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Characterization of reservoir petrophysical properties provides critical insights into reservoir
deliverability and field development strategy. The main objective of this work is to present a
comprehensive core-based petrophysical assessment of the Cenomanian Bahariya Forma-
tion and the Turonian Abu Roash (AR-D and AR-E, respectively) Members of the Abu
Gharadig field situated in the Western Desert, Egypt. The AR-D is water-wet and consists of
micro- to mesoporous shallow marine limestone lithofacies with moderate porosity (U), poor
horizontal permeability (Kh) with poor permeability anisotropy due to the presence of
vertical fractures, while the nano- to mesoporous argillaceous limestone lithofacies is very
tight. Both the lithofacies exhibit primary and secondary depositional fabrics. Overall, the
AR-D member exhibits impervious to poor reservoir quality, and so a suitable stimulation
strategy will be essential to produce from this interval. The AR-E interval implies a tidal
depositional environment. The calcareous sandstone lithofacies of the AR-E is macro- to
megaporous and exhibits moderate to high porosity (> 15%) and excellent permeability (up
to 305 mD). The meso- to microporous glauconitic siltstones of the AR-E have poor porosity
and permeability. Both lithofacies are characterized by high water saturation, preserve
primary depositional fabrics and consist of isotropic pore system along with some connected
horizontal pores yielding higher permeability anisotropy. The Bahariya Formation consists
of fine to medium grained massive sandstone lithofacies with minor siltstone intercalations,
indicating a channel deposit in a coastal or fluvio–deltaic environment. It exhibits high
porosity (� 20%) and permeability (up to 649 mD) but shows very high water saturation. It
preserves the primary depositional fabrics with isotropic pore system. The thin siltstone
intercalations may act as vertical barriers. Based on the petrophysical assessment, we made
recommendations on the reservoir development aspects.
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INTRODUCTION

The Western Desert contributes to more than
one-third of Egypt�s hydrocarbon production
(EGPC, 2019), primarily from the Late Cretaceous
clastics and carbonates of the Mesozoic rift basins.
Majority of the proven hydrocarbon reserves are
concentrated in the Abu Roash and Bahariya For-
mations. The Western Desert has always remained
the key area of interest for exploration and devel-
opment.1 The enthusiasm has been intensified with
the latest discovery in exploratory well SEMZ-11X,
which delivered a 65-ft of pay zone in Cretaceous
sandstones and tested with an oil production rate of
2100 bopd (barrel oil per day) without water (Apex
International Energy, 2021). This indicates a lot of
yet untapped hydrocarbon potential in the unex-
plored or less-explored areas of the Western Desert,
and the newly offered hydrocarbon blocks in the
2021 bid rounds also indicate the same (EUG, 2021).

This work concentrates on the Abu Gharadig
field situated in the prolific Abu Gharadig Basin
(AGB) producing from the Upper Turonian and
Cenomanian intervals (El Gazzar et al., 2016; He-
waidy et al., 2018). The AR-E, AR-G and Bahariya
shales are the primary source rocks consisting of
Types I–II kerogens (Khaled, 1999). Sarhan (2017)
and Sarhan and Collier (2018) discussed the tec-
tonics and distribution of faults of the Abu Gharadig
field using 2D seismic data. Several researchers have
worked on the characterization of various Creta-
ceous intervals from this field; e.g., Hewaidy et al.
(2018) interpreted the lithofacies distribution and
depositional environment of the AR-E Member
using well logs, biostratigraphy and thin section
petrography. Abdelmaksoud et al. (2019a, b) pre-
sented a three dimensional well log-based petro-
physical, facies and structural modeling of the Upper
Bahariya Formation. Sarhan (2021) presented a
geophysical appraisal of the AR-C and AR-E
sandstones to interpret well log-based petrophysical
properties; Elhossainy et al. (2021) focused on the
sedimentological and petrophysical characterization
of the Bahariya Formation. However, a detailed

core-based petrophysical characterization and
reservoir quality assessment of the Late Cretaceous
intervals from the Abu Gharadig field is lacking,
which sets the premise of this work.

The principal objectives of this paper are to: (a)
identify various lithofacies from the cores and
interpret their porosity, grain density, horizontal and
vertical permeability behavior using the core-based
measurements; (b) interpret permeability anisotropy
of the reservoirs; and (c) assess reservoir quality
parameters. We have integrated routine and special
core analyses, wireline logs and various available
drilling data and downhole measurements to achieve
the objectives. This work focuses on the Bahariya
Formation and the AR-E Member, which are the
primary producers, as well as the AR-D carbonate
interval, which has a significant reservoir potential in
the Abu Gharadig field. Recently, the AR-D inter-
val has been brought into production after successful
stimulation program (Khalda Petroleum Company,
2013). Based on the sedimentary structures and
lithofacies assemblages observed in the cores, we
have inferred the possible depositional environ-
ments of the reservoirs. We also discuss inferences
on reservoir development strategies. The outputs of
this work provide a better insight into the storage
capacity and hydraulic flow potential of the studied
reservoirs and will enable the subsurface exploration
community to optimize their exploration and
development strategies accordingly.

Geological Settings

The AGB is an elliptical shaped E–W-trending
intra-cratonic Mesozoic rift basin situated in the
Northwestern Desert of Egypt (El Gazzar et al.,
2016). The Qattara Ridge and Sharib–Sheiba Ridge
separate it from the northern rift basins while the
Sitra platform and Kattaniya Ridge mark its south-
ern and southeastern boundary (Mahmoud et al.,
2019) (Fig. 1). The Abu Gharadig area is signifi-
cantly crossed by regional fault systems which are
principally oriented in the NE–SW, E–W and
WNW–ESE directions (Guiraud & Bosworth, 1997;
Guiraud, 1998; Guiraud et al., 2005; Bosworth et al.,

1 1 mD (millidarcy) = 9.86923* 10–16 meter2.
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2008; Moustafa, 2008). The Late Jurassic to Early
Cretaceous rifting created various E–W and ENE–
WSW trending half grabens including the AGB
along the Northern African margin and within the
intraplate region (Guiraud & Maurin, 1992). The
rifting ceased during the Late Cretaceous and the
basin experienced a NW–SE compression (during
the Alpine orogeny), which continued through the
Tertiary (Moustafa 2008; Sarhan, 2017). The effect
of this compression and shortening was mainly in the
northern part of the AGB (Bosworth et al., 2008).
The tilting and basin inversion was responsible for
creating the major structural traps in the Western
Desert (Sarhan & Collier, 2018). Moustafa (2013)
interpreted that AGB anticlinal traps might be
formed due to the rifting related subsidence.

The studied Abu Gharadig field is the first
massive hydrocarbon discovery in the central part of
the AGB (El Gazzar et al., 2016). It is situated
within 28.2�–28.5�E and 29.35�–30�N. It covers

roughly 60 km2 and hosts roughly 12,000 ft of mixed
siliciclastic and carbonate sediments of Cretaceous
to Paleogene age. A regional stratigraphic sequence
is presented in Figure 2 along with the formation
thicknesses as encountered in the studied wells. A
regional unconformity marks the boundary between
the Paleogene and Mesozoic strata (Sarhan et al.,
2017a, 2017b; Sarhan & Collier, 2018). The post-rift
sediments of Late Cretaceous age represent major
transgressive cycles with minor interruptions by
shorter regressive cycles (Mansour et al., 2020). The
AR was subdivided into seven distinct members,
marked as A-G. Researchers have interpreted that
the AR-F limestone is the main source rock in the
ABG with up to 7% total organic carbon (TOC)
content (Adly et al., 2016; Ghassal et al., 2018). The
Cenomanian Bahariya Formation, Upper Turonian
AR-C and AR-E Members are the primary reser-
voirs of the Abu Gharadig field. Both the AR-C and
AR-E are dominated by sandstone, siltstone and
shale intercalations along with minor limestones.
The AR-D and AR-E also possess reservoir poten-
tial. The AR-D is limestone-dominated with minor
shale interbeds, while the AR-E consists both clas-
tics and carbonates.

