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Centre—Sedimentary Geology Group, Department of Earth Sciences, Faculty of Sciences and
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This study evaluates the unconventional reservoir geomechanical
characteristics of the Lower Turonian Abu Roash-F (AR-F) carbonates from
the Abu Gharadig field, onshore Egypt, which has not been attempted before.
The interval dominantly consists of planktic foraminifera and micrite matrix. The
AR-F marine carbonate is organic-rich (0.59-3.57 wt% total organic carbon),
thermally mature (435-441°C T,y and falls within the oil generation window.
The studied interval is very tight with up to 2.6% porosity and
0.0016-0.0033 mD permeability with the wireline log-based brittleness
index ranging between 0.39-0.72 which indicates a less brittle to brittle
nature. AR-F exhibits a hydrostatic pore pressure gradient with minimum
horizontal stress (Spmin) Vvarying between 0.66-0.76 PSI/ft. Safe wellbore
trajectory analysis was performed for deviated and horizontal wells to infer
the mud pressure gradients required to avoid wellbore instabilities. Based on the
inferred in-stress magnitudes and considering an NNE regional maximum
horizontal stress orientation, none of the fractures are found to be critically
stressed at present day. To produce from the AR-F, hydraulic fracturing is
necessary, and we infer a minimum pore pressure increment threshold of
1390 PSI by fluid injection to reactivate the vertical fractures parallel to
regional minimum horizontal stress azimuth.
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Introduction

Unconventional self-sourced reservoirs are well documented
from the Northern American basins which revolutionized the
shale gas and shale oil resource exploitation. Many of those
resources are carbonate-dominated, e.g., Eagle Ford (Ozkan et al,
2013). Similar resources have also been reported from the
Ordovician carbonates of the Ordos and Tarim basins of
China (Wei et al., 2017; Chen et al, 2020). Recent studies
have also focused on such potential tight carbonates from
various parts of the world including offshore Malaysia (Bashir
et al., 2021), Pakistan (Ali et al., 2022; Ullah et al., 2022), and
China (Jiang et al.,, 2022). Three recent works by Boutaleb et al.
(2021), Radwan et al. (2021) and Fea et al. (2022) reported self-
sourcing and self-storing unconventional carbonate intervals
the Boutaleb et al. (2021)
characterized the potential of Turonian anoxic carbonates

from African  continent.
from the Constantine Basin of northern Algeria, while
Radwan et al. (2021) reported similar reservoir characteristics
from the Eocene Radwany Formation of Gulf of Suez, Egypt;
finally, Fea et al. (2022) study the reservoir quality discrimination
of the Albian-Cenomanian reservoir sequences in the Ivorian
Basin. The three reservoirs are organic-rich, tight and exhibit
similar petrophysical signatures.

The northern Africa experienced a major eustatic sea-level
rise during the Turonian-Cenomanian, which led to an anoxic
deep marine condition (e.g., Herbin et al., 1986; Klemme and
Ulmishek, 1991; Luning et al., 2004, and references therein).
During this period, organic-rich carbonate sediments were
deposited (Zobaa et al., 2009). One such example is the Lower
Turonian Abu Roash-F Member (AR-F) of the Abu Gharadig
field, onshore Egypt (Zobaa et al., 2011), which has been the
primary focus of this study. The clastic and carbonate intervals
from the Cenomanian Bahariya Formation, Upper Turonian AR-
C and AR-E members are the primary hydrocarbon-producing
reservoirs of the Abu Gharadig field (Hewaidy et al., 2018). AR-F
is the proven source rock of the Abu Gharadig Basin (AGB)
(Ghassal et al., 2018). Researchers have studied the AR-F from
various parts of the Western Desert, Egypt (e.g., Bayoumi and
Lotfy, 1989; Abdel-Kireem et al, 1996; Hantar, 1990; El-
Sherbiny, 2002; El Beialy et al, 2010; El Atfy, 2011; Zobaa
et al, 2011; El Diasty, 2014; Makky et al., 2014; Adly et al,
2016; Ghassal et al., 2018; Sarhan and Basal, 2020; Yang, 2020;
Farouk et al., 2022, and others) and characterized its depositional
environment, organic geochemical properties and source rock
potential. However, its potential as an unconventional reservoir
and its geomechanical properties had neither been addressed nor
attempted. We took this opportunity to address the knowledge
gap regarding the AR-F member.

