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a b s t r a c t

Offshore Nile Delta in Egypt represents an enormous hydrocarbon province with recent projected gas
and condensate discoveries of more than 50 trillion cubic feet “TCF”. Most of these occur in the post-salt
hydrocarbon plays where biogenic gases are dominant. This study integrates organic geochemistry,
seismic geomorphology and petrophysics in order to decipher the origin, and accumulation conditions of
the wet gas/condensate blend in the Upper Miocene sub-salt Wakar Formation sandstones in Port Fouad
Marine “PFM” Field, offshore Nile Delta. Hydrocarbon pay zones are scattered thin (<10 m) sandstones
deposited in as turbiditic channel/levee complex facies. Spatial distribution of vertical gas chimneys
(~2 km wide) rooting-down to the Messinian Rosetta salt is associated with the lateral pinching-out of
the turbiditic sandstones. Organically-rich (total organic carbon “TOC” > 1 w.t.%, hydrogen index
“HI” > 200 mgHC/gTOC) and mature (Tmax > 430 �C, vitrinite reflectance “VR” > 0.6 %Ro), source rocks are
restricted to Upper Miocene Wakar and Oligo-Miocene Tineh formations. The latter contains more
mature organofacies (up to 1.2 %Ro) and type II/III kerogen, thereby demonstrating a good capability to
generate wet gases. The studied gas is wet and has thermogenic origin with signs of secondary microbial
alteration, whereas the condensate contains a mixture of marine and terrestrial input. Molecular bio-
markers of the condensate, isotopic and molecular composition of the gas reveals a generation of
condensate prior to gas expulsion from the source. The Wakar sandstones have a heterogeneous pore
system where three reservoir rock types (RRTI, RRTII and RRTIII). RRTI rocks present the bulk compo-
sition of the Wakar pay zones. Spatial distribution of RRTI facies likely control the accumulation of the
sub-salt hydrocarbons. Our results provide a new evidence on an active petroleum system in the sub-salt
Paleogene successions in the offshore Nile Delta where concomitant generation of gas/condensate blend
has been outlined.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Petroleum source rocks are capable of generating and expelling
both liquid and gaseous hydrocarbon phases (e.g. Tissot and Welte,
1984; Hunt, 1996; Whiticar, 1999; Peters et al., 2005). The source
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rock characteristics (organic matter quality, quantity and maturity)
control the type hydrocarbons generated (Peters and Cassa, 1994;
Hunt, 1996; Leila and Moscariello, 2017; Abdelwahhab et al., 2022;
Radwan et al., 2022b; El Matboly et al., 2022; Fathy et al., 2023).
Concomitant generation of light liquid hydrocarbon and natural gas
blend has been reported from different geological contexts around
the globe (e.g. Leila and Moscariello, 2017; Loegering and Milkov,
2017; Leila et al., 2022a; Hassan et al., 2023a). Generation, expul-
sion and temporal evolution of these hydrocarbon phases are
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controlled by various geological processes (biogenesis versus
thermogenesis and primary versus secondary cracking). Therefore,
understanding the link between these processes and accurate
deciphering of hydrocarbon origin are crucial for petroleum
exploration and development campaign. Additionally, the accu-
mulation versus seepage of the expulsed hydrocarbons depend on
the spatial distribution of reservoir rock types (RRTs), migration
paths as well as seal integrity (e.g. Leila et al., 2022b, c; Hassan et al.,
2023b). Thus, delineating the active hydrocarbon kitchen and
defining its link with RRTs distribution, and migration paths are
essential for predicting the hydrocarbon accumulation as well as
seepage zones.

With recent estimated discoveries of more than 50 trillion cubic
feet “TCF”, offshore Nile Delta presents one of the most promising
regions for natural gas exploration in the world (Esestime et al.,
2016). These gases have variable origin ranging from pure
biogenic in some fields such as Zohr to thermogenic and mixed
thermogenic-biogenic in other offshore fields (N. Baltim, Nouras)
(Vandr�e et al., 2007; Esestime et al., 2016). Moreover, light oil and
condensates were also reported from several offshore fields (e.g.
Abu Qir, Temsah and Port Fouad Marine “PFM”). Commercial
accumulation of these hydrocarbon phases is preliminary depen-
dent on the presence of active feeding system (biogenic or ther-
mogenic source) as well as effective compartment of potential
reservoir and seal rocks (Peters and Cassa, 1994). The offshore Nile
Delta presents an active region for subsurface gas seepage (e.g. gas
chimneys) where sea-floor mud volcanoes were correlated with
subsurface gas escape, thereby typifying presence of active feeding
system with coupled with a reservoir or seal failure (e.g. Ismail
et al., 2020, 2021, 2024). The studied PFM lies in the eastern
offshore part of the Nile Delta (Fig.1). It has been discovered in 1992
by the International Egyptian Oil Company (IEOC) and came on
stream in April 1996 to initial production 70 MCF/d of gas and
3500 b/d of light oil. The Upper Miocene sandstones of Wakar
Formation represent the main hydrocarbon reservoir in PFM wells
(Fig. 2). Wakar sandstones represent an offshore equivalent for the
Fig. 1. Geologic map illustrating the location of the study region in the southern part of the e
in Figs. 3 and 4.

131
Qawasim deltaic sediments that host very prolific reservoir targets
in some onshore fields (e.g. Leila et al., 2020, 2023a). Gas chimneys
were reported nearby the studied wells, therefore, PFM field pro-
vides an ideal region to investigate the controls on hydrocarbon
generation, migration, and accumulation.
2. Geologic setting

The Nile Delta represents a large Paleogene-Neogene deposi-
tional system covering an area of approximately 250,000 km2 in the
northeastern part of the African continental margin (Fig. 1). The
tectonic evolution of the Nile Delta started with the Neotethys
opening associated with formation of an E-W flexure hinge zone
separating the south delta stable platform from the mobile, sub-
siding north Nile Delta Basin (Fig. 1; Sestini, 1989; Said,1990; Kamel
et al., 1998; Dolson et al., 2005; Leila and Moscariello, 2019). Sub-
sidence along the hinge zone faults triggered the deposition of a
thick pile of Paleogene-Neogene sedimentary successions in the
north Nile Delta Basin which host the most petroliferous strati-
graphic horizons in the Nile Delta (e.g. Dolson et al., 2005; Nabawy
and Shehata, 2015; Leila et al., 2020; El Adl et al., 2021).

