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Integrated studies on pore fabric anisotropy have increased the general understanding of
fluid flow patterns through reservoir rocks. In this study, pore anisotropy was studied based
on measuring permeability and formation resistivity factors in vertical and horizontal
directions for 130 plug samples from a total of 65 oriented block samples. These samples
were representatively collected for the Nubia sandstones C and D in the western southern
onshore of the Gulf of Suez. In addition, the porosity was measured using two techniques,
namely water and helium injection. The effective pore radius r3s and the pore radius of the
displacement pressure (7q,) Were also measured. Petrographic studies of some representative
thin sections and scanning electron microscope studies (SEM) were applied to study the
mineral compositions of the studied samples to declare the most important porosity-reducing
and porosity-enhancing diagenetic factors. The results show that the studied samples can be
categorized into three rock types (RRTs), namely quartz arenite (RRT1), quartz wacke
(RRT2) and mudstone (RRT3). The best storage and flow capacity was assigned to the
RRT1 samples, whereas the least quality was assigned to the RRT3 samples. This could be
attributed to wide pore throat distributions and the anisotropy of pore spaces due to the
presence of a vertical subsidiary fracture system that dominated in many samples. This
system was enhanced by introducing authigenic kaolinite as pore-filling clay minerals,
causing the reduction in vertical permeability but supporting the vertical electric current
flow. For the RRT3 samples, this vertical micro-fracture system was reduced by silica
cementation which caused the reduction in both fluid and electric current flow. The pore
anisotropy of most of the studied samples is in the range of slight anisotropy with some
exceptions in the RRT3 samples which are characterized by moderate anisotropy.
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conformably underlying the Cenomanian marine
sequences (Fig. 1). This sequence of sandy forma-
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Fig. 1. Generalized stratigraphic section of the southern Gulf of Suez. Modified after Schlumberger (1984,

1995), EGPC (1996) and Sakran et al. (2016).

tions covers vast areas of Egypt with a broad age grained and well-rounded sandstone. It sometimes
window ranging from the Cambrian to Aptian—-Al- contains gravel and pebbles, and it is cross-bedded at
bian geological timescales. The Paleozoic Nubia different horizons. It comprises 355 m of fine- to

sandstone in the northern parts

of the Eastern De- coarse-grained quartz arenite with few thin pebbly

sert is composed of nonfossiliferous, fine- to coarse- beds. In the southwest onshore Gulf of Suez, the
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Nubia sandstone is divided into the well-known
Araba and Naqus Formations (Allam 1988; Abdel-
Wahab 1988, 1998). The Araba Formation uncon-
formably overlies the Precambrian basement and is
of marine origin with a thickness varying from 1 to
35 m. Its maximum thickness lies at the center of the
section (Hassan 1967; Said 1971). The Naqus For-
mation unconformably overlies the Araba Forma-
tion and a rough undulated surface with a paleosol
layer in certain places (Issawi and Jux 1982; Issawi
et al. 1999). It is composed of about 320 m of well-
sorted, laminated, fine- to medium-grained, reddish-
brown and cross-bedded fluvial sandstone. The
Araba and Naqus Formations unconformably rest
on the basement rocks bounding the Gulf of Suez
and do not have diagnostic fossils that are necessary
for a distinct age determination. Therefore, their age
has been assigned based on the stratigraphic se-
quences in the area. In general, the Nubia sandstone
is nonfossiliferous, fine to coarse-grained, sometimes
pebbly, well-rounded, cross-bedded sandstone with
some ferruginous and shaly interbeds.

The Nubia sandstone in the study area has been
studied by many authors who have examined the
sedimentological properties, structural situation and
the paleo-depositional environments. The pore fab-
ric anisotropy in the Nubia sandstone has been
studied by many authors based on the petrographic
descriptions of the pore shape and pore aspect
(Ehrlich et al. 1984; Etris et al. 1988; Antonellini
et al. 1994; Torabi and Fossen 2009; Schmitt et al.
2016; Farrell and Healy 2017), the anisotropy of
permeability (Etris et al. 1988; David et al. 1994;
Lucia 1995; Caine et al. 1996; Meyer and Krause
2006; Khan et al. 2012; Farrell et al. 2014), the ani-
sotropy induced by compaction stresses and acoustic
waves (David et al. 1994; Benson et al. 2003; Take-
mura et al. 2003; Healy 2012; Bubeck et al. 2017),
the anisotropy of magnetic susceptibility, AMS (Je-
linek 1981; Rochette 1987; Benson et al. 2003; Bor-
radaile and Jackson 2004; Levi et al. 2005;
Jayangondaperumal et al. 2010), thermal conduc-
tivity (Nabawy and Géraud 2016) and electric ani-
sotropy measurements (Mendelson and Cohen 1982;
Nabawy and ElHariri 2008; Ellis et al. 2010; Guo
et al. 2011; Soto-Caban and Law 2013; Nabawy et al.
2015).

The present study is concerned mostly with the
pore fabric anisotropy of the Nubia sandstone se-
quences in the northern parts of the Eastern Desert
in Egypt by using permeability and electric resistiv-
ity measurements to reveal the factors that control

these features. This is an important preliminary
petrophysical study that focuses on the pore fabric of
the Paleozoic Nubia sandstone. This sandstone has a
subsurface extension in the southern province of the
Gulf of Suez and many surface outcrops in the
southern parts of Sinai in Egypt.