Geomechanical characterization of the unconventional AR-F
interval has been the primary objective of this study, which is the
first of a kind from the onshore Western Desert, Egypt. Based on
the results, suitable reservoir development strategies are briefly
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discussed for the unconventional AR-F carbonate interval. This
work is timely and important, given the fact that the operators in
the Western Desert are looking beyond the long-producing
proven conventional reservoirs (AR-G Member, Bahariya
Formation, efc.) to increase the resource base. Recently, the
tight carbonates of the Upper Turonian AR-D Member have
been successfully stimulated and put into production, which was
otherwise excluded from the completion (for not being the
primary reservoir target). These approaches are critically
important to increase the domestic hydrocarbon production
from existing fields using the readily available surface facilities
and infrastructures which provides the opportunity for early
monetization with a tremendous positive impact on project
economics and the country’s energy output.

In this work, we have integrated the available petrographic
thin sections, petrophysical measurements from routine core
analysis, organic geochemical data from rock-eval pyrolysis
and wireline logs. We briefly characterized the unconventional
reservoir characteristics of the studied AR-F Member. Under
geomechanical analysis, we presented the log-based rock
strength, dynamic elastic properties, brittleness index, pore
pressure, and in situ stress magnitudes. Based on these rock-
mechanical assessments and regional geological understanding,
we discussed the unconventional reservoir development aspects
which involve horizontal well placement, optimum mud weight
requirement to achieve wellbore stability, and fracture
reactivation potential because of fluid injection-induced shear
slippage. Future scope and recommendations have been provided
which will help the subsurface community to better plan the AR-
F resource exploitation.

Geological settings

The Abu Gharadig Basin (AGB) is an E-W trending intra-
cratonic rift basin located in the northern part of the Western
Desert, Egypt (Figure 1). The basin is separated from the
northern rift basins by the Qattara Ridge and Sharib-Sheiba
Ridge. Its southern extent is bounded by the Kattaniya Ridge
(Guiraud and Maurin, 1992; Shalaby and Sarhan, 2021).
Rifting phase prevailed during the Jurassic to Early
Cretaceous and ceased during the Late Cretaceous. Post-
rifting phase is marked by a NW compression of the
Alpine orogeny, which continued from the Late Cretaceous
to the Tertiary period (Salama et al., 2021). Bosworth et al.
(2008) inferred that the northern AGB was majorly affected by
a compressional shortening. Subsequently, this formed NE-
SW trending compressional structures and NW-SE to ESE-
WNW trending extensional structures that culminated with a
period of uplift, followed by erosion during the Santonian
(Sarhan, 2017). Several structural traps were created during
the basin inversion process (Sarhan and Collier, 2018). The
study area, the Abu Gharadig field is one of the most prolific
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FIGURE 1

Location Map of the study area within Abu Gharadig Basin (AGB) in the Western Desert along with the major structural features (Qr, Qattara
Ridge; Sr, Sharib-Sheiba Ridge; Kr, Kattaniya Ridge). Adapted from Shalaby and Sarhan (2021).

hydrocarbon discoveries from the AGB (El Gazzar et al,
2016). The study area is situated in the central AGB,
between latitudes 29.35°-30°N and longitudes 28.2°-28.5°E.
The field hosts roughly 12,000 feet of mixed siliciclastic and
carbonate sediments of the Cretaceous to Paleogene age.
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During the Late Cretaceous post-rift stage, major

transgressive cycles and inundation deposited carbonate-
dominated successions while minor clastic sedimentation
occurred during the shorter regressive cycles. During the

Abu Roash and

Late Cretaceous transgressive event,
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Bahariya formations were deposited in fluvio-marginal
marine to shallow marine environment (Sarhan, 2017). The
Abu Roash (AR) Formation conformably lies above the
Bahariya Formation and is subdivided into seven distinct
members, marked as A-G. Moretti et al. (2010) discussed
the petroleum system elements of the Western Desert and
identified mature source rock intervals in the Cretaceous
Alam El Bueib and Abu Roash Formations and identified
thermally immature source rocks in the Cenozoic Apollonia
Formation. Researchers have interpreted that the AR-F
limestones are the main source rock of the AGB (Adly
et al, 2016; Ghassal et al, 2018). Hydrocarbons are
primarily trapped in the crest of the Mesozoic tilted blocks
with hydrocarbon migration being influenced by fault
hydraulic behavior (Strating and Franssen, 2006; Moretti
et al, 2010). AR-C and AR-E host the primary clastic
reservoirs deposited during the Upper Turonian, while the
Cenomanian reservoir is hosted by the Bahariya sandstones.
Late Cretaceous shales are inferred as the main seal or cap
rocks laying above the Abu Roash and Bahariya reservoirs
(e.g., El Shahat et al., 2009; Moretti et al., 2010; Kassem et al.,
2021a, b; Kassem et al., 2022). Our study focuses on the AR-F
Member which is composed of carbonates.

