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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.
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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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Fig. 1 Location map showing the sedimentary basins of Egypt (Dolson et al., 2000)

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
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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-
Froder 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
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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

warm/low salinity and density water

" cool/high salinity and density water

high biological productivity
minor water circulation

" darkzone/no O, resulpy

winds moves surface waters along ;/-*

nutrient rich water ascend to surfaces

Fig. 2 A schematic diagram of common marine source rock deposi-
tional settings. Pink polygons are anoxic/oxygen minimum zones
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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; Luci¢ 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 (Luci¢ 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; Luci¢ 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
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Littke 2005; Belaid et al., 2010; Dolson et al., 2014; Liining
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; Liining 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 FEocene, 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).
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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 (EI 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 EI 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 x 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
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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.

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.

(b)

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 1 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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plot data suggest that both the Alamein and Alam EIl 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 EI Atfy et al. (2019) is similar to those
previously described for the Sharib-1 x and Ghoroud-1 x
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
CaCOj; 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

H. El Atfy et al.

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.

. 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.

. 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.

. 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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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 I1I;
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>1

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 km? 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
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Fig. 5 Total organic carbon (TOC), CaCOs, 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)
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Fig. 6 Pseudo van Krevelen diagram covers most of the known source rock intervals within different basins in Egypt. Data are available in Tables

1,2,3,4and 5

nature of the source rocks for the Abu Hammad-1 well as

follows:

0l (mgCO2/gTOC)

Basin
QO Abu Gharadig Basin, Westem Desert
O Gulf of Suez
< Matruh Basin, Western Desert
W Nile Delta

Lithostratigraphy
W Kareem
B Rudeis
W Alamein
B Abu Roash "A"
EAbu Roash "B"
M Abu Roash "C"
CJAbu Roash "D"
EAbu Roash "E"
W Abu Roash "F"
W Abu Roash "G"
[lBaharyia
OKharita
[CAlam El Bueib
W Masajid
[CJKhatatba

1. Highly oil-prone and mature source rocks with amor-
phous organic matter in the lower Masajid, Khatatba, and

middle Rajabiah formations.
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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. CaCO5; was calculated from total inorganic carbon (Ghassal et al., 2018)

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, T,,,« 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.
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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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50 pm

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). ¢ 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). ¢ 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

Palynomorphs

&
B Phytacl éif $§g e
- oclasts A : 2
€53 8 S AN LV
£ 5 F f & ag Qf & (gm
£
& = & opaque Translucent L, ‘?a AMOM/Phytoclasts/Palynomorphs Marine/Nonmarine
0 30 0 70 0 20 0 0 0 20 0 100 0 100
___ 1 4 _.. F " b = -
. 5 .
3504~ Phytoclasts Nonmarine
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400+ —|
— 15
450{—
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] Type II-11l kerogen
500+ — |
M Lathshaped [l Cuticle B Spore [l Algae [l Foram
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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/IIl 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
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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., 20006).

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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