MATERIALS AND METHODS

A total of 130 plugs were drilled through the
selected 65 oriented surface block samples (two
plugs per block, in vertical and horizontal directions
relative to the sedimentary bedding) that were rep-
resentatively selected for the Nubia sandstone in the
study area. Ten blocks were in the Araba Forma-
tion, and 55 blocks were in the Naqus Formation.
The mineral composition was studied using a num-
ber of thin sections impregnated by a blue dye and
stained with Alizarin Red-S. Some representative
rock fragments were also studied using scanning
electron microscopy (SEM) to investigate the pore
anisotropy and clay types.

The plug samples were then cleaned and dried
in an oven at 60°C for 48 h. The bulk density (pp)
was quantified based on the bulk volume (v,) and
dry weight (wgyy) of the samples. The bulk volume
and dimensions of the studied samples were mea-
sured using a digital micrometer (with 0.01 mm
precision), whereas the dry weight was measured
using an electronic balance (with 0.1 mg precision):

Pb = Wary/Vb. (1)

In addition, the porosity of the studied samples
was measured by the injection technique using two
fluids, namely water and helium (¢, Ppe, respec-
tively). The helium injection porosity was deter-
mined by measuring the grain (v,) and bulk volumes
(vp) of the studied samples using a helium pyc-
nometer (whereby helium was injected at 19 psi).
Therefore, based on the bulk and grain volumes (vy,
V,), the helium porosity (¢y.) and the grain density
(pg), in addition, were calculated by following the
procedure introduced by Nabway and Kassab
(2014):

P = 100 x (vp—vg) /v (2)

Py = Wary/ Vg 3)

The water porosity (¢y) was measured using
water injection whereby the samples were weighted



dry (wary) and evacuated using evacuation pump
(down to 0.001 bar) for 2 h, and then fully saturated
with distilled water. The samples were weighed
again after saturation (wg,) took place, and the
following equation was applied:

by (%) =100 x (vp/vp) =100 X (Wsat — Wary) / Vo
(4)

where v, is the pore volume assuming that the
density of the injected water equals unity.

Helium porosity is always higher than water
porosity, because helium can penetrate pores down
to 10 nm, whereas water is unable penetrate nano-
pores due to its relatively larger molecular size.
Therefore, the difference between helium and water
porosities may refer to nano- and micropores which
are not accessible to water injection. Inaccessible
porosity (¢inace) can be calculated by using the fol-
lowing equation (Nabawy et al. 2019):

(rbinacc =100 x (1 - ¢W/¢He) (5)

Permeability (k) was measured using an air gas
permeameter whereby the samples are introduced
into a Hassler-type core holder to prevent bypass
using a pressure of 27.58 bar (400 psi). To measure
the pore anisotropy, the permeability was measured
for the vertical and horizontal plug samples (kg and
ky) in each block sample. Porosity varies slightly
from place to place in the same lithofacies, a slight
variation can be detected in even the same block
sample. Therefore, the contribution of porosity to
permeability varies from the horizontal plug to the
vertical plug (Nabawy 2018). For the present study,
the permeability value of the vertical plug (the
porosity of this plug is slightly different from that of
the horizontal plug) was corrected (kyc) for the
same porosity value of the horizontal plug sample in
order to avoid variations in the porosity contribu-
tion. The correction was applied using the best-fit
line model for the porosity—vertical permeability by
using the porosity of the horizontal plug. The per-
meability anisotropy can be calculated by using the
following equation (Nabawy 2018):

Jxc = +/(kn/kvc) (6)

A full description of the applied method was
introduced by Nabawy (2014), and Nabway and
Kassab (2014). The apparent electrical conductivity
(0,) measurements were carried out at a fixed fre-
quency (1 kHz) on saline-saturated plug samples
using an LCR Hitester meter (a device that assigns
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inductance L, capacitance C and resistance R) at
three consequent saline concentrations, 10, 50 and
150 kppm NaCl (ow = 1.887, 7.692 and 20 Siemens/
m, respectively). The measurements were carried
out under surface ambient conditions at atmospheric
pressure and room temperature. The true formation
resistivity factor (FRt) for each sample was then
calculated by plotting the measured rock conduc-
tivity (o,) at different brine concentrations vs. its
brine conductivity (o,). The FRt was obtained as
the reciprocal of the best-fit line slope (1/FRt). A
detailed description of the applied method was
introduced by Nabawy and ElHariri (2008), and
Nabawy et al. (2015). To interpret the electric ani-
sotropy, two plugs (from each block) were measured
parallel and perpendicular to the bedding plane.
Measuring the two perpendicular plug samples en-
abled an estimation of the electric anisotropy in 2-D
(Zg) for each block sample (Serra 1988; Nabawy and
ElHariri 2008; Nabawy et al. 2015).

Similar to calculating the permeability aniso-
tropy, the calculated electric anisotropy was mea-
sured for two perpendicular samples (each with a
different porosity value). Therefore, the corrected
electric anisotropy (1gc) was then corrected for the
same porosity values and the anisotropy could be
calculated as follows:

Jec =/ (FRyc/FRy) (Nabawy 2018)  (7)

where FRy is the formation resistivity factor in the
horizontal direction and FRy is FRy in the vertical
direction corrected for the same porosity value of
the horizontal direction.