Activation of old rift-fault trends (Temsah and Rosetta) frag-
mented the north Nile Delta basin into three sub-provinces or sub-
basins (Fig. 1; Sarhan and Hemdan, 1994; Bertello et al., 1996;
Kamel et al., 1998). The study region lies in the southern part of the
eastern sub-basin where the Temsah fault pattern is the main
structural domain that controlled the depositional evolution of the
Cenozoic sedimentary succession (Kamel et al., 1998; Lashin and
Abd El-Aal, 2005). The area was influenced by inversion tectonics
during the Paleogene subsequent to the Syrian arc phase, thereby
the pre-Oligocene sedimentary succession has been extensively
eroded (Mosconi et al., 1996; Hussein and Abd-Allah, 2001). The
Oligocene sediments comprise thick succession of muddy turbid-
ities accumulated contemporaneous to north-ward tilting of the
Nile Delta where subaerial canyons delivered sediments from the
Red Sea rift shoulders into the deep-water (Tineh Formation;
astern sub-basin, offshore Nile Delta. Yellow lines represent the seismic profiles shown



Fig. 2. Lithostratigraphic column of the Nile Delta eastern sub-basin illustrating the main source rock and reservoir intervals (modified after Leila and Mohamed, 2020).
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Dolson et al., 2005).
The Neogene-Quaternary sedimentary succession in the eastern

sub-basin was evolved during three different tectonostratigraphic
cycles (Fig. 2; Rizzini et al., 1978). The youngest is the Miocene cycle
which begins with a major transgressive episode resulting in
accumulation of thick succession of open marine mudstones
interbedded with deep-water carbonates. Large-scale sea level
fluctuations prevailed during the deposition of the Middle and
Upper Miocene strata, however, marine conditions prevailed
throughout the Middle Miocene. Therefore, the marine mudstones
and sandstones of the Sidi Salem Formation rest unconformably
above the Lower Miocene marine mudstones of the Qantara For-
mation (Fig. 2). Regressive phase prevailed during Late Miocene
and deltaic sedimentation during Late Tortonian-Early Messinian
where the deltaic sediments of the Qawasim Formation accumu-
lated onshore while Wakar Formation turbidities deposited in the
offshore. Late Messinian witnessed a massive sea level drop and a
partial to complete desiccation of the Mediterranean (Messinian
salinity crisis “MSC”) took place resulting in accumulation of
evaporites in the deep basins with coeval fluvial incisions on the
margins (Hsü et al., 1973; Clauzon, 1982; Dolson et al., 2005; Leila
and Moscariello, 2019; Madof et al., 2019). The MSC was ended
with a catastrophic reflooding of the Mediterranean during Early
Pliocene and the entire Nile Delta was covered by marine shales
(Kafr El-Sheikh Formation) (Leila and Moscariello, 2019; Leila and
Mohamed, 2020).

3. Data and methods

3.1. Seismic data interpretation

Seismic dataset comprises post-stack 2D seismic profiles
covering the studied PFM Field. The seismic data is sampled every
4 ms (ms) and has a dominant frequency of 25 Hz with a frequency
range between 5 and 65 Hz. Seismic data analysis started with
improving the signal-to-noise ratio. Afterwards, deterministic
wavelet extraction and seismic-well tying were performed to
identify the actual seismic response of the stratigraphic horizons.
Columnar disturbance in seismic data (poor data zones) were
detected to define the hydrocarbon seepage zones and their asso-
ciated features such as pockmarks, bright anomalies, and bottom-
simulation reflectors (BSRs) (Hyndman and Spence, 1992; Sun
et al., 2011; Ismail et al., 2021). Seismic attribute extraction tech-
niques were applied in order to improve the recognition of seismic
reflection features depending on the seismic waveform character-
istics (Gammaldi et al., 2022; Ismail et al., 2020, 2022).

3.2. Geochemical analyses

3.2.1. TOC and Rock-Eval pyrolysis
Total organic carbon (TOC) and Rock-Eval pyrolysis measure-

ments were carried out on 99 ditch cutting samples from twowells
(PFMSE-1 and PMFD-2R) at StratoChem laboratories, Egypt. The
selected samples cover all the studied successions: 48 samples
from the Oligocene Tineh Formation, 30 samples from the Miocene
Qantara and Wakar formations, as well as 21 cuttings from the
Pliocene Kafr El-Sheikh Formation. The samples were crushed and
washed with dichloromethane solvent to remove the hydrocarbon
contaminants (oil base mud). TOC values in the studied samples
were determined using a Leco CR12 system which involves a high
temperature combusion ~1300 �C of the sample in the prescence of
oxygenwhere the organic carbonwill be released in the form of CO2
which is then measured usin a solid state infrared detector. Rock-
Eval pyrolysis analysis was performed using the Rock-Eval-6
appratus which comprises a programmed combusion of
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60e70 mg of the sample in an inert atmosphere following the
analytical procedure of Behar et al. (2001). The pyrolysis results
include the organic carbon oxidation peaks S1, S2 and S3. The first
two parameters represent the amount of free and cracked hydro-
carbon released during pyrolysis, respectively. The pyrolysis tem-
perature at which S2 peak is obtained is the Tmax which infers on
the thermal maturation level of the rock (Peters and Cassa, 1994;
Hunt, 1996). S3 peak is the amount of organic CO2 released during
pyrolysis at elevated temperature levels up to 550 �C.

