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ABSTRACT

Lower to Middle Eocene organic-rich deep-water limestones of the ~335-m-thick (1100 ft) Radwany (Thebes-
equivalent) Formation represent a source rock and a potential reservoir unit at the October Oil Field in the Gulf
of Suez. However, in spite of recent exploration advances, the pore system and diagenetic history of the for-
mation are still poorly understood. This study aims to discriminate porosity types and their vertical distribution,
assess the diagenetic processes controlling porosity evolution, and evaluate the unit’s overall reservoir potential.
To achieve these goals, we utilized an integrated petrographic, mineralogical, geochemical and petrophysical
dataset from four offshore wells. At October Oil Field, the Radwany Formation is informally divided into three
intervals (from the base up: C, B and A) which are composed of planktonic foraminiferal wackestone,
wackestone-packstone and packstone microfacies. Pores include both fabric selective (interparticle, intraparticle
and moldic) and non-fabric selective (fracture) types. Visible porosity reaches up to 11.6%, and the highest
porosity values are associated with interparticle pores in foraminiferal packstone in interval C. The two overlying
intervals have lower porosities but have TOC values of up to 6 wt %. The Nuclear Magnetic Resonance (NMR)
analysis yields low amplitudes of short T2 components (max. 52 ms), which suggests the presence of small pores
(intraparticle, moldic, fracture, and fissure). Based on the electrical quality index (EQI) rock classification, nine
groups were identified, suggesting a high heterogeneity of the formation. The highest EQI values positively
correlate with high porosity (visible and estimated) in the lower part of Interval C which is dominated by
interparticle/intraparticle porosity, thus reflecting the low tortuosity values of this microfacies. Dominantly low
EQI values in Intervals A and B indicate low porosity efficiency and higher tortuosity. Carbonate sediments of the
Radwany Formation are interpreted to have undergone a complex series of diagenetic processes. These processes
modified the primary pore system either by enhancing the reservoir properties (dissolution and fracturing), or by
reducing or destroying porosity (cementation, mechanical and chemical compaction, and minor pyritization,
chertification, and asphaltene precipitation). The study highlights the unconventional reservoir potential of the
middle and upper parts of the Radwany Formation (intervals B and A) at October Oil Field, and the conventional
reservoir potential of interval C. It emphasizes the complexity of diagenetic controls on the porosity evolution in
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deep-water limestones of the Gulf of Suez, and may provide valuable insight into similar deep-water carbonate
systems in rift basin reservoirs elsewhere.

1. Introduction

The petrophysical properties of carbonate rocks reflect both the
original depositional processes and subsequent diagenetic modifications
that may enhance and/or reduce porosity (Lucia, 2007). Following the
syndepositional creation of primary porosity, which in modern
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carbonate sediments ranges from 40 to 70%, the reservoir properties of
carbonates can be modified post-depositionally in eogenetic (near-sur-
face and shallow burial), mesogenetic (deep burial), and telogenetic
(uplift) realms (Choquette and Pray, 1970; Lucia, 2007). In carbonate
reservoirs, porosity is commonly enhanced by dissolution and reduced
by compaction and cementation, whereas recrystallization and
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Fig. 1. Location map of oil fields in the Gulf of Suez region; the October Oil Field is marked with a black rectangle. The inset map shows the location of the study area

in Egypt (modified after El Diasty et al., 2020).
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replacement can both create and/or destroy porosity (Ahr, 2008).
Fractures may significantly enhance porosity and permeability, but may
also act as impediments to fluid flow if filled with gouge or mineral
cements (Nelson, 2001). Consequently, complex pore systems are a
characteristic feature of carbonate reservoirs, and nanno-to micro- and
meter-scale pore connectivity can have a significant effect on hydro-
carbon storage and recovery (e.g., Lomando, 1992; Hollis, 2011;
Burchette, 2012; Ehrenberg et al., 2015; 2019; Hollis et al., 2017;
Worden et al., 2018; Amel et al., 2015; Fallah-Bagtash et al., 2020;
Kakemem et al., 2021; Ghasemi et al., 2022; Abouelresh et al., 2022).
Thus, an understanding of the petrophysical properties of a carbonate
reservoir is essential for reservoir evaluation (Benjumea et al., 2019;
Boutaleb et al., 2022; Machel, 2005; Radwan et al., 2021a).

Due to the presence of more homogenous and easier-to-develop
sandstone reservoirs, carbonate rocks in the Gulf of Suez subsurface
have remained poorly studied and were not given the exploration pri-
ority in the past. This study focuses on the reservoir potential of the
Ypresian to Lutetian (Lower to Middle Eocene) carbonate succession at
the October Oil Field (Fig. 1). Lower to Middle Eocene carbonates in the
Gulf of Suez and elsewhere in Egypt have conventionally been attributed
to the Thebes Formation (e.g., Scheibner et al., 2001; Corlett et al.,
2018). These grainy and nummulitic carbonates form a regionally
extensive lithostratigraphic unit outcropping across Egypt, from the
Western Desert and the Nile River Valley to the Eastern Desert and the
Sinai Peninsula. The Thebes Formation carbonates were deposited in a
relatively shallow-water platform setting along the southern Tethyan
margin (Said, 1960; Shaaban, 2004; Guiraud et al., 2005). Recently,
Radwan et al. (2020c) introduced a new formation name — Radwany
Formation - for time-equivalent carbonates at the October Oil Field
based on their interpreted deeper-water depositional environment and
biostratigraphy. The petrophysical properties, diagenetic history, and
reservoir potential of the Radwany Formation at the October Oil Field
have previously not been investigated in detail. Based on its total
organic carbon (TOC) content of 6 wt %, the formation has been iden-
tified as an oil-prone source rock in the October Oil Field area
(El-Ghamri et al., 2002; Alsharhan, 2003; El-Shahat et al., 2009; Radwan
et al., 2021a).

Here, we focus on the pore system network and the diagenetic
overprint effects on porosity and permeability of the Radwany Forma-
tion in the October Oil Field, with a comprehensive evaluation of its
reservoir properties based on an integrated lithofacies, mineralogical,
geochemical, and petrophysical dataset. The results will help to improve
understanding of the role and timing of diagenesis in modifying the
reservoir potential, and provide new insights into producing strategies
and the future exploration activities focused on the Eocene deep-water
carbonates in the Gulf of Suez.