The pore throat distribution was estimated
using the mercury injection capillary pressure tech-
nique (MICP) at a pressure range of up to 30,000 psi
for a representative number of samples whereby the
higher the applied pressure, the smaller the assigned
pore throat radius (Nabawy and Barakat 2017).
From this plot, the rs;s pore radius of Winland
(1972), as well as the rgp, (Schowalter 1979), was
calculated. The r35 is defined as the pore throat size
corresponding to the 35" percentile of the cumula-
tive mercury saturation curve as a function of the
applied pressure. The rq, is the pore throat size
corresponding to the tenth percentile of the cumu-
lative mercury saturation curve. This pore size cor-
responds to the pressure needed for starting the fluid
displacement inside the pore spaces. It is important
to note that these measurements were carried out in
a laboratory at surface ambient conditions and on a
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surface analog. The properties at various depths are
probably different due to the impacts of burial as
well as lateral facies changes. Therefore, corrections
must be applied by taking geo-pressures into con-
sideration.

THE STUDY AREA
Geological and Structural Setting

Although the western coast of the Gulf of Suez
has been studied by many authors, only a few studies
have been published on the petrophysics, mineral-
ogy and diagenetic history of the Cambrian-Or-
dovician Nubia sandstone sequence in the studied
area. In addition, no detailed studies have been
introduced on the pore fabric and petrophysical
anisotropy of the Nubia sandstone along the Gulf of
Suez shore lines.

Most of the previous studies concentrated on
structure and general geology, while other studies
investigated the stratigraphy of the Gulf of Suez (El-
Gindi 1972; Zein El-Din and Taher 1973; Perry
1977; Perry and Schamel 1982; Angelier 1985;
Youssef 1986; Colletta et al. 1986; Abdel-Wahab
1988, 1998; Allam 1988, 1989; Abdallah et al. 1992a,
b; Schiitz 1994; Ibrahim 1996; Salem et al. 1998; Is-
sawi et al. 1999; Aboud et al. 2005; Nabawy and El
Sharawy 2015; El Sharawy and Nabawy 2016a, b;
Nabawy and Barakat 2017). In southwest Gulf of
Suez, the Nubia sandstone is classified into Nubia D
(35.0 m) and C (320.0 m), which are collectively
referred to by many authors as the Araba and Naqus
Formations (Schlumberger 1984, 1995).

Tectonically, the Gulf of Suez represents a great
elongated depression of 400 km in length separating
the Sinai Peninsula from the Egyptian mainland. In
fact, the Gulf of Suez region represents one of the
most intensively faulted areas of Egypt. Its structure
is mostly dominated by normal faults and tilted
blocks trending in NW-SE, with sedimentary fill up
to 6 km thick (Jackson et al. 1988).

The study area, at Gebel El-Zeit area in par-
ticular, is characterized by a basin structural system
trending NW-SE parallel to the Red Sea main trend.
It represents the complex arched structural style of
Gebel El-Zeit that is reflected by complex arches in
the major downthrown block to the east and in a
minor buried horst block to the west. It is a typical
example of the complex structures of the Gulf of
Suez region. It is characterized by two main faults,

namely the Zeit fault to the east that trends NE-SW
and the Ras El-Dib fault to the west that trends
NW-SE, parallel to the Gulf of Suez (Fig. 2). These
two faults form a graben system structure that takes
the direction of NW-SE. These faults brought the
granite mass of the northern part of the Esh El-
Mellaha and Gebel El-Zeit ranges into juxtaposition
with the Paleozoic sedimentary sequences. In addi-
tion, several minor intersected faults and fractures
are recognized at the western and eastern parts of
Gebel El-Zeit. Zeit and Mellaha are the major
basement blocks in Gebel El-Zeit, dipping 5° to 35°
tilted to the SW and bounded by large normal faults
to the NE. The titled blocks generally trend N145-
150°E, parallel to the axis of the Gulf of Suez. The
deposition of the sedimentary sequences occurred
around the basement core of the Gebel El-Zeit
range (Farouk 1965; Perry 1977; Angelier 1985; Al-
lam 1988). Gebel El-Zeit is a well-known natural oil
seepage field in the southern province of the Gulf of
Suez with its main pay zone located through the
eroded crest of a tilted block displaying a typical
asymmetrical structure. This crest remained as a
high stand position during most of the Cenozoic
history, but its overall evolution was similar to that
of the Gulf of Suez rift (Colletta et al. 1986).

In general, the Gebel El-Zeit area can be sub-
divided into four separate structural provinces
(Fig. 2); (1) the main Zeit range, (2) the Ras El-Ush
graben, (3) the South Zeit range and (4) the West
Zeit range (Hagras 1986). The faults in the Gebel
El-Zeit area follow several trends with the majority
of them trending parallel to the Gulf of Suez (Allam
1988; Sakran et al. 2016; Fig. 3).

Lithostratigraphy

The Nubia sandstone in southwest Gulf of Suez
is composed of Cambrian Nubia D (Araba Forma-
tion) and the Ordovician Nubia C (Naqus Forma-
tion) (Hassan 1967; Allam 1988; Abdel-Wahab 1988,
1998; David et al. 2015; Nabawy and David 2016;
Nabawy et al. 2018, 2019). Nubia D (35 m) is barren
of fossils and consists of cross-bedded medium- to
coarse-grained sandstones. It rests unconformably
on the underlying weathered granite with an undu-
latory kaolinitic thin zone where some pebbles and
gravel follow upward alongside 10 m of dark red and
medium-grained sandstones (Fig. 1). The middle
parts are composed of 5.0 m of shaly sand (Fig. 4a)
and 3.0 m of gravelly to pebbly dark brown sand-
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Fig. 3. Strike summary plot showing fault
frequency distribution in the Gebel El-Zeit area
(Allam 1988; Sakran et al. 2016).

stone. Above this level, there are two main beds of
medium- to coarse-grained reddish sandstones
(7.0 m) and fine- to coarse-grained reddish-to-violet
cross-bedded sandstone (10 m).

