase, following the opening of the Neo-Tethys
Ocean (Bosworth et al., 2008; Garfunkel, 1998, 2004; Tassy
et al., 2015). Throughout the Mesozoic, the WD coastal rift
basins remained a broad shelf region near sea level.

l
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They witnessed various transitions between continental
and marine deposition, so facies changes are regular (Moretti
et al., 2010; Said, 1990; Sultan & Halim, 1988). The
North WD of Egypt (greater Western Desert basins) is a
crucial component of Northern Africa’s unstable shelf
(Fig. 2). The North WD of Egypt has been subjected to
various tectonic regimes since the Paleozoic Era, allowing
the formation of multiple basins, sub-basins, ridges, plat-
forms, and troughs. Most significant hydrocarbon accumu-
lations have been encountered in Mesozoic rift basins of the
WD. More than 3 (bnboe) were produced from the WD’s
overall reservoirs, with the Cretaceous and Jurassic reser-
voirs contributing significantly (IHS and WoodMac, online
source). According to Dolson (2020), the estimated reserves
of the WD as high as 5.6 billion barrels of oil equivalent
(BBOE) recoverable to date, with additional reserves yet to
be discovered that could reach 7 BBOE. This chapter will
focus on the following: (1) the WD petroleum system,
(2) the tectono-stratigraphic history control on petroleum
system development, (3) exploration history of the WD
hydrocarbons, (4) WD sedimentary basins and their petro-
leum system, (5) the development of innovative opportuni-
ties as a means of achieving successful exploration and the
discovery of new resources, (6) challenges that could affect
the hydrocarbon exploration in the WD.

2 General Lithostratigraphy of the Western
Desert

The WD lithostratigraphy contains a variety of lithologies
ranging from the Cambrian to more recent deposits that
have been influenced by numerous tectonic events which

have formed its current sedimentary succession (Fig. 3).
The WD’s sedimentary succession was influenced by
transgressive/regressive cycles that constrained its evolu-
tion. The Paleozoic succession in WD is characterized by
coarse and fine clastics, as well as minor carbonate rocks
that overlie the basement rocks (Fig. 3). Four major
regressive cycles distinguished the WD sedimentary suc-
cession, each terminated by a marine transgression (Sultan
& Halim, 1988). The Middle to Late Jurassic non-marine
clastics (Ras Qattara formation) represent the earliest cycle,
and the deposition continued by the marine deposits of the
Khatatba formation. The earliest cycle was ended by the
maximum transgression surface represented by the Late
Callovian carbonates of the Masajid formation. The post-
Paleozoic sedimentary succession consists of alternating
clastic and carbonate strata from four major depositional
cycles: The Jurassic, Lower Cretaceous, Upper Cretaceous,
and Paleogene (Fig. 3; Sultan & Halim, 1988). The syn-rift
sediments originate from the Jurassic and Lower Cretaceous
cycles, whereas the post-rift strata belong to the Upper
Cretaceous and Paleogene (Said, 1990; Sultan & Halim,
1988). The Lower Jurassic fluvio-lacustrine siliciclastics of
the Yakout and Ras Qattara formations overlie the Paleo-
zoic sandstones unconformably in the Jurassic cycle (Said,
1990; EGPC, 1992. The Middle Jurassic sediments com-
prise the Khatatba formation’s coastal and shallow marine
strata, which are followed by the Masajid formation’s
marine carbonate that represents the maximum extent of the
Jurassic transgressive phase (Sultan & Halim, 1988; E
Hawat, 1997).

Moghra formations (Sultan & Halim, 1988; EGPC, 1992).

The second cycle started during the Early Cretaceous and
was separated by an unconformity surface that separated the
carbonates mentioned above from the marine clastics of the
Alam El Bueib (AEB) formation, Dahab shale, and Alamein
dolomite (Moretti et al., 2010). The sediments of the second
cycle lie unconformably on the Masajid carbonates, and
began with the shallow marine siliciclastics and carbon-
ates of AEB formation and ended by the Dahab shale
deposition.

The third sedimentary cycle spanned the Middle Albian
to Paleogene epochs. The post-rift Upper Cretaceous cycle is
characterized by continental to coastal siliciclastic facies at
the base (Kharita and Bahariya formations) changing upward
into marine carbonates (Abu Roash and Khoman forma-
tions) (Fig. 3). The fourth cycle is composed of marine
clastics, such as the Apollonia, Dabaa, and Moghra forma-
tions, which are capped by the flat-lying Marmarica lime-
stone (El-Din et al., 2001). The Upper Cretaceous cycle is
terminated by a major unconformity that marks the base of
the Paleogene sediments of the fourth cycle, which are
dominated by marine carbonate at the base (Apollonia for-
mation), followed by marine siliciclastics of the Dabaa and
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Fig. 2 Location map displays the main sedimentary basins of the WD, the basement rocks distribution and Paleozoic outcrops across Egypt
(modified after Dolson et al., 2001a, 2001b)

3 Exploration History

Exploration efforts in the WD began in 1954, several decades
after the exploration in the Gulf of Suez. The Sahara Petro-
leum Company conducted the exploration trial after signing
an agreement with the Egyptian government at this time. The
aforementioned company conducted geological and geo-
physical studies for four years, until 1958, and they also used
aerial photography and surface mapping in their research.
Later, in 1963, two foreign oil companies were awarded

exploration contracts: one (Phillips Petroleum) was given
rights to explore areas north of latitude 30°N, and the other
(Amoco) was given rights to explore areas east of longitude
27°E and south of latitude 30°N. Both companies have used
aeromagnetic surveys in their ongoing efforts for ten years.

Phillips Petroleum Company conducted geophysical
studies in 1966, on the Alamein field using 2D seismic pro-
files, which resulted in the identification of an anticline related
to the Late Cretaceous inversion structure. Subsequently, this
petroleum company has drilled Alamein-1X exploratory well
which is considered the first producing well in the WD. The
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Fig. 3 General Lithostratigraphic column of the Western Desert display the dominant source rocks, reservoirs, and reservoir production in the
significant fields from the Western Desert (modified from Schlumberger, 1984, 1995; EGPC, 1992)



initial oil production of Alamein-1� was approximately 8000
barrels of oil per day (BOPD), with a very good quality of
34.5°API gravity oil. The Aptian reservoir’s dolomitic lime-
stone exhibits very good petrophysical characteristics, with
permeability ranging from 30 to 2250 md and fracture and
vugs dominating as secondary porosity.
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The Alamein discovery brought attention to the WD’s
petroleum potential, and several petroleum companies con-
ducted additional studies and drilled exploratory wells to
maximize production. Egyptian companies have been con-
ducting exploration trials in WD since 1969 when the
General Petroleum Company (GPC) began exploration
activities in the Siwa area. The gigantic Abu Gharadig field
was discovered in 1969 by the Amoco Petroleum Company,
one of the most important hydrocarbon finds in Egypt.
Following the exploration of the Abu Gharadig field, many
large to small fields were discovered within the WD sedi-
mentary basins providing rewarding discoveries, particularly
the northern greater WD basins (Table 1).

The ongoing exploration activities in the WD were con-
tinued, and various companies were involved in the explo-

ration activities; by 1985, approximately 20 fields had been
discovered in the WD. In 1985, Phoenix Petroleum used the
most advanced seismic techniques available at the time to
explore previously unexplored areas, and they discovered oil
and gas in the Jurassic sediments of the Salam field. Many
exploration wells have been drilled across the WD basins in
recent decades, with a focus on numerous localized “highs”
within these rift basins, providing a variety of reservoir
possibilities to date. The majority of petroleum fields have
been discovered in Mesozoic basins that formed after the
Permo-Triassic rifting of Neotethys. The estimated ultimate
recovery (EUR) of some significant hydrocarbon fields in
the WD is summarized in (Table 2).

Table 1 Giant fields and
significant discoveries examples
located in the WD display the
hydrocarbon type, exploratory
well name, year, and reservoir
ages

Fields Discovery well name,
year

Age Hydrocarbon
types

References

Abu
Gharadig

Abu Gharadig-1,1969 Cretaceous Oil and gas Hegazy (1992)

Khaleda Khaleda-1, 1971 Cretaceous Oil and gas Hegazy (1992)

Bed-2 Bed2-1, 1982 Cretaceous Oil and gas Hegazy (1992)

Bed-3 Bed3-1, 1987 Cretaceous Oil and gas Hegazy (1992)

Kanayes Kanayes-5,1992 Jurassic Oil and gas IHS Energy Group
(2006)

Obayeid Obayeid-3, 1993 Jurassic Oi and gas IHS Energy Group
(2006)

Qarun El Sagha-3x,1995 Lower
Cretaceous

Oil Dolson et al. (2001a,
2021b)

Shams Shams-2x, 1997 Jurassic Oil and gas IHS Energy Group
(2006)

Table 2 Estimated ultimate
recovery of significant fields that
located in the WD display the
operator company, EUR, year,
and hydrocarbons field names.
MMBOE is million barrels of oil
equivalent

Fields Company Estimated ultimate recovery
(EUR)

Year

Alamein Phillips Petroleum Company 82 MMBOE 1966

Abu Gharadig Pan American Oil
Company/Amoco

320 MMBOE 1969

Meleiha Wepco/Agiba 77 MMBOE 1972

Badr el Din complex (3
fields)

Shell Winning N.V 510 MMBOE 1982/83

GPAA General Petroleum Company 190 MMBOE 1985

Obaiyed 1 Shell Egypt N.V 155 MMBOE 1992

Obaiyed 2 Shell Egypt N.V 270 MMBOE 1992

Qarun Phoenix Resources Company 72 MMBOE 1994

Qasr Khalda Petroleum
Company/Apache

700 MMBOE 2003

4 Tectono-Stratigraphic History Control
on Petroleum System

The geological framework of Egyptian lands has been domi-
nated by major events (see Fig. 4). As a result, these episodes
have influenced the hydrocarbon potentiality of each basin in



Egypt, where petroleum system elements were developed in
relation to these tectno-stratigraphic frameworks.
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Fig. 4 General Tectonostratigraphic events of the Western Desert display the dominant source rocks, reservoirs (modified from Schlumberger,
1984; EGPC, 1992)

4.1 Paleozoic Craton

During the Paleozoic Craton event, the WD was composed
of a low relief alluvial plan dipping N along the
(proto-Mediterranean) and W toward (cratonic sags, Libya),
and it was dominated by shallow marine facies of carbonates
and clastics in the north (Dolson et al., 1999). The southern
area of the WD, on the other hand, was dominated by
fluvial-alluvial lithofacies composed primarily of glauconitic
sandstones and red shales. Furthermore, Silurian-age black
shales were deposited in the WD, equivalent to an important
source facies (Tenzuft Shales) in Libya (Dolson et al., 1999;
Farooqui et al., 2012; Hegazy, 1992). The Paleozoic’s main
source rocks are organic-rich Carboniferous and Silurian
deposits; however, the Paleozoic petroleum system is not
fully understood. The maximum thickness of Paleozoic
strata in the WD is 2500 m in the Siwa area, with a general
thickness increase trend toward the north. Strong erosion

events and onlap around pre-existing basement have affected
the Paleozoic strata throughout Egypt during the Triassic and
Jurassic rift, resulting in the absence of these strata along
large areas of Egypt. Paleozoic sediments received little
attention prior to the 2000s, in comparison to other Mesozoic
facies. However, new Paleozoic discoveries (mainly Car-
boniferous) have drawn attention to Paleozoic deposits.

4.2 Jurassic Rifting

During Late Triassic through the Jurassic, several rift basins
occurred across North Africa. These rift basins were formed
during the Pangea breakup, which controlled the opening of
the Neotethys (Dolson et al., 1999; Garfunkel, 2004;
Stampfli et al., 2001). The Mesozoic rift basins affected the
North WD areas, (e.g., Matruh-Shoushan, and Natrun)
(Fig. 2). The Mesozoic rift basins of Northern WD are
synchronous with other rift basins in Sinai-Levant, Algeria,
and Libya forming a regional system that surrounds the
Nubian Craton (Bosworth, 1994; Dolson et al., 1999;
Guiraud et al., 2005; Morris & Tarling, 1996). On the other



hand, three rift basins have been reported in the South-
ern WD, namely the Komombo, Nuqra, and Kharit basins, in
addition to other basins below the greater WD sedimentary
basins (Fig. 2), but these basins do not appear to be linked to
the larger WD basins (Dolson et al., 1999).
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Prosser (1993) discusses the Jurassic strata sedimentary
record as a typical example of three-phase rifting develop-
ment. Non-marine and shallow marine sediments were
developed at Late Triassic and Early Jurassic, which thinned
southward. More carbonate and marine shale were formed
north of the Tethyan margin, while sandstones and red shales
were noticed south of the Tethyan margin (Dolson et al.,
1999). During this time, the organic-rich deposits of the
Khatatba formation formed by onlapping on paleostructural
highs from the early rifting phase. Later, by the Middle
Jurassic, fault blocks had fully developed, resulting in the
deposition of deep marine facies of the Masajid formation.

The most well-preserved syn-rift deposition occurred
during the Middle Jurassic (Bathonian-Callovian) and was
subsequently culminated during the period of the Early
Cretaceous (Bosworth, 1994). As a result, the Middle
Jurassic Khatatba formation sediments provide a complete
stratigraphic record and are mostly home to highly produc-
tive hydrocarbon exploration targets (e.g., Keeley et al.,
1990; Alsharhan & Abd El-Gawad, 2008; Shalaby et al.,
2011). Masajid formation is considered as carbonate-prone
with some local black marine shales, while Khatatba for-
mation is dominated by marine shale and grading into car-
bonaceous shales and coal toward the south. Both Masajid
and Khatatba formed proven source rocks within the WD
petroleum system. These rift basins host the most significant
hydrocarbon fields of the WD province (e.g., Alamein, Safir,
Abu Sennan, Meleiha, Badr El-Din, Aghar, Razzak, Khalda,
Qarun, Um Barka, Salam, and Tut).

4.3 Cretaceous Passive Margin

Eraly Cretaceous time has witnessed the development of
mixed silisiclastic and carbonate systems across North
Africa in response to thermal events associated with wide
passive margin development (Dolson et al., 1999). During
this period, the AEB formation was deposited overlying the
Masajid formation, but some local unconformities were
recorded and distinguished by lignite and carbonaceous
shale prior to the deposition of this formation. According to
Dolson et al. (1999), these deposits could indicate a local
continuation of rift episodes during the Early Cretaceous.
Extensional faulting have perhaps proceeded during the
Early Cretaceous, and multiple unconformities were created
locally as a result of horst block erosion. The AEB formation
is characterized by mixed sandstone, shales, and carbonate,
indicating sea level oscillations during deposition, and it is

similar to the Nubia formation. The marine carbonate of
AEB formation is organically rich and proven source rock.
The aforementioned formation is overlain by a dolomite
facies known as the Alamein Dolomite, which dates from the
Aptian period and reflects sea level rise, implying regional
level oscillations during this era. Aptian age transgression
was discovered in the Komombo basin (Fig. 3), indicating
that it influenced southern Egypt. According to Dolson et al.
(1999), the Aptian age transgression is used as a useful
flooding surface marker horizon by many authors throughout
the WD. Thermal subsidence has been accompanied by
continued southward transgressions, which regulate the
deposition of significant widespread source and reservoir
rocks (Kharita and Bahariya formations). The aforemen-
tioned sediments are synchronous to the Nubia (fluvial) and
Raha (shallow marine) formations in the Gulf of Suez, and
they are dominated by a mixture of sandstones, shales,
siltstones, and carbonates.

4.4 Syrian Arc Deformation and Foreland
Transgression

The Tethys closure between the African and European plates
has formed a series of northeast-southwest trending folds
that occurred during the Cenomanian to Turonian periods.
These cretaceous folds have affected the entire area from
Syria to the northern part of the WD (Moustafa & Khalil,
1990). The aforementioned folds, known as the “Syrian
Arc,” have caused regional uplift in many areas, resulting in
some rift basin inversion across the Northern WD (Ayyad &
Darwish, 1996; Guiraud & Bosworth, 1997; Shahar, 1994).
According to structural deformation events on these evolv-
ing highs, unconformities developed throughout the inverted
structural crests.