Materials and methods

We studied a recently drilled vertical well where 110 feet of
core was recovered from the AR-F Member between 10,370 ft
and 10480 ft. We analyzed petrographic thin sections, scanning
electron microscopy (SEM), core-measured porosity and
horizontal permeability, total organic carbon (TOC) measured
by the Leco C230 system, and Ty, determined by Rock-Eval
6 Pyrolizer to characterize the studied AR-F interval. Wireline
logs have been the primary input for geomechanical assessment.
Rock elastic properties, i.e., Poisson’s ratio (v) and Young’s
modulus (E) from sonic velocity and density logs:

_ Vp*-2vé
YT a(vpr-ve) ()
B ,[3Vp? —4vs
E = pbx Vs [—sz Ve (2)

where, Vp and Vs are compressional and shear sonic velocities,
respectively, pb denotes the formation bulk density. We followed
Militzer and Stoll (1973) to estimate unconfined compressive
strength (UCS) using question 3:

7682)1’82

UCs = Gre)

145 ©)

where DTC is compressional sonic slowness. The coefficient of
internal friction (u) was estimated by Lang et al. (2011):
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y=tang = tan [Sin’1<VP_l>] (4)

Vp+1

where Vp is the compressional sonic velocity in km/second, ¢ is
friction angle in degrees. Based on the log-based dynamic elastic
properties, we have estimated the brittleness index (BI) of the
AR-F Member following Grieser and Bray’s (2007) model
utilizing Eq. 5:

E — Emin

1 U — Lmin
= —+ .
2 |lEmax — Emin vmax — vmin

BI = (5)

Since AR-F is not a producing/proven primary reservoir,
therefore direct downhole pressure measurements were not
recorded. We utilized drilling mud pressure as a pore pressure
proxy against the AR-F interval. Vertical stress (S,) was estimated
from the bulk-density log (Plumb et al., 1991):

H

S,= | pbigan ©
where H denotes true vertical depth. Since the targeted AR-F
interval is carbonate, a normal compaction trend line-based pore
pressure estimation approach could not be utilized. Therefore,
formation pore pressure (PP) was inferred based on the drilling
mud weight being used as a PP proxy. Well-completion reports
and daily drilling reports were studied to decipher any well events
that might have occurred during drilling (formation fluid influx
etc.) which can provide additional information about the
downhole mud overbalance characteristics (difference between
drilling mud pressure and PP). For minimum horizontal stress
(Shmin), We followed Poisson’s ratio-based Eaton’s uniaxial model
(Eaton, 1968):

Smin = —— (S, — PP) + PP @)
1-v
Maximum horizontal stress (Spmay) is a difficult parameter to
calculate, especially in absence of image log-based breakout
widths. We followed a simplistic approach by Lang et al.
(2011), defined as:

Shmax = shmin +k (Sv - Shmin) (8)

where “k” is an effective maximum horizontal stress ratio factor.
Its value ranges between 0-2 (Lang et al., 2011). Spmax can be
calibrated with image log-based breakout widths which will
provide a confident estimate of “k.” However, the image log
had not been recorded against AR-F interval in any of the wells
since this was not a primary reservoir of the Abu Gharadig field.
Zhang (2013) suggested k < 1 for normal faulting regimes and k >
1 for other stress states. In general, Abu Gharadig Basin is an
intra-cratonic rift basin and we have considered k = 0.5.
However, recent studies have reported present-day normal
faulting to strike-slip transitional stress state from the onshore
Nile Delta (Leila et al, 2021). Based on the
geomechanical parameters, we employed Mohr-Coulomb

inferred

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1041453

Farouk et al.

failure criteria to decipher the shear failure gradient (SF) which
denotes the minimum required mud weight for avoiding
compressive failures (Zhang, 2013; Zhang et al., 2015):