3.2.2. Vitrinite reflectance
Vitrinite reflectance (%Ro) measurements were carried out at

StratoChem laboratories, Egypt on a total of 16 samples retrieved
from Kafr El-Sheikh (n ¼ 9), Wakar (n ¼ 5) and Tineh (n ¼ 2) for-
mations. A Zeiss Universal microscope system equipped with
halogen, xenon, and tungsten was utilized to measure the reflec-
tance intensity. Beforemeasuring the reflectance, the samples were
crushed and then seived using a 63 mm seieve and then embedded
in epoxy resin to prepare the thin sections. The reflecivity mea-
surements were reported using a 546 nm wavelength mono-
chromatic light following the analytical procedure of
Mukhopadhyay (1992) and Peters et al. (2005). Reflectance mea-
surements were reported only for the good quality vitrinite where
the recycled and contaminated particles were excluded. A glass
standard with a reflectance of 1.02% in oil were utilized in cali-
brating the apparatus prior to each measurement.

3.2.3. Gas and condensate analysis
Gas analysis comprises the measurement of molecular and

isotopic composition of three gas samples retrieved from theWakar
sandstones in PFMSE-1 (1 sample) and PFMD-2R (two samples)
wells. Molecular composition of Wakar gases was obtained using a
Hewlett Packard 5890 gas chromatograph equipped with a flame
ionization detector (FID) which measures the different hydrocar-
bon gas phases. The abundant C1�C3 gas phases were collected in
order to measure their carbon isotopic composition (d13C) using a
Varian 3400 gas chromatograph equipped with an Isotope Ratio
Mass Spectrometer (IRMS). Additionally, an upgraded Micromass
602 spectrometer was utilized to measure dDmethane following the
procedure described by Sassen et al. (1999). The carbon isotope
values were reported as parts per thousands (‰) relative to the Pee
Dee Belemnite (PDB), while the deuterium isotope was measured
relative to the Standard Mean Ocean Water (SMOW) with
approximate experimental error (1s) of ±0.2‰.

Molecular biomarker analyses were conducted on one conden-
sate sample retrieved from the Wakar sandstone reservoir in
PFMSE-1 well. Saturates-aromatics and resin fractions were sepa-
rated using a silica-alumina column chromatography. The carbon
isotopic composition d13C of saturates and aromatic fractions was
measured using the Varian 3400 gas chromatograph-IRMS appa-
ratus. Further chromatographic separation of the saturated frac-
tions was performed and comprised a whole oil gas
chromatography, and a detailed C6 & C7 gas chromatography to
determine the relative concentrations of various molecular bio-
markers. These analyses include a programed heating of the
condensate sample from 40 �C to 340 �C with a temperature
increasing rate of 10 �C/min following the analytical procedure
described by Moldowan et al. (1984) and Peters and Moldowan
(1993).

3.3. Wireline logging analysis

Complete suite of wireline logs retrieved from PFMSE-1 and
PFMD-2R wells were interpreted to define the hydrocarbon pay
zones and calculate their petrophysical properties. The calculated



Fig. 3. (a) The original amplitude seismic; (b) An enhanced seismic section tied with PFMSE-1 well; (c) An interpreted 2D stratigraphic section illustrating a thinning of the Wakar
Formation northward. The seismic profile location is shown in Fig. 1.
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petrophysical parameters include total and effective porosity, shale
volume, and water and hydrocarbon saturations. The standard
petrophysical formation evaluation procedure was followed in this
study (Poupon et al., 1970; Asquith and Gibson, 1982; Dewan, 1983;
134
Schlumberger, 1991; Abdelwahhab et al., 2022; Radwan et al. 2021,
2022a; Radwan and Nabawy, 2022). The formationwater resistivity
(Rw) and cementation factor (m) of the Wakar sandstones were
determined using Pickett's plot (Pickett, 1972).



Fig. 4. (a) The original amplitude seismic section; (b) an enhanced seismic section; (c) an interpreted stratigraphic section demonstrates the lateral variation in thickness in the
study region. Gas chimneys are clearly depicted in (b) and (c) as vertical gas pathways, shallow faults, BSR, and bright reflectors and anomalies. The seismic profile location is shown
in Fig. 1.
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Fig. 5. (a) The original amplitude seismic section illustrating some vertical discrepancies interpreted as gas seepage regions (see the black rectangle); sweetness and RMS attribute
extraction (b, c) for the enlarged rectangle in (a) illustrating the bright anomalies, BSR, and bright reflections (besides the pockmarks) with the maximum values while the gas
chimneys with minimum values.
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3.4. Routine core analysis

Routine core analysis involves porosity, permeability, and grain
density measurements for selected 22 core plugs from the Wakar
sandstones in two wells (PMFD-2R and Wakar-1). These routine
measurements were conduted in Corex laboratories, Egypt using
helium gas expansion porosimieter and nitrogen permeameter. The
obtained petrophysical parameters allows the identification of
different hydraulic flow units (HFUs) and reservoir rock types
136
(RRTs) encountered in the studied Wakar sandstones. HFUs and
RRTs were interpreted based on some calculated parameters
including normalized porosity index (NPI), reservoir quality index
(RQI), and flow zone indicator (FZI) as well as the pore throat radius
(R35) (Kolodzie, 1980; Amaefule et al., 1993):

RQI¼0:0314
ffiffiffiffiffiffiffiffiffiffi
K=F

q
(1)



Fig. 6. (a) The original amplitude seismic section illustrating some vertical discrepancies interpreted as gas seepage regions (see the black rectangle); (b) A zoom on the rectangle in
(a), after the fault likelihood (FL) attribute extraction highlights the poor data zones (chimneys) and the high fault zones that have maximum values (dark red and black colors)
while the extended horizons and high amplitude zones have the minimum values (blue and pink colors).
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NPI¼ F

1� F
(2)

FZI¼RQI
NPI

(3)

R35 ¼5:395
K0:588

F0:824 (4)

The coefficient of variation (CV) was calculated for all the pet-
rophysical parameters to determine the extent of petrophysical
heterogeneity (Yasser et al., 2022) as follows:

CV ¼ s

m
(5)

where s is the standard deviation and m is the mean.
4. Results and interpretations