The Syrian Arc continued through Turonian to Santonian,
where carbonates of the Abu Roash formation were depos-
ited on the flanks of inverted structural crests. The Abu
Roash carbonate facies deposits exhibit cyclicity and they
are important productive traps of the WD petroleum system,
that influenced by the Syrian Arc related structural trends
(ceased by Early Campanian). As a result of the subduction
of the African and European plates, wide foreland has
developed in the Northern WD beginning in the Cenomanian
(Dolson et al., 1999). According to Haq et al. (1988), the
early Campanian witness significant sea level rise, which
resulted in the deposition of source-rich carbonate and shales
deposits of the Khoman formation in the WD and their
equivalent in the Gulf of Suez (Brown Limestone). More-
over, the Campanian-Maastrichtian important sediments
have not been affected by Cenozoic Era uplift and erosion.
The Paleocene and Eocene periods are distinguished by
continued transgression, which formed widespread shales



and carbonates across Egypt including the WD, each with its
different name. The Paleocene–Eocene sediments are con-
sidered top seals of the Cretaceous underlying reservoir, and
they control the faults and folds structural geometries in
some ways.
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Other tectono-stratigraphic events have affected the sed-
imentary basins of Egypt of the Gulf of Suez, Nile Delta, and
Mediterranean provinces, but with less significant control on
the WD total petroleum system, these include (1) Gulf of
Suez Rifting, (2) Red Sea Breakup, (3) Messinian Crisis, and
(4) Plio-Pleistocene Delta Progradation.

5 Total Petroleum System in the Western
Desert

The main hydrocarbons play that encountered in the north-
ern WD basins are Cretaceous (mostly oil-prone), Jurassic
(mostly gas-prone), and Paleozoic (mostly oil-prone) plays.
The source rocks within the basins have mature and imma-
ture conditions with varying organic richness and are dis-
tributed in Paleozoic (Silurian and Carboniferous deposits),
Jurassic (Khatatba, Masajid), Cretaceous (AEB, Alamein
Dolomite, Kharita, Bahariya, Abu Roash, khoman), Eocene
(Appolonia), and Oligocene (Dabaa) deposits. Immature
conditions exist in shallower organic-rich areas (Khoman,
Appolonia, Dabaa). In some basisns, the Kharita, Masajid,
Alamein Dolomite, Abu Roash, and Bahariya formations
have poor to fair source rock potential. However, the
Jurassic Khatatba and AEB shales are the most common
source rocks in most basins. The reservoirs are mainly
porous sandstones that are distributed from the Paleozoic to
Eocene, while the carbonates are restricted to the Jurassic
Masajid, and Cretaceous Alamein dolomite and Eocene
Apollonia carbonates. The trapping style is mainly structural
with little contribution from combined and stratigraphic
traps. The main seal rocks are the shales and carbonates
across the sedimentary sequence from the Paleozoic to
Miocene.

6 Western Desert Sedimentary Basins
and Their Petroleum System

The sedimentary basins that are distributed across two-third
of Egyptian lands (about 680,650 km2) can be classified into
two categories: the first is the greater WD sedimentary
basins which are located Northern the WD and have been
subjected to the same geological and tectonic events and
they are linked together. These basins include Matruh,
Matruh-Shoushan, Abu Gharadig, Natrun, Alamein,
Faghour, Ghazali, Siwa, and Guindi basin. The second is the
southern basins which include distributed basins in the

middle and southern parts of the WD (Fig. 2). Over 10,600
wells have been drilled in the WD sedimentary basin,
forming the current WD basin shapes and aiding in the
discovery of numerous hydrocarbon fields. The following
section will discuss some of these basins and some repre-
sentative examples from their fields.

6.1 Northern or Greater WD Sedimentary Basins

6.1.1 Abu Gharadig Basin
The first significant discovery in the WD was the AG-1 well,
which was drilled to Upper Cretaceous clastics in the Abu
Gharadig field and yielded oil and gas. Despite the fact that
the AG-1 well was discovered in 1969, oil production started
in 1973 and gas production began in 1975. The basin is
330 km long and 50–75 km wide, and it is classified as an
intracratonic rift basin with an E-W trend. The basin is
defined as an asymmetrical sublatitudinal graben with flanks
complicated by normal and strike-slip faults that form
semi-graben structures, sometimes horsts, and buried linear
inversion folds formed by wrenching dislocations during the
Alpine tectonic epoch. The basin includes several oil and gas
fields that reach more than 100 hydrocarbon fields. As a
result of the Syrian Arc movement, the basin experienced
inversion during the Late Cretaceous period (Abdel-Fattah
et al., 2020; El Gazzar et al., 2016). As a result, an asym-
metry anticline with a NE-SW orientation developed in the
basin, which is bounded by inverted faults. Based on
stratigraphic relationships and thickness changes, El Gazzar
et al. (2016) concluded that the inversion began in the
Santonian and continued to the Dabaa formation deposition
period (Late Eocene). In terms of the petroleum system, the
main reservoirs in the basin are hosted by sandstone facies of
the Bahariya formation (Cenomanian) and the Abu Roash
formation (Turonian). However, the carbonate facies of the
Abu Roash D, F, and G members are also oil-bearing
reservoirs in local areas within the basin (EGPC, 1992).
According to EGPC (1992), the Bahariya formation sand-
stones have excellent porosity (up to 18–25%) and perme-
ability (up to 500 mD). Locally, commercial hydrocarbon
pools have been discovered in the Kharita (Albian) and
Khoman formations. Oil and gas shows have also been
reported from the sedimentary rocks of the AEB, Masajid,
and Khatatba formations. In general, the hydrocarbon fields
in the region are multipay and form producing trends along
linear uplifts complicated by faults. The Abu Roash horizons
yielded oil, while the Cenomanian Bahariya and Albian
kharita reservoirs yielded mostly gas (EGPC, 1992). Other
Jurassic and Early Cretaceous reservoir potentialities of the
sandstone facies of the AEB, Khatatba, and Ras Qattara
formations have recently been confirmed. The sediments of
the Abu Roash (E, F, G Members) and the Bahariya



formations contribute as source rocks in the basin. Accord-
ing to Lüning et al. (2004) and El Nady (2016), both for-
mations are immature to mature source rocks with fair to
good source potential for oil generation, which are still
within the early stage of hydrocarbon generation till the
present time. The Abu Roash “F” Member has oil-prone
character (type I-II kerogen) with TOC values of 1.5–2.5 wt.
% that reach to 6 wt. % or higher value at the central of the
basin (EGPC, 1992; Lüning et al., 2004). The Abu Roash
“G” Member has mixed Type II/III with marine and terres-
trial origins with TOC values of 0.4–2.35 wt.% and has
entered the early stage of hydrocarbon generation (Salama
et al., 2021). The Bahariya formation has kerogen Type III
of terrestrial origin and entered the early stage of hydro-
carbon generation in Eocene time (Salama et al., 2021). On
the other hand, the AEB, Masajid, and Khatatba formations
are mature source rocks for generating both oil and gas.
The AEB and Masajid formations entered the oil window
between the Cretaceous and Miocene epochs and remain
within oil and gas windows today, whereas the Khatatba
formation entered the oil window between the Late Creta-
ceous and Eocene epochs (El Nady, 2016). The Khatatba
formation sediments are a unique source rocks not only in
the Abu Gharadig Basin, but all over the Northern WD
sedimentary basins. For example, the TOC, Rock-Eval
pyrolysis, and vitrinite reflectance in the northern area of the
basin indicate mixed oil/gas-prone with fair to very good
hydrocarbon generating potential in this mature source rock
(1.0 to 5.36 wt.% TOC, S2 yields 2.29–15.18 mg HC/g
rock, and HI 225 to 332 mg HC/g TOC) (El Diasty, 2015).
In addition, other kerogen types exist, such as oil-prone
(1.02–21.32 wt. % TOC, S2 yields 4.36–7.26 mg HC/g rock,
and HI 368–687 mg HC/g TOC), and gas-prone (1.28–1.69

wt. % TOC, S2 yields 2.31–2.40 mg HC/g rock, and HI
142–180 mg HC/g TOC). The basin contains multi-seal
rocks of shales and carbonates that range in age from the
Middle Jurassic to the Oligocene. The large proportion of
hydrocarbons discovered in the WD basins, including the
Abu Gharadig Basin, were discovered through the drilling of
structural traps, either as three- or four-way closure struc-
tures or as fault block structures. The dominant trapping
mechanisms are structural traps formed by compressional
tectonics associated with the Syrian Arc tectonic event and
extensional tectonics associated with rifting. The basin traps
include the tilted fault block trap, the horst fault block trap,
and the horst fault block with three faults trap that accom-
panied the extensional tectonic regime. On the other hand,
other traps like folds related to the basin bounding fault trap,
inverted, folded and faulted within the basin trap, reverse
fault trap, strike-slip trap, and flower structure trap that
formed due to the compressional tectonic regime. The main
petroleum system elements of the basin are summarized in
(Fig. 5).
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Fig. 5 Constructed petroleum system chart of Abu Gharadig basin. Legend is applied to all petroleum system charts in this chapter

6.1.2 Matruh-Shoushan Basin
The Matruh-Shoushan Basin is a Mesozoic rift basin that
experienced three stages of development, including
(Pre-Syn-Post-rift) (Fig. 2) (Shalaby et al., 2014; El Nady,
2013). The Matruh-Shoushan Basin was influenced by the
Syn-rift phase of the basin, which occurred from the Jurassic
to the Middle Cretaceous when rapid subsidence occurred
due to crust stretching and was accompanied by the highest
heat flow (Metwalli & Pigott, 2005). Later, during the
Post-rift phase, the basin experienced thermal cooling sub-
sidence from the Albian to the Coniacian epochs (113–
88 Ma). The basin contains numerous reservoirs and source



rocks, and some horizons serve as both source and reservoir
rocks. In terms of the petroleum system, the deltaic and
shoreline facies of the Ras Qattara and Khatatba formations
are recognized the source and reservoir rocks at the Jurassic
depositional system level, while the inner carbonate platform
of the Masajid formation is Seal rocks for the underling
Khatatba (Shalaby et al., 2011). The TOC of Khatatba and
Ras Qattara formations dark shale ranging from 1.8 to 46.9
wt. % and 2.23 to 53.71 wt. %, respectively (Shalaby et al.,
2011). The source rock analysis indicated mixed kerogen
types II-III as well as kerogen type III in both Khatatba and
Ras Qattara formations (Fig. 6). TOC values and pyrolysis
analysis of the aforementioned formations indicate excellent

source rock quality, and petroleum system studies indicate
that these dark shales have reached the final maturation stage
of the hydrocarbons generation window in the Late Creta-
ceous. The Lower Cretaceous sediments have significant
reservoirs and sources, which are represented by the deltaic
to shoreline facies of the AEB formation, which has reser-
voir and source rock intervals capped by the shallow water
peritidal dolostone of Alamein Dolomite. The TOC of AEB
formation shales ranges from 1.85 to 2.40wt. % and is
characterized by mixed kerogen types II-III (Younes, 2012).
TOC values and pyrolysis analysis indicate good source rock
quality, and petroleum system studies indicate that these
shales have reached the mid maturation stage of the
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Fig. 6 a Constructed petroleum system chart of the Matruh-Shoushan basin, b schematic diagram showing the petroleum system types (PSTs) of
the basin (adapted from Shalaby et al., 2014)



hydrocarbons generation window in the late Cretaceous. The
shallow marine deposits of the Abu Roash formation, serve
as a source and reservoir, while the upper carbonate of the
Abu Roash Members serves as cap rock. The TOC of AR
formation (AR/G Member) shales ranges from 1.10 to 1.50
wt. % and is characterized by mixed kerogen types II-III.
TOC values and pyrolysis analysis indicate fair source rock
quality, and petroleum system studies indicate that these
shales have reached the mid maturation stage of the hydro-
carbons generation window in the Late Cretaceous to Late
Eocene. The Matruh-Shoushan basin produced both oil and
gas fluids, and its hydrocarbon traps are dominant due to the
structural type that formed during the Late Cretaceous period
(Abdel-Fattah, 2015). Generally, the dominant trapping
mechanism is structural traps formed by extensional and
compressional tectonic regimes. The basin traps include the
tilted fault block trap and the horst fault block trap that
accompanied the extensional tectonic regime. On the other
hand, other traps like inverted, folded and faulted within the
basin trap, inverted and faulted trap that formed due to the
compressional tectonic regime. The Khatatba formation, on
the other hand, is stratigraphic due to facies change in these
sediments. The reservoir characteristics of Khatatba Sand-
stones display measured permeability values range from
0.05 to 1000 mD and porosity values ranging from 1 to 17%
(Cheng, 2020). The main petroleum system elements of the
basin are illustrated in (Fig. 6).
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6.1.3 Alamein Basin
The Alamein Basin was the source of the first hydrocarbon
discovery in the WD, so it is an iconic basin, and it is
known as the deeply buried basin. The Alamein basin is
bounded on the Northeast by the Matruh-Shoushan basin,
and it is separated from the Abu Gharadig basin by the
Shareb-Sheiba high structural ridge (Fig. 2). The basin
contains several oil-producing fields arranged in a belt of an
ENE-WSW direction, including Razzak, Alamein, Horus,
and others (Yousef et al., 2019). The basin is distinguished
by an ideal inversion anticline that has been compartmen-
talized by several NW-SE trending faults (Abdine et al.,
1993; Yousef et al., 2019). The basin includes a total of 33
hydrocarbon fields distributed across the basin. There are
numerous reservoirs and source rocks in the basin, and
some horizons serve as both source and reservoir rocks.
From the petroleum system analysis in the basin, it has been
inferred that the Jurassic rocks of the Khatatba formation
are considered both source and reservoir rocks, and the
expelled hydrocarbons migrated upwards to fill the Creta-
ceous reservoirs. The faults of the Alamein basin have a
corridor nature, which aided oil drainage within the basin;
however, it is unclear whether the formation of the

dominant structural traps occurred prior to or concurrent
with hydrocarbon migration. The Abu Roash formation’s
shales and tight carbonates acted as the basin’s ultimate seal
rocks, while the Masajid formation’s inner carbonate plat-
form serves as the basin’s seal rocks for the underling
Jurassic reservoirs. In terms of reservoirs, the basin is dis-
tinguished by numerous clastics sandstone reservoirs
including Kharita, Bahariya, and AEB, as well as the
dolomitic limestone of Alamein Dolomite and Abu Roash
“G” Member (EGPC, 1992). In terms of hydrocarbons
traps, Ayyad and Darwish (1996) argued that the structural
traps are dominant in the cretaceous plays of the basin (ex.
inverted hanging walls of tilted blocks, tilted blocks,
three-way dip closures, and inverted anticlines of former
half-grabens). In terms of source rock potentiality, Younes
(2012) reported that the major matured source rock of the
Khatatba formation contained mixed kerogen types II-III.
According to Yousef et al. (2019), the AEB is still in its
early stages of maturation. Moreover, the Abu Roash for-
mation (“F” Member) has potential as source rock (Fig. 7).
Furthermore, the Lower Cretaceous Kharita and Bahariya
formations have some source rock potential in the basin and
WD. The Eocene Apollonia formation has good source
potential as well, but it is still immature in most basins
(Moretti et al., 2010). The Abu Roash “F” sediments have
TOC measurements ranging from 2 to 2.50 wt.% and are
characterized by mixed kerogen types II-III. TOC values
and pyrolysis analysis indicate that the source rock is of
good quality (Moretti et al., 2010). The AEB shales have
TOC measurements ranging from 1 to 2 wt.% and are
characterized by mixed kerogen types II-III too. TOC val-
ues and pyrolysis analysis indicate that the source rock is of
fair to good quality, with more lipid-rich material. The TOC
measurements of the Khatatba shales range from 1 to 64 wt.
% and are characterized by mixed kerogen types II-III. TOC
values and pyrolysis analysis indicate that the source rock is
of fair to excellent quality, with more lipid-rich material.
Moretti et al. (2010) point to the Paleozoic sediments (e.g.,
Carboniferous, Devonian, and Silurian) as having source
rock potential, although it is still not understood. According
to petroleum system studies by Moretti et al. (2010), the
migration of oil and gas in the basin begins in the
Oligocene-Miocene epoch. The dominant trapping mecha-
nism is structural traps formed by compressional and
extensional tectonic regimes. The basin traps include folds
related to the basin bounding fault trap, and (inverted, fol-
ded and faulted within the basin trap) that formed due to the
compressional tectonic regime. Also, the basin traps include
the tilted fault block trap that accompanied the extensional
tectonic regime. The main petroleum system elements and
burial history of the basin are illustrated in (Fig. 7).