— {3shmux - Shmin -UCS+ (Q - l)*PP}

SF Qi1 )
_ (1 + Siny)
Where, Q = m (10)

In deviated wells, in situ stresses should be transformed into a
new Cartesian coordinate system (x, y, z) associated with well

@

orientation. For a well with inclination “i” drilled in a direction of
“0” with respect to the regional Sy, azimuth, the in situ stresses

in (x, y, z) space are defined as (Abbas et al., 2019):

0 = (Shmax CO8*0 + iy, Sin*0) Cos’i + Sy Sin’i (11)
o, = SnaxSin0 + Sppin Cos*0 (12)

02 = (SimaxC08*0 + SpinSin®0)Sin’i + S,Cos*i  (13)
Tay = 0.5 (Shmin — Shmax) Sin 20Cosi (14)

Tz = 0.5 (SimaxCoS*0 + SpinSin*0 — 8,) Sin2i  (15)
Tyz = 0.5 (Spmin — Shmax) Sin 20Sini (16)

In a cylindrical system (r, z, 0) the stress components are
presented as radial stress (o0,), tangential stress (o) and axial
stress (0;). These are resolved by Kirsch’s equations. At the
borehole wall, these are transformed as (Abbas et al., 2019):

o, = MP (17)

o9 = (0, +0,) —2(0, — 0,) Cos 20 — 41,, Sin20 - MP (18)
6, =0, — 20 (0, — 0,) Cos 20 — 407, Sin 20 (19)

To, =2 (—T,, Sin 0 — 1,, Cos 0) (20)

where MP is the drilling mud pressure. Considering zero shear
stresses, the effective principal stresses, therefore, can be written
as (Abbas et al., 2019):

Otmax = 0.5 (az +0g+ \/(az —09)* + 4 (19,)* ) (21)

Oimin = 0.5 (az +00-\(0. — 00" + 4 (0.)’ ) (22)
where Oymax and oymin denote the highest and the least stresses
respectively, which are dependent on the well trajectory in the
case of deviated wells. Based on the well trajectory (inclination
and azimuth) and resolved stresses, SF is calculated along the
well path for safe wellbore trajectory analysis and
recommendations are provided regarding the deviated/
horizontal well placement to ensure the geomechanical
integrity of the wellbores. Based on the estimated in situ
stress magnitudes, we have inferred the slip/reactivation
potential of weak planes (i.e., fractures, efc.). These planes
can experience shear slippage if the shear stress acting on
the fracture planes exceeds the shear strength during fluid
injection (e.g., Zoback and Lund Snee, 2018). Following

Coulomb failure criteria, the critical pore pressure (CPP)
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limit to cause slippage on a randomly oriented fracture plane
is estimated as (Taghipour et al., 2019):

CPP=- (35, - 8)) (23)

N[ =

where S; and S; are the minimum and maximum principal
stresses. In a normal faulting stress regime, S; = Spmin and
S; = S,. Eq. 23 assumes no change in total stresses and
negligible cohesion on the fracture planes, thus providing a
very conservative estimate.

Results
Characteristics of AR-F member

The thin section analysis indicates the dominance of the
micrite matrix (31%-50.5%) in all samples (Figure 2). Planktic
foraminifera is the principal skeletal grain (~35%) observed along
with calcispheres, pelecypods, pelagic bivalves, echinoderms, and
pyrites. The visual porosity is negligible. Thin sections reveal
fracture porosity due to the shattering of grains with very poor
pore interconnectivity. The muddy allochem limestones of AR-F
typically represent pelagic deep water basinal facies. The
dominance of the planktic forams and absence of the benthic
forams indicate calm conditions and low-energy waves (Fliigel,
2010). Accordingly, an open marine basinal depositional
environment (between 100 m and 300 m) can be assigned to
the studied interval (Fliigel, 2010). The measured TOC values of
the analyzed AR-F samples vary between 0.59 and 3.57 wt%
(Figure 2) with an average TOC value of 2.2 wt%. Most of the
data suggest TOC >1.5 wt%. We followed the TOC classification
proposed by Peters (1986), which has been extensively utilized by
researchers, for source rock characterization (Kenomore et al.,
2017; Kumar et al., 2017; Hakimi et al., 2018; Harishidayat et al.,
2022). Based on this classification, the AR-F Member has fair to
very good organic richness. Ghassal et al. (2018) also reported a
similar TOC range (0.32%-4.37%) from the GPT field, southern
AGB, while Malkky et al. (2014) reports 1.27-4.46 wt% TOC from
the AR-F of West Beni Suef concession, Western Desert. The
pyrolysis T,y values range from 435-441°C and have an average
value of 438.5°C (Figure 2), which signifies that the AR-F is
thermally mature and falls within the oil generation window.
These measured values correlate well with the observations made
by previous researchers (Makky et al., 2014; Ghassal et al., 2018)
which provided a T.x range of 421-430°C against AR-F
carbonates from other parts of the Western Desert. The
routine core analysis indicates that the AR-F Member is very
tight with 0.9%-2.6% porosity and 0.0016-0.0033 mD horizontal
permeability (Figure 2). The SEM images also reveal isolated
the tight The
chromatograph data from mud logging of the studied well