MATERIALS AND METHODS

Based on the availability of the core data, three
vertical wells were chosen for this work, namely
AG-117, AG-37 and AG-99. Well AG-117 was
drilled to the top of the Bahariya Formation in 2013
targeting the AR-D carbonate intervals. AR-D was
encountered within 9182–9545 ft2 depth. A cumu-
lative of 59 ft was cored (9403–9462 ft), and detailed
measurements were performed on 88 samples in the
core laboratory. The reservoir section is hydrostati-
cally pressured (� 0.43 psi/ft3), and a mud pressure
gradient of 9.5–9.6 PPG4 was maintained while
drilling this formation. Well AG-37 was drilled until
the AR-E in 2011. AR-E was encountered within
10,496–10,988 ft depth. A 70-ft core was recovered
from the Turonian Upper AR-E Member (10,560–
10,630 ft) and 71 samples were selected for core-
based measurements. Mud logging data report light
brown patchy oil staining and dull oil fluorescence in

Figure 1. Location map of the studied Abu Gharadig field in

the Abu Gharadig Basin (AGB), Western Desert along with

the studied wells (AG-37, AG-99 and AG-117), and major

structural features (Qr = Qattara Ridge, Sr = Sharib-Sheiba

Ridge, Kr = Kattaniya Ridge) (EGPC, 1992; Bosworth et al.,

2008).

2 1 ft = 0.3048 m.

3 1 psi/ft = 22.6206 Megapascal/kilometer.

4 1 PPG (pounds per gallon) = 0.12 gm/cm3.
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this interval. Well AG-99 was drilled in 2011; it
encountered Bahariya within 10,256–11,460 ft depth.
The maximum thickness of the Lower Cenomanian
Bahariya Formation was encountered in this well.
Downhole direct pressure measurements indicate an
average pore pressure gradient of 0.39–0.42 psi/ft
(7.53–8.16 PPG mud weight equivalent), which is
slightly less than the hydrostatic gradient. The
reservoir interval was drilled with a 10.70 PPG mud
weight gradient. The operator had taken out 62 ft of
core from the Bahariya Formation (10,720–10,782
ft), selected 63 samples for petrophysical measure-
ments in core lab. Also, direct downhole formation
pressure measurements were acquired in the Ba-
hariya reservoir. Wireline logs were gamma ray,
deep resistivity, bulk density and neutron porosity.

We used routine core analysis (RCAL) data for
the petrophysical characterization of the potential
reservoir intervals. RCAL provided grain density,
porosity (U) acquired by helium porosimeter, and
horizontal (Kh) and vertical (Kv) permeabilities
determined by a permeameter. Various lithofacies

were identified from the cores and their hydrocar-
bon storage and flow capacity were determined from
porosity–permeability distribution (Guo et al., 2007;
Nabawy et al., 2018; Abuamarah et al., 2019;
Baouche et al., 2021b; Abdel-Fattah et al., 2022).
Density log was utilized to generate porosity, which
was corroborated with core-based measurements.
This was useful for estimating porosities in the un-
cored intervals. To assess the reservoirs� hydraulic
flow properties, we employed the methodology
provided by Amaefule et al. (1993), which estimates
the reservoir quality index (RQI), normalized
porosity index (NPI), and flow zone indicator (FZI)
from core-measured porosity and permeability. Pore
throat radius (R35) was estimated by Windland
equation (Winland, 1972; Kolodzie, 1980), thus:

logR35 ¼ 0:732þ 0:588 logKh� 0:864 log U ð1Þ

where R35 is in microns. This is a good proxy in the
absence of the mercury injection capillary pressure
(MICP) test and it works well for both clastics and
carbonates (Abuamarah & Nabawy, 2021). Perme-

Figure 2. Stratigraphic column of the Abu Gharadig Basin, Western Desert, as encountered in the three

studied wells. Rock units and their ages are adopted after Lotfy (1984). [1 ft = 0.3048 m].
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ability anisotropy (kk) was estimated to assess the
flow heterogeneity and to infer reservoir pore sys-
tems by plotting kk against various reservoir petro-
physical parameters (Serra, 1988), thus:

kk ¼
ffiffiffiffiffiffiffi

Kh

Kv

r

ð2Þ

We followed the classification proposed by
Nabawy et al. (2015) to interpret permeability ani-
sotropy, which defines isotropic to slightly deposi-
tional anisotropic fabrics (1< kk< 1.5), moderately
depositional anisotropic (1.5< kk< 2.5), highly
depositional anisotropic (2.5< kk< 5) and ex-
tremely depositional anisotropic fabrics (kk> 5).
Similarly, secondary anisotropic fabrics were defined
by kk values less than 1 (Nabawy et al., 2015). To
define the possible flow, we constructed the strati-
graphic modified Lorenz plot (SMLP) (Gunter et al.,
1997; Slatt, 2006). We plotted the capacities against
depth (El Sharawy & Nabawy, 2016, 2019) and
interpreted different hydraulic flow units (HFU).
Archie�s equation was utilized to estimate water and
hydrocarbon saturation (Archie, 1942), while Pickett
plot was used to infer the formation water resistivity
(Pickett, 1966). The special core analysis (SCAL)
was performed only on a few selected samples from
the AR-D Member in Well AG-117, which extended
the RCAL data to situations more representative of
reservoir conditions. The MICP data were recorded
in 12 samples, which were used to interpret pore
throat size distribution. Water saturation was mea-
sured at different applied pressure values (1, 4, 10,
30, 60, 100 and 200 psi5) using porous plate method
in an oil-brine system. We utilized shale vol-
ume< 0.35 and porosity> 10% as cutoffs to dis-
tinguish potential reservoir flags. In addition, we
utilized a water saturation (Sw) cutoff of 65% for
net pay thickness estimation, as suggested by Rizk
et al. (2013) from the AGB Basin. The same Sw
cutoff for net pay was also considered in other
Western Desert hydrocarbon fields (Kassab et al.,
2019; Abuseda et al., 2021). Relative permeability to
oil and water (Kro and Krw, respectively) was
measured in some samples, and the wettability of
various lithofacies was interpreted by plotting these
measurements against water saturation (Serra,
1988). The effect of confining pressure on the
reservoir porosity and permeability was assessed by
measuring porosity and permeability at various

increasing confining pressure (400, 1000, 1500, 2000,
2500, 3300 and 4500 psi).

RESULTS

Abu Roash D (AR-D) Member

Reservoir Lithofacies

Two potential lithofacies types were identified
from the AR-D cores: limestone (LS) and argilla-
ceous limestone (ALS) along with marl (lime mud)
intervals (Fig. 3). The LS lithofacies is light to
brownish grey, hard, compact, massive and devoid of
fossils. Minor stylolites and vertical fractures were
observed in the cores. The ALS lithofacies is dark
grey in color, argillaceous, with minor pyrite, and
occasionally grading into marl. We observed few
horizontal fractures within the ALS. The core-
measured grain density of the LS lithofacies varied
between 2.70 and 2.73 gm/cc with average grain
density of 2.70 gm/cc, which is indicative of calcites.
The ALS has a grain density range of 2.69–2.73 gm/
cc, and the average value was inferred as 2.70 gm/cc
(Fig. 3). The bulk density of the LS and ALS ranged
2.38–2.64 gm/cc and 2.63–2.72 gm/cc, respectively.