4.1. Seismic interpretation and gas seepage zones

The conventional phase of seismic data interpretation pro-
ceeded with the identification of key stratigraphic horizons (Figs. 3
and 4). The hydrocarbon-bearing Wakar Formation is bounded by
137
two seismic-stratigraphic boundaries separating the Wakar facies
from the underlying Sidi Salem and overlying Rosetta formations,
respectively. The base Rosetta is highly-erosive documenting the
Messinian salinity crisis event and the onset of salt deposition in
the circum-Mediterranean (Lofi et al., 2011a, 2011b; Leila and
Moscariello, 2018, 2019). Wakar seismic facies consists of semi-
transparent, low to medium amplitude reflections. The seismic
amplitude and continuity decreases basinwards where the seismic
facies becomes more chaotic. Variation in seismic response sug-
gests a lateral change in depositional facies. Notably, basin-fill
seismic facies and amalgamated channels were observed in the
vicinity of the studied wells (Figs. 3 and 4). Correlation with sedi-
mentary cores reveals upward facies changes from coarse-grained
cross-stratified sandstones and slumped sandstones into parallel
laminated mudstones/siltstones. These facies are interpreted as
turbiditic channel/levee complex facies. This is consistent with the
fining-upward sedimentary succession where the cross-stratified
sandstones represent the sediments of high-energy traction cur-
rents. Laminated mudstone facies at the top of the succession re-
flects an upward transition from traction to suspension deposition
in agreement with the upward decrease in the turbiditic flow en-
ergy (e.g. Lowe, 1982; Kneller et al., 1997). The channel/levee
complex deposits change laterally into hemiplegic and background
mudstone facies.

Several gas pipes have been identified with some associated



Fig. 7. Bulk density (RHOB) versus neutron porosity (NPHI) cross-plot demonstrates
the matrix composition of the studied Wakar sediments.
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features, such as pockmarks, bright anomalies, seepage out from
seafloor, and BSRs (Figs. 3 and 4). Consequently, root-mean square
“RMS” and sweetness attributes highlight occurrence of bright
anomalies, heightened reflectors, and BSR with maximum ampli-
tudes and faults and chimneys with the minimum amplitude range
(Fig. 5). In addition, fault likelihood (FL) attribute shows gas
chimneys appear as vertical plumes (Fig. 6). The gas plumes are
associated with micro-faults that are rooting-down to the Rosetta
salt (Figs. 3�6) typifying sub-salt gas generation and seepage. The
gas-macro-seepages through gas chimneys appear as straight or
slanted plumeswhere the gas rises toward the seabed via chimneys
and along faulted zones after accumulating and migrating with
high pressure out of the “kitchen” likely in the pre-Messinian rock
units (Figs. 4�6).

4.2. Wireline logging interpretation

Interpretation of wireline logs allows identification of litho-
saturation characteristics of the hydrocarbon bearing horizons.
The density-neutron cross-plot demonstrates that Wakar Forma-
tion constitutes variable lithofacies types (Fig. 7). Notably, most silt-
and mud-rich intervals (gamma ray >35 API) display bulk density
(RHOB) values greater than 2.5 g/cm3 typifying a pore system
infilled with either irreducible water, clay matrix and/or cement.
On the other hand, the sand-rich horizons with gamma ray
values < 35 API display RHOB values either as low as 2 gm/cm3 or
greater than 2.3 gm/cm3, thereby typifying occurrence of two
different sandstone rock types with variable litho-saturation
properties (Fig. 7).

Wakar Formation sediments display several coarsening-upward
patterns where sand/mud ratio increases and the shale volume
decreases. These patterns are also characterized by upward
138
increase in permeability (Fig. 8). Two, clean, coarse-grained sand-
stone bodies are reported at the top of the coarsening-upward
patterns (level S-1, S-2). These sandstone bodies display blocky-
shaped gamma ray motif with values less than 40 API (Fig. 8).
They are characterized by anomalously-high resistivity values
typifying the presence of movable hydrocarbons. The sandstone
bodies have good effective porosity (average > 20%), low shale
volume and water saturation values (average < 10%, 35.5%,
respectively). These characteristics suggest that level S-1, S-2
sandstone bodies consist of rock types differ from the underlying
and overlying sediments.

Effective porosity versus water saturation (Buckles plot; Buckles,
1965) typifies awide variation in the bound volume of water “BVW”

values in the studied Wakar sediments (Fig. 9). Notably, low BVW
values are associated with the clean sandstone bodies of levels S-1,
S-2, whereas elevated BVW occur in clay-rich facies. These char-
acteristics demonstrate the paramount impact of sedimentological
characteristics and distribution of reservoir rock types on hydro-
carbon accumulation and entrapment.

4.3. Pore system characteristics

The studied cored intervals of Wakar Formation display wide
ranges of porosity and permeability values. Helium porosity varies
between 4.72% and 30.76% (average ¼ 18.3%), whereas horizontal
and vertical permeability values display average values of 61.8
milli-darcy (md) and 64.7 md, respectively. The CV value for
porosity is 0.58, whereas those for horizontal and vertical perme-
ability are 1.57 and 1.43, respectively. These values reflect a large-
scale permeability heterogeneity. On the horizontal versus verti-
cal permeability cross-plot, most of the studied samples are plotted
on the isotropic permeability line (Fig. 10(a)). On the other hand,
the helium porosity versus horizontal and vertical permeability
cross-plots reflect a wide heterogeneity in the pore system of the
Wakar sandstones (Fig. 10(b) and (c)). Notably, sediments with
porosity values > 10% display permeabilities 10 to 100-fold greater.
Additionally, cores with permeability values > 100md demonstrate
a unique porosity-permeability trend where the latter decreases as
porosity increases greater than 25%. We interpret that to the rela-
tive abundance of scattered dead-end pores which contribute
porosity rather than permeability. Plotting horizontal permeability
versus grain density elucidates that best permeable zones are those
dominated by quartzose sandstones with grain densities in the
range of 2.65e2.7 g/cm3 (Sch€on, 1996, Fig. 10(d)). Thus, optimum
reservoir quality in the region is restricted to the spatial distribu-
tion of the clean sandstone facies.