nanopores  confirming behavior. gas

indicated around 2,000 ppm of methane (C;) and 300 ppm of
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FIGURE 2

Geochemical (TOC and T,ax from Rock-Eval pyrolysis), petrophysical properties (® and K from routine core analysis), petrographic thin sections
and SEM image of the studied AR-F interval. Thin sections (A—C) indicate the presence of micrite matrix along with frequent planktic foraminifera,
minor pelagic bivalves (green arrow), black pyrite crystals (yellow arrows), and thin fractures (orange arrows); (D) SEM indicates isolated nanopores.

ethane (C,) in the upper part of the AR-F between 10,370 and
10420 feet. The lower part of the AR-F (10,430-10470 feet) is
associated with much higher C; (10,000-40000 ppm) and C,
concentrations (1,000-4,000 ppm). This lower interval with
higher gas content coincides with the high TOC (>2.5 wt%)
interval of the AR-F.

Rock-mechanical properties and
brittleness index

Wireline log-based dynamic rock-mechanical assessment
indicates an average v of 0.29, E ranging between 23 and
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47 GPa, and an average y of 0.7 (Figure 3). Sonic slowness-
based UCS varies between 33 and 55 MPa.The v and E-based
brittleness analysis indicate a BI range of 0.39-0.72 (Figure 3).
The upper interval of AR-F exhibits BI > 0.48, indicating a more
brittle nature than the lower part, which exhibits 0.32 < BI < 0.48
(i.e., less brittle). Higher TOC content in the bottom part of AR-F
(Figure 2)corroborates well with the lower BI observations. The
estimated rock-mechanical properties and BI are plotted against
core-measured organic content (TOC) in Figure 4. It exhibits an
increase in v with TOC (Figure 4B). Rock stiffness (E) and
strength (UCS) decrease with more organic content (Figures
4A,C). The brittleness index decreases with TOC (Figure 4D), as
higher organic content introduces ductility.
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Well log-based rock-mechanical properties (E, v, UCS, and ), brittleness index, pore pressure (PP), shear failure pressure (SF) and in situ stress
magnitudes (S, Shmin, and Spmax) Of the studied AR-F interval. LOT, Leak-off test; PP, formation pore pressure; MP, drilling mud pressure.

Pore pressure and in situ stress
distribution

Bulk-density-based S, indicates an average gradient of
1.05 PSI/ft 3).
measurement, we utilized drilling fluid pressure as a PP proxy,

(Figure In absence of direct pressure
considering downhole mud overbalance being maintained during
drilling. The AR-F carbonate interval in the studied well was drilled
with a mud pressure gradient of 0.50 PSI/ft (Figure 3). The well
completion reports did not mention any connection gas or
formation fluid influx event during drilling, which confirms
that sufficient mud overbalance was maintained. The lowest
mud weight gradient utilized to drill this section in the offset
wells was observed as 0.48 PSI/ft. Therefore we can conclude that
the PP gradient of AR-F in the studied field is definitely less than
0.48 PSI/ft. We inferred a hydrostatic pore pressure gradient of
0.45PSI/ft within AR-F. Considering the drilling mud weight
(~0.47 PSI/ft) as the highest pore pressure threshold, there is a