Petrophysical Properties

The RCAL indicates distinct porosity distribu-
tion in the two identified lithofacies. The LS litho-
facies had a 5–22.4% porosity with average porosity
of 12.486%. The ALS lithofacies is very tight
with< 4% porosity (0.62–4.06%) and average
porosity was 1.96% (Fig. 4a). The horizontal per-
meability of the LS lithofacies varied in the range
0.02–8.42 mD (average 1.225 mD), and the inferred
U–Kh relationship from 60 samples was (Fig. 4a):

Kh ¼ 0:00011U3:43;R2 ¼ 0:72 ð3Þ
The tight ALS lithofacies exhibited a Kh range

of 0.003–1 mD6 (average 0.062 mD) (Fig. 4a). A
confident U–Kh relationship could not be inferred in
the argillaceous interval; however, such characteris-
tics may indicate the presence of horizontally con-
nected pores or fractures within the ALS. The
vertical permeability of the LS was in the range of
0.019–9.34 mD (average 1.401 mD) while the Kv in

5 1 psi = 0.0069 Megapascal. 6 1 mD (millidarcy) = 9.86923* 10–16 meter2.
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the ALS ranged 0.001–0.028 mD with average of
0.008 mD (Fig. 4b and c). A Kv cutoff of 0.01 mD
distinguished the two lithofacies. The Kv:Kh of the
LS and ALS lithofacies ranged 0.188–5.742 (average
1.96) and 0.06–2.589 (average 0.769), respectively,
indicating the presence of both primary depositional
fabrics (foliated fabrics) and secondary fabrics (i.e.,
minor vertically connected pores) (Fig. 4b). The
AR-D samples did not exhibit any confident Kh–Kv
correlation. The inferred U–Kv relationship of the
LS lithofacies based on nine data points was
(Fig. 4c):

Kv ¼ 0:0004U3:67;R2 ¼ 0:57 ð4Þ
Seven Kv measurements were available from

the ALS lithofacies and a confident U–Kv relation-
ship could not be inferred. The mean hydraulic ra-
dius (�(Kh/U)) of the LS and ALS lithofacies ranged
0.615–6.13 mD (average 2.474 mD) and 0.278–4.966
mD (average 1.459 mD), respectively (Fig. 4d). A
mean hydraulic radius cutoff of 0.03 mD distin-
guished the two lithofacies in the AR-D Formation.
The mean hydraulic radius was plotted against Kv
(Fig. 4d).

In the stratigraphic modified Lorenz plot
(SMLP; Fig. 5), five flow units (HFU 1–5) were
identified. The ALS lithofacies consisted of HFU-1
and HFU-5 contributing � 25% of the storage
and< 5% of the flow capacity. These were water
saturated and characterized by< 4% porosity and
average Kh of 0.062 mD. The LS lithofacies con-

sisted of three flow units (HFU-2, 3 and 4) (Fig. 5).
HFU-3 provided the best storage and flow potential
characterized by highest porosity (up to 22%) and
permeability (up to � 10 mD) being recorded in the
AR-D. The HFU-2 and HFU-4 of the LS lithofacies
had 7–8% porosity and 0.03–0.5 mD Kh with high
water saturation. The Pickett plot (Fig. 6) indicates
formation water resistivity of 0.048 X m and Ar-
chie�s parameters as a = 1, m = 2.6 and n = 2. Using
these parameters, the ALS lithofacies (HFU-1 and
HFU-5) as well as the upper and lower intervals of
the LS lithofacies (HFU-2 and HFU-4, respectively)
were found to be water saturated (Fig. 7). Using a
Sw cutoff of 65%, a 10-ft net pay was identified in
the LS lithofacies within 9440–9450 ft, which con-
tributes to the HFU-3. Figure 7 presents the vertical
distribution of the interpreted petrophysical prop-
erties across the cored interval of the AR-D Mem-
ber from well AG-117, indicating highest porosity
and permeability in the middle part of the studied
interval and contributing to the net pay of the LS
lithofacies.

Special Core Analysis Results

The MICP test indicated that the LS lithofacies
had pore throat sizes of 0.1–1.1 lm (Fig. 8) which
are indicative of micro–mesoporosity. The ALS
samples indicated the dominance of nanoporosity
(< 0.1 lm) (Fig. 9). Capillary pressure data were

Figure 3. Photographs of cores of the two lithofacies types interpreted in the AR-D member and a cross plot of core-measured grain

density vs. bulk density. Data belong to Well AG-117. [1 ft = 0.3048 m].
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interpreted to infer the fluid saturations in both the
lithofacies. The results indicate that the LS lithofa-
cies had lower irreducible water saturation com-
pared to the ALS (Fig. 10; Table 1). Capillary force
and wettability may be the controlling factors of
elevated irreducible water saturation in the ALS.
However, ALS is argillaceous and its higher clay
content may also contribute to higher irreducible
water saturation. Figure 10 shows very low capillary
pressure (< 10 psi) in the LS samples, as the water
saturation decreased from 100 to � 60%, which
implies that 40% of the pore water can be displaced
by hydrocarbons at lower pressure condition. Within
the ALS lithofacies, water saturation dropped from
100 to � 90% as the capillary pressure increased
from 1 to 10 psi, implying that only 10% of the free
pore water could be displaced in case of the ALS

samples (Fig. 10). The relative permeability vs. wa-
ter saturation plot (Fig. 11) shows about 31–35%
irreducible water saturation in the LS samples
and> 50% in the ALS sample, both indicating a
strongly water–wet system. The plots of confining
pressure vs. porosity and permeability (Fig. 12)
indicate that the confining pressure had very slight
effect on AR-D rock samples when it increased from
400 to 4500 psi.7

Reservoir Quality and Permeability Anisotropy

The quality of the AR-D reservoir was charac-
terized by RQI, NPI, and FZI parameters. The RQI

Figure 4. Relationships between core-measured (a) porosity (U) vs. horizontal permeability (Kh); (b)

vertical permeability (Kv) vs. Kh; (c) Kv vs. U; and (d) Kv vs. mean hydraulic radius (�(Kh/U)), illustrating
the porosity–permeability characteristics of both lithofacies types interpreted in the AR-D member. Data

belong to Well AG-117. [1 mD (millidarcy) = 9.86923 9 10–16 m2].

7 1 psi = 0.0069 Megapascal.
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of both LS and ALS was< 0.25 lm (Fig. 13a),
which is indicative of very poor reservoir quality
(i.e., impervious). Due to the very poor permeabil-
ities, the LS lithofacies exhibited FZI< 1 lm
(Fig. 13a). The ALS lithofacies had a wide range of
FZI, the lower end with FZI< 2.5 lm indicating
impervious to poor quality, which is usually ex-
pected in a tight formation. However, some data
points indicate 2.5 lm<FZI< 10 lm. Such higher
FZI in a tight formation indicates some degree of
horizontal pore connectivity. The heterogeneity of
hydraulic flow characteristics of the ALS lithofacies
is also depicted by Fig. 13b, which shows a FZI
range of 0.222–8.491 lm against the narrow NPI
range of 0.049–0.192. Only a few samples of the AR-
D were selected for MICP due to the destructive
nature of the test. Therefore, we also estimated pore
throat sizes from core-based porosity–permeability
properties. The LS consisted of micro–mesoporosi-

ties (0.137 lm<R35< 1.457 lm), while the ALS
exhibited nano- to mesoporosities (0.059 lm<

R35< 1.702 lm) (Fig. 13c–d). The calculated R35
values (from Winland equation) were in good
agreement with the MICP data. We inferred that the
LS lithofacies represents a poor quality reservoir.
The ALS intervals were observed to be tight with
poor permeability (< 1 mD) but may have some
horizontally connected pores.

Permeability anisotropy (kk) of the LS and ALS
ranged 0.417–2.303 and 0.622–4.098, respectively
(Fig. 14). Very few of the data points indicate an
isotropic pore system and majority of them indicate
the presence of secondary pore connectivity. The LS
lithofacies was dominated by kk< 1, indicating
secondary anisotropic fabrics, possibly minor verti-
cal fractures (Fig. 14a–c), which yielded high Kv:Kh
ratios. Thin hair line open vertical fractures were
also observed in CT scan images of the LS lithofa-

Figure 5. Stratigraphic modified Lorenz plots (SMLP) showing flow and storage capacities along with the

various hydraulic flow units (HFU) within the AR-D member in Well AG-117.
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cies (Fig. 15), which strongly support the perme-
ability anisotropy results. In contrast, the ALS
lithofacies showed indications of scattered horizon-
tal connected pores resulting in kk> 2 (Fig. 14).