4.4. Source rock characteristics

Elevated total organic carbon (TOC) values are observed in the
Lower Miocene and Oligo-Miocene sediments of the Qantara and
Tineh Formations (average¼ 1.15 w.t.% and 1.09w.t.%, respectively),
while those of other rock units display average TOC values < 1 w.t.%
(Table 1). Rock-Eval S1 is less than 0.5 mg/g in all the studied
samples. On the other hand, Rock-Eval S2 values are greater than S1
in all the studied samples, and the greatest S2 values are mostly
associated with the Oligo-Miocene Tineh sediments (Table 1).
Similarly, Rock-Eval S3 values are greater in Qantara sediments than
those in the other rock units. Measured values of Rock-Eval Tmax
increase progressively from the Pliocene Kafr El-Sheikh Formation
(average ¼ 408 �C) to the Oligo-Miocene Tineh Formation
(average ¼ 436 �C). Average hydrogen index (HI) values > 100
mgHc/gTOC are only reported in the Wakar, Qantara and Tineh
sediments. On the other hand, the average oxygen index (OI) values
are greater in the Qantara and Tineh Formation than those in the



Fig. 8. Litho-saturation cross-plot of the Wakar formation, showing shale volume, total and effective porosities, water saturation in addition to pay and the reservoir zones of the
PFM SE-1 well.
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younger rock units. Average OI values < 100 mgCO2/gTOC are only
observed in the Kafr El-Sheikh and Wakar sediments. The calcu-
lated values of production index (PI) are greater in the Kafr El-
Sheikh and Wakar sediments than those in the Qantara and Tineh
sediments. Average PI values greater than 0.1 are only observed in
the Kafr El-Sheikh and Wakar sediments (Table 1). The measured
vitrinite reflectance (%Ro) displays a progressive increase with
depth. Vitrinite reflectance values greater than 1 are only reported
in Tineh Formation, while the average values in Kafr El-Sheikh and
Wakar sediments are 0.46 and 0.58, respectively (Table 1).

4.5. Natural gas and condensate geochemistry

Molecular composition of the studied gases is dominated by CH4
(>90%), with sub-ordinate contents of C2 and C3 components
(average ¼ 3.32% and 1.58%, respectively) (Table 2). Liquid hydro-
carbon phases (C6þ) occur in the range of 0.09% and 1.94%. Dryness
coefficient (C1/(SC1�C5)) ranges from 0.91 to 0.97. The gases
display light d13C1 values <e49‰ and exhibit an isotopic pattern of
d13C1< d13C2< d13C3 (Table 2). They have dDC1 in the range of
e163‰ ande191‰. The analyzed condensate sample shows a light
API gravity (~48.8�) with abundant saturate fractions (>90%)
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relative to aromatics and nitrogen, sulfur, oxygen “NSO”-com-
pounds (Table 3). Saturates are represented mainly by light mo-
lecular weight n-alkanes (nC5�nC15) (Fig. 11). Isoprenoids are
common with elevated pristane/phytane “Pr/Ph” ratio of (>3),
whereas isoprenoid/n-alkane ratios are less than 1 (Table 3). The
d13Csaturates and d13Caromatics are heavy < e30‰, thus displaying a
canonical variable (CV) value of e1.19. The C7-hydrocarbon analysis
demonstrates a relative abundance of dimethylpentane compo-
nents (It) of 8.07, whereas the dimethylpentanes and dimethylcy-
clopentane ratio (LnZ) value is e0.4 (Table 3).

5. Discussion

5.1. Reservoir rock-typing of the Wakar sandstones

Reservoir rock-typing (RRT) is an essential approach to improve
the predictability of potential reservoir facies, thereby reducing the
exploration risks (Masalmeh et al., 2012; Skalinski and Kenter,
2015; Tiab and Donaldson, 2015; Elmahdy et al., 2023). RRT en-
compasses a subdivision of the reservoir rocks into several
distinctive units with geologically-controlled storage and flow
properties (Guo et al., 2007; El Adl et al., 2021; Leila et al., 2022a,



Fig. 9. Effective porosity versus water saturation (buckles plot) shows variations in
bulk water volume in the sediments of Wakar formation in PFMSE-1 well.
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2022b; Nabawy et al., 2023). Most of the Wakar sandstones display
isotropic pore system (Fig. 10(a)), however, the degree of pore
system connectivity vary greatly (Fig. 10(b) and (c)). Such variation
in pore system connectivity despite its isotropism is likely
controlled by lithofacies composition (Fig. 10(d)). Three reservoir
rock-types (RRTI, RRTII, and RRTIII) with variable compositionally-
controlled pore system characteristics were interpreted (Table 4).
RRTI sandstones have a pore system dominated by macropores and
megapores (R35> 10 mm)with permeability values greater than 100
md (Fig.12(a)). RRTI rocks constitute good hydraulic flow zones and
are classified as hydraulic flow unit 4 (HFU4) (Fig. 12(b) and (c)). On
the other hand, RRTII comprises those sediments with a slightly-
heterogeneous pore system where micropores and mesopores are
abundant, thus the permeability values are less than 100 md
(Fig. 12(a)). RRTII facies have heterogeneous flow properties
ranging from HFU1 to HFU3 (Fig. 12(c)). The poorest reservoir
quality sediments are classified as RRTIII with a very tight pore
system consists of disconnected micropores (Fig. 12(a)). RRTIII
sediments have poor reservoir quality where the flow capacity is
very low (Fig. 12(b) and (c)). Comparison between petrophysical
reservoir quality (RQI), pore system (R35) and lithofacies reveals
that the connected megapores of RRTI rocks are associated with
high-energy turbidite channel facies dominated by massive and
cross-stratified sandstones. While RRTII and RRTIII rocks are
principally-associated with channel levees where the lithofacies
change into laminated mud-rich sediments (Fig. 12(d)).

The vertical distribution of different RRTs displays a good cor-
relation with sedimentary and seismic facies (Fig. 13). Notably, the
poor reservoir quality RRTIII correlates with the low-amplitude,
140
transparent seismic facies which corresponds to the mudstone
and laminated mudstone facies. These facies either represent the
hemiplegic background deposits. Lateral and vertical variation in
seismic facies are associatedwith variation in RRTs where RRTII and
RRTI rocks coincide with the prograding hummocky and basin-fill
seismic facies. These facies correspond to the sandstone and silt-
stone facies of a low-stand turbiditic wedge deposited offshore Nile
Delta during the Early Messinian (Figs. 4 and 5; e.g. Dolson et al.,
2005).