Upward, the sandstone of the Ordovician Nubia
C (320 m) is overlain unconformably by the car-
boniferous and the Cretaceous deposits (e.g.,
Abdallah and Adindani 1963; Said 1971; Kora 1984;
Klitzsch 1986; Beleity et al. 1986; Allam 1988;
Khalifa et al. 2006; Nabawy et al. 2018). It consists
mostly of well-sorted, cross-bedded fine- to medium-
grained white quartz arenite with some shale inter-
calations (Fig. 2). The presence of some poorly
sorted pebbles and gravel that are randomly dis-
tributed within the Nubia C is one of its most diag-
nostic features (Wanas 2011; Nabawy et al. 2019).

The lower parts of the Nubia C are composed of
90.0 m of white-to-varicolored coarse- to medium-
grained and cross-bedded sandstones, coarsening
upward with some gravel. Upward, the middle parts
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Fig. 4. Field photographs of: (a) reddish-brown laminated shaly sandstone representing the lower part of Nubia C sequence and (b) reddish
to yellowish-white cross-laminated sandstones of the topmost parts of Nubia C. The photomicrographs show: (¢) poorly sorted, very fine- to
coarse-grained, angular to subrounded quartz grains that have wavy extinction and are rarely polycrystalline, highly compacted and long to
suture grain contact with some gypsum content. These rocks comprise quartz arenite micro-facies in the topmost parts of Nubia D, C.N.,
40X; (d) moderately sorted cloudy quartz grains, fine to coarse grained, subangular to rounded and slightly compacted in point contacts.
These pore spaces are mostly intergranular, and some quartz grains have micro-fractures. Sometimes, the pore spaces are reduced by filling
clay patches. These samples comprise quartz arenite micro-facies in the basal parts of Nubia C, PPL, 40X. (e) Ill-sorted quartz grains, very
fine to very coarse grained, angular to rounded, highly compacted together with some orientation. Corrosion is noticed at the borders of
some grains. These rocks comprise quartz arenite micro-facies in the middle parts of Nubia C, C.N, 40X. (f) Moderately sorted, very fine
quartz grains, compacted together with good to very good intergranular porosity, partially filled by gypsum and clay patches. These rocks
comprise the quartz wacke micro-facies of the Nubia C, PPL, 40X. The SEM photomicrographs show: (g) intergranular and fracture
porosity reduced by clay content and gypsum laminae. These rocks comprise quartz arenite micro-facies in the middle to top parts of Nubia
D, and (h) macro- (pore size > 75 pm) to meso- (75 pm > pore size > 30 um) intergranular pore spaces partially reduced by gypsum and
clay content. These rocks comprise the quartz wacke micro-facies in the middle to top parts of Nubia C



consist of 107 m of medium- to coarse-grained,
cross-bedded, friable and tight sandstones with slight
pebbly content.

The topmost parts of the Nubia C are composed
of varicolored, medium- to coarse-grained, jointed,
cross-laminated friable sand and sandstones topped
with friable conglomeratic sandstones (Fig. 4b)
(Nabawy et al. 2018, 2019).

RESULTS
Mineral Composition

Petrographically, both Nubia C and D are
similar in composition to one another. Therefore, for
the present study, it is recommended that the se-
quence should be dealt with as one bulk sequence.
The studied Nubia sequence is composed of three
micro-facies and rock types (RRTs): (1) RRTI1
(quartz arenite micro-facies), (2) RRT2 (quartz
wacke) and (3) RRT3 (mudstone micro-facies),
(Nabawy et al. 2019).

The quartz arenite micro-facies (RRT1) is
composed of ill-sorted, very fine to coarse, angular
to subangular quartz grains compacted together and
cemented by silica cement with point contact, con-
cavo-convex and suture contacts (Fig. 4c and d).
Clay minerals are present as a filling material in the
pore spaces and as rims surrounding the grain sur-
faces (Fig. 4d and e).

The second micro-facies is the quartz wacke
(RRT2) which is dominantly distributed in Nubia C.
It is represented by fine to medium, moderately hard
to friable and slightly pebbly to gravelly cross-lami-
nated to cross-bedded sandstones (Fig. 4b). Petro-
graphically, it is composed of very fine- to coarse-
grained, angular to rounded quartz grains cemented
by silica cement with some gypsum and a matrix of
clay patches that sometimes present as a pore-filling
material (15.0-50.0%, Fig. 4f).

The mudstone (siltstone) micro-facies (RRT3)
is represented by highly compacted and moderately
to well-sorted silt-sized angular quartz grains ce-
mented by clay matrix (> 70%) and some gypsum
cement.