2. Geological setting

The NNW-SSE trending Gulf of Suez (Fig. 1) formed by rifting be-
tween the African and Arabian Plates (Said, 1962; Dolson, 2020) which
was initiated at about 23 Ma (late Oligocene) (Robson, 1971; Mostafa
et al., 1993; Patton et al., 1994; Alsharhan and Salah, 1994, 1995;
McClay et al., 1998; Dolson et al., 2001). The basin is dominated by
tilted fault blocks and half grabens bounded by normal faults (Patton
et al., 1994; Dolson et al., 2014) and can be divided into three sub-basins
that differ in terms of fault polarity and regional dip (Bosworth and
Mcclay, 2001; Moustafa and Khalil, 2020). The northern and southern
sub-basins show a regional SW dip, whereas the central sub-basin ex-
hibits a NE dip (Patton et al., 1994). The sedimentary fill in the Gulf of
Suez rift basin has been described by numerous authors (Said, 1962,
2017; Darwish and El-Araby, 1993; Attia et al., 2015; Abudeif et al.,
2016, 2018; Radwan et al., 2019a, 2019b, 2019¢, 2020a, 2020b, 2021b;
Abdelghany et al., 2021; Radwan, 2021, 2022; Kassem et al., 2021) and
can be divided into (i) a pre-rift succession which encompasses the de-
posits overlying Precambrian basement up to the rift initiation in the late
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Oligocene; (ii) a thick syn-rift (late Oligocene to late Miocene) succes-
sion, which is overlain by (iii) a post-rift (Pliocene to Holocene) suc-
cession. The October Oil Field (Fig. 1) is located in the north-central part
of the rift basin, about 135 km SSW of the Suez City (28°46'40"N to
28°57'10"N, 32°57'33"E to 33°10'00"E) (Kassem et al., 2020; Radwan
et al., 2020a,c; El Baz and Kassem, 2020; Shehata et al., 2021). The field
covers an area of more than 22 km? and contains estimated ultimately
recoverable reserves of about 725 MMbbl (millions of barrels) of oil
(EGPC, 1996; El-Ghamri et al., 2002; Radwan et al., 2020c). The
structural setting of the field is dominated by the NW-SE trending
normal faults, and the associated pre-Miocene fault blocks that dip to the
NE (Fig. 2) (EGPC, 1996; El-Ghamri et al., 2002; Kassem et al., 2020).

Production comes from siliciclastic reservoirs including the
Palaeozoic-Lower Cretaceous Nubia Sandstone, the Upper Cretaceous
Matulla, Wata and Raha Formations, and the lower Miocene Nukhul and
Upper Rudeis Formations (Fig. 3). The oil-water contact was encoun-
tered at a depth of 3557 m (11,670 ft; true vertical depth sub-sea).
Source rocks are the Campanian-Maastrichtian and Eocene carbonates,
whereas the traps are structural and combined structural-stratigraphic
(Kassem et al., 2020; El-Ghamri et al., 2002; El-Shahat et al., 2009).

The sedimentary succession in crestal wells at the October Oil Field is
~3000 m (9843 feet) thick (Fig. 3). The lower to middle Eocene car-
bonates of the Radwany Formation are dominated by planktonic
foraminifera-rich limestones which are interpreted to have been
deposited in a pelagic setting in water depths of several hundreds of
meters (Radwan et al., 2020c). The formation conformably overlies the
Paleocene Esna Formation and is unconformably overlain by Miocene
shales and limestones (Fig. 4). Similar to the Esna Formation, the Eocene
section thins on the eastern and western flanks of the field; the thinning
seems to be a consequence of erosional rather than depositional
processes.

3. Materials and methods
3.1. Core description and analyses

This study is based on the description and analysis of 300 feet (91.4
m) of side-wall cores from the OCT-X well and cuttings from wells OCT-
71, -Z2, and -Z3 (Fig. 1). Formation top picks, formation thicknesses,
and cuttings descriptions were conferred using the available composite
mud logs and geological reports. The AAPG color scheme was used for
the description of the cuttings and the sidewall core plugs. Thirteen
sidewall core samples from the OCT-X well were used for petrographic,
mineralogical, geochemical, and petrophysical analyses. Plug diameter
was mostly 1.5 in (38 mm) and length was 4 in (101.6 mm), although
some samples were ~3 in (76.2 mm) long after removing the material
for thin sections and core analyses.

Standard petrographic analyses, point-counting, and visual porosity
estimates were performed on 60 blue epoxy-impregnated thin sections
(30 from well OCT-X, and 10 each from wells Z1, Z2, and Z3) at the
laboratories of the Jagiellonian University, Poland and the Institute of
Geology at the University of Innsbruck, Austria. Visual analyses included
the identification of sedimentary structures along with Dunham’s
(1962) rock types, grain size and sorting, grain types and abundance,
analyses of mineral (pyrite, chert) and asphaltene content, and fossil
content. Mud-supported carbonate rocks containing more than 10%
grains were identified as wackestones, whereas grain-supported rocks
with micrite matrix were classified as packstones (Dunham, 1962).
Where the rock texture was ambiguous, i.e. between mud- and
grain-supported, the sample was referred to as a wackestone-packstone
(average mud-content ~40%). Bioturbation intensity was defined using
the modified Reineck (1963) scale (Taylor and Goldring, 1993). Sorting
was described based on the visual comparison charts (Pettijohn et al.,
1973).

Visible porosity was described using the Choquette and Pray (1970)
classification scheme, and pore volume was calculated using the
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Fig. 2. Regional SW-NE cross-section through the central Gulf of Suez and October Oil Field showing the major structural features and the sedimentary succession

overlying the Precambrian basement (modified after Moustafa and Khalil, 2020).

JMicroVision image analysis software on thin-section photomicrographs
(Roduit, 2020). Porosity and permeability were measured on six side-
wall core plugs (S1 to S6) using a helium gas expansion porosimeter
(HEP-P) for porosity and the KA-210 gas permeameter for permeability.

3.2. Well-log analysis

Continuous gamma-ray (GR), density, neutron porosity, and re-
sistivity logs of the studied Lower to Middle Eocene succession from the
Oct-X well were analyzed. Petrophysical analysis focused on the com-
parison of continuous porosity values with lab measurements, total
organic carbon (TOC) estimation, and rock classification into classes
with similar petrophysical characteristics. Initially, during pre-
processing of the well-log data, erroneous and invalid data were
removed. The density porosity log was analyzed using density values of
2.72 g/cm? for the matrix and 1.1 g/cm? for the fluid. The matrix value
is supported by six measurements in boreholes located in the area
(Gupco, 2020). In addition, the effective porosity (®.) was calculated
from neutron porosity ®y and shale volume (Vg,) retrieved from the
gamma-ray log:

Be=n(1 —Vy) (@)

Given the little correlation between the compressional-wave (Vp)
and shear-wave (Vg) velocity with depth or age in carbonates, they can
be classified based on sonic measurements, mainly Vp/Vs ratio (e.g.,
Eberli et al., 2003). Since sonic log was not available, in our study we
focused on the resistivity and porosity datasets, as they could be phys-
ically related to pore geometries (Soleymanzadeh et al., 2018).

These authors introduced the Electrical Quality Index (EQI) as a way
of grouping rock samples based on the formation resistivity versus
porosity relationship. The formation factor (F) is calculated as:

F=rr (2)
Py

where py is the resistivity of the saturated rock, and p is the resistivity of

the saturating fluid (the fluid resistivity was taken as 0.2 Q m). The
relationship between the formation factor (F) and the porosity (¢) was
assumed to follow the Archie-Winsauer equation as:

F=agp™ 3

where m is the cementation factor and a is the tortuosity factor.
Soleymanzadeh et al. (2018) defined the EQI factor as:

1
EQI=\/75 4

where @ is porosity which has been demonstrated as an effective
parameter for petrophysical classification (Sun et al., 2021). The latter is
based on the equivalency between the hydraulic and electrical tortuos-
ities, as shown by Soleymanzadeh et al. (2018). EQI is inversely related
to electrical tortuosity. Hence, using the EQI as an electrical rock-typing
tool enables a petrophysical classification; in addition, such classifica-
tion is controlled by microstructural parameters. We used the Sol-
eymanzadeh et al. (2018) method, which included calculating EQI from
the well logs, and obtaining the tortuosity (a) and cementation (m)
factors for each of the EQI groups by fitting to the log-log plot. There is a
positive relationship between the low porosity and moldic pore type
with the high tortuosity factor, whereas the high porosity and connected
pore types reduce the tortuosity factor (Soleymanzadeh et al., 2018).