Based on the permeability anisotropy analysis, ver-
tical fractures seem to be negligible in the ALS,
which is also characterized by a poor Kv distribution
(< 0.03 mD). The RQI–kk plot did not show any
strong relationship. It is to be noted that Kv mea-
surements were available from only nine LS samples
and seven ALS samples. Majority of the LS samples
exhibited the presence of vertical fractures, which
offer a wide Kv range of 0.1–10 mD, while ALS
samples exhibited the possible presence of horizon-
tal pore connectivity as well as minor vertical frac-
tures. These heterogeneities, in turn, resulted in
difficulties to establish a confident correlation of Kv
with Kh and porosity. The summary of the petro-
physical properties of the LS and ALS lithofacies in
the AR-D Member is presented in Table 2.

Abu Roash E (AR-E) Member

Reservoir Lithofacies

Two potential reservoir lithofacies were identi-
fied: calcareous sandstone (CS) and glauconitic silt-
stone (GS) both with intercalated shale intervals.
The CS lithofacies is light grey colored, fine- to

Figure 6. Pickett plot of AR-D member in Well AG-117.

Figure 7. Vertical distribution of lithologic and petrophysical properties within the AR-D member in Well

AG-117. Black dots indicate the core measurements. [1 ft = 0.3048 m; 1 mD (millidarcy) = 9.86923 9 10–16

m2].
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medium-grained, subangular to subrounded, fair to
well sorted, moderately hard, and contains calcare-
ous cement. Wavy and flaser beddings are the pri-
mary sedimentary structures associated with the CS
lithofacies along with minor cross laminations and
occasional ferruginous bands (Fig. 16). The GS
lithofacies is greenish grey colored, fine to very fine
grained, semi-friable, occasionally moderately hard,

and highly glauconite in nature. The cored interval
was devoid of fossils. The core-measured grain
density of this interval ranged 2.68–2.73 gm/cc, while
the average grain densities of the CS and GS were
interpreted as 2.68 gm/cc and 2.7 gm/cc, respectively
(Fig. 16). The majority of the bulk density data from
the CS and GS ranged 2.37–2.47 gm/cc and 2.53–2.63
gm/cc, respectively.

Figure 8. Distribution of pore throat size in the limestone lithofacies (LS) of the AR-D member based on

the Mercury Injection Capillary Pressure test. Data belong to Well AG-117.
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Petrophysical Properties

Core measurements indicated a wide range of
porosity (3.5–21%) and permeabilities (Kh = 0.1–
305 mD, Kv = 0.1–168 mD) within the AR-E
reservoir. The CS facies were characterized by high
porosity (12.9–21%) and horizontal permeability

(9.1–305 mD) compared to the GS facies (U = 3.5–
12.8%, Kh = 0.1–7.7 mD) (Fig. 17a). The AR-D
samples exhibit the following U–Kh relationship
based on 71 samples:

Kh ¼ 0:0014U3:4019; R2 ¼ 0:26 ð5Þ

Figure 9. Distribution of pore throat size in the argillaceous limestone (ALS) lithofacies of the AR-D

member based on the Mercury Injection Capillary Pressure test. Data belong to Well AG-117.
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This relationship had a very poor correlation
coefficient, but it is clear from Figure 17a that the
contribution of porosity to Kh was more in the CS
lithofacies. The Kv in the AR-E reservoir ranged
0.1–168 mD. The Kv/Kh ratios ranged 0.1–1.32. The
inferred Kh–Kv relationship from the 71 samples of
the AR-E reservoir was:

Kv ¼ 0:345Kh0:8749; R2 ¼ 0:77 ð6Þ
Majority of the data distribution indicated

Kv:Kh £ 1, implying the dominance of primary

depositional fabrics in the reservoir lithofacies
(Fig. 17b). Some measurements from the GS litho-
facies indicated strong permeability difference in
horizontal and vertical directions with Kh> 1 mD
and Kv ranging 0.2–0.58 mD (Fig. 17b). The U–Kv
plot (Fig. 17c) could not provide a confident rela-
tionship; however, the plot clearly shows two distinct
trends within the AR-E reservoir. The CS lithofacies
had Kv> 1 mD, while the highest measured Kv
values of the GS facies was 0.58. Very low Kv values
indicate that the pores of the glauconitic siltstone
intervals were not at all vertically connected and the
porosity did not have much contribution to Kv. The
mean hydraulic radius is plotted against Kv in Fig-
ure 17d, and the following relationship was observed
from the 43 samples of CS lithofacies:

Kv ¼ 0:0222
ffiffiffiffiffiffiffiffiffiffiffiffiffi

Kh=U
p

� �2:3268

; R2 ¼ 0:72 ð7Þ

The GS lithofacies exhibited very poor rela-
tionship between mean hydraulic radius and Kv.
Mean hydraulic radius of the CS (7.426–39.549 mD,
average 16.438 mD) was higher than that of the GS
lithofacies (1.477–11.547 mD, average 4.005 mD),
contributed by higher porosity and horizontal per-
meability. Based on the data distribution, a porosity
cutoff of 15% and permeability cutoffs of Kh = 10
mD and Kv = 1 mD were interpreted in the AR-E
reservoir, which differentiate the two lithofacies
inferring higher porosity and permeabilities in the
CS than in the GS. In the stratigraphic modified
Lorenz plot (SMLP; Fig. 18), the GS lithofacies
displayed very poor storage and flow capacity and

Figure 10. Capillary pressure vs. water saturation cross plot

using porous plate method in oil–brine system, for both

lithofacies types interpreted in the AR-D member. Data

belong to Well AG-117. Plot indicates that the argillaceous

limestone lithofacies has the higher irreducible water

saturation [1 psi = 0.0069 Megapascal].

Table 1. Summary of the mercury injection capillary pressure (MICP) measurements showing the variation in capillary characteristics of

the LS and ALS lithofacies in the AR-D reservoir, data belongs to the Well AG-117

Capillary pressure (PSI) Sample no. Water saturation (% pore volume)

1 4 10 30 60 100 200

Limestone lithofacies (LS) 1 91.2 78.9 64.9 56.1 47.3 42 36.7

2 88 74.3 62.3 53.7 45.2 38 33.2

3 93.5 80.6 70.9 57.9 48.2 43.7 38.5

4 92.1 82.5 71.4 58.7 48.7 42.2 38

5 91.6 79.8 68 57.9 47.7 42.7 37.6

6 85 70.1 57.2 46.6 38 33.7 29.4

Argillaceous Limestone lithofacies (ALS) 7 96.1 91.1 84.9 76.3 67.4 58.5 48.7

8 98 94 87.9 80.9 71.8 63.7 55.6

9 95.4 90.8 86.2 77 67.8 58.6 49.4

10 97.3 94.5 90.1 83.6 76.1 67.2 56.2

11 96.9 90.6 84.4 77.2 68.8 62.6 53.2

12 98.5 95.1 90.2 80.3 70.5 61.6 50.8
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marked as HFU-1 and HFU-4. HFU-1 had 4–15%
porosity, 0.3–6.2 mD permeability, but the high
porosity HFU-1 intervals had higher water satura-
tion (70–85%). HFU-4, identified in the GS litho-
facies at the bottom of the studied AR-E Member
was found to be water saturated and characterized
by lower porosity (< 6%), 0.24–3.5 mD Kh. Majority
of the flow capacity was provided by the CS litho-
facies being distributed in two flow units (HFU-2

and 3) (Fig. 18). These two HFUs had high porosity
(� 20%) and high water saturation (‡ 75%). HFU-3
had slightly higher Kh (> 100 mD) than HFU-2 (10–
100 mD), which translate to a steeper flow capacity
gradient against HFU-3 in the SMLP plot (Fig. 18).
Using Pickett plot (Fig. 19), a formation water
resistivity was found to be 0.035 X m and the Ar-
chie�s equation (a = 1,m = 1.46, n = 2) provided 52–
87% water saturation in AR-E Member. Reservoir
flag was interpreted within the CS lithofacies within
10,595–10,618 ft along with the highest porosity–
permeability values; however, considering 10%
porosity cutoff and 65% Sw cutoff, the AR-E did not
exhibit any net pay zone. HFU-1 of the GS lithofa-
cies showed< 65% Sw within 10,570–10,576 ft but
that interval was characterized by< 10% porosity,
and so it did not contribute to the net pay (Fig. 20).
The vertical distribution of the interpreted petro-
physical properties across the cored interval of the
AR-E Member from the well AG-37 is presented in
Figure 20.