Petrographically, the porosity values of both the
quartz arenite and quartz wacke micro-facies vary
between 15 and 29% with a relatively higher quartz
arenite content, while the least porosity values are
recognized in the mudstone micro-facies, having less
than 10%. The pore spaces of the studied quartz
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arenite and quartz wacke micro-facies are mostly
described as: (1) macro- to mega-intergranular
porosity (Fig. 4c, d, e and h), partially reduced by
gypsum laminae and well-developed kaolinite
booklets (Fig. 4g), and (2) micro-fracture porosity
(Fig. 4d), rarely reduced by gypsum laminae
(Fig. 4h). The kaolinite clay content is better
developed in Nubia C than that of Nubia D giving
rise to quartz wacke micro-facies. Further upward,
the clay content increases in percentage giving rise
to the mudstone micro-facies whereby it forms a
good sequence at the top of Nubia C. In addition,
the matrix porosity was assigned to the mudstone
micro-facies with some micro-intergranular and
meso- to macro-channel porosity (Nabawy et al.
2019).

Diagenesis

The diagenetic factors controlling the pore
architecture of the studied sequences can be cate-
gorized into the two main types provided by Nabway
and Kassab (2014): (1) porosity-enhancing factors
(dissolution, leaching out and fracturing) and (2)
porosity-reducing factors (cementation, compaction
and pressure solutions, silicification, authigenic
minerals, neo-morphism).

Porosity-Enhancing Diagenetic Factors

Dissolution and leaching out of cement are the
most important porosity-enhancing diagenetic pro-
cesses in the studied Nubia micro-facies. The
exceptions are the RRT3 samples near the top of the
studied sequence.

The deposition of the Nubia sandstone is char-
acterized by very high intergranular porosity fol-
lowed by local calcite cementation that prohibited
the progress of the overload compaction process and
was finally dominated by the severe dissolution of
the carbonate cement and the feldspar skeletons due
to meteoric water. Exhausted feldspars skeletons are
declared from accumulations of authigenic kaolinite
booklets that filled the pore spaces (Fig. 4h). The
dissolution and leaching-out processes enlarged the
fracture system and converted it into a channel
system leading to the evolution of more intergran-
ular porosity (Fig. 4f and h) and isolated meso- to
mega-vugs (Fig. 4d and g) but rarely to intragranular
porosity (Fig. 4e).
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The fracture system in the Nubia sequence
introduced the main pathways for the invading
solutions to dissolve and leach out the dissolved
materials whereby a few micro- to meso-fractures
are noticed through the matrix and cement of the
RRT3 (Fig. 4d and g) and RRT1 samples.

Porosity-Reducing Diagenetic Factors

Overload pressure is an effective porosity-re-
ducing factor that acts as a function in depth. In the
study area, mechanical compaction due to tectonic
movements is an additional factor supporting the
storage capacity reduction (down to 15% in some
samples) causing point contacts, suture contacts
(Fig. 4c and d), concavo-convex contacts (Fig. 4d),
wavy extinction in some quartz grains and fracturing
in other quartz grains (Fig. 4c and d).

Silicification is the main porosity-reducing fac-
tor that reduces the pore volume and fluid flow
capacity through the Nubia sandstone. It is mainly
attributed to dissolution and leaching out of silica as
well as compaction and pressure solutions that
caused the partial dissolution of the quartz grains
borders, as is the case in the RRT1 and RRT2
samples of the Naqus Formation (Fig. 4d and f).

Gypsum laminae are also assigned through the
Nubia C in the quartz wacke (RRT2) samples,
reaching up to 25%. Gypsum is presented with a
poikilotopic texture of gypsum cementing the quartz
grains to each other and blocking and healing the
fractures and the intergranular pores (Fig. 4f and h).
In Nubia D, gypsum is considered to be a minor
constituent to traces (less than 5%) reducing the
pore volume and fractures (Fig. 4c and g).

For the present study, kaolinite is commonly
assigned in the Nubia samples as dull patches filling
and plugging in some pore spaces to reduce their
flow capacity, as is the case in the RRT1 samples
(Fig. 4d and g). The percentage of kaolinite in-
creases from the RRT1 samples up to its maximum
in the RRT3 samples, whereas the RRT2 samples
act as transitional rock types (Fig. 4f and h).

Petrophysical Results

The petrographical and petrophysical proper-
ties of the pore and petro-phases of the studied
samples are helpful in discriminating them into three
reservoir rock types (RRTs). The best petrophysical

properties are assigned to the quartz arenite micro-
facies (RRT1) for both Nubia C and D
(119 < ¢w < 24.9%, 159 < ¢pe < 282%,
489 < ky < 3118 md, 445 < kyc < 1876 md,
Table 1). Upward in the studied sequence, Nubia C
is further discriminated into two additional rock
types (RRT2 quartz wacke and RRT3 mudstone
micro-facies, respectively). The lowest petrophysical
values and highly anisotropic pore spaces are as-
signed to the mudstone micro-facies (RRT3) of
Nubia C (1.17 £ ¢w £ 6.06%, 692 < ¢y <
12.2%,0.17 £ kg £ 1.67md, 0.04 < kyc £ 1.0
md, Table 1). The r3s and rq, pore radii of the
studied samples indicate the best pore sizes and
fabrics for RRT1 (9.52 < r3s < 289 pum,
139 < rqp, < 37.3 pm) and the lowest values for
RRT3 (0.13 < r3s < 0.18 pm, 0.19 < rq, < 0.46
pum, Table 1). The RRT1 samples are characterized
by a slightly anisotropic pore architecture including
electric and permeability anisotropy (0.85 < Jic
< 142, 0.86 < Jgc £ 1.22, Table 1). On the
other side, the RRT3 samples are characterized by
more complex pore fabrics and relatively higher
anisotropy (054 < Jxc £ 249, 0.71 £ Jlgc <
1.30, Table 1). In general, the Nubia sandstone pore
types are characterized by mostly good to very good
connectivity. Finally, a set of statistical models of
high reliability are introduced to be applied to fur-
ther predictions of the petrophysical parameters.