3.3. NMR analysis

The Nuclear Magnetic Resonance (NMR) log evaluation is an
important tool in petrophysical analysis of carbonate rocks (e.g., West-
phal et al., 2005; Radwan et al., 2021a; Elsayed et al., 2022), as it is not
influenced by the lithology. When used with the transverse-relaxation
times (T2) and their distributions, it may be interpreted to give
permeability, producible porosity, and irreducible water saturation
(Gubelin and Boyd, 1997). NMR is also used in correlation and cali-
bration of the permeability and porosity well-logs with core-plug pet-
rophysical measurements and calculated water saturation, in which
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Fig. 3. Generalized stratigraphic column for the Gulf of Suez and the October Oil Field (Radwan et al., 2020c).

resistivity input is needed (Coates et al., 1999; Ehigie, 2010).

In this study, the porosity was analyzed using NMR on three samples
(S1 to S3). A Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence was
used to measure the T2 distributions (Appel, 2004); WinDXP software
(Resonance Instruments, UK) was utilized to obtain the T2 distributions
from the CPMG echo-train data. The NMR log porosities were computed
by inversion of the T2 distribution spectrum (Coates et al., 1999).

3.4. TOC analysis

TOC was measured on 10 samples of the Radwany Formation using a
LECO CR-412 carbon analyzer at the Stratochem Laboratories, Egypt.
Recently, advanced statistical methods were used to obtain TOC using
geophysical well logging and lab measurements. However, these
methods were limited to studies with a significant number of TOC
measurements. Given the limited number of TOC values in this study, we
have estimated a continuous TOC record of the studied interval by using

the method of Zhao et al. (2016). It uses the overlap of density and
neutron porosity difference (clay indicator, I.)) and gamma-ray logs in a
non-reservoir zone to obtain a separation between the two curves. The
separation log is then correlated with TOC from sample analyses to
obtain a continuous TOC log.

4. Results

4.1. Lithostratigraphy, mineralogical composition, and organic matter
content

The thickness of the Eocene section in the October Oil Field varies in
most wells from 918 feet (280 m) to 1050 feet (320 m), reaching a
maximum of 1100 feet (~335 m) in the OCT-X well, the type well for the
Radwany Formation (Radwan et al., 2020c) (Fig. 4). The succession is
predominantly composed of massive, moderately burrowed, planktonic
foraminifera-rich limestones whose color ranges from light to dark
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brown and dark grey, and with variable hardness as parts of the suc-
cession are chalky, slightly argillaceous, or contain chert (Fig. 4). Oil
staining varies from fair to intense in samples from the upper part of the
Radwany Formation, moderate in samples from the middle part, and fair
in samples from the basal part.

The Radwany Formation at October Oil Field can be divided into
three intervals based on microfacies (textural types), chert abundance,
color, and detrital and authigenic components: these intervals, from the
base up, are referred to here as C, B, and A (Fig. 4).

Interval C forms the lowermost ~130 m (427 ft) of the studied suc-
cession (Fig. 4). Mineralogically, the samples from this interval are
dominated by calcite (89-92.5%) with rare pyrite (<1.3%) (Table 1,
Fig. 5); chert is absent. The asphaltene content is up to 1% (mean
0.96%). Packstones are dominant in the lower part of the interval,
wackestones in the middle, and wackestone-packstones in the upper part
(Fig. 6).

Interval B forms the middle, ~100 m (328 ft) thick part of the studied
succession (Fig. 4) and consists of wackestones (Fig. 6) with flattened
pectens and planktonic foraminifera. In general, the interval is dark grey
to dark brown and is characterized by the presence of chert fragments
(up to 4.5%; mean 3.1%) and estimated clay content is 5%-11%
(Table 1). The mean calcite content is 85.5% (maximum 86.5%), pyrite
is rare (0.4-1.3%; mean 0.9%), and the average amorphous asphaltene
content is 0.8% (maximum 1%) (Fig. 5).

Interval A forms the topmost ~105 m (345 ft) of the Radwany For-
mation (Fig. 4) and consists of wackestone-packstones and wackestones
containing flattened pectens and planktonic foraminifera (Fig. 6). In-
terval A is pale brown and has a calcite content of 85.4%-91.8% (mean
89.9%), and mean clay content of 6.2% (4-9% range) (Fig. 5). The
abundance of pyrite varies from 0.5% to 1.6% (mean 1.25%) and chert is
absent. The amorphous asphaltene content varies from 0% to 0.8%
(mean 0.34%).

4.2. Microfacies

Previous studies by Radwan et al. (2020c) have shown that the
Radwany Formation at the October Oil Field is composed of three
microfacies types: foraminiferal wackestones, wackestone-packstones,
and packstones (Fig. 7). The carbonate textures and fossil content
were interpreted to indicate a deep-water, outer ramp to basinal depo-
sitional setting. The rare occurrence of fine glauconite pellets (Fig. 8D)
indicates a low depositional rate, although it is not clear if these pellets
formed in situ (e.g., Follmi and von Breymann, 1992) or were trans-
ported from the adjacent shallow shelf. Based on new information from
the four wells analyzed in this study, the microfacies are summarized
below.

4.3. Microfacies 1: foraminiferal wackestone
Planktonic foraminiferal wackestone makes up ~50% of the

Table 1
Gross mineralogy, OCT-X well, Radwany Formation, October Oil Field.
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Radwany Formation and is the most abundant microfacies in interval B
and parts of intervals C and A (Fig. 6). The microfacies is composed of
microcrystalline calcite (micrite) and skeletal grains of predominantly
small planktonic foraminifera (Fig. 7A and B), including keeled Glo-
borotalia sp., deformed Acarinina sp. and Morozovella sp., along with
globigerinoids and indeterminate biserial foraminifera. Other bioclastic
grains include shell fragments (probably mollusks and ostracods) and
echinoids. Samples of this microfacies have the lowest porosity values
recorded in the Radwany Formation with secondary porosity, both
fabric-selective moldic and not fabric selective (fracture), being the
dominant type (Fig. 6).

4.4. Microfacies 2: foraminiferal wackestone-packstone

Foraminiferal wackestone-packstone forms parts of intervals C and A
(Fig. 6). The main skeletal components are small planktonic and sub-
ordinate benthic foraminifera (Fig. 7C). Among the former, the most
abundant are keeled Globorotalia sp., Morozovella sp., deformed Acar-
inina sp., and unidentified biserial species; deformed globigerinoids are
subordinate. Open-marine benthic foraminifera include Bolivina sp. and
Bulimina sp., both of which are commonly reworked. Other identified
skeletal particles include bivalve and echinoid fragments. Similar to the
foraminiferal wackestone, this microfacies is characterized by secondary
porosity only. Moldic porosity dominates pore types in wacke-packstone
in interval C, and both fracture and moldic porosity are present in in-
terval A (Fig. 6).