Reservoir Quality and Permeability Anisotropy

To characterize the reservoir quality and flow
properties, RQI, FZI, NPI and R35 parameters are
plotted for both the lithofacies (Fig. 21). The RQI
and FZI values of the calcareous sandstones range
between 0.23–1.24 lm and 1.18–5.12 lm, respec-
tively, which infers a poor to good reservoir quality
(Fig. 21a). The GS revealed RQI< 0.36 lm and
0.26 lm<FZI< 6.1 lm (Fig. 21a). In terms of

Figure 11. Relative permeability of the studied samples from

the AR-D member using a water–oil system. �Kro� = relative

permeability to oil. �Krw� = relative permeability to water. �LS�
and �ALS� refer to limestone lithofacies and argillaceous

limestone lithofacies. Data belong to Well AG-117.

Figure 12. Effect of confining pressure on porosity and horizontal permeability of the two lithofacies

identified in the AR-D member. Data belong to Well AG-117 [1 psi = 0.0069 Megapascal].
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RQI, the GS lithofacies was mostly impervious
(Fig. 21a). The NPI–RQI cross plot shows that the
GS lithofacies primarily has poor hydraulic flow
potential, but few measurements indicate higher
flow characteristics (FZI> 2.5 lm) (Fig. 21a–b)
contributed by high Kh–low U combination. In ab-
sence of MICP measurements, we estimated pore
throat size (R35) empirically from core-based
porosity–permeability properties which revealed a
R35 range of 0.35–13.48 lm in the AR-E reservoir
(Fig. 21c–d). The CS lithofacies was characterized
by R35> 2 lm referring to dominantly macrop-
orosity (2 lm<R35< 10 lm) along with some
megaporous (R35> 10 lm) spaces while the GS
lithofacies was dominantly meso- to microporous
(0.1 lm<R35< 0.5 lm) (Fig. 21c–d).

Permeability anisotropy (kk) of the AR-E
reservoir ranged 0.87–6.20. Both lithofacies domi-
nantly displayed isotropic pore system (1< kk< 2)
(Fig. 22a–c) with poor vertical barriers (Kh � Kv).

However, both lithofacies displayed certain degree
of scattered horizontally connected pores (Fig. 22a–
c) associated with Kh> 2 mD, which contributed to
higher permeability anisotropy (kk> 2). We ob-
served that the GS with Kh< 1 mD consisted of
only isotropic pores, while the GS intervals with Kh
1–10 mD had scattered horizontal pores. The U–kk
cross plot indicates that the higher porosity lithofa-
cies (i.e., CS) displayed relatively lower kk when
compared to the GS lithofacies characterized by
U< 15% (Fig. 22c). The RQI–kk cross plot indi-
cates that the reservoir quality of the CS lithofacies
improved from poor to good as permeability aniso-
tropy decreased (Fig. 22d). It is to be noted that
both the CS and GS lithofacies of AR-E exhibited
the presence of horizontal pore channels and scat-
tered horizontal pores along with the isotropic pore
system which yielded a wide Kh range of 0.1–300
mD. The enhanced horizontal pore connectivity in-
creased Kh values in both lithofacies, which re-

Figure 13. Characterization of both lithofacies types interpreted in the AR-D member. Plots of RQI vs. (a)

FZI and (b) NPI. Estimated pore throat radius (R35) is plotted against (c) RQI and (d) FZI. Data belong to

Well AG-117. �Im� indicates �impervious� quality of the reservoir. Ranks used in (a), (c) and (d) are classified

following Nabawy and Al-Azazi (2015).
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stricted a confident U–Kh relationship. The sum-
mary of the petrophysical properties of the CS and
GS lithofacies in the AR-E Member is presented in
Table 3.

Bahariya Formation

Reservoir Lithofacies

The reservoir primarily consisted of massive
sandstone lithofacies with thin siltstone intercala-
tions (Fig. 23). The sandstones are grey to brownish
grey colored, fine to medium grained, moderately
cemented, ferruginous, and devoid of fossils. The
sandstone unit is mostly massive in nature and
contains planar laminations in the lower part. We
observed some rounded rip-up clasts within the
studied interval. The sandstone commonly grades
into siltstone to the top. The siltstone intercalations
are light grey colored and exhibit low angle cross
stratifications. Thin mud laminas and drapes are also

present. The core-measured grain density of the
studied interval ranged 2.63–2.68 gm/cc, while the
bulk density exhibits a range of 2.40–2.63 gm/cc
(Fig. 23). The majority of the grain density distri-
bution indicates an average of 2.65 gm/cc, which is
representative of quartz grains.

Petrophysical Properties

Core-based measurements indicated that the
Bahariya sandstone reservoir had 8.42–18.4%
porosity (average 12.61%) with a Kh range of 0.58–
649.6 mD (average 95.53 mD) (Fig. 24a). The thin
siltstone intervals contributed to the lower porosity
and permeability (U< 10% and Kh< 2 mD). The
following U–Kh relationship was observed in the
Bahariya reservoir based on 63 samples:

Kh ¼ 0:00000001U8:58; R2 ¼ 0:84 ð8Þ
The vertical permeability ranged 0.2–285 mD

(average 58.49 mD) with Kv:Kh ratios ranging

Figure 14. Interpretation of flow characteristics of both lithofacies types interpreted in the AR-D member

by plotting permeability anisotropy (kk) against (a) horizontal permeability (Kh), (b) vertical permeability

(Kv), (c) porosity (U) and (d) RQI. Data belong to Well AG-117. [1 mD (millidarcy) = 9.86923 9 10–16 m2].
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0.11–0.96 (average 0.528). Thus, the Bahariya
reservoir exhibited a poor Kv–Kh relationship
(R2< 0.5) (Fig. 24b). Majority of the measurements
indicated Kv:Kh of> 0.5. The Kv:Kh< 1 in the
Bahariya reservoir indicates the presence of primary
depositional fabrics (Fig. 24b). The U–Kv plot
(Fig. 24c) provided the following relationship based
on 22 measurements:

Kv ¼ 0:00000001U8:34; R2 ¼ 0:76 ð9Þ
The mean hydraulic radius ranged 2.602–59.413

mD (average 19.466 mD) and it exhibited poor
relationship with Kv.

In the stratigraphic modified Lorenz plot
(SMLP; Fig. 25), five flow units (HFU-1 to HFU-5)
were identified within the cored Bahariya reservoir

Figure 15. CT scan images of core plugs from both lithofacies types interpreted in the AR-D member. Data

belong to Well AG-117. Yellow arrows mark hair line vertical fractures along the core plug. Green arrow

indicates stylolite. [1 ft = 0.3048 m; 1 mD (millidarcy) = 9.86923 9 10–16 m2].

Table 2. Summary of the core-based petrophysical properties of the AR-D reservoir based on the core measurements.