and are characterized by mixed kerogen types II-III (Bos-
worth et al., 2015a, 2015b). The basin is affected by the
inversion at the very Early Cretaceous while the deposition
of AEB, forming inverted anticline and four-way dipping
unfaulted closures. The Aptian–Cenomanian rifting was
very important for the basin petroleum system as it brought
the Khatatba source rocks below the oil generating window.
Bosworth et al. (2015a, 2015b) reported that the hydrocar-
bons migration in the basin started after the Late Cimmerian
inversion structure. Abu Roash formation was affected by
younger inversion resulted in forming small folds. Later,
renewed NE-SW extension influenced Campanian and
Maastrichtian sedimentation. It can be inferred that both Late
Cretaceous NW-SE shortening and NE-SW extension
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Fig. 7 a Constructed petroleum system chart of the Alamein basin, b burial history model of (PSTs) of the basin (after Yousef et al., 2019)

6.1.4 Faghur Basin
The basin is located near the borders of Libya in the western
most of the WD rift system (Fig. 2). Although the hydro-
carbons discoveries within the neighbor basins, the com-
mercial discovery in Faghur basin commenced in 2006
(Bosworth & Tari, 2021; Bosworth et al., 2015a, 2015b).
According to Bosworth et al. (2015a, 2015b), only the flu-
vial to estuarine Khatatba formation which deposited in the
Late Jurassic first phase of rifting is the functioning source
rock in the basin. The Khatatba was affected by extensional
faults dip to the south that might reflect reactivation during
the Hercynian according to Bosworth and Tari (2021).
The TOC measurements of the Khatatba shales range from
0.1 to 80 wt.% (coals), with an average reading of 2.9 wt.%,



influenced the basin, in turn, all these indicated the role of
dominant structural traps in the Faghur basin. In terms of
reserves, the porous sandstones in both pre and
post-inversion time act as reservoirs, and the produced oil is
characterized by variable wax content and a wide range of
API gravities. Having fluvial sandstones interbedded with
the actual source beds (Khatatba) also increases the robust-
ness of the hydrocarbon system as vertical migration is not
necessary in this case (source-reservoir). A recent study by
Makled et al. (2018) and Abd el Gawad et al. (2019a, 2019b)
studied the Paleozoic section in the Faghur basin and they
inferred that Paleozoic Zeitoun, Desouqy, and Dhiffah are
source rocks in the basin and they are characterized by
kerogen type III and mixed type II/III (Fig. 8). Abd el
Gawad et al. (2019a, 2019b) argued that the Paleozoic pet-
roleum system mainly depends on stratigraphic traps that
might form along the unconformity surfaces. The main
petroleum system elements and burial history of the basin
are illustrated in (Fig. 8).
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Fig. 8 a Constructed petroleum system chart of the Faghur basin, b burial history model of the basin, c representative cross section of the Faghur
basin (after Bosworth & Tari, 2021)

6.1.5 Gindi Basin
The Late Cretaceous-Eocene basin is located 80 km south-
west of Cairo and bisects the Nile in the easternmost part of

the WD rift system, south of the Alamein Basin (Fig. 2). The
surface area of the basin is about 9500 km2 and the main
famous hydrocarbon field is Qarun, which was discovered in
1994 by the El Sagha-1Awildcat well. Other oil and gas fields
include a total of 27 fields distributed across the basin. For
example, Silah, North Silah, Ain Assillen, N. Silah deep,
southwest Qarun, Tersa, NE Tersa, Kahk, West Auberge, and
SE Gindi fields. The basin was affected by the Jurassic-Early
Cretaceous rifting phase, followed by right-lateral wrenching
in the Late Cretaceous, and ended by reactivation of the
NW-SE oriented fault (El Ghamry et al., 2020). The strati-
graphic column of the Gindi Basin is the same as other basins
in the northern WD, but it is less thick, ranging between 4 and
6 km, compared to 9 km of sedimentary thick in the Abu
Gharadig Basin. The E-W and ENE fault trends are dominant
in the Gindi Baisn and intersected by the youngest fault sets of
the NW and NNW trends (EGPC, 1992). The Albian Kharita
formation, together with the Aptian Dahab formation, has a
very thick sedimentary succession of about 1000 m, while the
Upper Cretaceous formations are composed of more than
1500 m of thick sediments (Mansour & Tahoun, 2018).

In terms of reserves, the porous sandstones in both pre and
post-inversion times act as reservoirs, and the produced oil is



characterized by variable wax content and awide range of API
gravities. The Albian Kharita formation, deposited in a
fluvio-deltaic to marginal marine environment, and the
Early-Middle Cenomanian Bahariya formation, deposited in
oxic fluvio-deltaic, marginal to inner neritic environments, are
the dominant reservoirs in the Gindi Basin since they are
composed of sandstones with intercalated siltstones and
shales. The sandstones of the Albian Kharita formation are
occasionally medium to fine-grained, fair porous with traces
of glauconite, while the Bahariya formation sandstones are
characterized by being fine to medium-grained with dominant
calcareous cement. The shallowing and deepening deposi-
tional trend has exerted significant vertical and lateral litho-
logic control over the Abu Roash formation in the Gindi
Basin. It is divided into sevenmembers from base to top (G–A)
like in other northernWD basins. The “B,D, and F”members
are mostly carbonate-dominant, while the “A, C, E, and G”
members are mostly fine clastics, and these have produced
hydrocarbons and have potential reserves in the basin.
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According to Hammad et al. (2010), the fluvial to estu-
arine Khatatba, AEB, Kharita, Bahariya, and Abu Roash
formations are the basin’s source rocks. The TOC mea-
surements of the Khatatba shales range from 1.29 to 4.64 wt.
% and are characterized by mixed kerogen types II-III that
are capable of producing oil and gas, with Tmax ranging
between 433 and 444 °C, forming mature source rocks.
The III kerogen type is detected in the AEB, Kharita, and
Bahariya formations with gas generation potential. Accord-
ing to Hammad et al. (2010), the Abu Roash sample analysis
is characterized by mixed kerogen types II-III that are cap-
able of producing oil and gas, while some samples belong to
Abu Roash “F” indicate a capability of generating oil with
OI and HI values of 51–72 mg/g and 212–472 mg/g.
According to Hammad et al. (2010)’s analysis of the AEB
and Kharita formations, Tmax ranges between 417 and
436 °C, indicating an immature to marginally mature stage,
as well as the Bahariya nad Abu Roash formation. The
hydrocarbon expulsion started after the deposition of the
Apollonia formation. El Ghamry et al. (2020) claimed that
the Gindi’s inversion resulted in the deposition of a
remarkably thick succession of Appolonia carbonate, which
acted as a seal rock, and these carbonates have contributed to
enhancing the hydrocarbon trapping of Cretaceous source
rocks. They refer to quick subsidence of the fault’s down-
thrown side as a result of concurrent activity on the Gindi
fault (basement structure), which resulted in hydrocarbon
migration in an up-dip direction and the formation of
hydrocarbon traps. The dominant trapping mechanism is
structural traps formed by compressional and extensional
tectonic regimes. The basin traps include folds related to the
basin bounding fault trap and (inverted, folded and faulted
within the basin trap, reverse fault trap) that formed due to

the compressional tectonic regime. The basin traps include
the tilted fault block trap and the horst fault block trap that
accompanied the extensional tectonic regime. The main
petroleum system elements and structural elements of the
basin are illustrated in (Fig. 9).

6.2 Southern WD Sedimentary Basins

In general, the southern WD sedimentary basins have not
gained the same importance and directed exploration activ-
ities as the greater WD sedimentary basins. Because of fewer
exploration activities in the Upper Egypt and Red Sea
regions, the Southern WD basins are poorly understood as a
part of the Upper Egypt lands. The WD’s southern basins
include Kharit and Komombo, El Minya, Abu Tarure, Beni
Suef, Assiut, Foram, and Kharga (Fig. 2). Non-marine
lacustrine sediments were identified in Upper Egypt and
Sudan by Schull (1988) and Taha (1992). According to the
former researchers, additional Mesozoic rift basins are not
physically connected to the greater WD rift basins. In 1990,
geophysical and geological studies were conducted by
Repsol Petroleum Company to determine the geological
characteristics and boundaries of the Nuqra, Kharit, and
Komombo basins that are located in the Southern WD. The
first three basins are distinguished by their NW-SE orienta-
tion, which may be due to rifting associated with the breakup
of the Afro-Arabian plates. Although the Nuqra basin is
located geographically in the eastern desert, some authors
consider it part of the WD sedimentary basins because it is
structurally aligned with the Komombo Basin. In 1997, the
Komombo-1 well in the Komombo basin was completed,
and the results were interesting for both the government and
investors, as oil was produced from Jurassic reservoirs
(Dolson et al., 2001a, 2001b). Elmaadawy and El-Ashmony
(2021) investigated the Foram basin, which is close to the
Libyan border. They used magnetic, gravity, basin model-
ing, and seismic methods, as well they indicate that the basin
structure trend is NE-SW, with a thickness of 1.8–5 km of
Paleozoic sediments and the remaining represent the
Mesozoic-Cenozoic sediments. As a result, Elmaadawy and
El-Ashmony (2021) identified the basin as a Paleozoic basin
with the Silurian Kohla formation as the main source rock.
Elmaadawy and El-Ashmony (2021) basin modeling and
petroleum system analysis revealed that hydrocarbon gen-
eration is quite low and cannot facilitate oil expulsion.
Recently, new discoveries in southward basins (for example,
Komombo and Beni Suef) in Cretaceous reservoirs have
demonstrated that hydrocarbon systems exist within those
smaller basins, implying that the WD will remain an
attractive exploration target in the future. To conclude, more
research is required to confirm the hydrocarbon potential of



commercial discovery in this basin commenced in 1997 by
the Seagull Energy Corporation (Makky et al., 2014). The
basin includes many fields, namely Yusif, Beni Suef, Lahun,
Azhar, Gharibon, and Sobha. The stratigraphic column of
the basin is similar to the neighboring Greater WD sedi-
mentary basins, where basement rocks through the Jurassic
clastics followed by the Cretaceous sequence, the Eocene
carbonates, Oligocene shales, and topped by Late Tertiary to
recent deposition (Makky et al., 2014). According to Makky
et al. (2014), several source rocks exist in the basin. They
report fair to good source rock in the Abu Roash (E member)
with 0.51 to 3.66 wt.%. The Abu Roash “F” member had

Upper Egypt basins, particularly the Southern WD basins,
where additional studies can bring new ideas and exploration
plans into Egypt’s southern basins.
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Fig. 9 a Constructed petroleum system chart of the Gindi Basin, b representative cross section of the Gindi Basin (after El Ghamry et al., 2020)

6.2.1 Beni Suef Basin
The Beni Suef basin is located south of the greater WD
sedimentary basins and it belongs to the Southern WD
basins (Fig. 2). The Beni Suef Basin bisects the present-day
Nile Valley. The eastern side of the basin is located in the
Eastern Desert, while the western side is located in the WD
region. Although the hydrocarbon discoveries are within the
neighboring Greater WD sedimentary basins, the



basin is defined by a normal fault that runs northwest to
southeast, it is characterized by 70-km-long and
30-km-wide. This basin is a very significant basin in the
petroleum system of the Southern Western Desert, where it
is the most significant hydrocarbon resource in Upper Egypt
to date. The basin includes two fields, namely Al Baraka and
West Al Baraka fields. The stratigraphic column of the basin
is about 4000 m of Cretaceous non-marine and shallow
marine sequences (Abdeen et al., 2021; Hakimi et al., 2023;
Ali et al., 2020). The formations in the Komombo basin are
named from top to bottom: Dakhla, Qusier, Taref, Maghrabi,
Sabaya, Abu Ballas, Six Hills, and Komombo formations
(Fig. 10). Komombo formation is debated between authors,
where El Nady et al. (2018) and Abdeen et al. 2021 add it in
the stratigraphic column, while Selim (2016) and Ali et al.
(2020) did not add this formation in their studies. Various
sandstone layers are distributed across the stratigraphic
column of the basin and can act as reservoirs (Fig. 10). The
Albian/Cenomanian formations act as reservoirs deposited
during the Albian/Cenomanian period and consist of shallow
marine sandstone. As well, the Abu Ballas (Aptian) and Six
Hills formations (Early Cretaceous) are reservoirs in the Al
Baraka oilfield. In the flanks and depocenter of the basin, the
Albian/Cenomanian thickness ranges from 137 to 411.5 m.
Horst, graben, and half-graben are the dominant structures in
the basin. The Albian/Cenomanian sandstones have good to
very good reservoir quality. However, hydrocarbon satura-
tion is restricted to some parts of the basin. The sandstone
reservoirs in the basin are characterized by high amount of
siliceous and argillaceous cement which control the reservoir
tightness in some parts. According to Abdeen et al. (2021),
the core data indicate poor to fair reservoir properties (av-
erage ∅ = 4.03%, FZI = 5.50 µm, and k = 3.56 md) in the
siliceous sandstone samples. On the other hand, the
argillaceous samples are characterized by tight to poor
reservoir properties (average ∅ = 11.8%, FZI = 1.22 µm,
and k = 3.44 md). The proven source rock belongs to the
Early Cretaceous, represented by the Hauteriviane–Early
Barremian and Neocomian sediments. Ali et al. (2018)
studied the Hauterivian–Early Barremian source rock and
found the TOC content ranged from 1 to 3.36 wt.%, which
indicates good to very good source rock characteristics. The
Hauterivian–Early Barremian formation is dominated by
Type II/III kerogen based on Rock-Eval pyrolysis and
indicates oil–gas-prone (Ali et al., 2018). The structural traps
are dominant in the basin. The pre-Cretaceous and Creta-
ceous shales act as a seal rock across the Komombo basin. El
Nady et al. (2018) studied the source rock characteristics of
the Sabaya and Abu Ballas formations and concluded that
kerogen type III and mixed type II/III are dominant, which
indicates fair to excellent source rocks. They found the in
Sabaya and Abu Ballas formations. El Nady et al. (2018)

TOC content ranging from 1.27 to 4.46 wt.%, indicating
good to very good source rock characteristics. The Abu
Roash “G” member had TOC content ranging from 0.51 to
1.15 wt.%, indicating fair to good source rock. TOC content
in the Kharita formation ranged from 0.58 to 1.16 wt.%,
indicating fair to good source rock, while TOC content in the
Betty formation ranged from 0.39 to 1.16 wt.%, indicating
fair to good source rock. The Rock-Eval pyrolysis that were
analyzed by Makky et al. (2014), point to the Abu Roash
(F member) as oil-prone source rock with excellent gener-
ation potential, while Abu Roash “E” member have the
potential to generate mainly oil with some gas.
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On the contrary, the Abu Roash (G member) and Betty
formation have mixed oil/gas-prone source rocks. Mainly
gas-prone source rock is assigned for the shales of the
Kharita formation. Later, Abdel-Fattah et al. (2017) studied
the TOC and Rock-Eval pyrolysis data and concluded three
main source rock (kerogen) types, where the Abu Roach “A,
E, and F” members indicate strongly oil-prone (kerogen type
II). They found kerogen mixed type II/III belongs to
shale-rich intervals within the Abu Roach “A & G” members
and the AEB formation. The third source rock type by
Abdel-Fattah et al. (2017) is gas-prone (kerogen type III)
sediments and belongs to the Abu Roach “E & G” members,
Kharita, and AEB formations. In terms of reservoir rocks,
the main reservoirs in the Bani Suef basin are sandstone
reservoirs. Both the Kharita and Bahariya formations have
excellent sandstone reservoirs and represent the main
reservoirs. The clastic sandstones of the Abu Roash “A, E,
and G” members might act as additional resources in the
basin. Anticline, half-anticline, fault block, and anticline
faulted structure are the dominant trap types in the Bani Suef
basin. The aforementioned reservoirs in the basin are sealed
by the Lower Cretaceous and Upper Cretaceous shales of the
Kharita and Bahariya formations, as well as the fine-grained
limestones of the Abu Roash formation, which act as seals
too. The Early to Late Cretaceous rifting tectonics resulted in
forming migration pathways for accumulated hydrocarbons.
The later developed faults and anticlines assist in the sec-
ondary migration of hydrocarbons. According to
Abdel-Fattah et al. (2017), the Cretaceous source rocks
commenced oil generation during the Late Cretaceous per-
iod. The dominant trapping mechanism is structural traps
formed by extensional tectonic regimes. The basin traps
include the tilted fault block trap, the horst fault block trap,
and the horst fault block with three faults trap that accom-
panied the extensional tectonic regime.