4.5. Microfacies 3: foraminiferal packstone

Foraminiferal packstone makes up ~10% of the Radwany Formation
in the October Oil Field. Bioclasts are represented by planktonic fora-
minifera, including keeled Globorotalia sp., Morozovella sp. and globi-
gerinoids; benthic foraminifera are subordinate (Fig. 7D). Samples of
this microfacies have the highest porosity values; pores include both
fabric selective and non-fabric selective types. Interparticle primary
porosity characterizes the microfacies in interval C, whereas fracture
and moldic secondary porosity dominate in interval A.

4.6. Diagenetic features

The Radwany Formation underwent a complex diagenetic history,
including shallow burial, late Eocene-early Oligocene uplift and erosion,
and subsequent deep burial. Diagenetic processes included cementation,
dissolution, mechanical and chemical compaction, pyritization, cherti-
fication, and hydrocarbon generation and migration (Fig. 6). Some of
these processes have improved, whereas others have reduced the pore
volume storage capacity and petrophysical properties of the studied
succession.

Calcite cementation is ubiquitous throughout the Radwany Forma-
tion with drusy, blocky, and microcrystalline calcite cement types

Interval Depth (m) Sample Calcite (%) Chert (%) Clay (%) Asphaltene-rich solids (%) Pyrite (%)
A 3782 S1 90.5 0 9 0 0.5
3794 S2 90.4 0 8 0.2 1.4
3805 S3 85.39 0 7 0 1.6
3818 S4 91.8 0 7 0.4 0.8
3840 S5 91.02 0 5 0.2 1.6
3852 S6 90.17 0 4 0.8 1.4
3858 S7 90.12 0 4 0.8 1.5
B 3925 S8 86.48 3 7 1 1.3
3949 S9 85.81 4. 5 0.9 1
3979 S10 84.36 2 11 0.5 0.4
C 4013 S11 92.2 0 3 1 1.2
4050 S12 89.65 0 6 0.9 1
4100 S13 92.48 0 4 1 1.26
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(Figs. 9 and 10). Drusy calcite cement fills intergranular and intra-
skeletal pores, molds, and fractures (Fig. 9 A, B) and is characterized by
clear, euhedral to subhedral, equant to elongated crystals. Crystal size
varies between 50 pm and 160 pm and crystals coarsen towards the
center of void spaces. Less common are blocky spar and microsparite
cements. Blocky spar fills fractures and locally occludes molds, whereas
microsparite occurs as patches of very fine equant calcite crystals in the
matrix of foraminiferal wackestone.

Dissolution is common in all three microfacies of the Radwany For-
mation and has primarily affected coarse bioclasts and foraminiferal
tests resulting in the formation of moldic porosity. Due to differences in
the size and shape of the affected skeletal material, the sizes of indi-
vidual molds range from a few pm to several mm (Fig. 8F). Dissolution
has also locally enlarged original interparticle and intraparticle pores as
well as fractures.

Within the studied succession, mechanical compaction is commonly
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Fig. 7. Photomicrographs of carbonate microfacies in the Radwany Formation at the OCT-X well, October Oil Field. (A) planktonic foraminiferal wackestone with
disseminated pyrite; depth 3955 m (12,976 ft). (B) planktonic foraminiferal wackestone; depth 3857 m (12,654 ft). (C) planktonic foraminiferal wackestone to
packstone with fragmented bivalves and disseminated pyrite; depth 4000 m (13,123 ft). (D) planktonic foraminiferal packstone; depth 4065 m (13,337 ft).

observed in foraminiferal packstone where it is manifested as point-
tangential and tight packing of the foraminiferal tests (Fig. 7D). Else-
where in the section, mechanical compaction is indicated by the pres-
ence of deformed and broken bivalve shells that are closely packed.
Wispy dissolution seams and stylolites (Figs. 9C and 10C), which in most
cases are filled with dark brown asphaltenes, are evidence of chemical
compaction (pressure solution) and are abundant throughout the
formation.

Pyrite is present throughout the studied succession with the greatest
abundance in intervals A and B (Fig. 5, Table 1), where it occurs in
foraminiferal wackestone and wackestone-packstone. Pyrite occurs as
microframboidal clusters or individual crystals dispersed in the micritic
matrix or replacing larger bioclasts or foraminifera tests (Fig. 9E and F).

Chert has previously been recorded as a characteristic feature of the
Eocene carbonates in Egypt, where it is typically found in well cuttings
as cm-to m-thick angular fragments (Said, 1962, 2017; Abdel-Wahab
and El-Younsy, 1999; Scheibner et al., 2001; Hussein and Abd
El-Rahman, 2020). In the studied samples from the OCT-X well, chert
fragments, most likely derived from nodules (cf., Hesse, 1989), were
found exclusively in well cuttings from interval B foraminiferal wacke-
stone (Figs. 4 and 5; Table 1).

Fractures and microfractures cut across the rock fabric in all three
intervals of the Radwany Formation. Fractures are sinuous or branching
(Fig. 9C and D, 11B), and are usually cemented with drusy calcite (Fig. 9
A, B) or filled with insoluble material or asphaltenes. Less commonly
fractures are open and solution-enlarged (Fig. 8C). Both fractures and
microfractures are most abundant in foraminiferal wackestone and
wackestone-packstone.

Finally, the content of amorphous organic matter in the samples from
the OCT-X well varies throughout the Radwany Formation. Organic
matter abundance increases in foraminiferal wackestone and
wackestone-packstone, and decreases in packstone. The dissolved
compounds of crude oil (asphaltenes) are present in fractures and sty-
lolites in foraminiferal wackestone-packstone and packstone (Fig. 9C
and D, and 10; Table 2), and, in addition, some brown to black residual
oil or tar is present locally.

4.7. Porosity types and distribution

Four types of porosity identified in the Radwany Formation are
associated with both fabric selective (interparticle, intraparticle, and
moldic) and non-fabric selective (fracture and fissure) pore types
(Fig. 8).

Fabric selective porosity includes interparticle pores which are the
dominant pore type in foraminiferal packstone in interval C (Fig. 8A),
and occur less frequently in foraminiferal wackestone-packstone. The
highest porosity values within the Radwany Formation (11.6%, Table 2)
are associated with this porosity type. Intraparticle pores within benthic
foraminifera and unidentified bioclasts contribute subordinately to the
overall porosity in foraminiferal packstone and wackestone-packstone
(Fig. 8A, E). The preferential dissolution of foraminifera and/or other
bioclasts led to the development of irregularly shaped moldic spaces
(Fig. 8F). Moldic porosity is common in intervals A and C, where it is
most commonly associated with foraminiferal wackestone and
wackestone-packstone (Fig. 6).

Non-fabric selective porosity includes fractures and fissures that cut
across the rock fabric; fissures were distinguished from fractures based
on their width of <10 pm and length of <1 mm. Fractures and fissures
are ubiquitous in foraminiferal wackestone and wackestone-packstone,
and occur throughout the Radwany Formation. They are observed at
both the sidewall core and thin-section scales (Fig. 8B-D). Fracture
porosity, although characterized by low values, enhances permeability
by connecting other pore spaces together.

4.8. Porosity and permeability values

Porosity was calculated by both visual methods and laboratory
measurements. In general, laboratory-measured values were higher
because very small pore spaces are hard to identify by visual observation

(Lucia, 2007).