maximum uncertainty of ~190 PSI in PP magnitude.
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The v-based Spmin yielded a gradient range of
0.66-0.76 PSI/ft within AR-F (Figure 3). We had one leak-
off test record (7988 PSI at 10,362 ft) from the overlying shales
of the AR-E Member which exhibited a Sy, gradient of
0.77 PSI/ft. The interpreted AR-F Sy,,;, gradient corroborates
well with the published interpretation from the JDT field and
Al-Khilala fields located in the onshore Nile Delta region
(Salah et al., 20165 Leila et al., 2021). Considering a normal
faulting stress state and an effective maximum horizontal
stress ratio (k) of 0.5, we infer a Sy, gradient of 0.88 PSI/
ft. It is to be noted that the estimated Sp,,.x could not be
calibrated due to the unavailability of the image logs.
However, Leila et al. (2021) reported a 0.86-1 PSI/ft Spmax
range from the onshore Al Khilala field depicting a normal to
strike-slip transitional stress regime in the Nile Delta.
Following this inference of normal faulting stress state, we
have provided the regional Sy,,,,,x range in Figure 7, while our
calculated Sy, estimate can be considered as a lower
estimate.
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Discussions
Diagenetic effects on reservoir properties

Petrophysically, the AR-F exhibits very poor storage and
flow capacity. Micritization, the dominant diagenetic process,
has been identified as a reservoir quality-destroying factor.
This occurs during the first diagenetic phase and usually fills
up the pore throats and reduces the permeability. Bioclast tests
and chambers are found to be filled with calcite cement which
also contributed to the cementation-related porosity loss. We
identified frequent thin fractures in the petrographic analysis,
which indicate the presence of minor mechanical compaction.
These fractures may locally improve the reservoir quality.
However, these fractures are mostly seen to be filled with
calcite cement, which, therefore, did not improve the flow
capacity of AR-F. To bring this tight unconventional
carbonate reservoir into production, stimulation is certainly
required.
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Horizontal well placement and borehole
stability

Horizontal well drilling through the AR-F with a slotted liner
completion strategy is an effective way to ensure maximum
reservoir contact (Salamy et al, 2008), as these perforated
liners also provide increased accessibility for coil tubing (CT)
as well as acid jobs. The studied vertical well indicates around
0.52 PSI/ft shear failure gradient (SF) against the AR-F carbonate
interval (Figure 3), which is very close to the drilling mud
pressure. Therefore, any severe wellbore instability was not
observed. However, the SF value will vary in a deviated/
horizontal well based on the well inclination and its azimuth
with respect to the regional Sp,,.x Orientation. World Stress Map
(WSM) database indicates an N-S to NNE-SSW S}, ... azimuth. A
horizontal well drilled parallel to E-W direction will be the most
suitable choice for such tight carbonate reservoir development
since this will facilitate geomechanically optimum hydraulic
fracture propagation parallel to N-S, thus creating a transverse
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FIGURE 5

Safe wellbore trajectory analysis and minimum mud pressure requirements (refer to the colour bar for mud pressure gradient scale) to avoid
compressive wellbore failure, (A) Spmax<< Sv, (B) Shmax< Sv. (C) Shmax = Sv and (D) Spmax> Sy. In this mud pressure circular plot (lower hemisphere plot)
well azimuth is plotted along the periphery of the circle and well inclination is plotted along the radius. Centre of each circle denotes the vertical well
position, and a horizontal well at any azimuth will be plotted on the periphery.