GENERAL DISCUSSION
Impacts of Diagenesis on Pore Fabric and Volume
Impacts of Porosity-Enhancing Factors

Dissolution and leaching out of cement and
feldspars increased the channel and intergranular
porosity fractions which are the most important
types of porosity with the highest contribution to
permeability. The highest intergranular porosity is
assigned to the quartz arenite micro-facies (RRT1)
whereby the highest average helium and water
porosity (¢ye, ¢w) and permeability (k) values were
assigned to this rock type (pye = 22.7, pw = 19.6%,
while kg = 1370, kyc=1062 md, respectively,
Table 1). Micro-fractures played an additional
reservoir quality-enhancing role for the Nubia
sandstone, wherein they created a subsidiary frac-
ture system in the highly compacted mudstone facies
(RRT3) Though it has the least reservoir quality,



some samples have fair porosity and permeability
reaching up to 12.2% and 1.67 md, respectively.

Impacts of Porosity-Reducing Factors

Cementation,  authigenic  minerals and
mechanical compaction are the dominant porosity-
reducing factors in the Nubia sandstone. Cementa-
tion is mostly attributed to silica cement in the form
of meniscus cement, which has little to no effect on
the final porosity net result in the quartz arenite
micro-facies (RRT1). In the present sandstone
samples, alteration of feldspars due to chemical
reactivity with the invading solutions resulted in the
formation of authigenic kaolinite as dispersed clay
minerals that filled and lined the pore spaces
(Fig. 4d and f). Diagenetic clay minerals are formed
as authigenic minerals slightly reducing the average
porosity and permeability (¢pye= 16.2%, ky = 310
md, Table 1) of the quartz wacke (RRT2) of the
Naqus Formation (Fig. 4f) due to the alteration of
feldspars into kaolinite booklets filling the pore
spaces (Fig. 4h). Therefore, the presence of authi-
genic kaolinite as dispersed clays filling the pore
spaces reduced the permeability from the relatively
very high values of RRT1 into the present perme-
ability values of RRT2, which range from good to
very good (26.2 < k < 1932 md, Table 1).

Gypsum as a subsidiary cement is an additional
slightly reducing cement material filling the pore
channels and fractures of the studied rock types, e.g.,
RRT1 (Fig. 4g). The reducing impacts of gypsum
increase, as is the case in the RRT2 samples (quartz
wacke micro-facies) whereby gypsum changed from
a pore-filling fabric (Fig. 4h) to a poikilotopic fabric.

The mechanical compaction due to overload
pressure is an additional reducing effect which seems
to have a little or negligible effect on the reservoir
quality of the RRT1 samples. This pressure com-
paction is presented by the alignment of the quartz
grains as point contact fabrics, sometimes by suture
and concavo-convex contact fabrics (Fig. 4d and e).

Impacts of Pore Size on Accessible Pore Volume

Plotting the bulk density as a function of
porosity that was measured using water and helium
injection (¢w, ¢ne, Fig. 5) may be applied as a
quality control (QC) for the processed data before
further processing and modeling. In addition, a
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greater difference between the two values (¢w, dre)
indicates the presence of micro- and nano-pore sizes
and cement control on the pore diameters, which
become smaller and narrower so as to be accessible
by water injection (El Sharawy and Nabawy 2016b,
2018; Kassab et al. 2017). The relatively high coef-
ficient of determination values (0.938 > R* > 0.788,
Fig. 5) for the different rock types indicate the relia-
bility and consistency of the measured data and the
suitability for further statistical processing. The aver-
age inaccessible porosity values (¢inace, %) are high for
the relatively poor porous samples (RRT3) reaching
up to 64.7%, whereas they are lowest (13.7%) for the
highly porous samples, RRT1 (Table 1).

Contribution of Porosity (¢) to Permeability (k)

Presenting permeability as a function of water
and helium porosity is not always systematic, and the
output factors of the final model may be a good
indication for the pore types and pore throat proper-
ties. The relatively high difference between the water
and helium porosity caused a relatively high shift of
the best-fit line of the permeability—porosity rela-
tionship in the RRT3 samples and less so in the RRT2
samples (Fig. 6a). The micro- and nano-sizes of the
pore spaces reduce the reliability of the relationships
with the water porosity (R* < 0.643). In the case of
the RRT1 samples, the presence of different pore si-
zes reduces the reliability of this relationship not
being accepted (R* < 0.36). This indicates the
necessity for further discrimination of these samples
into further subgroups: RRT1* belonging to Nubia D
and RRT1 belonging to Nubia C (Fig. 6b). This fur-
ther grouping enhanced the reliability of the porosity—
permeability relationship. One of these groups is
characterized by relatively lower porosity values but
with the same permeability contribution, i.e., much
better fluid-conductor pore types, intergranular and
fracture porosity (Fig. 4d and h).