(i) Visible porosity



A.E. Radwan et al.

Marine and Petroleum Geology 146 (2022) 105967

Fig. 8. Photomicrographs illustrating pore types in

the Radwany Formation, October Oil Field; pores
impregnated by blue epoxy. (A) intergranular and
intragranular porosity within benthic foraminifera;
Oct-X well, depth 4090 m (13,419 ft). (B) fracture
porosity, sample depth 3870 m (12,697 ft), OCT-Z1
well. (C) Solution-enlarged fracture porosity, depth
3900 m (12,795 ft), OCT-X well. (D) Fracture
porosity, depth 3915 m, OCT-Z2 well. (E) Intra-
granular porosity; depth 4000 m (13,123 ft). (F)
Moldic porosity, depth 3885 m (12,746 ft), OCT-X
well. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web
version of this article.)

Visible porosity throughout the studied succession reaches up to
11.6% (mean 2.5%; Fig. 11, Table 2). The lowest values characterize
foraminiferal wackestone in interval B (0.3-1%). Foraminiferal pack-
stone and wackestone-packstone in interval B exhibit >4x greater mean
porosity (1.7%) with values ranging between 1% and 4%. The highest
porosity values were recorded in interval C where the foraminiferal
packstones have a porosity of up to 11.6% (mean 10.2%). Residual
hydrocarbons plugging the small pores and wispy dissolution seams are
common (Figs. 9 and 10).

(ii) Core-plug porosity and permeability

A limited set of data from sidewall core plugs from the upper part of
the Radwany Formation (interval A) shows little variation in porosity
and permeability values between the different microfacies. Measured
porosity ranges from 0.6% to 1% (mean 0.85%), and the very low
permeability values range between 0.0009 mD and 0.0093 mD (mean
0.0044 mD) (Table 2, Fig. 12).

(iii) Nuclear Magnetic Resonance (NMR) porosity

All three samples analyzed contained exclusively secondary pores
(fracture and moldic). The mean transverse relaxation time (T2) for the
two samples of foraminiferal wackestone were 2.21 ms and 49.4 ms,
which corresponds to NMR porosities of 7.7 pu and 13.8 pu, respec-
tively. Slightly higher T2 values (mean 52.6 ms) characterized the
foraminiferal packstone, with NMR porosity of 10.4 pu (Table 2,
Fig. 13). The T2 spectra exhibit a bimodal left-skewed distribution
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(Fig. 13). The low amplitudes of short T2 components (Table 2) suggest
the presence of small pores (intraparticle, moldic, fracture, and fissure).
Overall, the NMR porosity values are higher than the core-plug porosity
measurements (Table 2). According to Aqgel (2016), the
laboratory-measured porosity values for lower permeability rocks are
lower than their NMR porosities.

(iv) Wireline log-based porosity

Based on the petrophysical evaluation of the density and neutron
logs, the estimated mean effective porosity of the Radwany Formation
carbonates is 10% (Table 2, Fig. 14). Similar to the visible porosity, the
wireline log-based estimated effective porosity shows the lowest values
within the foraminiferal wackestone in interval B (minimum 2%, mean
8%) (Fig. 14). Porosity values of interval A (foraminiferal wackestone
and wackestone-packstone) vary across the interval (Fig. 14), whereas
foraminiferal packstone in interval C has the highest effective porosity of
up to 15% (mean 9.5%).

4.9. EQI-based rock classification

EQI was calculated by utilizing the geophysical well-log data in
equations (2)-(4). EQI variation with depth is shown in Fig. 14, whereas
Table 3 shows values of tortuosity and cementation factors obtained
from the linear fitting of the log-log plot of formation factor versus
porosity (Fig. 15). The highest EQI values characterize the lower part of
Interval C, which is dominated by interparticle/intraparticle porosity.
The remaining parts of Interval C with fracture-moldic (middle part) and
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Fig. 9. Photomicrographs illustrating diagenetic features of the Radwany Formation, OCT-X well, October Oil Field. (A-B) fissure-filling drusy calcite, depth 3900 m
(12,795 ft) in A, and 4000 m (13,123 ft) in B. (C) Wispy dissolution seams filled with asphaltene; depth 3970 m (13,025 ft). (D) Asphaltene-filled fissure (black),
depth 3885 m (12,746 ft). (E-F) Pyrite replacing larger bioclasts, depth 3920 m (12,861 ft).

moldic-fracture porosities (upper part) exhibit low to moderate EQI
values. Interval B with fracture-fissure porosities shows overall the
lowest EQI values, albeit moderate values (0.3-0.5) were recorded in a
few intervals. Low values of EQI predominate in the lower and middle
part of interval A that are characterized by moldic and fracture fissure
porosities (Fig. 14), whereas its upper part with fracture-moldic-fissure
porosities has moderate values (0.3-0.5).

4.10. TOC distribution

The measured TOC values of the Radwany Formation range from
1.22 to 6 wt % (Table 2). The highest mean TOC value is in Interval A
(3.85 wt %), followed by Interval C (2.6 wt %), and Interval B (1.9 wt %)
(Table 2). The continuous estimated TOC log (Fig. 14) generally shows a
very good correlation with the core-measured TOC values; only one
outlier in the upper part of Interval A poorly correlates. The well log-
estimated TOC in Interval C ranges between 1 wt % and 3 wt %
(maximum <4 wt %: Fig. 5), and exhibits a close correlation with core-
measured values (Fig. 14). In Interval B, the well log-estimated TOC
generally ranges between 1 wt % and 2 wt %, with three intervals
exceeding 3 wt % (maximum 4 wt %). Well log-estimated TOC in In-
terval A is higher in the lower part (maximum 5 wt %), and lower in the
upper part (mostly 0.5-2 wt %).
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5. Discussion
5.1. Diagenetic overprint on porosity and permeability

The predominance of secondary pore types (moldic, fissure, and
fracture) indicates a complex, multi-stage diagenetic history of the
studied succession, which took place over a range of diagenetic settings
(Fig. 16). The studied ~335 m (1100 ft) thick lower (Ypresian) to middle
Eocene (Lutetian) succession at the October Oil Field was formed by the
slow deposition of carbonate mud and pelagic foraminifera in a deep-
water setting with limited terrigenous influence, as evidenced by the
relatively low clay mineral content (Table 1). Following deposition, the
Eocene carbonates underwent a series of diagenetic processes including
fracturing which modified the primary pore system. Some processes
improved the reservoir properties (e.g., dissolution and fracturing)
while others reduced them by plugging the voids and pore spaces (e.g.,
cementation, mechanical and chemical compaction, and hydrocarbon
migration; subordinate chertification and pyritization). Based on the
overall porosity and permeability values, the Radwany Formation may
be considered as relatively tight.

5.1.1. Porosity-enhancing diagenetic processes
Solution-enlarged porosity includes fine-scale inter- and intraparticle
pores and molds. Dissolution contributed to the creation of pore spaces
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during early burial, uplift, and continued later, as aggressive pore fluids
migrated laterally and vertically through the formation (Fig. 8F). Acids
were likely formed during the thermal maturation of organic matter
(Tucker and Wright, 1990), and may also have been generated during
sulfate reduction that resulted in hydrogen sulfide generation and the
precipitation of pyrite (Machel, 2001; Biehl et al., 2016). Overall, the
leaching of grains and/or matrix played a moderate role in the creation
of pore spaces (cf., Moore, 2001; Ehrenberg et al., 2012).