6.2.2 Komombo Basin
The Komombo basin is an intracontinental rift basin that is
located in South Egypt; it belongs to the Southern WD
basins (Fig. 2) and it lies 65 km northwest of Aswan. The



considered the Six Hills formation as poor to fair source rock
in Komombo basin. They found that the kerogen type III and
IV is dominant in the Six Hills formation. They concluded
that the shales of Komombo formation (B member) have fair
to excellent source rock with kerogen type II and mixed type
II/III. El Nady et al. (2018), studied Quseir and Taref for-
mations and indicate poor to fair source rock, on the other
hand, they indicate very good to excellent source rock in the
Maghrabi formation (III and II/III kerogen type). The
Campanian-Maastrichtian sediments.
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Indicate fair to excellent source rocks (II and II/III
kerogen type). Both oil and gas are mainly the potential
products of the Cretaceous formations based on the ther-
mally transformed organic matters within these formations.
According to El Nady et al. (2018) work the upper creta-
ceous sediments are immature to marginally mature source

rocks, except Maghrabi formation that entered the early
stage of hydrocarbon generation. The Neocomian sediments
are mature rocks based on thermal maturity (R0 = 1.25),
while sediments of the Sabaya and Abu Ballas formations
are of marginally mature.

Fig. 10 a lithostratigraphic column of komombo basin (modified after El Nady et al., 2018)

6.2.3 Nuqra Basin
The Nuqra basin is an intracontinental rift basin that is
located in South Egypt. It belongs to the Southern WD
basins. The basin is characterized by a NW-SW fault trend,
but a younger fault set of NE-SW to the east of the Nile
River (Abdeen et al., 2021). The basin includes two fields,
namely Al Baraka and West Al Baraka fields. The strati-
graphic column of the basin is about 2000 m. The forma-
tions in the Nuqra basin are named from bottom to top: Six
Hills, Abu Ballas, Sabaya, Maghrabi, Quseir, and Duwi



formations. The aforementioned formation is of Late Juras-
sic, Cretaceous, and Paleocene succession. The Six Hills
formation acts as the dominant reservoir deposited during
the Early Cretaceous period and consists of porous sand-
stone. However, the water saturation is very high in these
reservoirs, except in selected layers with low water satura-
tion that might be prospective. The source rocks in this basin
are from the Jurassic and Early Cretaceous periods, but the
available information is not well documented. The structural
traps are dominant in the basin. The pre-Cretaceous and
Cretaceous shales act as a seal across the Nuqra basin.
Further exploration is much needed in the Nuqra basin to
better understand the petroleum geology and find economi-
cal quantities of hydrocarbon.
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7 New Opportunities: Road to Successful
Exploration and New Resources

Changes in exploration concepts and/or utilized technology
are the most important factors in achieving significant
development and increasing the extracted hydrocarbons from
any basin (Dolson et al., 1999; Dolson, 2020; Radwan et al.,
2021a). Moreover, governments can play a positive role in
this by changing business terms in the energy sector, which
may create trends and attract new companies to explore. In
this regard, the Egyptian government has made ongoing
efforts over the last several decades to facilitate the explo-
ration agreement process and attract a number of new com-
panies to work and explore in the WD sedimentary basins.
The observed significant increase in WD petroleum reserves
over the last two decades indicates a combination of evolving
exploration concepts and technological advancement
(ex. enhanced seismic imaging in particular deep horizons).

Although many discoveries have been made in the WD
sedimentary basins over the last few decades, it is believed
that the WD sedimentary basins have not yet revealed their
maximum petroleum resources. Successive exploration and
potential growth of WD basins can be achieved by
employing an integrated approach that can deliver more
refinement of the play, trap, or reservoirs. In order to achieve
the maximum benefits, the former integrated studies should
be supported with source, maturation and migration studies
(Radwan et al., 2021a). According to Radwan et al. (2021a),
source rock analysis is critical in both the exploration and
development stages because it quantifies the expelled
hydrocarbon volumes in each trend within a specific sedi-
mentary basin to be traced in the basin or neighboring
basins. Dolson et al. (1999) conducted statistical studies to
predict potential unexplored fields in the WD, and they
proposed about 30 new fields in the WD basins that have yet
to be discovered. Dolson (2020) based their prediction on
the assumption of new deeper objectives that must be traced

within the WD’s large distributed basins. According to the
distribution of source rock facies across the WD basins and
the calculation of the expected recoverable hydrocarbons, it
can be assumed that approximately 7–10% of the expelled
hydrocarbons have migrated toward the basin traps (Dolson
et al., 1999). The estimated migrated hydrocarbons by
(Dolson et al., 1999) are very large (47.4 BBOE) when
compared to the actual produced (1.15BBO and 3.2 BBOE)
from the various basins in the WD. As a result, the
yet-to-find discovered hydrocarbons in the WD sedimentary
basins are very likely to be discovered by additional petro-
leum studies and exploration efforts.

According to Dolson et al. (1999), new discoveries in the
WD petroliferous basins may contain more than 11 BBOE of
additional resources. Finding such hidden hydrocarbons,
however, necessitates long-term planning as well as signif-
icant technological investments. In addition, new ideas and a
willingness to pursue more difficult targets (ex. deeper
reservoirs). In this section, I summarize some of the new
opportunities that should be pursued in further exploration
within the WD sedimentary basins.

7.1 Stratigraphic and Combined Trap Concept

Exploration for stratigraphic and combined petroleum
reservoirs has made significant progress around the world
(Radwan et al., 2021a). The petroleum exploration strategy
in the WD was primarily based on structural analysis of
comparable petroleum provinces in Egypt and around the
world (EGPC, 1992). Stratigraphic traps in hydrocarbon
exploration have received increased attention in the WD
basins over the last two decades, with consideration in both
the exploration and development phases. The exploration of
stratigraphic traps began in the 1990s, when over 250 m of
Jurassic rocks in Obaiyed Field displayed pinch-outs due to
rapid lateral facies changes (Fig. 11). Furthermore, (Abd El
Gawad et al., 2019a, 2019b) reported a Paleozoic strati-
graphic trap in the Faghur basin in response to an angular
unconformity.

Apache Corporation announced the discovery of a
stratigraphic trap by the Riviera SW-1X (Riviera field, Abu
Gharadig Basin), with oil (5800 barrels) and gas (2.8 MMcf)
production from reservoirs 24 feet thick of Lower Bahariya
sandstones. Another stratigraphic trap (1000 acres) was
discovered while drilling Narmer-1X to the east of the
Neilos oil field in the Faghur basin. The Narmer-1 � well
encountered about 85 feet net pay of Paleozoic-aged sand-
stones, with daily oil (1200 bbl) and gas production (400
Mcf). The former examples of explored stratigraphic traps
highlight the significance of these types of traps, which may
add additional reserves to the total hydrocarbon reserves
across the WD sedimentary basins. In this regard,



hydrocarbon accumulations may exist in the WD’s deeply
buried Mesozoic (half-graben basins) and Paleozoic sedi-
ments. More emphasis should be placed on the heteroge-
neous reservoirs found in the WD sedimentary basins (ex.
Khatatba, Bahariya, AEB, Abu Roash, and Paleozoic for-
mations). When looking for stratigraphic elements in the
WD basins, the following characteristics are especially
important: facies change, pinched-out sandstone bodies
facies, truncation or erosion at unconformities, isolated sand
bodies (channel) and diagenetic traps. The former strati-
graphic elements can form perfect stratigraphic petroleum
traps in all WD sedimentary basins. For example, the Kha-
tatba formation is composed of sandstone channels that thin
away from the channel axis in some regions and are sur-
rounded by floodplain mudstone; tracing the channel axis
could be advantageous and bring thick isolated reservoirs in
new wells rather than thin sandstone drilled far from the
channel axis. At the same time, it is not necessary to find a
pure stratigraphic trap on its own; it could be accompanied
by other structural elements, resulting in combined
stratigraphic-structural traps, such as the Gulf of Suez trap-
ping style (Radwan et al., 2021a).
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Fig. 11 Jurassic play of Obaiyed Field, Matru Basin, WD. (modified from Mahmoud & Barkooky, 1998)

7.2 Deeper Targets Reservoirs

The deeper Paleozoic and Jurassic targets are the treasure of
WD sedimentary basins, and while some petroleum

companies have recently begun to explore deeper targets,
additional resources are still under-exploration, and signifi-
cant discoveries in these promising targets require extensive
research. The OBA-A3 well was one of the wells drilled in
1996 to target deeper reservoirs in the Matruh Basin, and it
produced Paleozoic oil. Later, as the importance of deeper
targets becomes more widely recognized, Eni announces
some new discoveries in the South West Meleiha Field
(Faghur Basin). Aligning with Eni efforts to explore the
WD’s deep geological resources, particularly within the
deeper Paleozoic and Jurassic sequences of the Faghur Basin.

Eni drilled several exploratory wells and announced new
discoveries in the Faghur Basin; I will highlight some of the
most recent new discoveries here. The SWM A-2X well
(5090 m total depth) was drilled in the Faghur Basin and
encountered an 18-m oil column of Carboniferous age sand-
stones, with an average production of 2300 BOPD. Later, the
SWM B1-X well in the same basin made another discovery
(7 km distance from SWM A2-X). The SWM B1-X well
reached a total depth of 4523 m and encountered light oil (37°
API) produced fromdeeper targets ofCarboniferous sandstones
with a thickness of 35 m and an average production rate of
5,130BOPD.Another recent discoverywasmadewhile drilling
the SWM-A-6X well (4815 total depths in meters), where a
130-ft oil column was discovered in the Dessouky formation
(Carboniferous age)with an average productionof5000BOPD.

In addition to Paleozoic source rocks, Khatatba source
rocks appear to contribute significantly in the expulsion of



oil to both syn-rift and deeper Paleozoic reservoirs (Devo-
nian and Silurian). According to Boote et al. (1998), the
Devonian and Silurian deposits are important source rocks in
Libya, but these deposits are thinning from Libya to the WD.
Recent petroleum discoveries by petroleum companies in
deeper targets have also discovered hydrocarbons in the
AEB formation at deeper levels, indicating the additional
resources that can be gained through deeper target explo-
ration across the WD sedimentary basins. Exploring deeper
targets, on the other hand, presents several challenges in
terms of exploration and drilling, which will be highlighted
in the challenge section.
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7.3 Structural Play: Inversion Structures
and Faulted Traps and Their Accompanied
Fluid Migration

Inversion events influenced the structural regime of most
WD sedimentary basins, reinitiating faults and forming folds
in response to the unique structural features of each basin.
More attention should be paid not only to the effect of such
inversion events on structure features, but also to the
accompanying “Tertiary” hydrocarbon migration. Inversion
structures are common in the WD sedimentary basins, such
as the Razzak Field, Mubarak Field, and Kattaniya High
(Bevan & Moustafa, 2012).

Fluid leakage or Tertiary migration in a faulted trap,
according to Sales (1997) & Bevan and Moustafa (2012),
can be caused by gouge failure spill point juxtaposition spill
point, or filled to seal capacity, which is known as “Cryptic”
spill points. Bevan and Moustafa (2012) provided an
example from Kattaniya High in the WD, where inversion
events affected hydrocarbon accumulations on the inverted
hanging wall half-graben anticline, causing the AEB for-
mation to “switch off” to a shallower depth and influencing
hydrocarbon migration (Fig. 12). More research into such
phenomena could lead to new discoveries and unexpected
reservoirs, but this will be dependent primarily on the pet-
roleum system study in new prospect basins, which must be
analyzed due to the uniqueness of each field.

7.4 Applying Sequence Stratigraphy Concept

The study of the spatiotemporal evolution of sedimentary
basins is critical for fully understanding the geological and
sedimentation conditions that control reservoirs and can lead
to the discovery of new reservoirs (Catuneanu, 2006; Slatt,
2006; Radwan et al., 2021a; Shehata et al., 2021). Radwan
et al. (2021a) emphasize the significance of sequence
stratigraphy in hydrocarbon exploration in half-graben rift
basins, which are similar to the WD half-graben basins.

According to Posamentier and Vail (1988), it is critical to
investigate the spatial and temporal rock relationships within
a surface boundary of erosion or non-deposition, as well as
their correlative conformities. Several sedimentary cycles and
sequence boundaries are recorded in the WD sedimentary
succession; applying recent advances in sequence stratigra-
phy and tracing the output of these models will contribute to a
better understanding of depositional sequences, which will
improve our understanding of reservoirs geometries and
reservoir qualities at the pre-rift and syn-rift levels.

The use of sequence stratigraphy in WD sedimentary
basins will lead to significant advances in predicting the
lateral and vertical distribution of depositional sequences,
including source, reservoir, and seal rocks. Furthermore, the
sequence stratigraphy concept in hydrocarbons exploration
can aid in the definition of component system tracts and
facies, which will contribute significantly in the exploration
and development of reservoirs, particularly clastic reservoirs.
Using the sequence stratigraphy concept and the utility of
correlating time-synchronous surfaces in heterogeneous
clastics reservoirs of Cretaceous, Jurassic, and Paleozoic
clastics deposits could lead to new discoveries and petro-
leum system geometries, specifically reservoir geometries.

7.5 Unconventional Resources

Recently, the development of unconventional resources has
been one of the primary economic goals (Law & Curtis,
2002; Radwan et al., 2021b). Unconventional resources are
becoming one of the ways to maintain domestic energy
demand in Egypt and worldwide in order to replace
declining conventional resources. The WD basins are not far
from such unconventional resources and technology, and
now some wells are already tested to discover and assess the
predicted unconventional resources (Salah et al., 2017;
Gomaa et al., 2019).

Unconventional resource evaluation necessitates the col-
lection of a variety of integrated data, including geochemi-
cal, geomechanical, and petrophysical measurements.
Because of the organic richness and widespread nature of
Khatatba shales as the primary source of petroleum to con-
ventional resources in the WD basins, it is of relative
importance. The Apollonia and Khatatba formations are the
most promising unconventional resource layers in the WD.
In this regard, a series of horizontal and vertical wells were
drilled in the WD to evaluate the Apollonia tight carbonate
and Khatatba dark shales using multistage and one-stage
hydraulic fracturing.