fracture network. Leila et al. (2021) reported an NNE (12°N)
regional Sy, orientation from wellbore failures in the onshore
Nile Delta region. Considering the same horizontal stress
azimuth, we inferred the minimum mud weight requirements
in a deviated or horizontal well to avoid shear failure and ensure
wellbore integrity. Results are presented in Figure 5 which
indicates a higher mud weight requirement in deviated wells
for wellbore stability when compared to a vertical well. Since the
estimated Sy could not be calibrated, therefore the Spax
magnitude contains uncertainties. To reduce the uncertainties
in inferring the wellbore stability, we simulated the mud weight
requirements at various Sy, gradient scenarios. S, gradient has
been used as 1.05 PSI/ft, while for S;,,;, we utilized the lower
gradient estimate of 0.66 PSI/ft. Figure 5A depicts a normal
faulting scenario with a Sp,.x gradient of 0.86 PSI/ft, which is
the lowest value reported from the onshore Nile Delta by Leila
et al. (2021). This normal faulting stress state exhibits a lower
mud weight requirement of <0.543 PSI/ft for deviated wells up to
45° well inclination along the Sy, azimuth, while a horizontal
well along Sp,,;, azimuth will require 0.57 PSI/ft mud gradient. A
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slight increase in the Sy, gradient to 0.88 PSI/ft exhibits lower
mud pressure requirements for 40-60° well inclination along the
Shmin azimuth (Figure 5B), while deviated wells parallel to Spax
orientation will require a much higher mud weight (~0.59 PSI/ft)
to maintain wellbore stability (Figure 5B). Figure 5C considers
Shmax = Sy = 1.05 PSI/ft, which indicates a higher mud pressure
requirement (>0.58 PSI/ft) in vertical/deviated/horizontal wells if
drilled parallel to Sy azimuth (12°N), the same is also
applicable for deviated wells up to 30° inclination when drilled
along Spmin azimuth. In a strike-slip stress state (Spma> Sy =
1.05 PSI/ft), vertical wells and any deviated well drilled parallel to
Shmax are observed to be the least stable and will therefore require
a higher mud pressure (>0.59 PSI/ft). Considering the results
from all stress states (Figures 5A-D), we infer that the wells
with >40° inclination along Spmin Will be the most stable well
profiles in terms of wellbore stability, irrespective of stress states
and Sp,.x Mmagnitudes. Since maximum reservoir contact will be a
primary necessity and thus horizontal wells, drilling the same
along Spmin will also ensure effective hydraulic fracture
propagation parallel to the Spyax azimuth. The overall brittle
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behavior of the AR-F indicates higher hydraulic fracturing
success.
Fracture reactivation

We the effect of fluid
repressurization effect on the shear slippage of randomly

analyzed injection-induced
oriented preexisting weak planes, i.e., faults, fractures, etc. To
infer the failure limit, a linear Mohr failure envelope has been
utilized considering ap value of 0.7, as observed from the
estimated rock-mechanical properties. With an increase in PP
(due to fluid injection), the Mohr circle shifts to the left and
eventually touches the failure envelope which marks the onset of
failure (Figure 6). At upper and lower AR-F levels, approximately
5,250-5300 PSI of critical pore pressure can induce slippage
(Figure 6). It is to be noted that this estimation provides a
lower limit of downhole pressure build-up by injection since
it considers zero cohesive strength of the formations, therefore
the actual capacity for the formation to withstand the pressure
buildup before failing will be much higher. Due to the fluid
injection in the hydraulic fracturing (HF) process, the tendency
of existing closed natural fractures to be activated by fluid
injection is dependent on their orientations relative to Spmax
azimuth (Zoback and Lund Snee, 2018). The critically stressed
fractures are more likely to get reactivated and participate in the
flow network. Further increment in PP is capable of reactivating
other fracture orientations, thus yielding a reactivated fracture
network that enhances the success of hydraulic fracturing.
Assuming the fractures to be vertical and based on our
geomechanical estimates (Sy> Spmax #=0.7) with a Sppax
azimuth of 12°N (Leila et al., 2021), we observe that none of
the fractures are critically stressed at the present-day stress state.
The fracture orientations between 70°N and 130°N (parallel to
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Shmin) are the most stable ones while the fractures parallel to
Shmax could experience slip at an additional PP of 2,000 PSI
(Figure 7A). Since we did not have any image log to calibrate the
Shmax Magnitude, we also analyzed the fracture slip possibility in
a normal to strike-slip transitional stress regime as depicted by
Leila et al. (2021). Therefore, we assumed S,= Spmax and
performed the analysis (Figure 7B). The results indicate that
the vertical fractures of 0°N-60°N azimuth are more sensitive to
slip in such a stress state and may get reactivated with a much
lesser PP increment by fluid injection, i.e., around 1390 PSI
(Figure 7B). Since the absence of image log data makes the
Shmax calibration difficult, this result can be considered as a
minimum PP increment threshold to achieve a fracture
reactivation network that can successfully enhance the AR-F
permeability by stimulation.