Strong post-Ypresian tectonic movements characterize the geo-
dynamic history of present-day Egypt, including the Gulf of Suez (Patton
et al., 1994; Bosworth et al., 2014). The present-day structural style of
the October Oil Field area was shaped immediately before or during the
Miocene, and early Miocene extension was associated with rapid sub-
sidence, fault-block rotation, and marine transgression (Steckler et al.,
1988; McClay et al., 1998; El-Ghamri et al., 2002) as well as significant
fracturing of the Eocene carbonate succession. In addition, some frac-
turing may also be the result of the late Eocene N-S to NW-SE directed
compression (Bosworth et al., 2014).

The fractures and micro-fractures identified in sidewall core samples,
cuttings, and thin sections from the Radwany Formation at the October
Oil Field indicate that brittle deformation had a significant impact on the
creation of pore space and hydrocarbon migration pathways (Bastesen
and Rotevatn, 2012; Rotevatn and Bastesen, 2014) (Fig. 8B-D). Some
fractures were enlarged by dissolution (Fig. 8C), which lead to better
connectivity between separate vugs and molds and, subsequently, an
enhanced permeability. However, during late burial, most of the
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Fig. 10. Photomicrographs illustrating late diage-
netic features of the Radwany Formation (indicated
by red arrows): (A) Asphaltene-filled microstylolites;
depth 3800 m (12,467 ft), OCT-Z1 well. (B) Open
sinuous fissure; depth 3850 m (12,631 ft), OCT-Z2
well. (C) Asphaltene-filled wispy dissolution seams;
depth 3910 m (12,828 ft), OCT-Z3 well. (D)
Asphaltene-filled foraminiferal mold and micro-
stylolite; depth 3870 m (12,697 ft), OCT-Z2 well. (E)
Asphaltene-filled microstylolites, depth 3910 m
(12,828 ft), OCT-X well. (F) Asphaltene-filled wispy
dissolution seam. Note blocky spar-filled Globoger-
inoides sp. cast above; depth 3910 m (12,828 ft), OCT-
Z1 well. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web
version of this article.)

observed fractures were filled with calcite cement or asphaltenes, which
resulted in reduced porosity and limited the positive impact of fracturing
on reservoir quality. Hairline-thin fissures are filled with drusy calcite
cement, whereas coarse blocky calcite occludes wider fractures. In
addition, most fissures appear to be poorly connected as evidenced by
the low permeability values of densely fissured intervals.

5.1.2. Porosity-reducing diagenetic processes

5.1.2.1. Cementation. Cementation reduces both primary and second-
ary porosity as pore spaces become filled with carbonate and other
authigenic cements (e.g., Lucia, 2007; Ehrenberg and Walderhaug,
2015; Al-Ramadan et al., 2020; Abdullah et al., 2022; Boutaleb et al.,
2022). It is ubiquitous in intermediate and deep-burial settings of
elevated temperatures, fluid mixing, and chemical compaction, where it
is associated with significant porosity/permeability reduction (e.g.,
Montanez et al., 1997; Machel, 2005; Read et al., 2016). Within the
studied succession, the preservation of burrows, absence of lamination,
and presence of intervals with intact foraminiferal tests, some of which
contain calcite overgrowths, suggest that the precursor carbonate muds
were deposited at slow rates and underwent at least some early lithifi-
cation (cf., Fischer and Garrison, 1967; Bartlett and Greggs, 1969;
Matter et al., 1975). However, given the general absence of early calcite
cements, pressure solution was likely a major source of calcium ions
once pore waters had been expelled during burial-related compaction.
Thus, microcrystalline spar likely pre-dates the mold- and fissure-filling
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Fig. 11. Main constituents of limestone samples, OCT-X well, October Oil Field. See Table 2 for sample depths.

Table 2
Porosity and TOC values, OCT-X well, Radwany Formation, October Oil Field.
Interval  Depth Sample  Core plug NMR" porosity Mean T, Visible porosity Effective porosity (wireline log-based) =~ TOC
(m) Permea Porosity (pw) (ms) (%) (%) (%)
-bility (%)
(mD)
A 3782 S1 0.0009 1 7.7 2.21 2.95 14
3794 S2 0.0025 0.6 13.8 49.4 0.5 12
3805 S3 0.002 1 10.4 52.6 1 9 6.01
3818 S4 0.004 0.8 0.95 12
3840 S5 0.008 0.7 0.3 10 2.18
3852 S6 0.0093 1 1.1 11 3.63
3858 S7 0.2 8 3.58
B 3925 S8 0.5 7 1.22
3949 S9 0.3 6 2.79
3979 S10 0.35 7 1.74
C 4013 S11 4 13 2.6
4050 S12 11.6 11 2.45
4100 S13 8.9 9 1.26

# Nuclear magnetic resonanc

drusy cement, which in turn is probably post-dated by fracture-filling
blocky calcite (Fig. 9A and B).

5.1.2.2. Compaction and pressure solution. Major mechanisms for
porosity destruction consisted of mechanical and chemical compaction
(e.g., Choquette and Pray, 1970; Moore, 2001), the processes that
generally are far more influential than cementation in porosity reduc-
tion (Ahr, 2008). The effects of compaction increased with burial depth
due to increasing overburden (e.g., Schmoker and Halley, 1982; Croize
et al., 2013; Husinec and Harvey, 2021). Mechanical compaction within
the studied succession is evidenced by the flattened and broken fora-
miniferal tests, tight packing of allochems, and point contacts (Fig. 7D).
It is also possible that the foraminiferal packstone texture was in part
generated as a result of the closer packing of foraminifera in what
originally was a wackestone. Mechanical compaction and dewatering of
the initially highly porous pelagic mud (e.g., Garrison, 1981) likely

began soon after burial, with significant porosity loss and thickness
reduction due to dewatering, rearrangement of particles, and closer
grain packing (Tucker and Wright, 1990). Following mechanical
compaction during the early burial, which resulted in a stable grain
framework, and subsequent late Eocene-early Oligocene uplift, further
burial and the associated late-phase diagenesis resulted in the increased
strain at grain contacts (Moore, 2001), and led to grain dissolution at
contacts and along interfaces (e.g., Bathrust, 1975; Buxton and Sibley,
1981; Leythaeuser et al., 1995; Alsharhan and Sadd, 2000; Fliigel, 2004,
2013; Husinec, 2016). These processes are evidenced in the studied
succession by the presence of abundant wispy dissolution seams and
stylolites, especially within foraminiferal —wackestone and
wackestone-packstone. Pressure solution also led to the internal redis-
tribution of organic matter in the form of local concentrations of
asphaltenes along solution seams and stylolites (Leythaeuser et al.,
1995) (Fig. 10). Pressure solution likely began at depths of 200-300 m,
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Table 3
Tortuosity (a) and cementation factor (m) for each EQI group obtained from
linear fitting on a log log plot of formation factor vs. porosity.