Petrophysical characteristics Limestone lithofacies (LS) Argillaceous limestone lithofacies (ALS)

Min Max Avg CV Min Max Avg CV

Porosity (U) (%) 4.7 22.406 12.486 0.339 0.62 4.06 1.96 0.506

Horizontal Permeability (Kh) (mD) 0.02 8.42 1.225 1.258 0.003 1 0.062 2.374

Vertical Permeability (Kv) (mD) 0.019 9.34 1.401 2.144 0.001 0.028 0.008 1.105

Kv/Kh 0.188 5.742 1.96 1.076 0.06 2.589 0.769 1.178

Permeability Anisotropy (kk) 0.417 2.303 1.211 0.611 0.622 4.098 2.073 0.705

Mean Hydraulic Radius (mD) 0.615 6.130 2.474 0.580 0.278 4.966 1.459 0.879

Grain Density (gm/cc) 2.695 2.732 2.705 0.004 2.686 2.73 2.703 0.004

Rock Quality Index (RQI) (lm) 0.019 0.192 0.078 0.579 0.009 0.156 0.046 0.879

Normalized Porosity Index (NPI) 0.049 0.289 0.145 0.389 0.006 0.042 0.02 0.518

Flow Zone Indicator (FZI) (lm) 0.218 1.275 0.534 0.481 0.222 8.491 2.823 0.809

Pore Throat Radius (R35) (lm) 0.137 1.457 0.584 0.637 0.059 1.702 0.526 0.96

�Avg� and �CV� refer to the average values and coefficient of variation [1 mD (millidarcy) = 0.986923* 10–15 meter2]
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interval. Breaks in slope of the SMLP indicated the
presence of flow baffles within the Bahariya reser-
voir, indicating heterogeneity. HFU-1, 3 and 5 had
similar porosity ranges (8–12%) and< 100 mD Kh.
HFU-2 and HFU-4 were characterized by relatively
higher porosity (12–18%) and Kh of> 100 mD,
which yielded steeper flow capacity gradients against
these two units in the SMLP plot (Fig. 25). Using
Pickett plot (Fig. 26), a formation water resistivity
was fund to be 0.03 X.m and the Archie�s equation
(a = 1, m = 1.84, n = 2) provided 70–80% water
saturation in the lower part of the Bahariya For-
mation, where core measurements were available.
Therefore, all the HFUs were highly water satu-
rated. Reservoir flags were interpreted in the CS
lithofacies within 10,595–10,618 ft along based on
cutoffs of> 10% porosity and< 0.35 shale volume.
However, the cored interval of the Bahariya exhib-
ited Sw> 65% and therefore devoid of any net pay
zone. Based on the log-based estimates, net pay was
recognized within 10,663–10,713 ft, which lies above
the cored interval (Fig. 27). The vertical distribution
of porosity and permeabilities across the cored
interval of the Bahariya Formation from the well
AG-99 is presented in Figure 27.

Reservoir Quality and Permeability Anisotropy

The quality of the Bahariya reservoir was
deciphered by RQI, NPI and FZI estimated from
the core–based porosity–permeability measure-
ments. The RQI and FZI ranged 0.08–1.87 lm and
0.88–8.91 lm, respectively (Fig. 28a). These broad
ranges of RQI and FZI indicate poor to good
reservoir qualities in the sandstone intervals
(2.5 lm<FZI< 10 lm) while the thin siltstone
intercalations appeared to be impervious to poor
quality (RQI< 0.25 lm and FZI< 2.5 lm). In the
absence of MICP measurements, we estimated pore
throat size (R35) empirically from core-based
porosity–permeability properties, which revealed a
R35 range of 0.67–22.06 lm in the Bahariya reser-
voir (Fig. 28d). The sandstone intervals indicated
macro- and megaporosity while the intercalated
siltstones were microporous (0.5 lm<R35< 2
lm).

Permeability anisotropy (kk) of the Bahariya
reservoir ranged 1.02–3.02. The majority of the data
distribution was indicative of isotropic pore system
(1< kk< 2) (Fig. 29a–c), which is contributed by
the primary depositional fabrics. Only three mea-

Figure 16. Photographs of cores of the two lithofacies types interpreted in the AR-E member and a cross plot between core-measured

grain density vs. bulk density. Data belong to Well AG-37 [1 ft = 0.3048 m].
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surements displayed kk> 2.5 (2.77–3.02), indicating
very minor influence by horizontal pore connectivity
(Fig. 29a–c). The homogenous distribution of the
pore characteristics was also reflected by the RQI–
kk cross plot (Fig. 29d). The summary of the
petrophysical properties of the CS and GS lithofa-
cies in the AR-E Member is presented in Table 4.

DISCUSSIONS

AR-D Reservoir

Based on the presence of carbonate-dominated
sequences within the AR-D Member, Sarhan et al.
(2017a, 2017b) interpreted a marine environment in
the nearby Gindi Basin. Ghassal et al. (2018) ana-

lyzed the organic geochemistry of oil-stained AR-D
core samples from the GPT field in the AGB and
inferred a shallow marine environment due to the
presence of a mixed marine and terrestrial palyno-
facies. Overall, the LS and ALS lithofacies of the
AR-D Member refers to a calm and low energy
depositional environment in a shallow marine shelf
setting (Burchette & Wright, 1992), which prevailed
during the Turonian (Mansour et al., 2020). In the
studied reservoir interval, the ALS lithofacies lies
above and below the LS. The MICP test indicated
micro–mesoporosity in the LS while the ALS was
nanoporous (Figs. 7 and 8) and tight (< 4% poros-
ity) due to its higher clay content, which closed the
pore throats. The ductility of the clay matrix was
also responsible for the poor preservation potential
of porosity–permeability under increasing confining

Figure 17. Relationships between core-measured (a) porosity (U) vs. horizontal permeability (Kh); (b)
vertical permeability (Kv) vs. Kh; (c) Kv vs. U; and (d) Kv vs. mean hydraulic radius (�(Kh/U)), illustrating
the porosity–permeability characteristics of both lithofacies types interpreted in the AR-E member. Data

belong to Well AG-37 [1 mD (millidarcy) = 9.86923 9 10–16 m2].
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stress. The average Kv:Kh< 1 in the ALS indicated
that the primary depositional fabrics were domi-
nantly preserved; however, some degrees of hori-
zontal pore connectivity enhanced the anisotropy
and thus provided a good vertical permeability
barrier.

The LS lithofacies is massive in nature and de-
void of fossils and we did not observe dissolution
features. However, compaction was observed to be
the main post-depositional diagenetic modification
within the studied lithofacies. We observed rectan-
gular or columnar stylolites within the LS (Fig. 3),
which indicates the presence of chemical com-
paction at the later stage of diagenesis. Stylolites are
secondary (chemical) sedimentary structures formed
by pressure dissolutions as a result of overburden
pressure (Koehn et al., 2016). Stylolites can have
wide ranging effects on the porosity and perme-
ability of host rocks. The common opinion is that

they reduce the flow potential and act as perme-
ability barriers (Alsharhan & Sadd, 2000; Baud
et al., 2012; Heap et al., 2014). However, many re-
searchers reported porosity enhancement associated
with stylolite formation (Gingras et al., 2002; Harris,
2006). Lind et al. (1994) could not find any distin-
guishing effect of stylolites on the flow potential of
high porosity chalk reservoirs. The stylolitic inter-
vals of the LS lithofacies (9445 ft, 9449 ft) are
associated with high porosity (14.68–19.27%) and
poor permeability (Kh = 1.24–3.22 mD), which
indicate that the stylolites may have a negative im-
pact in reservoir flow capacity. However, compli-
mentary laboratory data to infer its detailed impact
on the AR-D reservoir quality were unavailable in
this study. We also observed minor fractures within
the AR-D cores. Fractures are indicative of
mechanical compaction (Barbier et al., 2012). The
LS lithofacies exhibited lower permeability aniso-

Figure 18. Stratigraphic modified Lorenz plots (SMLP) showing flow and storage capacities along with the

various hydraulic flow units (HFU) within the AR-E member in Well AG-37.