Reservoir rock-typing of the Upper Miocene reservoirs in the
onshore Nile Delta revealed similar results where the depositional
attributes enormously-influenced the petrophysical properties and
distribution of the RRT (Leila and Moscariello, 2018, 2019; Leila,
2019; El Adl et al., 2021; Leila et al., 2021a). Notably, RRTI rocks of
Wakar Formation are correlated with RRTII sediments of the deltaic
onshore-equivalent Qawasim Formation (Leila and Moscariello,
2018, 2019). Thus, the Wakar sandstones have tighter pore sys-
tem than that in the Qawasim Formation containing super-capillary
pores with R35 values greater than 50 mm despite their similar
provenance (El-Sisi et al., 1996; Leila and Moscariello, 2018; Leila
et al., 2023a, 2023b). Therefore, we hypothesize that deposition
of the Wakar sandstones in relatively more distal conditions asso-
ciated with a completely different diagenetic pathways resulting in
more tightness for the pore system. Several authors have demon-
strated that increasing marine influence allows pervasive eogenetic
cementation with specific cements such as calcite and clays which
block the intergranular pore spaces, thereby decreasing the pore
system connectivity (Kim et al., 2007; Leila and Mohamed, 2020; El
Adl et al., 2021).

5.2. Hydrocarbon origin and source rock generation potential

Geochemical analyses on the studied rock units revealed a fair to
good petroleum generation potential in some intervals, however,
greater potentiality is observed in the Upper Miocene Wakar and
Oligo-Miocene Tineh formations (Fig. 14(a)). These sediments have
reached the thermal maturity level that allows a thermogenic
generation of hydrocarbons (Fig. 14(b)). A certain level of thermal
maturity is necessary for both clastic and non-clastic source rocks
to promote kerogen cracking and thereby expulsion of hydrocar-
bons from the source rock to the reservoir (e.g. Ungerer et al., 1984;
Peters and Cassa, 1994). The onset of thermogenic generation
window has been reported as 0.6 %Ro which is equivalent to
approximately 430 �C Tmax values (Peters, 1986; Tissot et al., 1987;
Leila and Moscariello, 2017). At this maturity level, early mature
liquid hydrocarbon phases will be produced. On the other hand,
thermally-immature sediments can only generate biogenic dry gas
(e.g. Bernard et al., 1978; Schoell, 1983; Whiticar, 1999; Leila et al.,
2021b; Radwan et al., 2022b).

The most critical parameters that influence hydrocarbon gen-
eration from the source rocks are the type of the organic matter
(kerogen type) and the degree of thermal maturation (Espitali�e
et al., 1985; Bordevave et al., 1993; Peters and Cassa, 1994).
Hydrogen index (HI) versus Rock-Eval Tmax cross-plot demonstrates
that except the Pliocene sediments with pure type III kerogen, all
the other rock units are enriched in type II kerogen with ability to
generate mixed liquid and gas thermogenic hydrocarbons
(Fig. 15(a)). Moreover, only Tineh sediments and some levels in the
Wakar have reached theminimum thermal maturation required for
generation of thermogenic hydrocarbon phases. Therefore, ther-
mogenic hydrocarbons in the study region is exclusively-associated
with the Wakar and Tineh organofacies (Fig. 15(b)). This is further
supported by vitrinite reflectance results which demonstrated the
capability of the Tineh organofacies to generate wet gas, whereas
the Wakar and Kafr El-Sheikh facies are only able to produce



Fig. 10. Petrophysical cross-plots demonstrating the pore system characteristics of the studied cored interval in Wakar Formation sandstones.
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immature oil or biogenic dry gas (Fig. 16).
Wet hydrocarbon gases often contains C2þ hydrocarbons greater

than 1% with dryness coefficient values less than 0.99 (Hunt, 1996;
Whiticar, 1999). The studied gases contain C2þ hydrocarbons in the
range of 2.5%e10% and display dryness coefficient values between
0.91 and 0.97, thereby confirming their wet gas composition. Wet
gases usually have a thermogenic origin such as primary and sec-
ondary cracking of kerogen and pre-existing oil, respectively
(Mackenzie and Quigley, 1988; Whiticar, 1999; Prenzhofer and
Battani, 2003). However, the reported wide range of C2þ hydro-
carbon contents may point to gas generation via mixed processes.
Observed isotopic patterns of C1�C3 hydrocarbons displaying
segmented curves are similar to mixed thermogenic-biogenic gases
(Chung et al., 1988, Fig. 17a). Comparing molecular and isotopic
composition of the studied gases with those reported in the Plio-
cene and Miocene reservoirs, offshore Nile Delta (Vandr�e et al.,
2007) highlights a compositional similarity with the mixed
thermogenic-biogenic Pliocene gases (Fig. 17(b)). Furthermore, the
investigated gas samples display a large offset between d13C1 and
d13C2 similar to those reported in the Pliocene gases of the Nile
Delta, thus typifying their mixed origin where both biogenic and
thermogenic processes contribute equally in the gas generation
(Wu et al., 2016).
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Molecular versus isotopic composition of light hydrocarbons
(C1�C3) in cross-plots allows discrimination between variable ge-
netic mechanisms (Bernard et al., 1978; Schoell, 1983; Prinzhofer
and Battani, 2003; Milkov and Etiope, 2018; Leila et al., 2021b,
2022a, b). Molecular versus isotopic composition of the studied gas
samples elucidates their thermogenic origin with a probable mix-
ing with biogenic gases (Fig. 18(a)). Moreover, on cross-plot of
carbon versus deuterium isotopic composition of methane, the
studied gases are clustered in the field of oil-associated gas and
overlap with those samples affected by secondary microbial pro-
cesses (Fig. 18(b)). Noteworthy, values of d13C in the C1�C3 gas
phases are often sensitive to thermal maturity level (Faber et al.,
2015). Gases associated with early mature oils (~0.6%Ro) display
d13C1 as light as �48‰ with d13C2, d13C3 of ~ �40‰ and �36‰,
respectively. On the other hand, those generated at maturity levels
close to 1%Ro have d13C1 of �42.5 and d13C2, d13C3 of ~ �40‰
and �36‰, respectively. With increasing maturity (~1.5%Ro), the
d13C2, d13C3 get heavier as low as �28‰ and �27‰. Based on that,
the measured isotopic values for the studied gases reveal their
generation at a maturity level greater than 1%Ro and less than 1.5%
Ro, however, the light values of d13C1 as well as the wide offset
between d13C1, d13C2 and d13C3 point to mixing with microbial
gases. Comparing the deduced maturity level of the studied gases
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with the maturity of vitrinite reflectance values of the studied
organofacies (Fig. 16) suggests gas generation from the Tineh
organofacies.