EQI interval a m R2
EQI <0.1 73.2 1.27 0.45
0.1 < EQI <0.15 64.5 0.99 0.60
0.15 < EQI <0.2 32.9 0.99 0.83
0.2 < EQI <0.3 14.5 1.07 0.75
0.3 <EQI <0.4 8.1 1.03 0.86
0.4 < EQI <0.5 4.6 1.06 0.97
0.5 < EQI <0.6 3.4 0.98 0.95
0.6 < EQI <0.7 2.6 0.98 0.87
0.7 < EQI <0.8 - - -

with the first stylolites forming at burial depths of at least 500 m (Lind,
1993; Fabricius, 2000).

5.1.2.3. Authigenic mineralization and asphaltene accumulation. Pyrite
occurs as microframboids scattered within the matrix or replacing bio-
clasts (Fig. 9E and F) throughout the studied succession. The formation
of pyrite framboids during deposition or shallow burial in deep-marine
sediments requires an anaerobic environment (Schallreuter, 1984),
although they can also form diagenetically during late burial, during
low-grade metamorphism, and by hydrothermal alteration (Li et al.,
2022). Framboid size distribution is typically fixed very early during
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anoxic diagenesis, generally within the top few centimeters of burial,
and is preserved through advanced stages of diagenesis and lithification
(Wilkin et al., 1996). The pyrite is formed as a result of sulfate reduction,
and the amount of pyrite formed is limited by the rates of supply of
organic matter, dissolved sulfate, and reactive iron minerals (Berner,
1984). Pyrite occurs within both matrix and bioclasts, and pyritization
can therefore be considered as a porosity-reducing process within the
studied succession, albeit one of limited significance.

Chertification (e.g., Gao and Land, 1991; Lawrence, 1993) resulted
in the formation of chert bands and nodules by the replacement of
carbonates by silica of biogenic or volcanic origin (Wise and Weaver,
1974; Maliva and Siever, 1989; Whittle and Alsharhan, 1994), most
likely during shallow burial. Snavely et al. (1979) proposed that the
Eocene chert was sourced from the siliceous skeletal material, whereas
Keheila and El-Ayyat (1992) suggested that volcanic activity was the
main source for the lower Eocene chert in the Sohag area of Upper
Egypt. If the former, then molds that formed by sponge spicule disso-
lution were subsequently obliterated by post-chertification intergran-
ular compaction (Maliva and Siever, 1989). In the Radwany Formation
at October Oil Field, chertification contributed to a reduction in the
effective porosity in Interval B carbonates.

The precipitation of asphaltenes and organic matter along stylolites,
pressure solution seams, and in void spaces has resulted in porosity
reduction (Figs. 9C and 10). The surface precipitation and pore plugging
have consequently led to permeability impairment (e.g., Mohammed
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Fig. 15. Log-log plot of formation factor vs. porosity; EQI groups are color-
coded. Black lines show the fitting obtained for each group. Values of tortu-
osity, cementation factor, and R2 are shown in Table 3. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web
version of this article.)

et al., 2021). Since the depositional environment was in general isolated
from terrestrial influences, the organic matter is most likely of marine
origin (e.g., Tyson, 1995; Koch et al., 2017). Given the overall tight
reservoir characteristics, stylolites likely served as primary hydrocarbon
migration pathways (cf., Liu et al., 2020). Although the asphaltene-rich
residues occur in moderate amounts only, they may have had a signif-
icant impact on permeability by subsequently reducing or closing the
pore throats (e.g., Lomando, 1992; Al Aasm and Packard, 2000;
Al-Siyabi, 2005).
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5.2. Electrical quality index vs. porosity

Soleymanzadeh et al. (2018) suggested a strong correlation between
EQI and the porosity efficiency and flow-pattern parameters in car-
bonate rocks, and applied the EQI method as an effective tool in elec-
trical rock typing. The EQI analysis of the Radwany Formation. yielded
nine groups of rock types with EQI values ranging from 0.1 to 0.8
(Fig. 15). This indicates a high heterogeneity of the formation, as the
differences in transport properties and pore spaces of carbonate rocks
may lead to a larger range of EQI values (Soleymanzadeh et al., 2018;
Sun et al., 2021). In which case, the larger EQI values indicate higher
porosity efficiency and a homogeneous flow pattern, while the lower
EQI indicates lower porosity efficiency and a heterogeneous flow
pattern. The highest EQI values of the Radwany Formation that were
recorded in its lower Interval C, which is dominated by inter-
particle/intraparticle porosities, tie with the high visible and estimated
porosities, and reflect low tortuosity values in the packstone microfacies
of Interval C. The remaining part of Interval C, which is dominated by
moldic-fracture and fracture-moldic porosity, exhibits low to moderate
EQI values; moldic porosity is typically related to the lowest EQI values
(Soleymanzadeh et al., 2018).

Within Interval B, several moderate EQI values (0.3-0.5) are in sharp
contrast with the overall low EQI values. These are likely related to
better pore connectivity given the larger number of the observed frac-
tures. The highest EQI values characterize the last part of this interval,
and correspond to the low tortuosity values resulting in a good porosity
efficiency. The low EQI values of the lower and middle part of Interval A
correlate with the predominance of the moldic-fracture and fracture-
fissure-moldic porosity (Fig. 14); moderate values (0.3-0.5) in its
upper part are compatible with the more abundant fractures.

5.3. Unconventional and conventional reservoir potential

Alsharhan (2003) identified the Radwany-equivalent Thebes For-
mation as both a source and a reservoir rock in the Gulf of Suez. In
addition, it may serve as a seal preventing oil migration from the un-
derlying Cretaceous sandstone reservoirs. The Radwany Formation is
made up of deep-water carbonate facies (Radwan et al., 2020) that
formed in an environment conducive to organic matter preservation
(Michel et al., 2019; Xia et al., 2019; Boutaleb et al., 2022), as evidenced
by both the geochemical measurements (Fig. 5, Table 2) and well-log
TOC estimates (Fig. 14). The measured TOC values (1.22 wt % to 6 wt
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%) reflect the good to very good source rock quality (good = 1-2 wt %,
very good >2%; Baskin, 1997). In addition, the continuous estimated
TOC log (Fig. 14) exhibits a mean ranging between 1 wt % and 3 wt %.
Overall, there is a very good correlation between the wireline-log esti-
mated and the core-measured TOC values (Table 2 and Fig. 14). A poor
correlation in the upper part of Interval A, where the highest TOC values
were measured, may be partly due to the very low natural radioactivity
(GR response), and partly due to the averaged values that may not be
truly representative of this relatively thin source-rock unit. The
EQI-based rock classification indicates a low-medium porosity efficiency
for the bulk of the formation, which supports the tight nature of the
formation except for its basal part. In order to better assess the uncon-
ventional reservoir potential, more geochemical analyses (i.e., pyroly-
sis) are needed as well as geomechanical measurements yielding
information on the rock brittleness.