1811Petrophysical Characterization of the Turonian and Cenomanian Intervals



tropy values (mostly< 1 mD), which indicate the
influence of some minor vertical fractures.

Overall, the studied AR-D interval is nano- to
mesoporous and the reservoir quality is inferred as
impervious to poor with dominantly< 1 mD per-

meability in spite of the presence of vertical frac-
tures. The petrophysical cutoffs indicated a 10-ft pay
zone within the LS lithofacies. A stimulation strat-
egy is absolutely necessary to produce from these
carbonates. Following the tight carbonate field
development examples worldwide, specially middle
east and Egypt (Salamy et al., 2006; Al-Hajeri et al.,
2007; George et al., 2012; Chimmalgi et al., 2013;
Alyan et al., 2015; Sen et al., 2021), we recommend
that coil tubing (CT) carried gun and acid stimula-
tion will be helpful to activate this tight reservoir.
Latief et al. (2019) discussed the results and utility of
underbalanced drilling strategy to enhance produc-
tion from a carbonate reservoir with 10–18%
porosity and 0.2–1.5 mD permeability, very similar
to the studied AR-D interval. Authors reported
threefold oil production increase as the bottomhole
pressure was reduced by 20% below formation
pressure during underbalanced drilling with nitrogen
injection (Latief et al., 2019). A similar strategy has
yet not been tested in any Egyptian carbonate
reservoir but it is worth considering. A horizontal
well bore would have been the ideal strategy to
achieve maximum reservoir contact; however, this
might not be the best suitable considering the
availability of multiple reservoir units within a single

Figure 19. Pickett plot of AR-E member in Well AG-37.

Figure 20. Vertical distribution of lithologic and petrophysical properties within the AR-E member in the

Well AG-37. Black dots indicate the core measurements. [1 ft = 0.3048 m; 1 mD

(millidarcy) = 9.86923 9 10–16 m2].
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well (AR-D, E, G and Bahariya reservoirs). Multi-
lateral wells or stacked multibranch wells can be
more suitable for such scenario if the cost implica-
tions work out favorably. In March 2013, another
well (AG-108) was drilled to test the AR-D reser-
voir, but it did not flow naturally. Therefore, acid
stimulation was conducted, and it showed oil and gas
production rates of 2600 BOPD8 (barrel oil per day)
and 6 MMSCFD9 (million standard cubic ft/day),
respectively (Khalda Petroleum Company, 2013).
However, the AR-D reservoir is strongly water wet
with high irreducible water saturation (> 30% in the
LS and � 50% in the ALS lithofacies) and it will
critically affect the producible hydrocarbon volume.

AR-E Reservoir

The studied upper AR-E interval was com-
posed of CS and GS, and it exhibited a fining upward
trend. This section was devoid of any limestone bed.
The occurrence of wavy-flaser beddings and cross
laminations within the CS lithofacies indicated a
relative moderate energy condition in a subtidal
depositional environment, i.e., a tidal channel. The
sharp change in the gamma ray log value at the base
of the LS lithofacies (� 10,620 ft in Fig. 20) marked
the base of the tidal channel complex. We had ob-
served few ferruginous bands within the CS, which
may suggest sub-aerial exposure that is common in
tidal settings (Hewaidy et al., 2018). The association
of GS lithofacies was critical to infer the deposi-
tional environment. Glauconite occurrences are re-
ported from a wide range of environments, i.e.,

Figure 21. Characterization of both lithofacies types interpreted in the AR-E member. Plots of RQI vs. (a)
FZI and (b) NPI. Estimated pore throat radius (R35) is plotted against (c) RQI and (d) FZI. Data belong to

Well AG-117. �Im� indicates �impervious� quality of the reservoir. Ranks used in (a), (c) and (d) are classified

following Nabawy and Al-Azazi (2015).

8 1 bopd = 0.1589 cubic meter per day.

9 1 MMSCFD (million standard cubic ft/day) = 0.02832

MMSCMD (million standard cubic meter/day.
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Figure 22. Interpretation of flow characteristics of both lithofacies types interpreted in the AR-E member

by plotting permeability anisotropy (kk) with (a) horizontal permeability (Kh), (b) vertical permeability

(Kv), (c) porosity (U) and (d) RQI. Data belong to Well AG-37 [1 mD (millidarcy) = 9.86923 9 10–16

meter2].

Table 3. Summary of the core-based petrophysical properties of the AR-E reservoir based on the core measurements.

Petrophysical characteristics Calcareous sandstone lithofacies (CS) Glauconitic siltstone lithofacies (GS)

Min Max Avg CV Min Max Avg CV

Porosity (U) (%) 12.9 20.9 19.088 0.079 3.4 17.3 8.284 0.398

Horizontal Permeability (Kh) (mD) 9.1 305 60.199 1.013 0.12 7.7 1.782 1.429

Vertical Permeability (Kv) (mD) 1.06 168 22.318 1.293 0.13 0.58 0.272 0.357

Kv/Kh 0.026 1.322 0.362 0.688 0.259 1.087 0.519 0.673

Permeability Anisotropy (kk) 0.869 6.143 2.016 0.445 0.959 6.204 2.101 0.756

Mean Hydraulic Radius (mD) 7.426 39.549 16.438 0.404 1.477 11.547 4.005 0.786

Grain Density (gm/cc) 2.67 2.72 2.685 0.004 2.67 2.72 2.705 0.005

Rock Quality Index (RQI) (lm) 0.233 1.242 0.516 0.404 0.046 0.363 0.126 0.785

Normalized Porosity Index (NPI) 0.148 0.264 0.236 0.948 0.351 0.209 0.091 0.439

Flow Zone Indicator (FZI) (lm) 1.18 5.127 2.189 0.404 0.263 6.068 1.779 0.979

Pore Throat Radius (R35) (lm) 1.962 13.483 4.891 0.495 0.355 4.237 1.229 0.963

�Avg� and �CV� refer to the average values and coefficient of variation [1 mD (millidarcy) = 0.986923* 10–15 meter2]
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shallow marine shelf, slope, deep marine, lacustrine,
tidal, estuarine, lagoon, deltaic to fluvio–deltaic etc.
(Banerjee et al., 2016a; Bansal et al., 2018). Farouk
(2015) reported a shallow subtidal environment for
the glauconitic sandstones of the Cenomanian Ga-
lala Formation from Egypt. Very low sedimentation
rate and poor terrigenous clastic influx associated
with a rapid sea-level rise in the warm climatic
condition provides the ideal condition and required
shallow substrates for extensive glauconitization
(Banerjee et al., 2015; 2016a, b; 2019; Bansal et al.,
2019). The GS of the AR-E are associated with the
shale intervals (high gamma ray values in Fig. 20),
which may indicate that these glauconites are auto-
chthonous (Baioumy & Boulis, 2012). The litholog-
ical description available from the core report
indicated that the shales associated with the reser-
voir interval (� 10,585–10,595 ft in Fig. 20) con-
tained carbonaceous material, possibly indicating
tidal flat deposits. Based on the facies association,
we concluded that the studied AR-E interval was
deposited in a tidal depositional environment in
transgressive system. A few researchers reported
fresh water algae in the lower part of the AR-E,

which is indicative of increased influx terrestrial or-
ganic matter possibly influenced by a drop in sea
level (Abdel-Kireem et al., 1996; Zobaa et al., 2011).
However, our studied interval belongs to the upper
part of the AR-E Member. Boukhary et al (2014)
deciphered that a shallow marine to open marine
environment prevailed in the eastern AGB during
the Turonian and deposited the AR-F to AR-A
Members, which correlates well with our observa-
tions.