The open marine Apollonia Tight (Gas) Chalk formation,
on the other hand, is spreading across the WD lands and is
characterized by high porosity/low permeability soft chalky
limestone. The Apollonia formation is divided into four



units: A, B, C, and D; the candidate’s unconventional
resources are massive chalky limestone (A) and glauconitic
limestone (C). The Apollonia Tight Chalk and Khatatba
formations in Egypt’s Western Desert have been identified
as potentially containing economically valuable gas accu-
mulations. Salah and Ibrahim (2018) compared the Khatatba
characteristics in the Matruh-Shoushan Basin to the
well-known shale plays in the United States (Barnett and
Marcellus) (Table 3). Accordingly, the WD Apollonia Tight
Chalk and Khatatba formations have significant unconven-
tional gas reserves, and developing these resources can help
Egypt increase its natural resources. The tight sandstones in
the southern WD should be evaluated economically for
potential hydraulic fracturing for better hydrocarbon
exploitation. More integrated work is required to better
assess existing unconventional resources in the WD, as well
as to improve exploration, characterization, and evaluation
of WD sweet spots. More efforts are required to stimulate the
unconventional gas industry, improve industry policy in the
WD, and address development challenges.
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Fig. 12 Kattaniya high inversion structure and fault trap (after Bevan & Moustafa, 2012)

Table 3 Comparisons of the
Khatatba of the Matruh Shoushan
basin with well-known shale
plays (Barnett and Marcellus)

Shale plays Khatatba Barnett Marcellus

Age M. Jurassic Mississippian Devonian

Vertical depth (ft) 11,000–1300 6500–9000 4500–8000

Thickness (ft) 250–240 200–300 50–300

TOC (% wt.) 10-Feb 7-Mar 10-Mar

Vitrinite reflectance Ro 1.0–1.4 1.0–1.74 0.8–3

Pressure gradient (psi/ft) 0.55 0.45 0.4–0.6

Porosity (%) 12-Aug 10-Apr 6-Apr

Brittleness (%) 60–70 60–70 50–60

GIP (BCF/section) 100–200 100–300 70–150

7.6 Further Exploration in the Southern
Western Desert Basins

More focus is needed to explore the hydrocarbon secrets of
the southern WD sedimentary basins of Nuqra, Kharite, and
Komombo basins. The exploration efforts in the Upper
Egypt sedimentary basin during the last decades succeeded
in presenting two commercial discoveries in the Komombo
Basin, namely Al Barka and West El Barka oil fields. Pet-
roleum companies were disappointed with high water satu-
ration and low reservoir quality (tightness) in Nuqra and
Komombo basin, however this because the less under-
standing of the structural setting and hydrocarbon system of
these basins compared to other basins in the WD. The dis-
coveries in Komombo basin indicate the potential of
multi-pays across the sedimentary succession of these
basins, therefore more structural, geophysical and geo-
chemistry studies on the sedimentary succession of these
basin studies has potential to bring new insights and better
exploitation of these potential resources. According to El
Nady et al. (2018), the source rocks of the Upper Cretaceous



formations range from immature to marginally mature, with
the Maghrabi formation reaching only the early stages of oil
generation. On the eastern side of the Komombo basin, there
is a good chance of finding oil generated by the Abu Ballas,
Dakhla, Maghrabi, Duwi, and Sabaya formations. Proven
kerogen II source rock of up to 7wt. % TOC is exist in the
Cretaceous sediments of Komombo Basin, the very good
potential of source rocks to generate hydrocarbon shed the
light for more exploration opportunities compared to the
current minimal explored hydrocarbon traps. The presence
of porous clastics throughout the startigraphic section of
these rift basins, as well as the seal capacity in the upper
interval of the Senonian-Paleocene, indicate the presence of
potential reservoirs somewhere in these basins. Furthermore,
the formation of rotated fault blocks by the Early Cretaceous
extensional rift and mildly inverted structures by a long
period of Late Cretaceous to post-Early Eocene Syrian Arc
compression in South Egypt indicate the potential for
forming structural hydrocarbon traps and the presence of
good hydrocarbon system elements. These rift basins are
formed structurally as NW-trending rift basins with asym-
metric fault-bounded half-grabens trending (oblique) to the
Red Sea trend as a result of the reactivation of a major by the
Neocomian, the Precambrian Pan African tectonic zone had
been replaced by the Neocomian extensional tec-
tonic. According to recent drilling and seismic interpreta-
tions, Neocomian-Barremian maximum subsidence might be
exist and the Kharite, Nuqra of the eastern Nile River.
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Advanced production techniques such as horizontal dril-
ling and hydraulic fracturing might be the best option to
enhance the productivity in tight sandstone reservoirs.
Applying this technique has raised the reserves from 0.6 to
5.23MMBO in the Al Baraka field (Mostafa et al., 2021). The
produced oil from the southern basins is 37°API with a wax
content that is similar to the oil in the neighboring Sudanese
rift basins. The main risk is the absence of one of the
hydrocarbon petroleum elements in the Komombo, Nuqra,
and Kharite sedimentary basins. In terms of exploration risks,
basin exhumation caused erosion of the basin roof and
brought the maturity level to 1200 feet in the Nuqra basin.
Moustafa et al. (2002) argued that the basin roofing was
milder in the Komombo basin, with a maturity level of 2100
feet in the Komombo basin. The mildness of the inversion
tectonics in the Nuqra and Kharite basins provides a good
opportunity for hydrocarbon preservation, but the time of
basin exhumation remains a risk. Further exploration is much
needed in the Nuqra basin to better understand the petroleum
geology and find economical quantities of hydrocarbon.

8 Challenges for Hydrocarbon Exploration
in WD Basins

Although the WD’s Mesozoic basins offer a variety of
rewarding exploration opportunities, they are difficult to
obtain and represent a difficult exploration opportunity. In
general, the WD basins are distinguished by a complex
geological history that has influenced their depositional
setting and petroleum system elements. The structural
regime of most basins in the greater WD sedimentary basins
has been influenced by the Syrian Arc event’s deformation
and inversion. Furthermore, below the Alamein Dolomite,
the quality of seismic imaging is very low.

Despite the numerous benefits of exploration in WD (for
example, multiple reservoirs, onshore drilling, various traps,
low cost, and conventional resources), it appears that
exploration will continue to be active in WD for many years
to come. However, challenges are arising at various levels of
exploration and drilling. In this section, I will discuss some
of the difficulties associated with hydrocarbon exploration in
the WD sedimentary basins.

8.1 Drilling Issues Challenges

Quite apart from the geological and geophysical modeling of
planned exploration and development wells, drilling obsta-
cles have emerged as a major issue during the exploration
and development phases (Radwan et al., 2019; Radwan,
2021). Drilling success is typically achieved through
improved pore pressure prediction and geomechanical
analysis (Radwan et al., 2020, Radwan and Sen, 2021a,
2021b). Drilling issues can arise during drilling into the
carbonate of the Masajid and Alamein formations, resulting
in partial or total losses.

According to, the main cause of these losses was that the
former carbonates was karstified during the Jurassic period
in response to tectonic uplift (Keeley et al., 1990). The
difficulty in predicting the geometry and patterns of such
phenomena is that the vugs are localized.

While drilling these sections, some mitigations, such as
underbalanced drilling and Pressurized Mud Cap Drilling
(PMCD), can be considered. The current depletion of con-
ventional resources adds additional risks for losses while
drilling, resulting in a stuck pipe and lost money which is
matched with the current depletion status in gulf of suez
according to (Radwan and Sen, 2021a, 2021b; Kassem et al.,
2021; Abdelghany et al., 2021).
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8.2 Petroleum System Challenges

Much of the deeper production from the Paleozoic across the
WD is attributed to charge from Khatatba (Jurassic) or
(AEB) Cretaceous shales via fault juxtaposition with the
Paleozoic, raising questions about the role of the oldest
Carboniferous source rocks, which are sometimes unknown.
A comprehensive study that confirms the Paleozoic petro-
leum system has yet to be completed. Poor seismic images of
the deepest source rocks (Carboniferous), contributing to
poorly studied source rock. More research into the geo-
chemical characterization of deeper resources, as well as
biomarker analysis, are required to confirm the petroleum
system in the deeper targets.

8.3 Seismic Issues

The number of 3D and 4D seismic surveys conducted across
the WD basins is very limited, and the few conducted 3D
seismic surveys are local in extent. In terms of seismic
quality, seismic images beneath the Alamein dolomite
horizon are low resolution, and thus deeper Jurassic and
AEB horizons are poorly imaged.

Furthermore, human insight is still required in seismic
imaging. In order to provide a precise interpretation.
Improved seismic imaging could aid in the discovery of
additional structural and combined traps. The majority of the
new discoveries are based on 3D seismic imaging, demon-
strating the importance of precise seismic imaging in
increasing the resources in the WD basins. Furthermore, the
deep basin geometries were not adequately defined and are
still being unraveled, implying that seismic image quality
will improve across the WD sedimentary basins.
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A Review of the Offshore East Mediterranean
Mesozoic-Cenozoic Petroleum Systems

Fadi H. Nader, Sebastian Grohmann, Bandar I. Ghassal,
Haytham El Atfy , Maria F. Romero-Sarmiento, Samer Bou Daher,
François Baudin, and Ralf Littke

Abstract

A geological overview on the East Mediterranean realm,
featuring the tectono-stratigraphic evolution and associ-
ated depositional environments as well as the known
petroleum systems, is provided in this contribution. The
Levant Basin, the (northern) Western Desert, and the Nile
Delta are the main focus of this review because they
include significant oil and gas discoveries (a total of
63,000 MMBOE has been forecasted for these regions),
providing a considerable amount of data. The onshore–
offshore extension of the Northern Western Desert (to
Herodotus Basin) is compared to that of the Eastern
Levant Margin—both share similar tectono-stratigraphic
evolutions until the establishment of the Levant Fracture
System. The Upper Cretaceous source rocks distribution
across the Western Desert margin is, nevertheless believed
to be controlled by increased bio-productivity and

nutrients with sediment transport from nearby hinterland,
contrasting an upwelling scenario for the same source
rocks in the Levant Basin. The possibility of mixing
hydrocarbon from these deeper kitchens with the known
overlying microbial gas accumulated in the Oligo-
Miocene interval has been proven by the Karish discovery
in the Levant Basin and through modeling the probability
for fracturing the Eocene sealing unit. This may well occur
in offshore Western Desert. The Nile has been the
principal sediment feeder of the East Mediterranean basins
since the Late Miocene. The Nile Delta is characterized by
Oligo-Miocene petroleum systems, while the deeper
Mesozoic systems still need further studies. The presence
of carbonate plays has already been demonstrated by the
discovery of the giant Zohr field. Succeeding in finding
similar prizes requires understanding the complexity of
such heterogeneous, yet attractive carbonate reservoirs.
The East Mediterranean realm remains a frontier hydro-
carbon province with a considerable wealth of knowledge
that will help in understanding sedimentary basins at the
intersections of major plate boundaries and the association
of deep lithospheric processes and major shallow and
surface processes.

1 Introduction

The Mediterranean coastline stretches over 46,000 km on
the African, European and Asian continents, hosting around
480 million people whose growing energy demands need to
be met with optimal development of georesources. The East
Mediterranean region, where northern Egypt occupies a
significant part, is located—from a geological perspective—
at the triple junction point between the Eurasian Plate in the
North, the African Plate in the Southwest, and the Arabian
Plate in the East (Fig. 1). This region is characterized by an
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older, thicker, cooler, and stronger lithosphere compared to
the western part of the Mediterranean Sea (Fig. 1; Roure
et al., 2012). It is also commonly believed that this region
belongs to the southern, passive margin of the Tethys,
including evidence of its associated rifting, post-rift subsi-
dence, and inversion phases. Hence, deep mantle dynamics
and the evolution of plate boundaries resulted in the specific
subsidence and thermal histories of the East Mediterranean
sedimentary basins that influenced local petroleum systems.

During the last decades, the East Mediterranean region
has witnessed exceptional oil and gas exploration develop-
ments, demonstrated by significant discoveries (Figs. 1 and
2) and the opening of new frontiers and acreages. The
industrial advances happened together with an impressive set
of scientific achievements in various fields (geophysics,
seismic data acquisition and interpretations, geodynamics
and structural geology, tectono-stratigraphy and sedimen-
tology, as well as petroleum systems analyses and geo-
chemistry, e.g., Hawie et al., 2013; Ghalayini et al., 2014;
Bou Daher et al., 2014; Tassy et al., 2015; Ghassal et al.,
2016; Grohman et al., 2018; Papadimitriou et al., 2018a,
2018b; Symeou et al., 2018; Inati et al., 2018; El Hajj et al.,
2019). Hence, a huge amount of data, viable concepts, and
expertise have been made available for this region.

Egypt is situated in the southern part of the Eastern
Mediterranean region, where the first hydrocarbon explo-
ration and production operations occurred at the beginning
of the previous century. In 2015, the discovery of the giant
Gas Field Zohr, located south of the Eratosthenes Seamount
between the Herodotus and Levant Basin (Fig. 1), sparked
new interest in the overall region. Egypt’s total oil and gas
discoveries amount to 29,000 MMBOE in 2009, principally
from three petroleum provinces (Dolson et al., 2014): Gulf
of Suez (11,500 MMBOE), Nile Delta (11,200 MBOE) and
the Western Desert (5,700 MBOE). Dolson et al. (2014)
predicted an ultimate yet-to-find of 37,600 MBOE for Egypt
resources (revised to 38,600 MBOE, Dolson, 2018) in
agreement somehow with the USGS forecasts for the Nile
Delta (223 TCF, or 38,000 MMBOE) and the Levant Basin
(117 TCF, or 20,000 MMBOE) (Kirschbaum et al., 2010;
Schenk et al., 2010 and 2012).

More than 70 TCF (around 12,500 MBOE; Fig. 2) of
natural gas were recently discovered in the Levant Basin (East
Mediterranean region), which lies offshore Cyprus, Egypt,
Israel, and Lebanon (Fig. 1). New plays have been proposed,
and new un-explored areas may yield additional significant
discoveries (e.g., Ghassal et al., 2016; Montadert et al., 2014;
Nader, 2011, 2014). Nevertheless, the East Mediterranean
region is characterized by a general lack of published geo-
logical data, a complex geodynamic and tectono-stratigraphic
evolution, and high exploration costs. It is one of the typical
frontier exploration areas, where numerical solutions, such as
stratigraphic forward modeling (SFM), complex burial/

thermal modeling (including petroleum systems modeling;
PSM) (Barabasch et al., 2019; Grohmann et al., 2021), and
uncertainty modeling with machine learning (Ducros &
Nader, 2020), proved to be an excellent help for enhancing
reservoir play fairways predictions.

In the last two decades, a significant amount of 2D and
3D seismic reflection data have been acquired throughout
the East Mediterranean region. These activities generated a
considerable amount of new data on the stratigraphic inter-
vals below the Messinian salt, sparking the interest for
academic and industry-led investigations. Recent seismic
reflection acquisition offshore Egypt (Western Desert) also
yielded invaluable information for a promising future
exploration era. According to PGS (Petroleum Geo-Services;
https://www.pgs.com), the exhaustive new 2D and 3D
seismic data covering more than 80,000 km2 confirm the
viability of this new exploration frontier area. Hence, seis-
mic data interpretations already showed the possible exten-
sion of the Pliocene sandstone play from the Nile Delta,
potential for Zohr-type pre-salt carbonate and pre-salt
sandstone plays. The offshore area is believed to be an
extension of the proliferous onshore Western Desert.

Recent research work, which focused on the Levant Basin
and was based on such substantial new data, provided new
concepts for better understanding the crustal, structural, and
stratigraphic characteristics of this region, as well as its key
petroleum systems (e.g., Bou Daher et al., 2016; Ghalayini
et al., 2015; Grohmann et al., 2018, 2021; Hawie et al., 2017;
Inati et al., 2018; Papadimitriou et al., 2018a, 2018b; Symeou
et al., 2018). These contributions together with the previous
work of Abdel Aal et al. (2001), Shaaban et al. (2006),
Dolson et al. (2014), Tassy et al. (2015), and Ghassal et al.
(2016) on the Nile Delta and the Western Desert, Gardosh
and Druckman (2006) and Gardosh et al. (2008) on offshore
Israel and Bowman (2011) on offshore Syria, to name a few,
encompass the collective geological knowledge of the
southern East Mediterranean region. Gvirtzman et al. (2014),
Hawie et al. (2017), Nader et al. (2018), and Grohmann et al.
(2021) have proposed 3D stratigraphic forward models for
the Levant Basin and offshore Egypt (Nile Delta). Still, to
date, no comprehensive regional stratigraphic model exists
for the southern East Mediterranean region. The area
stretching from the Sinai Hinge Zone and the Nile Delta in
the South to the Cyprus Arc in the North, and from the
inverted Palmyra Trough and the Levant Fracture System to
the East to the Eratosthenes Seamount and Herodotus Basin
to the West (Fig. 1) requires detailed local studies but also
has to be investigated as a whole (e.g., Wood, 2015) in order
to achieve an overall geological understanding.

This chapter aims to provide a general overview of the
geologic settings, the tectonic history, the depositional
evolution, and petroleum systems of the East Mediterranean
region, focusing on the Levant Basin, the Western Desert,
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and the Nile Delta. This approach is made possible by
integrating and synthesizing a great wealth of information
from published data.