The d13saturates, aromatics values in the studied condensate are
comparable to those in oils and bitumens produced by thermogenic
cracking of mixed type II/III kerogen (Fig. 19(a)). This is further
supported by the negative value of canonical variable (CV) as well as
the relatively elevated Pr/Ph > 3 which point to a mixing marine
and terrestrial input (Fig. 19(b); Sofer, 1984). Comparing the
condensate sample with other liquid hydrocarbon families in and
outside the Nile Delta (Zein El Din et al., 1990; Leila andMoscariello,
2017) elucidates a negative compositional correlation, thereby
pointing to the generation of Wakar condensate from a different
source rock. The mixed marine and terrestrial input in Wakar
condensate is demonstrated by isoprenoid/n-alkane ratios (Pr/nC17
and Ph/nC18) highlighting its generation from a source rock con-
taining mixed kerogen and deposited in sub-oxic depositional
environment (Fig. 20; Shanmugam, 1985; Peters et al., 2005).

Geochemical characteristics of the studied condensate elucidate
its generation from a type II kerogen which contain mixed marine
and terrestrial organic materials. The wide difference between
Wakar condensate and other Nile Delta oil samples highlights its
unique hydrocarbon generation system. In the onshore Nile Delta,
the Upper Cretaceous-Lower Paleogene organofacies were reported
as the main source for light oil and condensate (Sharaf, 2003; Leila
and Moscariello, 2017). Based on the present geochemical results,
we hypothesize that the Wakar condensate could either be formed
via secondary cracking of oil or have been generated from a less
mature source rock than those reported for onshore hydrocarbons.
This hypothesis is supported by the light nC7 results which confirms
expulsion of the Wakar condensate at a relatively lower level of
thermal maturity in comparison with those reported for onshore
Nile Delta oils (Fig. 21). The expulsion maturity level of the Wakar
condensate (~0.85 %Ro) reveals its generation from a source rock at
the peak oil window maturity probably from the Tineh orga-
nofacies when they entered the late oil-window maturity.

5.3. Implications for hydrocarbon exploration offshore Nile delta

Hydrocarbon exploration endeavors in the offshore Nile Delta
are mostly focused on the biogenic gas plays either in the Pliocene
turbidities (e.g. Scarab, Saffron, Sapphire etc.) or older clastic and
non-clastic reservoirs (e.g. Zohr, Temsah) (Esestime et al., 2016;
Mokhtar et al., 2016; Nabawy et al., 2018). Additionally, several gas
escape features have been reported in the offshore Nile Delta and
point to the presence of failed system, where either the reservoir or
the seal did not exist (Ismail et al., 2021). Integration between
seismic, wireline log, core analysis as well as geochemical results
allows a better understanding for the petroleum system in PFDM
Field, eastern offshore Nile Delta (Fig. 22(a)). Seismic profiles
highlighted several small-scale disturbances in the seismic re-
flections resembling those described as gas chimneys, thereby
reflecting fluid migration paths out of the pre-Messinian units'
“kitchen” across the Miocene-Pliocene sequences to the seabed
(Figs. 3 and 4; Dupr�e et al., 2007; Cathles et al., 2010; Rogers, 2015;
Roy et al., 2016; Ismail et al., 2021).

Geochemical analyses reveal occurrence of mature organo-
facies in the Oligo-Miocene Tineh Formation. The maturity level
of Tineh organofacies (~1.2 %Ro) suggests their ability to the wet gas
phases accumulated in Wakar sandstone reservoirs. According to
the paleogeographic reconstruction of northern Egypt during Late
Oligocene (Fig. 22b; Dolson et al., 2014), deep marine deposition
took place and incised canyons delivering clastics from the Gulf of
Suez rift shoulders into the deep water caused accumulation of
mixed marine and terrigenous facies. This agrees with our



Table 2
Molecular and isotopic composition of the gas samples retrieved from the Wakar sandstones in PFM Field wells.

Well Depth, m C1, % C2, % C3, % IC4, % C4, % IC5, % C5, % C6þ, % d13C1 d13C2 d13C3 dDC1 Dryness coefficient

PFMSE-1 3130e3155 97.72 2.57 1.33 0.40 0.48 0 0.56 1.94 �56.1 �30.0 �29.0 �191 0.95
PFMD-2R 3775e3790 90.07 5.33 2.98 0.82 0.46 0.15 0.05 0.09 �49.4 �30.8 �30.3 �176 0.91
PFMD-2R 4340e4370 97.09 2.083121 0.428 0.10 0.06 0.06 0.04 0.12 �50.5 �31.0 �32.8 �163 0.97

Note: Dryness coefficient ¼ C1/(SC1�C5).

Table 3
Bulk geochemical composition and biomarker ratios of the condensate retrieved
from the Wakar sandstones in PFM Field wells.