Both lithofacies preserve primary depositional
fabrics (Fig. 17b) and consist of isotropic pore sys-
tem along with some connected horizontal pores
(Fig. 22) yielding higher permeability anisotropy.
However, the two lithofacies exhibit distinct storage
and flow characteristics. The CS facies was generally
macroporous with some megaporosity and possessed
excellent porosity (> 15%) and permeability (� 10–
305 mD) aided by a higher mean hydraulic radius
of> 1 mD. The mesoporous GS lithofacies was
characterized by poor porosity–permeability behav-
ior due to the presence of fine glauconites (which
had a general size range of 60–1000 lm). We con-
cluded that the tidal channel facies of the AR-E had

Figure 23. Photographs of cores of the Bahariya Formation and a cross plot between core-measured grain

density vs. bulk density. Data belong to Well AG-99 [1 ft = 0.3048 m].
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fair to good qualities while the glauconitic interval
had poor quality in general (Kh< 1 mD) in terms of
porosity and permeability. However, the cored AR-
E interval had high Sw and devoid of any net pay
and, therefore, we recommend that the interval can
be excluded from the completion strategy.

Bahariya Reservoir

The Bahariya Formation is the primary hydro-
carbon producing clastic interval in the Abu Ghar-
adig field along with the AR-G Member. A wide
range of depositional environment is interpreted for
the Bahariya Formation at various parts of the

Western Desert, including shallow marine, coastal,
estuarine, lagoonal to fluvial/fluvio–deltaic (Said,
1990; Darwish et al., 1994; Dominik, 1985; Abdel-
Kireem et al., 1996; Catuneanu et al., 2006; El Beialy
et al., 2008, 2010; El Atfy, 2011; Ghassal et al., 2018).
In a recent study from the nearby Badr El Din-1
field, Farouk et al. (2021) deciphered a transgressive
shelf–shoreface depositional environment. The
studied Bahariya reservoir interval was composed of
fine-grained massive sandstones with thin siltstone
intercalations. The presence of rip-up clasts along
with planar laminations and massive nature of the
sandstone unit is indicative of rapid sediment dis-
charge in a high energy environment (Sen et al.,
2016; Dey and Sen, 2018; Sen and Dey, 2019, 2020;

Figure 24. Relationships between core-measured (a) porosity (U) vs. horizontal permeability (Kh); (b)

vertical permeability (Kv) vs. Kh; (c) Kv vs. U; and (d) Kv vs. mean hydraulic radius (�(Kh/U)), illustrating
the porosity–permeability characteristics of the Bahariya Formation. Data belong to Well AG-99. [1 mD

(millidarcy) = 9.86923 9 10–16 meter2].
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Baouche et al., 2020, 2021a; Mutebi et al., 2021) and
refers to a channel system. The thin mud lam-
ina/drapes are indicative of intermittent low energy
conditions between the dominant sediment flux
periods. We infer that the studied Bahariya Forma-
tion is a channel deposit in a coastal or fluvio–deltaic
environment. The good porosity (average 13%) and
superlative permeability (up to 649 mD with average
of � 100 mD) of the interval indicate a very good
quality reservoir (FZI up to 9 lm) and are typical
characteristics of high energy channel deposits. It
has preserved the primary depositional fabrics with
isotropic pore system contributing to the storage
capacity. The thin siltstone intercalations are asso-
ciated with the lower end of the porosity–perme-
ability distribution and may act as vertical
permeability barriers along with the in-between
shale layers.

The direct measurements in well AG-99 taken
during September 2011 indicate that the Bahariya
reservoir was depleted with present-day pore pres-
sure slightly below the hydrostatic gradient (Khalda
Petroleum Company, 2013). In February 2013, a
development well AG-109 was drilled near the
studied well AG-99 and the well testing showed oil
and gas production rates of 1264 BOPD10 (barrel oil
per day) and 1.9 MMSCFD11 (million standard cubic
ft per day), respectively (Khalda Petroleum Com-
pany, 2013). Being fine- to medium-grained, mod-
erately cemented, the Bahariya sandstones may
potentially yield sanding issues in future with con-
tinued production induced depletion. Also, a higher
rate of depletion can increase the stress path value

Figure 25. Stratigraphic modified Lorenz plots (SMLP) showing flow and storage capacities along with the

various hydraulic flow units (HFU) within the Bahariya Formation in Well AG-99.

10 1 bopd = 0.1589 cubic meter per day.

11 1 MMSCFD (million standard cubic ft/day) = 0.02832

MMSCMD (million standard cubic meter/day.
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beyond the critical failure limit and incur normal
faulting in the reservoir. To address these potential
challenges, we recommend performing a geome-
chanical assessment to understand its vulnerability
and design an effective production management,
completion and sand control strategy.

CONCLUSIONS

This work presents a comprehensive reservoir
petrophysical assessment of the various lithofacies
intervals in the Cenomanian Bahariya Formation
and Turonian Abu Roash (AR-D and AR-E)
Members in the Abu Gharadig field. The distribu-
tion and variation of the key petrophysical proper-
ties across the various lithofacies within a single
formation have critical effects on reservoir deliver-

Figure 26. Pickett plot of Bahariya Formation in Well AG-99.

Figure 27. Vertical distribution of lithologic and petrophysical properties within the Bahariya Formation in

the Well AG-99. Black dots indicate the core measurements. [1 ft = 0.3048 m; 1 mD

(millidarcy) = 9.86923 9 10–16 meter2].
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ability and its development strategy. The availability
of an extensive core dataset provided us the
opportunity to infer the various reservoir storage
and flow parameters. We conclude that the Bahariya
sandstone reservoir consists of macro- and mega-
porosity and exhibit isotropic pore system, but the
cored interval has very high water saturation. The
AR-E clastics have fair qualities. Within the AR-E,
the calcareous sandstone intervals have higher
porosity and permeability than the associated glau-
conitic siltstone layers; however, both lithofacies are
water-saturated. Apart from these two intervals, we
also assessed the AR-D carbonate interval. The
limestone lithofacies contributes to most of the
storage space and flow capacity of the AR-D

Member, while the argillaceous intervals are very
tight. Overall, the AR-D appears to be impervious
to poor and that necessitates a suitable stimulation
strategy to develop the net pay zone in the LS
lithofacies. However, a recently drilled well exhib-
ited promising well test results from the tight AR-D
Member. Therefore, the presented reservoir char-
acterization and discussed field development rec-
ommendations will aid in optimizing the further
planning. This core-based work is limited to the well
scale and future work will attempt a three dimen-
sional geomodeling to infer the field wide distribu-
tion of interpreted reservoir properties and its
lateral variability affecting reservoir quality.

Figure 28. Characterization of the Bahariya Formation. Plots of RQI vs. (a) FZI and (b) NPI. Estimated

pore throat radius (R35) is plotted against (c) RQI and (d) FZI. Data belong to Well AG-117. �Im� indicates
�impervious� quality of the reservoir. Ranks used in (a), (c) and (d) are classified following Nabawy and Al-

Azazi (2015).
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Table 4. Summary of the core-based petrophysical properties of the Bahariya reservoir based on the core measurements.

Petrophysical characteristics Bahariya sandstones with siltstone intercalations

Min Max Avg CV

Porosity (U) (%) 8.42 18.4 12.61 0.216

Horizontal Permeability (Kh) (mD) 0.58 649.6 95.53 1.478

Vertical Permeability (Kv) (mD) 0.2 285 58.49 1.644

Kv/Kh 0.109 0.966 0.528 0.546

Permeability Anisotropy (kk) 1.017 3.02 1.614 0.392

Mean Hydraulic Radius (mD) 2.602 59.413 19.466 0.789

Grain Density (gm/cc) 2.63 2.69 2.655 0.005

Rock Quality Index (RQI) (lm) 0.082 1.866 0.611 0.789

Normalized Porosity Index (NPI) 0.092 0.226 0.145 0.249

Flow Zone Indicator (FZI) (lm) 0.876 8.905 3.74 0.602

Pore Throat Radius (R35) (lm) 0.668 22.058 6.659 0.868

�Avg� and �CV� refer to the average values and coefficient of variation [1 mD (millidarcy) = 0.986923* 10–15 meter2]
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