2 Geological Setting

2.1 Geodynamic Evolution

The East Mediterranean geodynamics are principally asso-
ciated with the Pangea breakup in the Late Paleozoic, the
interactions of the resulting separate plates, and the evolution
of the Tethys Ocean (Fig. 3). The disintegration of Gond-
wana and the opening of the Tethys (Fig. 3a) led to the
creation of major sedimentary basins in this region (e.g.,
Palmyra, Levant, Herodotus; Figs. 1 and 3) and their filling.
By the Late Cretaceous (Fig. 3b), the overall extensional
tectonics became compressional and initiated the closure of
the Tethys ocean. The older Mesozoic basins started to be
inverted in the East Mediterranean region. The Afro-Arabian
plate moved northward, and a north-verging subduction
zone evolved at the southern margin of Eurasia (Hawie et al.,
2014, and references therein; Fig. 3b). There, slab
pull-related forces resulted in new oceanic crust and the
obduction of ophiolitic complexes (e.g., Lord et al., 2009;
Swarbrick & Robertson, 1980). The Troodos ophiolites that
are exposed in Cyprus mark the southern limit of the Teth-
yan Ocean and rest on Mesozoic platform carbonates, most
probably belonging to the Afro-Arabian passive margin
(Roure et al., 2012). Traces of basin inversions have been
investigated primarily onshore, along the eastern and
southern margins of the Levant Basin (cf. Syrian Arc
structures in Palmyra Basin and along the Levant margin)
and to a lesser extent offshore, e.g., the Cyprus Arc System
(Symeou et al., 2018).

In the aftermath of the Tethys Ocean closure and the
prominent Afro-Arabia collision with the Eurasian blocks,
the Afar mantle plume contributed to the uplift and tilting of
Afro-Arabia northern margins. Faccenna et al. (2013)
applied mantle circulation computations to confirm the
association of the Afar mantle upwellings with the Aegean
slab pull (Fig. 4). The igneous province of Ethiopia
demonstrates localized mantle upwelling about 30 Ma while
rifting took place in the Red Sea and the Gulf of Suez (as of
Late Eocene–Early Oligocene). The first phase of uplift of
the Red Sea shoulders and the Levant margins are also
ascribed to the Late Eocene–Early Oligocene (Faccenna
et al., 2013). At almost the same time, the northern edge of
the Arabian Plate collided with the Anatolian blocks.
Zagros-Bitlis subduction took place as of Early Oligocene.
During the Miocene (Fig. 3c), Africa’s motion slowed down
as the rifting of the Gulf of Suez transferred to the Gulf of
Aqaba, while Arabia kept its northward motion. This
resulted in the initiation of the Levant Fracture System
(Fig. 3d) from the Gulf of Aqaba, through the Dead Sea
Fault northward through Lebanon and Syria (Nader, 2014).
These events (Fig. 4) were contemporaneous with slab
steepening and break off events (15–10 Ma, respectively),
with the emplacement of mantle convection dynamics and
northward flow from Afar to Anatolia (Faccenna et al.,
2013). Thus, such mantle dynamics may be considered as
the driving force for the observed increased subsidence and
sedimentary filling of Herodotus and Levant basins together
with the uplift of the surrounding margins. The significant
inversion effects of the Levant Fracture System on the
eastern margin of the Levant Basin (including the Lebanese
mountains) continued in the Late Miocene and were fol-
lowed by the tectonic westward escape motion of Anatolia,
which has been well illustrated along the Cyprus Arc System
(Montadert et al., 2014; Symeou et al., 2018).
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Moreover, the breakup of Afro-Arabia (through the rift-
ing and opening of the Red Sea) with an accelerated
northward drift of the Arabian Plate in the Oligocene
(Fig. 3c) resulted in the ultimate isolation of the Eastern
Mediterranean basins (remnants of Tethys oceanic domain).
Hence, the uplifted hinterland provided a massive amount of
eroded sediments, which were washed into the East
Mediterranean basins. Due to the thin continental crust and
oceanic crust, the Levant and Herodotus basins, respectively,
subsided further, becoming major depocenters. At the same
time, their margins were uplifted and affected by further
tectonics associated with the opening of the Red Sea, the
Levant Fracture System, escape tectonics of the Anatolian
block, and the evolution of the Nile system (Inati et al.,
2018). The Levant Fracture System led to the
re-organization of the sediment input pathways (i.e., major
rivers) into the Levant Basin (Hawie et al., 2017; Nader
et al., 2018). The general settings were also shaped by the
Miocene-Pliocene evolution of the Nile River and the
Messinian Salinity Crisis. The latter resulted in drying up
the Mediterranean Sea and the deposition of up to 2 km of
evaporites between 5.96 and 5.33 Ma (Krijgsman et al.,
1999), while the former brought an immense amount of
sediments and disturbed the overall stratigraphic configura-
tion of the East Mediterranean.

2.2 Tectono-stratigraphic Evolution

Rifting of the Tethys Ocean is believed to have occurred in
two phases (late Early Carboniferous—related to the Var-
iscan orogeny and Early Permian), with seafloor spreading
following the second phase (Stampfli et al., 2001). Several
major tectonic features concerning the East Mediterranean
existed since that early time, such as the Palmyra and Dakhla
basins, the Eratosthenes platform, and the Heletz high
(Fig. 5a). The latter is defined as an uplifted rift shoulder of
the Eastern Mediterranean Basin, with similar examples
found in Egypt, Libya, and Tunisia (Roure et al., 2012;
Stampfli et al., 2001).

By the end of the Middle Jurassic (Figs. 3a and 5a), active
rifting ceased, allowing (post-rift) passive thermal subsi-
dence in the Eastern Mediterranean basins (Fig. 5b).
“Mesogean” oceanic spreading started, which refers to a new
oceanic domain formed principally in the Cretaceous,
extending from the Maghrebian Ocean to the West to the
Neo-Tethys to the East, and covering mostly the East
Mediterranean region (Barrier et al., 2018; Dercourt et al.,
1986). The end of the rifting and active extensional tectonic
subsidence in the Eastern Mediterranean region is repre-
sented by the “breakup” horizon on seismic data (Montadert
et al., 2014), regarded as a key surface that overlies the tilted
blocks morphologies across the continental, marginal, and

basin domains. The Eratosthenes and Troodos carbonate
platforms as well as the marginal domains prevailed, sur-
rounded by slope–basinal deeper marine carbonates. By the
end of the Jurassic, the Eastern Mediterranean basins were
surrounded by flooded lowland, marginal marine, shallow
mixed shelf to the South, the Rutbah and Mardin paleohighs
to the southeast and the East, and the Mesogea Ocean to the
North. Localized volcanic activities occurred as well.

In the Campanian, the collision and closure of Mesogea
continued with the thrust belt advancing southward (Figs. 3b
and 5b). The Troodos platform (in Cyprus) was consumed
by thrusting. Uplift led to subaerial exposure and mountain
ranges just north of Baer Bassit (northern Syria), which
became sources for sediment influx. A regional foredeep
basin prevailed to the South of the thrust faults (and accre-
tionary tectonic melange) (Papadimitriou et al., 2018a,
2018b). Further south, Egypt hinterlands continued to supply
Nubian sand sediments toward Dakhla Basin and the
Mediterranean. By the Late Cretaceous (Fig. 3b), the
Mesogea Ocean was almost closed due to the Alpine oro-
geny, encroaching the northern periphery of Afro-Arabia.
The initiation of the “Syrian Arc,” a belt of intra-plate
structural inversion affected the Egyptian through Syrian
margins, coinciding with the start of ophiolite obduction on
the passive margin of Arabia. In the Maastrichtian, most of
the East Mediterranean basins became sites of deeper marine
deposition (Fig. 5b). The southern margin was characterized
by slope–basinal marine carbonates and the eastern margin
by carbonate and terrigenous platforms (Nader, 2014).

In the Early Eocene, as the almost S-N extension swit-
ched from the Suez to the Aqaba and all along the eastern
margin of the Levant Basin, major carbonate platforms
covered the northern Mardin, southern Rutbah, and the
Western Desert areas (Fig. 6). Localized carbonate platforms
prevailed in Sinai as well. The eastern margin of the Levant
Basin was the site of deeper marine carbonates
(slope/basinal) passing to deeper marine clastics toward the
West. In the Middle Eocene, further extension occurred
along the eastern margin of the Levant Basin. The East
Mediterranean basins were limited by deeper marine car-
bonates (slopes/basin) with carbonate platforms to the South
and terrigenous platforms with clastics near the shoreline.
Channel incisions and widespread slumping suggest
syn-depositional differential relief and possibly tectonic
instability (Ghalayini et al., 2014; Hawie et al., 2013). The
advance of orogeny continued through the Eocene, with
significant narrowing of the seaway between North Arabia
and Eurasia (Anatolian block). The Taurides were affected
by uplift and mountain building and associated erosion. In
the Late Eocene, the marine domain retreated to the North.
In Egypt, several delta fans prevailed with fluvio-lacustrine
domains extending to the south and lowland erosional plains
in the southeast and along the southeastern margin of the
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Levant Basin, which became separated from the Palmyra
Basin. The former contained deep-marine clastics, while the
latter remained dominantly filled by carbonates. While
Afro-Arabia moved northward, subduction along the north-
ern margin of the Mesogea Ocean advanced closing the
remnant seaway and starting a continent-to-continent colli-
sion at the northeastern part of the East Mediterranean
region.

The main phase of continent-continent collision occurred
in the Oligocene, coinciding with the Afar mantle plume
activity (Fig. 3c). Afro-Arabia was tilted to the North, con-
veying considerable amounts of sediment to the Levant

Basin (Fig. 3c), resulting in the deposition of thick clastic
Oligo-Miocene intervals in the Levant Basin (Fig. 6 and
7A). The Gilf-, El Bahr-, and Fayum deltas became the main
Nubian sediment input sources from Egypt hinterland
toward the North. As the thrust belt advanced southward, the
Troodos platform was consumed (Papadimitriou et al.,
2018a, 2018b). Uplift led to subaerial exposure and moun-
tain ranges, which became sources for sediment influx. In
the Early Miocene, continent-to-continent collision along
northern Arabia was underway, resulting in major uplifts.
The Cyprus Arc System is related to that collision, forming
the southernmost thrust belt (Fig. 5c). To its North, a
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flexural uplift (forebulge) prevailed (Symeou et al., 2018).
To the East, major flexural subsidence (foredeep) marked the
northern margin of the Levant Basin. Lattakiya Basin
(northern coastal Syria; Fig. 1) was formed and channeled
sediments from northern mountain ranges. Sediments also

originated from Anatolia through Homs Gap (northern
Syria). The development of a foreland basin south of the
Cyprus Arc System is believed to occur on attenuated con-
tinental crust, which resulted in significant subsidence (Inati
et al., 2018). Sediments from Arabia and Egypt principally
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filled this foreland basin, while its depocenter migrated
southward during the Cenozoic (Hawie et al., 2013). The
Messinian drawdown may have accentuated the discharge of
sediments locally from the hinterland (Fig. 5c and d).

Further collision occurred with major uplift along the
eastern and southern margins. The Nile became the major
basin feeder in terms of clastic sediments (Fig. 5c), while El
Arish and Sinai deltas supplied important amounts of sedi-
ments too (Barrier et al., 2018; Dolson et al., 2014). From the
North, sediments originated from the uplifted mountainous
ranges and the Paleo-Euphrates river system and reached the
Mediterranean through the Lattakiya Basin and Nahr
el-Kabir (Hawie et al., 2017). In the Pliocene, the Levant
Fracture was already in place, completely separating Arabia
from Africa and cutting off most of the sediment supply from
the Arabian plate toward the Levant Basin (Figs. 3d and 5d).
Anatolia went through westward lateral tectonic escape (with

the Cyprus Arc system changing from S-N compressional to
strike-slip dextral motion). A lateral slab tear has been doc-
umented below Anatolia (around the Antalya Basin). Com-
pression associated with uplift dominated the northern part of
the Levant Basin. No more input of sediments from the North
was possible—except the Troodos ridge and the Lebanese
mountains. The latter had accelerated uplift through trans-
pressional tectonics (Nader, 2014).

An overview of the different stratigraphic units from the
ESM, the Levant Margin and Basin over the Nile Delta
toward the Western Desert is provided in Fig. 6. Further,
Figs. 7, 8, and 9 show representative regional cross-sections
—based on seismic interpretation—of the three main regions
Levant, Western Desert, and Nile, respectively. The evolu-
tion of their depositional environments and their related
petroleum systems will be discussed in detail in the fol-
lowing sections.
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3 The Levant Basin

3.1 Depositional Environments

During Early Triassic times, the “Eastern Mediterranean
Rift,” extending from Tunisia to Palmyra (central and North
Syria), was filled by thick marine deposits, mainly present as
dolomite (Nader, 2014; Fig. 6). In the shallow regions along
the Eastern Levant Margin (ELM), as well as on top of the
Eratosthenes Seamount, which always represented a bathy-
metric high since its disintegration from the Afro-Arabian
margin in the Triassic (e.g., Ghalayini et al., 2014; Mon-
tadert et al., 2014; Robertson, 1998; Segev & Rybakov,
2010), sequences of evaporites, dolomites, as well as plat-
form carbonates, developed during the Carnian between 237
and 227 Ma (e.g., Garfunkel & Derin, 1984, Fig. 6). The
continuous rifting around the Triassic-Jurassic boundary led

to extensional subsidence of the whole area that prevailed
together with the deposition of slope and deeper marine
carbonates, promoting the accumulation of organic-rich
facies (Fig. 6).

In the Late Jurassic and toward the Early Cretaceous, the
open sea retreated with the evolution of rather shallow car-
bonate platforms along the ELM and in the southern part of
the Levant Basin. In contrast, its northern part together with
the ESM remained in a rather deep environment (Grohmann
et al., 2021, and references therein). In the Early Cretaceous,
post-rift thermal subsidence continued in the Levant Basin,
which became filled by deeper marine clastics derived from
Afro-Arabia (Nader, 2014). Along the ELM, these clastics
are bounded by an unconformity to their top and base, the
latter one comprising a slightly larger time span toward the
South from the end of Kimmeridgian (152 Ma) to Valangi-
nian (140 Ma). The ESM and the Troodos platform, at that
time, shrank but remained in a rather shallow environment
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with the deposition of platform carbonates. In the late Aptian,
the global settings remained the same with the development
of a belt of carbonate platforms on the margins of the Levant
Basin which was filled with slope–basinal and deeper marine
clastics. Terrigenous clastic platforms also prevailed toward
the onshore areas (Fig. 6). Active extension and thus tectonic
subsidence occurred again in the Palmyra and Abu El
Gharadig basins (Fig. 5c; Barrier et al., 2018), while the
remaining area underwent passive thermal subsidence. The
Mardin (Turkey) and Rutbah (Iraq) paleohighs became
the major providers of continental sediments found mainly in
the northern part of the Levant Basin (Nader, 2014).

The Cenomanian is associated with a major sea-level rise
and transgression, which affected the eastern Mediterranean
basins with the development of large carbonate platforms
covering the entire Mardin and parts of the Rutbah paleo-
highs (Nader, 2014). The Levant Basin and the Palmyra
Basin in the northern part of the ELM hosted deeper marine
carbonates, whereas the southern ELM as well as the ESM
developed shallower carbonate buildups (Fig. 5b). The
transition toward these general shallower conditions is
marked by the regional top Turonian (also referred to as
Base Senonian) Unconformity along the ELM (Bou Daher
et al., 2016).

The closure of the Mesogea Ocean in the Late Creta-
ceous, just before the collision of the Afro-Arabian and
Eurasian Plates, was accompanied by a general sea-level rise
together with post-rift subsidence. This resulted in the
drowning of the whole Levant region leading to more
deep-marine, pelagic carbonate sedimentation (e.g., Gardosh
et al., 2008; Nader, 2014). Major inversion began especially
on the margins of the Levant Basin (e.g., Syrian Arc struc-
tures, Cyprus Arc). At the same time, a large-scale upwelling
system affected the whole Levant region forcing the depo-
sition of Upper Cretaceous source rocks along the ELM
(Almogi-Labin et al., 1993; Bou Daher et al., 2014, 2015),
the ESM (Grohmann et al., 2018, Fig. 5b), and the Western
Desert Basin (Ghassal et al., 2018). Similar upwelling pro-
cesses might have occurred in the Nile Delta, southern
Levant Basin, and Eratosthenes in the Eocene, resulting in
the deposition of important source rocks.

In the Paleocene, the overall settings did not change
considerably. The Sinai region became the domain of a
terrigenous platform with deposition of clastics, while the
anticlinal structures became uplifted and subaerially exposed
—some surrounded by carbonates (Figs. 7b, c). The Azraq
and Euphrate grabens witnessed passive thermal subsidence.
Together with the Palmyra and Levant basins, these grabens
became sites of sedimentation of deep-marine clastics,
probably derived from the highlands (Baer Bassit, Mardin,
Rutbah, and Sinai).