Future scope and recommendations

This study is based on a recently drilled vertical well where
wireline logs, petrographic and petrophysical measurements
were available from the studied AR-F Member. Since this is
not the primary producer (ie., zone of interest in terms of
conventional reservoir pool), usually sonic logs were not
recorded in the majority of the wells. Even in older wells, log
data is unavailable for this interval, although organic geochemical
characterization had been done on the AR-F cores and cutting
samples from a few older wells (e.g., Abdel-Fattah et al., 2022;
Khalil Khan et al., 2022). Availability of logs as well as laboratory-
measured rock strength, and elastic properties are critical for any
geomechanical analysis. Subsurface measurements and advanced
logs like image logs provide useful insight into the formation
behavior (i.e., compressive/tensile failures, bed boundaries,
fracture orientations, etc.), and provide the opportunity to
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calibrate geomechanical models (i.e., horizontal stress azimuth
and Spm.x magnitude). These datasets and measurements were
the AR-F
measurement was recorded in the overlying shales of AR-E

unavailable from interval. Leak-off pressure
Member (Figure 3). LOT values overestimate Sy, and actual
Shmin €an be lesser than the estimated one. We recommend
performing an extended leak-off test and gathering fracture
closure pressure, which provides a better calibration for Spmin-
Cores should be taken out to perform triaxial tests which will
provide direct calibration of UCS, cohesive strength and friction
coefficient, which have presently been estimated from sonic logs.
Core-based mineralogical analysis by X-ray diffraction (XRD)
will  provide mineralogy-derived  brittleness  estimates.
Summarily, more data from future wells are required to
extract further critical information on the AR-F characteristics
in terms of geomechanical responses. This work presents
preliminary findings and inferences based on single well data.
In the future, with a greater number of wells covering the AR-F
Member (logs, cores, and measurements, as discussed above), we
can present a field-scale distribution of the geomechanical
properties.

HF is a necessity to bring such tight intervals into production.
There are ample examples of low porosity, low-permeability
tight
worldwide which produces economically from horizontal wells

unconventional clastic and carbonate reservoirs

stimulated by hydraulic fracturing (Curtis, 2002; Hajeri et al.,
2007; Lin and Su, 2007; Hood and Yurewicz, 2008; Jarvie, 2012;
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Zhao et al., 2012; Lin et al., 2020). Recently a tight argillaceous
limestone reservoir of AR-D Member of the Abu Gharadig field
was tested for hydrocarbon potential. The tested interval
exhibited similar tight nature to that of the studied AR-F and
it did not flow naturally, but acid stimulation resulted in an
economic flow rate (EGPC, 2019). A similar approach can be
taken up for AR-F as well. Referring to the Middle Eastern tight
carbonate reservoir development strategies (Salamy et al., 2008;
Chimmalgi et al., 2013; Alyan et al,, 2015; Sen et al., 2021) we
recommend that coil tubing (CT) carried a gun and acid
stimulation will be helpful to activate this tight reservoir.
Saleri et al. (2004) discussed the utility of MRC (maximum
reservoir contact) wells to achieve optimum reservoir
performance and economic production rates from tight
carbonate reservoirs in the Shaybah field of Saudi Arabia.
Latief et al. (2019) discussed the utility of an underbalanced
drilling strategy to enhance production from carbonate reservoirs
with poor permeability. The authors reported a threefold oil
production increase as the bottom hole 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 is
worth considering. Since the AR-F has not been tested yet to infer
its production potential, we cannot comment on the economic
viability of the studied interval. However, the initial assessment
based on the integration of subsurface dataset exhibits promising

results.
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Conclusion

This is the first work focusing on the unconventional
reservoir development aspects of the AR-F Member from the
Abu Gharadig Basin. Based on the organic geochemical
analyses and core-based petrophysical measurements, the
studied deep marine AR-F carbonate interval is inferred as a
self-sourced unconventional reservoir. Dynamic elastic
properties indicate that the upper AR-F interval is more
brittle than the lower part, which is also supported by the
fact that lower AR-F is more organic-rich. Pore pressure and in
situ stresses were estimated from well logs, drilling data, and
direct measurements. We assessed the slip potential of vertical
fractures exposed to hydraulic fracturing-induced pore
pressure perturbations. At the present in situ stress state, we
conclude that none of the fractures are critically stressed and
therefore, we modeled the extra pore pressure build-up needed
to reactivate the fractures parallel to the regional Sy, which
are more prone to shear slippage. To validate its production
potential, AR-F Member should be perforated and tested with
the proposed strategies. If successful, it can be quickly brought
into completion and production by combining it with already
producing Abu Roash members and Bahariya intervals using
the same infrastructures. The results of this study may help in

further reservoir development.
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