The mudstone ¢w—k relationship seems to be
much less reliable than the other relationship. This
could be explained by the lesser accessibility of
water in the micropore spaces and matrix porosity in
addition to the swelling effects of the clay minerals
in contact with the invading water, i.e., to block and
isolate some pore spaces causing much less porosity
and disturbed relationships. The reliability of the
obtained model may introduce it as a successful
model applicable to more extended sandstone se-
quences.
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Fig. 5. Plot showing the bulk density (py,) vs. porosity measured by two techniques,
helium (¢pe, open circles) and water injection (¢w, solid circles). Negative
correlations were encountered between the bulk density and both the helium and
water porosity. The helium porosity values are always greater than the water
porosity values whereby the difference represents percentage of nano- and
micropore volumes that the water cannot invade them. Annotation: n = 72 samples

for RRT1, 34 samples for RRT2 and 24 samples for RRT3.

Impacts of Fractures on Permeability Anisotropy

Plotting the vertical permeability value of the
given rock samples as a function of the horizontal
permeability is a good indication of the presence of
vertical micro-fractures. These micro-fractures are
the main contributors to increase in the vertical
permeability rather than the horizontal one (Meyer
and Krause 2006; Nabawy and Barakat 2017). On
the other side, rock samples with primary deposi-
tional fabrics are characterized by higher horizontal
permeability values than vertical ones (Nabawy and
Al-Azazi 2015; Nabawy and Géraud 2016; Veloso
et al. 2016). For the present study, plotting the ver-
tical permeability as a function of the horizontal one
indicates that the mudstone facies (RRT3) are
composed of depositional fabrics (kg > ky, Fig. 7a),
whereas RRT2 samples are mostly characterized by
the presence of some subsidiary vertical micro-
fractures (ky > ky, Fig. 7a). This vertical perme-
ability can be calculated in terms of the horizontal
permeability by using the following model:

ky =056 ki (R* =0.982) (8)

The multiplication factor and exponent of this
reliable relationship indicate that most of the stud-
ied samples are characterized by depositional fabrics
whereby kg > kv for most of the studied samples
(Fig. 7a).

For the RRT1 samples, the fabrics are mixed
between the primary depositional and secondary
fabrics. Differentiating the RRT1 samples into two
subgroups indicates that some RRT1 Nubia C sam-
ples are characterized by secondary fabrics, whereas
the other group of Nubia D samples are character-
ized by depositional fabrics (Fig. 7b).

Impacts of Mineral Composition on FRy
and Archie’s Parameters

The true formation resistivity factor (FRt) of
the studied clastic samples is mostly controlled by
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Fig. 6. Plot showing permeability as a function of porosity measured by (a) helium
(¢pue, open circles) and (b) water injection (¢w, closed circles). Direct proportional
relationships were encountered between permeability and porosity. Note that the
determination coefficients of the relationships of permeability with the helium
porosity are higher than those with the water porosity. Annotation: (a) n =72
samples for RRT1, 34 samples for RRT2 and 24 samples for RRT3; (b) n =24
samples for RRT1* and 48 samples for RRT1.

the mineral composition, the presence of fine elec- (RRT1) of both the Araba and Naqus Formations
tric conductors (clays and iron oxides), pore volume are characterized by very low values (FRt < 50.0),
and pore connectivity. The quartz arenite samples (Nabawy et al. 2015), whereas the FR values of the
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Fig. 7. Log-log plot showing vertical permeability values as a function of
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RRT1#, five samples for RRT2 and 24 samples for RRT1.

mudstone facies have relatively scattered values
ranging from low to very high (50.0 £ FRy <
500.0, Table 1). The relatively high FRt values of
some RRT4 samples may be attributed to the rela-
tively poor porosity values (¢w < 6.06%) and the
silt-sized quartz grains and gypsum flakes rather
than the presence of clay minerals (Fig. 4g) which
are present in other samples of low FRy values.

Plotting the true formation resistivity factor
(FRr) as a function of water porosity (¢w) enables
modeling the interrelationship and estimation of
Archie’s parameters including the lithology factor
(a) and porosity exponent (m) (Fig. 8). The values of
Archie’s equation indicate values more or less con-
sistent with the m values through the different rock
types approaches (2.00 < m < 2.33, Fig. 8). The
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Fig. 8. Log-log graph showing true formation resistivity factor (FRt) of the
studied rock types as a function of porosity that was measured by using water
injection (¢w). Annotation: n =48 samples for RRT1, 24 samples for RRT1*, 34
samples for RRT2 and 24 samples for RRT3.

values of the lithology factor show some differences
from one rock type to another. The least value is
assigned to the RRT3 mudstone samples (a = 0.21),
and the highest values (1.02) are assigned to the
quartz arenite of Nubia C. These values are consis-
tent with extant literatures that refer to m equaling
2.0 as is the case in the intergranular porosity of
sandstone (Focke and Munn 1987; El Sharawy and
Nabawy 2018). The values of the lithology factor a
are also consistent with the extent literatures which
state that the low values of the lithology factor refer
to fine clastics (mudstone and wackestone), whereas
the higher values (=~ 1) are assigned to quartz
arenites (Archie 1942, 1952; Nabawy et al. 2015; El
Sharawy and Nabawy 2016b, 2018).