The uplift and tilting of the African and Arabian northern
margins due to plate collision (with Eurasia) in the

Oligocene led to considerable denudation of the subaerially
exposed hinterland and the rapid filling of the basins with
siliciclastics (Gardosh et al., 2008; Nader, 2014; Figs. 5c and
6). The pathways for this sediment transfer were numerous
ancient rivers and submarine canyons along the eastern and
southern margins of the Levant Basin (Hawie et al., 2017).
Today, the Nile River is the only major sediment source for
the Levant Basin (Fig. 5d).

3.2 Petroleum Systems

During several periods, depositional conditions were suitable
for the formation of petroleum source rocks of different
qualities, which occur either throughout the whole East
Mediterranean realm or rather localized in certain smaller
regions. Based on Rock-Eval® data, Fig. 10 shows a com-
prehensive overview of the major source rocks of the East
Mediterranean region.

Terrigenous clastic intervals of Early Jurassic age are
among the oldest proven source rocks that can be found in
the East Mediterranean. Such intervals are found in the
southern Levant Margin (Figs. 5a and 6; Gardosh et al.,
2008). Triassic to Mid-Jurassic organic-rich limestones are
believed to provide potential source rocks with mixed
marine-terrestrial Type II–III kerogen in Lebanon, based
on regional correlation with the nearby Palmyra Basin
(Ghalayini et al., 2018). El Hajj et al. (2019) investigated
dysodiles and organic-rich facies from the Upper Jurassic
and the Lower Cretaceous intervals surface exposed in
Lebanon (ELM), revealing a very good to excellent source
rock potential (Total Organic Carbon (TOC) contents 13–
19 wt.%; hydrogen index (HI): up to 649 mg HC/g TOC;
Tmax: 424–428 °C; vitrinite reflectance (VR) < 0.5%).
During the Late Cretaceous sea-level rise, deposition of
deeper marine source rocks took place throughout the East
Mediterranean region (Bou Daher et al., 2014). The source
rocks along the Levant Margin are related to a large-scale
upwelling system (Almogi-Labin et al., 1993; Bou Daher
et al., 2014 and 2015; Grohmann et al., 2018 and 2021;
Fig. 5b). Along the Levant Margin, such source rocks can
be found as fine-grained limestone intervals of Turonian to
lower Maastrichtian age, showing good source rock qual-
ities with TOC contents up to 11 wt.% in Lebanon (Bou
Daher et al., 2014 and 2015) or as phosphatic shales and
limestones of Maastrichtian to Paleocene age with even
higher TOC contents up to 22 wt.% in Israel or Jordan
(e.g., Almogi-Labin, 1993; Abed et al., 2005;
Abu-Mahfouz et al., 2020). The thickness of these inter-
vals can reach up to 200 m in Lebanon (Bou Daher et al.,
2014) and Israel (Almogi-Labin et al., 1993), and up to
400 m in N-NE Jordan (Abed et al., 2005). As typical for
upwelling systems, these source rocks are rather restricted
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to the paleo-shelf and upper margin regions, and it is
unlikely that they extend into the deepest part of the basin.
Further, all these intervals contain partly organic
sulfur-rich Type II-S kerogen with high HI values gener-
ally ranging between 400 and 800 mg HC/g TOC classi-
fying them good to excellent source rocks (Abed et al.,
2005; Bou Daher et al., 2014 and 2015); Fig. 10a). Such
Type II-S kerogen is expected to start generating petro-
leum at lower temperatures than a sulfur-lean kerogen type
would do. Similar source rock intervals of Late Cretaceous
and of Eocene age are found on the ESM, which are
believed to be related to either the same or to similar
upwelling processes in the area (Grohmann et al., 2018).
Information on these source rocks was based on the
interpretation of geochemical data from a few, mainly
onshore locations. In a recent study by Grohmann et al.
(2021), the depositional processes of these source rocks
were numerically modeled. The results of this study sup-
port the geochemical interpretations and provide a
numerical model of the spatiotemporal source rock distri-
bution for petroleum system modeling, changing important
source rock parameters from a user-defined choice to a
model-based input. At the basin-marginal locations, where
all studied samples originate from, these source rock sec-
tions are commonly thermally immature with VR val-
ues < 0.4% onshore Lebanon (Bou Daher et al., 2014,
2015) and < 0.3% in Jordan (Abed et al., 2005) and along
the ESM (Grohmann et al., 2018). The integration of the
numerical source rock models and petroleum system
modeling increases the probability for finding thermogenic
Late Cretaceous petroleum systems in certain offshore
areas, such as offshore northern Lebanon or South and
East of the ESM (Grohmann et al., 2021, Fig. 11).

Considerable amounts of terrestrial organic matter were
most likely transported along with the clastic material that
was shed into the Levant Basin upon the separation of the
Afro-Arabian plate in the Oligo-Miocene and the strong
uplift of the Levant margins (Hawie et al., 2013, 2017; Inati
et al., 2018). In contrast to the upwelling-related Cretaceous
source rocks, which are probably rather restricted to the shelf
regions, the Oligo-Miocene source rocks might be much
more widely distributed and can even occur in much greater
thickness. The numerical simulations by Grohmann et al.
(2021), for example, have shown that terrestrial organic
matter might be accumulated to different extents in all the
clastic fan and turbidite deposits in the Levant Basin.
While TOC contents are generally low (<1 wt.%), cumula-
tive thicknesses of moderately organic-rich rocks might
reach more than 1000 m. All the Oligo-Miocene source
rocks are mainly immature (VR < 0.5%), based on gas

shows in some wells rather close to the basin’s margin (e.g.,
Feinstein et al., 2002). Within the deeper basin, however,
thermal maturities might reach the early onset of the ther-
mogenic oil window (Grohmann et al., 2021). Despite this,
the high sedimentation rates during these periods, together
with rather low geothermal gradients, provided perfect
conditions for microbial gas generation (Schneider et al.,
2016). Thus, these source rocks might be the primary source
of microbial gas, which is present in almost all accumula-
tions within the area, discovered during the last decades.
Although gas makes up by far the most significant contri-
bution in all these discoveries, some indications of a mixed
oil–gas system are also available (e.g., Karish field; Ducros
& Nader, 2020).

The highest generation of microbial gas can be expected
below temperatures of about 45 °C (e.g., Katayama et al.,
2022). Even at low geothermal gradients, such temperatures
occur at depths, where compaction of the organic matter
containing shale and marl deposits is still rather low; these
rocks cannot act as proper seals yet. Thus, it can be expected
that only minor amounts of the total generated gas were
trapped (e.g., Barabasch et al., 2019). Next to the many,
rather moderately filled clastic reservoirs, recently,
shallow-marine carbonate reservoirs with rudist biofacies of
Cretaceous age (e.g., Zohr field) were discovered hosting gas
accumulations. Assuming that most generated gas was lost
due to the lack of proper seals above the clastic reservoirs in
the basin during the main generation phase, the entrapment
within adjacent carbonate reservoirs seems reasonable. This
assumption is also supported by statistics, where several
rather small to moderate (clastic) reservoirs (1–16 Tcf)
compete with one large (30 Tcf, Zohr) (and few minor)
carbonate ones. Thus, the focus on carbonate-dominated
regions adjacent to the main delta and turbidite deposits both
along the Levant Margin as well as in the Western Desert
might increase the chance for more and significant discov-
eries. The ultimate cap-rock in the East Mediterranean
region, offshore (Levant and Herodotus basins), is the up to
2 km thick Messinian salt (or evaporite) interval. However,
most clastic reservoirs appear to be sealed by the sur-
rounding and overlying fine-grained siliciclastic facies
(marls and clays). The Upper Cretaceous, rudist-carbonate
reservoirs are either sealed by the overlying marl (a result of
platform drowning in the latest Cretaceous) or ultimately by
the Messinian evaporites. In addition, several Mesozoic and
Cenozoic intervals of evaporites, marls, and shales may act
as excellent sealing units for potential reservoirs (Fig. 6).

The turbidite systems may create their own sealing and
trapping mechanisms, which, however, as described above,
might not have been properlyworking in the earlymicrobial as
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generation stages due to low compaction. Nevertheless, trap-
ping is partly a result of paleoclimatic conditions and the
evolution of source-to-sink sediment transfer. The tectonic
evolution resulted as well in four-way closure features, trap-
ping considerable hydrocarbon accumulations (Ghalayini
et al., 2018; Symeou et al., 2018). The most significant tec-
tonic event capable of such trapping is the inversion that
resulted from convergence and ultimate collision of the
Afro-Arabian and Eurasian plates, also termed as Syrian Arc
deformations. This phase was followed by the breakup of
Arabia and Africa and the evolution of the Levant Fracture
systems,which led to transpression andmajor strike-slip faults
and associated structures. The latter also shows excellent
four-way closures on seismic data (Ghalayini et al., 2014).

4 The Northwestern Desert

4.1 Depositional Environments

The Western Desert of Egypt covers an area of approxi-
mately 700,000 km2, which represents about two thirds of
the total area of the country. The northern part of this area
borders the Mediterranean Sea–West of the Nile Delta,
including a continental shelf passing northward into the deep
offshore Herodotus Basin (Fig. 1), where the sedimentary fill
is likely to exceed 13,000 m (Schlumberger, 1984). Struc-
turally, the Northwestern Desert formed a part of the
southern margin of the Mesogea Ocean (Figs. 3 and 5) and
was a tectonically active from the Paleozoic to the Early
Cenozoic, when basin reconfigurations occurred (Fig. 8;
Hantar, 1990; Said, 1962).

The sedimentary column of the Northwestern Desert
comprises strata straddling from Cambrian-Ordovician to
Quaternary, reaching a thickness of more than 10,600 m in
the Abu El Gharadig Basin (Schlumberger, 1995). Within this
section, four major sedimentary cycles occurred, with maxi-
mum, southward transgression in Carboniferous, Upper
Jurassic, Middle and Late Cretaceous, middle Miocene and
Pliocene times. However, maximum northward transgression
phases occurred during the Permo-Triassic and Early Jurassic
and continued in the Early Cretaceous, and again in the Late
Eocene to Oligocene, with a final phase in the Late Miocene
(Schlumberger, 1984; Fig. 6).

Onshore Western Desert, most of the known stratigraphic
units alternate between carbonates and clastics with a bas-
inward succession (shallow carbonate to deeper clastic tur-
bidites; Fig. 6). This is probably due to both tectonics and
sea-level fluctuations, as the onshore part of the Western
Desert is located on the unstable shelf (Said, 1962) at the
margin with the Herodotus Basin. The offshore Western
Desert is characterized by Triassic–Lower/Middle Jurassic
dolomite and evaporite sequences, overlain by thick

deep-marine clastics of Late Jurassic to Miocene age. Wood
(2015) and Tassy et al. (2015) used offshore–onshore seis-
mic and well data to illustrate the Jurassic and Cretaceous
stratigraphic architecture and structural configuration across
the Egyptian margin. Their results demonstrate a striking
similarity between the Levant and Egyptian margins, with
Jurassic carbonate platforms prograding toward the East
Mediterranean basins and the overlying aggrading and ret-
rograding Cretaceous carbonate platforms (Figs. 7 and 8).
Tassy et al. (2015) further proposed that the varying Creta-
ceous shelf edge slope morphologies (abrupt to distally
steepen) control the deposition of shallow-marine sediments
and their export to the deeper basin. Similar slope mor-
phologies have been observed on the Eastern Levant Margin
(ELM) and the Eratosthenes Seamount (ESM), highlighting
basin fill onlaps (Hawie et al., 2013; Papadimitriou et al.,
2018a, 2018b). The basin sediment extension offshore the
Western Desert is characterized by thick mass transport
deposits (Tassy et al., 2015). Wood (2015) consider the
basal Abu Roash shales (Late Cenomanian age) a detach-
ment surface that was active during the margin uplift and
steepening of the slope coinciding with the “Syrian Arc”
inversions (Fig. 8). Turbidite systems are believed to occur
in the Oligo-Miocene intervals similarly to those observed in
the Levant Basin (Dolson et al., 2014; Nader et al., 2018;
Figs. 5c and 6) and could be very attractive for future
exploration.

4.2 Petroleum Systems

The Khatatba and Ras Qattara formations that are exposed in
the Shushan Basin in the Western Desert include Early
Jurassic source rocks of a mixed Type II-III, rather gas prone
kerogen type with low HI values of 100–260 mg HC/g
TOC; however, very high TOC contents of up to about 50
wt.% can be reached (Shalaby et al., 2011). With thermal
maturities between 0.5 up to 3.5% VR, they cover the whole
range from early oil to late gas window maturities, which
were reached between the Late Cretaceous and Tertiary
(Shalaby et al., 2011). Therefore, most of the hydrocarbon
generation potential has already been transformed, and these
source rocks are believed to be responsible for thermogenic
oil and gas generation in the Western Desert and the Nile
Delta (e.g., Shaaban et al., 2006; Wigger & Bailey, 1997).
Similar source rocks containing mainly terrestrial organic
matter can be also found in the Upper Jurassic as well as in
the Lower Cretaceous sections of the Northwestern Desert.
TOC contents of these intervals are rather low with maxi-
mum values of about 2.4–3.1 wt.%, while HI values are
generally lower than 240 mg HC/g TOC (Fig. 10), empha-
sizing a strong contribution of terrestrial organic matter (El
Atfy et al., 2019).
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The Late Cretaceous source rocks found in the Western
Desert are thought to be the result of increased
bio-productivity caused by increased nutrient input via
deposition of detrital material (Ghassal et al., 2018; Fig. 5b),
in contrast to the source rocks along the ELM, which have
been related to a large-scale upwelling system that affected
the whole Levant Margin (see above).

The Triassic clastics in the onshore Western Desert host
mainly oil accumulations (Fig. 6). The Lower and Upper
Jurassic shallow-marine coarse clastics, in the same region,
also host oil. The onshore Western Desert basins also
include evaporite (and dolomite) oil reservoirs (Albian) and
shallow platform carbonate oil reservoirs (Upper Cretaceous
and Eocene). The common Cretaceous reservoirs in the
Western Desert are within the Bahariya and Abu Roash
formations (Ghassal et al., 2018). Previous interpretation of
seismic data (onshore and offshore; e.g., Tassy et al., 2015)
and newly acquired data suggest a continuity of the known
onshore reservoirs (and generally the related petroleum
systems) to the proximal shelf area. Further into the basin,
the platform slopes may also host carbonate buildups with
potential reservoirs as also observed on the eastern margins
of the Levant Basin (Ghalayini et al., 2018). In the distal
offshore, the Oligo-Miocene turbidite systems may as well
provide potential reservoirs, especially for microbial gas
accumulation. The turbidite systems may also provide trap-
ping layers with finer sediments, which are ultimately sealed
with the Pliocene shales and Messinian evaporites.

5 The Nile Delta

5.1 Depositional Environments

The Nile Delta is located between the Western Desert and the
Levant Basin along the northern margin of the African Plate
(Morgan, 1990; Fig. 1). The Nile Delta Basin was influenced
by several tectonic events since the beginning of the Meso-
zoic (Tassy et al., 2015; Zaghloul et al., 1999a). The oldest
known stratigraphic record in the Nile Delta Basin is assigned
to the Middle Triassic; however, due to the lack of outcrop or
well penetration in the Nile Delta Basin, the stratigraphy can
only be inferred by regional paleogeographic interpretations.
In the southern Nile Delta Basin, the Triassic sedimentary
sequence was interpreted as a tidal flat deposit by Kerdany
and Cherif (1990), whereas Guiraud and Bosworth (1999)
suggest a carbonate platform depositional environment in the
South and deep-marine environment in the North. Further
opening of the Neo-Tethys in the Early Jurassic caused the
expansion of a wide Jurassic-Cretaceous carbonate platform
from the Western Desert to Sinai (Parisot et al., 1996; Tassy
et al., 2015; Figs. 5a, b). The oldest sedimentary rocks
penetrated are indeed these shallow-marine Early Jurassic

carbonates (Ghassal et al., 2016; Fig. 6). Various depositional
environments were inferred for the better known Lower
Cretaceous that could range from lagoonal to open shelf
(Harms & Wray, 1990; Zaghloul et al., 1999b). The deposi-
tional environment changed from open marine in the Aptian
to alternating marine and alluvial deposits in the Albian
(Figs. 5b and 6) and again to open marine during the Ceno-
manian, lasting until the end of the Cretaceous (Guiraud &
Bosworth, 1999).