Compositional attributes Content

API 48.8
Saturates 95.6
Aromatics 3.7
Resin þ NSO-compounds 0.7
d13CSaturates �28
d13CAromatics �27.2
Canonical variable (CV) �1.194
Pr/Ph 3.49
Pr/nC17 0.97
Ph/nC18 0.27
Dimethylpentane components (It) 8.07
Dimethylpentanes and dimethylcyclopentane ratio (LnZ) �0.4

Fig. 11. Gas chromatogram illustrates the n-alkane distribution of the studied
condensate.
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geochemical results which confirmed enrichment of kerogen type
II/III in the Tineh organofacies. Indeed, the biomarker signatures
within the studied condensate confirm its generation from a mixed
Table 4
Petrophysical cutoff parameters of the reservoir rock types (RRT) reported in the Wakar

Petrophysical Characteristics RRTI

Horizontal permeability, md >200
Vertical permeability, md >200
Helium porosity, % >20
Permeability anisotropy 0.9e1.00
Grain density, g/cm3 2.65e2.70
RQI, mm 0.93e1.18
FZI, mm 2.70e3.65
R35, mm 9.09e12.08

Note: Reservoir quality index (RQI), flow zone indicator (FZI), and pore throat radius (R3
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marine/terrestrial organic matter. We hypothesize based in inter-
preted maturity level that that expulsion of condensate preceded
gas generation and expulsion. Deep-seated faults cutting the sub-
salt successions act as the migration paths for generated conden-
sate and gases from Tineh organo-facies to Wakar sandstone res-
ervoirs (Fig. 22).

Wireline logging and core analysis revealed preferential accu-
mulation of the expulsed hydrocarbon phases within the high-
energy turbiditic channel facies which host clean quartzose sand-
stones dominated by macropores and megapores (RRTI). The
sandstone pay zones (level S1, S2) correlate with the spatial dis-
tribution of RRTI rocks. Upward change into levee facies, the RRTI
sandstones change into RRTII, RRTIII rocks which have poor hy-
draulic flow properties acting as baffle and barrier zones. Thus,
hydrocarbon accumulation in the region is controlled by the spatial
distribution of turbidite high-energy channel facies. Paleogeo-
graphic map of northern Egypt during Late Miocene before theMSC
typifies deltaic deposition in the onshore (Qawasim Formation) and
deep-water sedimentation offshore (Wakar Formation) (Fig. 22(c);
Dolson et al., 2014). Lateral change in turbidite facies control the
distribution of the reservoir rock types and hence the accumulation
or seepage of hydrocarbons in the sub-salt successions, offshore
Nile Delta.
6. Conclusion

� Wet gas/condensate blend in the sub-salt Upper MioceneWakar
sandstones displays isotopic and molecular compositions reflect
its thermogenic origin with signs of secondary microbial
influence.

� Pliocene shales overlying the sandstone reservoirs are
thermally-immature to generate thermogenic hydrocarbons,
but likely contribute to microbial gas input.

� Organofacies with capability to generate wet gas and conden-
sate are restricted to the sub-salt Oligo-Miocene Tineh sedi-
ments which display maturity levels up to 1.2 %Ro.

� The geochemical characteristics of the studied gas/condensate
blend demonstrate its generation from the sub-salt Tineh
organofacies at different maturity levels. Gas expulsion took
place at maturity level of ~1 %Ro, while the expulsionmaturity of
condensate 0.85 %Ro, thereby confirming accumulation of gas/
sandstones in PFM Field wells.

RRTII RRTIII

>2.5 <1
>2.0 <1
>20 <10
0.3e1.2 0.5e5
2.63e2.77 2.69e2.74
0.15e0.68 0.02e0.06
1.23e2.38 0.47e0.65
1.34e6.45 0.18e0.51

5).



Fig. 12. Petrophysical reservoir rock-typing (RRT) of the studied cored interval of Wakar sandstones.
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Fig. 13. Vertical distribution of different reservoir rock types (RRTs) encountered in the studied cored interval of Wakar Formation. The RRTs are correlated with corresponding
sedimentary and seismic facies.

Fig. 14. Total organic carbon (TOC) versus Rock-Eval S2 and Tmax cross-plots demonstrate the source rock potentiality of the studied rock units.
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Fig. 15. Total organic carbon (TOC) versus Rock-Eval S2 and Tmax cross-plots demonstrate the source rock potentiality of the studied rock units.

Fig. 16. Vitrinite reflectance (%Ro) versus Rock-Eval Tmax cross-plot demonstrates the
variation of thermal maturation level among the studied potential source rocks.

Fig. 17. Molecular versus isotopic composition cross-plots of the studied Wakar gases illust
(2016).
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condensate blend during the transition from late oil window to
gas window maturities.

� Micro-faults and vertical disturbance in seismic reflections
belowand above theMessinian Rosetta salt provide evidence for
gas seepage from the sub-salt organofacies.

� Gas seepage is reported where the hemiplegic facies exist. These
facies consist mainly of low reservoir quality mudstone (RRTIII).
On the other hand, hydrocarbon accumulation coincide with the
turbidite channel/levee complex facies hosting good reservoir
quality RRTI, RRTII sandstones.
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rate their mixed thermogenic-biogenic origin. Interpretation fields are from Wu et al.



Fig. 18. Genetic characteristics of the investigated Wakar gases based on integration between their molecular and isotopic composition following the interpretation fields of Milkov
and Etiope (2018). Interpretation fields (CR � CO2 reduction, SM � secondary microbial, F � methyl-type fermentation, OA � oil-associated thermogenic gas, EMT � early mature
thermogenic gas, LMT � late mature thermogenic gas).

Fig. 19. Isotopic composition d13Csaturates versus d13Caromatics demonstrates the mixed organic input in the Wakar condensate sample (a); isoprenoid ratio versus canonical variable
(CV) confirms the mixed source of the investigated Wakar condensate (b).

Fig. 20. Isoprenoid/n-alkane (Pr/nC17 and Ph/nC18) cross-plot illustrates the t deposi-
tional environment of the Wakar condensate. Interpretation fields are after
Shanmugam (1985).

Fig. 21. C7-derived expulsion temperature and maturity deduced for the studied
Wakar condensate sample based on natural log values for dimethylpentane ratio (It)
and ethylpentane, dimethypentane, and dimethylcyclopentane ratio (LnZ). Equivalent
vitrinite reflectance values (VRE) were deduced based on the average geothermal
gradient in the Nile Delta (Riad et al., 1989).
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Fig. 22. An illustrative diagram (not to scale) demonstrates the elements of the sub-salt petroleum system in the eastern offshore part of the Nile Delta (a), paleogeographic maps
illustrates the depositional setting of northern Egypt including the study region during Oligo-Miocene (b), and Late Miocene (c).
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