Regarding the pore systems, the Radwany Formation exhibits very
low permeability (<0.01 mD) and poor to good porosity values (mean
7%) based on core plug measurements, thin-section analyses, and
wireline-log data (Table 2, Figs. 11, 13-14). The higher values of
porosity recorded by NMR reflect total porosity; movable porosity will
have lower values that are closer to those mentioned above. The only
part of the studied succession with conventional reservoir potential
occurs at the base of the Radwany Formation. The vertical distribution
of average density-neutron porosity thus shows that the highest porosity
values are associated with Interval C which is composed mainly of
foraminiferal packstone. Porosity in this grain-supported fabric is asso-
ciated with interparticle pore spaces, and porosity loss is due to me-
chanical and chemical compaction. The base of the Radwany Formation
(basal Interval C with interparticle/intraparticle porosities; Figs. 14 and
15) with the highest EQI values exhibits high visible and estimated
porosity values. This reflects the low tortuosity values of the Interval C
packstone microfacies, and its high degree of pore network connectivity
compared to the middle and upper parts of Interval C with larger moldic
pores (cf., Soleymanzadeh et al., 2018; Sun et al., 2021). Foraminiferal
packstone also occurs in Interval A in the upper part of the formation.
However, porosity in that interval is significantly reduced as a result of
calcite cementation, and subordinately due to pyritization and asphal-
tene precipitation. The lowest visual porosity and EQI values occur in
the middle part of the studied section (Interval B), which is dominated
by foraminiferal wackestone. Porosity values are slightly higher in the
overlying interval A where all three microfacies (packstone, wacke-
stone, and wacke-packstone) occur. Intervals A and B are characterized
by moderate to low EQI values and cementation factors (Table 3,
Fig. 15), indicating reduced connectivity of the pore network, i.e.,
higher tortuosity (Tiab and Donaldson, 2004; Ellis and Singer, 2007;
Glover, 2009). Overall, porosity in both the A and B Intervals was
reduced because of the mechanical and chemical compaction along with
authigenic cementation and asphaltene precipitation.

Thus, the Radwany Formation at the October Oil Field shows an
unconventional reservoir potential in Interval A (and subordinately B),
and a conventional potential in the lower part of Interval C. However,
further regional studies are required in this under-explored section of
the Gulf of Suez to fully evaluate the reservoir potential of the formation.
In particular, the currently unavailable sonic velocity data, coupled with
a detailed characterization of macro-to nanoscale pore architecture,
geomechanical and advanced geochemical analyses, as well as the
establishment of a high-resolution sequence stratigraphic framework,
should enable a prediction of the key potentially producing intervals
within the unconventional Interval A reservoir.

5.4. Limitations of this study and further recommendations

The results of this study suggest that the middle and upper parts of
the Radwany Formation (intervals A and B) at October Oil Field have
unconventional reservoir potential. However, in order to fully evaluate
such a resource potential, additional research methods should be

17

Marine and Petroleum Geology 146 (2022) 105967

applied. Firstly, a quantitative analysis of the pore evolution process
should be undertaken by utilizing the scanning electron microscopy
(SEM) along the whole interval with the unconventional potential.
Secondly, mechanical tests on carbonate samples should be performed
in order to define the geomechanical characteristics (e.g., brittle index
(BI), in-situ stress, Poisson’s ratio, and Young’s modulus). Namely,
although the Radwany Formation is an organic-rich interval with rela-
tively uniform distribution across the October Oil Field, the brittleness of
the formation has not yet been tested or estimated. Also, although
fractures have been recorded in thin sections and core samples, the
fracture network is still poorly understood, and utilizing the image logs,
outcrop analogs, as well as running numerical simulations should be
helpful for gaining an understanding of the fracture network controls on
the reservoir.

Hydraulic fracturing would be the best method for future uncon-
ventional resource exploitation, albeit it would be challenging given the
burial depth of the formation. The best zones for hydraulic fracturing
should be the layers with high brittleness, low in-situ stress, small hor-
izontal stress difference, or large vertical stress difference (Fujian et al.,
2019; Sohail et al., 2022). Should the above approach be successful, it
would result in a major breakthrough in the deep tight oil exploration in
the Gulf of Suez Basin.

6. Conclusions

At the October Oil Field, Gulf of Suez, the ~335 m (1100 feet) thick
Radwany (Thebes-equivalent) Formation is composed of an Eocene
(Ypresian to Lutetian) carbonate succession that can be subdivided from
the base up into informal lithostratigraphic Intervals C, B, and A. Car-
bonates consist of organic-rich, deep-marine planktonic foraminiferal
wackestone, wackestone-packstone, and packstone microfacies. By uti-
lizing the available well logs and thin sections, coupled with petro-
physical and geochemical analyses of core samples, we investigated the
formation’s diagenetic characteristics and evaluated its reservoir po-
tential. The major conclusions are as follows:

1. Both fabric-selective (interparticle, intraparticle, and moldic) and
non-fabric selective porosity (i.e., fractures) were identified. Inter-
particle porosity is dominant in the foraminiferal packstone of In-
terval C but is relatively rare elsewhere. Intraparticle porosity has a
minor contribution to overall porosity in foraminiferal packstone
and wackestone-packstone. Secondary moldic porosity is common in
Intervals A and C, and most often occurs in foraminiferal wackestone
and wackestone-packstone. Fractures and microfractures occur
throughout the entire succession studied but are particularly abun-
dant in foraminiferal wackestone and wackestone-packstone.

2. Porosity was enhanced by the dissolution of grains and/or lime mud
matrix during early burial; later dissolution took place because of the
migration of aggressive pore fluids through the carbonates. Brittle
deformation had a subordinate impact on porosity; some fractures
were enlarged by dissolution, although the majority of fractures were
filled by calcite cement or asphaltenes during late burial.

3. The major processes contributing to porosity destruction were me-
chanical and chemical compaction; the latter was the source of car-
bonate, which was precipitated as the cement that filled pore spaces
during late burial. Minor porosity-reducing processes included
authigenic mineralization (pyrite, chert), and asphaltene precipita-
tion; the latter resulted in decreased permeability by reducing or
closing pore throats.

4. Core measurements and petrographic analysis indicate the tight
nature of the Radwany Formation with both low permeability and
porosity. Visible porosity ranges from 0.3% to 11.6% (mean 2.5%),
whereas the core-plug measurements have a mean of 0.85%.
Maximum values were recorded in Interval C (mean 10.2%), whereas
values for Interval A (mean 1.7%) and B (mean 0.4%) are much
lower. NMR analysis shows low amplitudes of short T2 components
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(max. 52 ms) which indicates the presence of small pores (intra-
particle, moldic, fracture, and fissure).

5. Nine EQI rock-type groups were identified, which indicates a high
heterogeneity of the formation. The highest EQI values characterize
the packstone microfacies in the lower Interval C which is dominated
by interparticle/intraparticle porosity, and they reflect the low tor-
tuosity values. Intervals A and B have low to moderate EQI that
reflect low porosity efficiency and higher tortuosity.

6. Overall, the Radwany (Thebes) Formation at the October Oil Field
has an unconventional reservoir potential in Intervals A and B
(which have a TOC content of up to 6%), and conventional reservoir
potential in Interval C in which the foraminiferal packstones have
relatively good porosity. Such combined conventional-
unconventional reservoir potential may be characteristic of similar
rift-basin reservoirs elsewhere. However, a full evaluation of the
reservoir potential is pending sonic velocity data, detailed charac-
terization of the nanoscale pore architecture, and the establishment
of a high-resolution sequence stratigraphic framework.

7. To fully assess the unconventional resource potential of the pelagic
Eocene Limestones, a quantitative analysis of pore evolution using
SEM, mechanical tests, advanced logs, outcrop analogs, and nu-
merical simulations is required.
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