During the Late Cretaceous–Early Eocene period, regio-
nal sedimentation was influenced by the Syrian Arc inver-
sions, resulting in E-NE-trending structures occurring
contemporaneously with the closure of the Tethys (Harms &
Wray, 1990; Zaghloul et al., 1999a). The Syrian Arc event
was responsible for regional erosion; thus, these rocks are
not widely preserved (Ghassal et al., 2016). This is a plau-
sible reason for limited penetration of the Upper Cretaceous
to Eocene succession in most Nile Delta wells (Harms &
Wray, 1990).

The opening of the Gulf of Suez and the Red Sea during
the Chattian-Aquitanian produced dominant extensional
NW-trending faults resulting as the African and the Arabian
plates diverged (e.g., Bosworth, 1994; Patton et al., 1994).
The rift reactivated Syrian Arc structures and developed
coastal faults that enhanced the gravitational sliding of the
Oligocene shales over the pre-Oligocene carbonate rocks in
the hinge zone along with the extrusion of basaltic flows
(Hussein & Abd-Allah, 2001). It triggered the formation of
highs in southern parts and lows to the North of the delta
area. Few wells penetrated the Oligocene, showing various
lithologies from upper to middle slope deposits, open marine
deposits, fluvial clastics, and basalt (Harms & Wray, 1990).
The Oligocene deposits were derived from the South
through a canyon (up to 300 m depth) with about 12 entry
points, whereas the southern Nile Delta was subaerially
exposed (Dolson et al., 2001) following an eustatic sea-level
fall (Guiraud & Bosworth, 1999). Fluvio-deltaic sedimen-
tation prevailed toward the Nile Delta, while shallow-marine
and deepwater shales were deposited beyond the hinge zone
(Dolson et al., 2001). The hinge zone created a
paleo-topography in which the delta sediments were accu-
mulated (Tassy et al., 2015). It is typified by a significant
increase in dip rates north of seismically mappable
Cretaceous-Eocene horizons and associated WNW–

ESE-trending basement fault (Sarhan & Hemdan, 1994).
The early Oligocene shoreline shifted rapidly northward,
where fluvial and shallow-marine sandstone facies were
deposited during the maximum highstand (Dolson et al.,
2001). The tectonically induced lowstand continued during
the upper Oligocene and is characterized by upper- to
mid-fan deposits overlain by outer-fan clastics (El-Heiny &
Enani, 1996). In addition, reactivation of the older listric
normal faults (of Cretaceous-Eocene age) led to throws
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sometimes exceeding 400 m and gravitational instability
affecting the Oligo-Miocene strata, which probably gener-
ated fluid leakage to the seafloor (Tassy et al., 2015). Listric
normal faults during the latest Cretaceous-Eocene period
affected the whole Tertiary basinal argillaceous strata along
the hinge zone causing spatial extensions (Fig. 9). An uplift,
associated with the Gulf of Suez rift, took place during the
Miocene and detrital clastic sedimentation prevailed. The
Miocene sediments were mainly controlled by structures
related to the opening of the Red Sea and Gulf of Suez
(Zaghloul et al., 1999b). The sea level rose more promi-
nently during the Middle Miocene. Thus, the thicknesses of
the Middle Miocene sediments are greater than the Lower
Miocene ones (Fig. 9; Harms & Wray, 1990; Zaghloul et al.,
1999b). Throughout the middle-late Miocene, a prevalent
uplift interrupted marine sedimentation conditions that pre-
vailed during the Early Miocene (Farouk et al., 2014).
A rapid sea-level fall occurred in the East Mediterranean
region, affecting particularly the Nile Delta Basin (bounded
by reactivated listric faults) and resulted in the development
of a major unconformity (Hanafy et al., 2016). Regression
occurred in the Late Miocene, especially during the Messi-
nian salinity crisis (Guiraud & Bosworth, 1999). This is
expressed by an abrupt sea-level fall resulting in fluvial
incision on the delta plain and the transport of a large vol-
ume of deltaic sediments outboard (Dolson et al., 2001).
Deposits of this time are nearly absent in the southern Nile
Delta Basin, while sandy shale lithologies covered the
eastern part of the basin (Zaghloul et al., 1999b). This also
left a wide erosional surface and Grand Canyon scale incised
valleys (Barber, 1981). During the Pliocene, marine trans-
gression occurred and resulted in deposition of marine sed-
iments that filled the Messinian incised valleys (Dolson
et al., 2001; Ross & Uchupi, 1977). Then, fluvial and flu-
viomarine deposits prevailed (Zaghloul et al., 1999a). The
Pleistocene is mainly composed of fluvial sandy facies
(Zaghloul et al., 1999b).

5.2 Petroleum Systems

The oldest proven East Mediterranean source rocks of Early
Jurassic age (found on the northern margins of the African
and Arabian plates) are believed to be buried deeply below
the Nile Delta (e.g., Shaaban et al., 2006). These source
rocks, as mentioned above, comprise mainly a mixed Type
II-III, rather gas prone kerogen (e.g., Shaaban et al., 2006;
Wigger & Bailey, 1997).

With the separation of the Afro-Arabian plate in the
Oligo-Miocene and the strong uplift of the Levant area, the
pelagic, carbonate-dominated depositional environment
changed and huge amounts of clastic materials were shed
into the Levant Basin coming from both the Nile Delta as

well as from the Eastern Levant Margin (e.g., Hawie et al.,
2013 and 2014; Inati et al., 2018; Fig. 5c). It is also likely
that relatively high amounts of terrestrial organic matter
were transported along with the clastic material. This fact is
reflected in the type of source rocks, which were deposited
during this time. Whereas Cretaceous and Eocene source
rocks are mainly composed of Type II and Type II-S
marine-derived kerogen (Fig. 10), the Oligo-Miocene sec-
tions are rather characterized by a mixed Type II-III kerogen.
Consequently, source rock qualities are generally lower,
with HI values often clearly below 200 mg HC/g TOC, as
for example, in the Nile Delta (e.g., Ghassal et al., 2016;
Fig. 10). Further, the idea of low TOC and low quality, but
thick clastic source rocks, is supported by observations by
Rasoul and Khaled (2019), who report thick (>1000 m)
intervals of Oligocene sand and siltstones with low but rather
homogenous concentrations of terrestrial organic matter in
the Nile Delta.

Due to the limited penetrations, the pre-Paleogene reser-
voirs are poorly understood in the Nile Delta Basin. Most of
the known reservoirs in the Nile Delta are Cenozoic in age
(Oligocene, Miocene, and Pliocene/Quaternary) and pri-
marily host thermogenic and microbial gas (e.g., Monir &
Shenkar, 2016). The Nile Oligo-Miocene reservoirs are
made up of deepwater slope channels as well as fluvial
channels, while the Messinian and younger reservoirs are
related to Nile turbidite and fan delta facies (Cross et al.,
2009; Keong et al., 2014; Pigott and Abdel Fattah, 2014).
The traps are mainly rotated-fault blocks, 4-way dip clo-
sures, and anticlines (Monir & Shenkar, 2016). The Nile
Delta lithologies are very heterogeneous, including silici-
clastics of variable grain sizes as well as argillaceous car-
bonates (Cross et al., 2009, Nabaway et al., 2018).

6 Discussion

The current geodynamic understanding of the East
Mediterranean region comprises the Tethyan oceanic evo-
lution, the associated lithospheric mantle upwelling within
the Afro-Arabian plate and subduction slab pull and rupture
at its boundary with Anatolia, the opening of the Red Sea
and the establishment of the Levant Fracture System, and
finally the westward escape tectonism of Anatolia. The
Mediterranean margin of Egypt has been affected by the
above geodynamic events whose imprints are recorded in
the Herodotus and Levant basins (as well as their continental
margins) and the Nile Delta Basin. In this chapter, the
geodynamic driving forces, tectono-stratigraphic features,
depositional environments and petroleum systems of the
Levant Basin (and its ELM and ESM), the Western Desert
(passing northward to the Herodotus Basin), and the Nile
Delta are presented. The similarities along the East
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Mediterranean southern and eastern margins are demon-
strated since these areas were part of the Mesogea Ocean
southern passive margin and underwent the same geody-
namic history since the Paleozoic (break up of Pangea) until
the Cenozoic (separation of Africa and Arabia). Therefore,
the onshore–offshore extension that is relatively well known
across the Levant Basin can provide clues for the new
exploration frontier across the Northwestern Desert margin
and the Herodotus Basin. Figure 6 illustrates in a simplified
form these similarities in terms of lithostratigraphic succes-
sions, potential source rocks, and reservoir rocks. For
example, the Lower Jurassic, Upper Jurassic/basal Creta-
ceous, Upper Cretaceous source rocks are equally found in
the onshore ELM and the Western Desert.

Upon the convergence of the African and Arabian Plates
with the Eurasian blocks, the first phases of inversion took
place along the East Mediterranean margin, resulting in the
“Syrian Arc” structures. Changes in the orientations of these
structures and further deformation associated to the Levant
Fracture System (Nader, 2014) result in different structural
patterns along the ELM compared to the Egyptian margins
as well as in distinct structural trapping mechanisms. The
evolution of the Levant Fracture, leading to the complete
separation of Arabia from Africa and cutting off all major
eastern sediment pathways to the Mediterranean basins (in-
cluding a northern Paleo-Euphrates source), left the Nile as
the main sediment feeder to the East Mediterranean basins.
The huge amount of sediments channeled through the Nile
included complete petroleum systems with source rocks
prone for microbial gas generation, turbidite sand reservoirs,
and shale seals. The entire Nile Delta Basin system exists
today, and sediments can be traced from source to sink. This
contrasts with the older, Oligo-Miocene sediment pathways
from the hinterland to the Levant and Herodotus basins,
which are more difficult to define.

Based on the proposed correlation between the Eastern
Levant Margin and the northern Western Desert, the
potential of the Upper Cretaceous source rocks needs to be
revisited. First, the onshore–offshore extension of these
source rocks, where thermal maturities are expected to be
high enough for thermogenic hydrocarbon generation, has
been investigated (Ghassal et al., 2018; Grohmann et al.,
2021). Two conceptual depositional environment models are
proposed for the Late Cretaceous source rocks found in the
Western Desert and the Levant Basin. While in the former
area, the organic-rich intervals are thought to result from
increased bio-productivity and nutrient input through depo-
sition of detrital material sourced from the immediate hin-
terland (Ghassal et al., 2018); in the latter area, an upwelling
model has been proposed limiting the organic-rich interval to
a specific zone along the slope (Bou Daher et al., 2016).
Without available well data in the offshore, a major uncer-
tainty remains for any analysis of petroleum systems

confirming or rejecting any proposed concept. Recently,
numerical simulations of depositional pattern over time,
including source rock deposition, combined with basin and
petroleum system modeling (Bou Daher et al., 2016; Groh-
mann et al., 2021), confirmed the upwelling model pertain-
ing to the Levant Basin and suggested the two regions,
where the source rocks and favorable thermal maturities
co-exist. They are located about 50 km offshore northern
Lebanon as well as about 50–100 km southeast of the ESM,
where respective intervals might be present and lie within
the oil-window thermal maturity since the Eocene. The latter
region, southeast of the ESM, is close to the Zohr discovery
which is reported to be charged by microbial gas. Hence, if
more reservoir structures could be identified along the
southern flank of the ESM, both thermogenic and micro-
bially charged reservoirs should be taken into consideration.

Additionally, the occurrence of such an upwelling system
during the Late Cretaceous along the eastern margin of the
Levant Basin was prompted by a number of paleogeographic
and paleoclimatic factors that have been more or less
unchanged throughout the Late Cenomanian to Late Eocene
period (Dercourt et al., 2000). Thus, during the Late Ceno-
manian to Late Eocene upwelling period in the East
Mediterranean, petroleum source rocks were deposited on the
shelf at times of high sea level, e.g., Campanian-
Maastrichtian. At times of low sea level, some organic mat-
ter rich deposits were probably deposited along the slope with
varying quantity and quality due to a shift of locations of high
primary bio-productivity and changes of their lateral extent.

Numerical modeling, if coupled with suitable analog
studies (Grohmann et al., 2021), may overcome the issues
pertaining to the lack of control and calibration wells. In
addition, the relatively recent development of seismic data
processing and interpretation techniques appears to be
attractive for revealing possible source rocks (Liu et al., 2007).
Finally, regional correlation and robust structural geological
interpretations based on state-of-the-art concepts remain
essential. This type of petroleum geology requires complex
regional efforts that cross over disciplines and state borders—
something that remains difficult in this part of the world.

Bou Daher et al. (2016) and Barabasch et al. (2019)
showed that hydrocarbons generated from the potential
Upper Cretaceous source rocks in the eastern Levant Basin
would migrate up dip through the margins toward the east.
The authors suggested that unless the sealing Eocene marl
and clay units are breached, the Oligo-Miocene microbial
and the deeper Cretaceous thermogenic systems would not
mix and not charge the same structures. Furthermore, Ducros
and Nader (2020) proposed areas in the Levant Basin prone
to fracturing of the Eocene equivalent sealing unit leading to
mixing of thermogenic and microbial systems (Fig. 12)
based on machine learning and uncertainty analysis. This is
indeed demonstrated by the Karish discovery, offshore
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Israel, which contains a mixed oil-gas accumulation and is
located along a major deep-rooted fault system. Based on the
discussion above, particularly, in relation to the correlation
between the margins of the Levant Basin and the northern
Western Desert, similar mixing of petroleum systems can
occur as well in offshore Western Desert.

The discovery of Zohr field is regarded as a game-changer
in the exploration activities across the East Mediterranean
realm. Such rudist-carbonate buildups of Cretaceous age are
believed to be present in many locations, based on seismic
data interpretation. They are surrounded by Oligo-Miocene
shale and clastics and ultimately capped by the Messinian
evaporites. Such isolated buildup or structure have been
reported along the margins of the Levant (Eratosthenes flanks
and eastern margin/Lebanon, Israel; Ghalayini et al., 2018;
Papadimitriou et al., 2018a, 2018b) and Herodotus (offshore
Western Desert) basins. These are ideal traps for any type of
petroleum accumulation. Cemented carbonate reservoirs
might also provide more optimal reservoirs with respect to
the less compacted sandstones at the early stages of the
microbial gas generation and entrapment. This might explain
the huge amount of gas hosted in Zhor field (30 Tcf).

7 Conclusions

This chapter presents a general geological overview on the
East Mediterranean realm integrating geodynamic evolution,
tectono-stratigraphic features, and depositional environ-
ments as well as the known petroleum systems. The focus is

set on the Levant Basin, the Western Desert, and the Nile
Delta, where major discoveries have been reported and a
considerable amount of data exists. These regions within the
East Mediterranean are believed to include more than 63,000
MMBOE (based on various previous studies, cited above).
Their common geodynamic history until the separation of
the African and Arabian plates entices correlated petroleum
systems. The general onshore–offshore extension of the
Northwestern Desert (to Herodotus Basin) is comparable to a
certain degree with the Eastern Levant Margin—until the
establishment of the Levant Fracture System. The Upper
Cretaceous source rock distribution across the Western
Desert margin is, nevertheless believed to be controlled by
increased bio-productivity and nutrients with sediment
transport from nearby hinterland, contrasting an upwelling
scenario for the same source rocks in the Levant Basin. In
addition, the possibility of mixing hydrocarbons from such
deeper kitchens with the overlying microbial gas accumu-
lated in the Oligo-Miocene interval has been proven through
modeling the probability for fracturing the Eocene sealing
unit and the discovery of Karish. The Nile Delta includes
such Oligo-Miocene systems and is regarded as the principal
sediment feeder of the East Mediterranean basins since the
Late Miocene.

The presence of carbonate plays has been demonstrated
by the discovery of the giant Zohr field. Though complex
and challenging to predict, similar reservoirs are expected to
be present and will need further geological concept devel-
opment, numerical modeling, and integration of regional
knowledge to be discovered.
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Finally, the East Mediterranean realm remains a frontier
hydrocarbon province with the potential to bring surprising
discoveries that will support the region’s societal develop-
ment, but also a considerable wealth of knowledge that will
help in understanding sedimentary basins at the intersections
of major plate boundaries and the association of deep litho-
spheric processes and major shallow and surface processes.
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