Impacts of Fractures on FRy

Plotting the values of the vertical true forma-
tion resistivity factor FRt as a function of the hori-
zontal values may be a good indication of the 3D
distribution of the authigenic clay minerals and fine
conductive minerals (iron oxides) as well as of the
presence of vertical micro-fractures (Nabawy and
Barakat 2017; Nabawy et al. 2018). Rock samples
with primary depositional fabrics are characterized

by higher FRy values than horizontal ones (Naba-
wy and Al-Azazi 2015; Nabawy and Géraud 2016;
Veloso et al. 2016). For the present study, plotting
the vertical true formation factor as a function of the
horizontal one indicates that most of the studied
samples are characterized by secondary electric
fabrics (FRty > FRpy, Fig. 9). These secondary
fabrics indicate that the pore connectivity in the
vertical directions is much better than that in the
horizontal directions due to the circulations of the
dissolving solutions. This enhanced the micro-frac-
tures or filled them with authigenic conductive clay
minerals which may reduce the permeability but act
as electric conductive bridges between the pore
spaces in the vertical directions. However, few
RRT3 mudstone samples are still characterized by
highly anisotropic electric depositional fabrics due
to lamination with fine electric conductors (Fig. 9).

Impacts of the Effective Pore Radii (r35 and rg;,)
on FRy

The electric resistivity is mostly controlled by
the conductive saline fluids inside the pore spaces
and on the fine conductors as subsidiary conductors.
Similar to permeability, the FRt as an indicator
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Fig. 9. Log-log plot showing vertical true formation resistivity factor as a function
of horizontal true formation resistivity of the studied samples. Annotation: n =24
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RRT3.

parameter for electric resistivity is mostly controlled
by the pore radii of the studied rocks. Therefore,
plotting the FR as a function of 735 and rg4;, indicates
inversely proportional relationships with the highest
reliability assigned to the Nubia D quartz arenite
(RRT1%*) and the lowest reliability assigned to that
of Nubia C (RRT1) (Fig. 10). This can be attributed
to the micro- and nano-pore throat sizes of the
Nubia C samples. However, the reliability of the
relationships obtained from plotting r35 and rqp, with
FRy values is very good to excellent (R* > 0.667).
The authigenic clay content acts like fine electric
conductors during the electric measurements which
supports the electric flow and therefore reduces the
FRt values but does not reduce or block the pore
throats (Nabawy 2014).

Pore Fabric Anisotropy

The pore fabric in the present study refers to
the anisotropy of the pore spaces. It is responsible
for both the hydraulic conductivity (permeability)
anisotropy and the electric resistivity (formation
resistivity factor) anisotropy. The hydraulic and

electric anisotropy can be calculated as the square
root of the ratio of the property value in the hori-
zontal direction to the same property value in the
vertical direction. The primary depositional fabrics
(flattened pore spaces) are characterized by kyg > kv
(Fig. 7) and FRty < FRryy (Fig. 9), whereas the
secondary fabrics (elongated pore spaces due to
tectonics and fracturing) are characterized by ky <
kv (Flg 7) and FRTH > FRTV (Flg 9) The relia-
bility of the obtained models is accepted with
0.661 > R* > 0.475, and most of the samples are
scattered along the symmetry line with a slight shift
toward the depositional fabrics and scattering of the
mudstone samples (Fig. 9).

Plotting the hydraulic anisotropy (/) as a
function of the electric anisotropy (/g) indicates that
the presence of different pore throat sizes is more
effective in the case of hydraulic anisotropy rather
than in the electric one with a shift of sample data
toward the A axis (Fig. 11). Electrically, the studied
samples are characterized by slightly anisotropic to
isotropic fabrics with many samples having g < 1.0,
i.e., secondary fabrics and FRty > FRyy. The hy-
draulic anisotropy is also characterized by slightly
anisotropic to isotropic fabrics. However, some
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Fig. 11. Plot showing hydraulic anisotropy as a function of electric anisotropy.
Classification and ranking follow Nabawy et al. (2015). Annotation: n =24 samples
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samples (RRT4) are moderately anisotropic
(2.5 2 /4 2 1.5), while others are characterized by
A < 1.0 (Fig. 11). However, this slight difference in
behavior between J; and Ag can be attributed to the
effect of the clay content, type and distribution, i.e.,
the hydraulic and electric effect of the clay content.

Reservoir Quality Assessment

The reservoir quality assessment is based on
many parameters that describe and characterize the
ability of rocks to store and transmit fluids. There-
fore, plotting the measured pore volume, pore
transmissivity and anisotropy as a function of depth
is a helpful procedure for describing and qualifying
the reservoir rocks. For the present outcrop se-
quence, as analogous to the subsurface reservoir
rocks in the Gulf of Suez, porosity (water and he-
lium porosity), permeability (vertical and horizontal

permeability), true formation resistivity factors
(vertical and horizontal formation resistivity factors)
and pore anisotropy (electric and fluid flow aniso-
tropy) are plotted vs. depth (Fig. 12). In this plot,
the 10% porosity and 1 md cutoff value are applied
to indicate the most prospective horizons. This
indicates two nonporous and nonpermeable flow
units of micro- to nano-pore throat sizes at heights
of 40-85 and 245-280 m through the Nubia C. The
consistent differences between the water and helium
porosity increase through these two flow units, sup-
porting the presence of complex pore spaces through
these units which are composed mostly of RRT3
mudstone samples. Plotting both the permeability
and formation resistivity factors in both the vertical
and horizontal directions indicates the presence of
some horizons characterized by subsidiary micro-
fracture system (kv > ky, FRry > FRyy, green
shadow, Fig. 12). The subsidiary micro-fracture sys-
tem can be detected using FRt logs rather than k
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Fig. 12. Plot showing petrophysical and reservoir quality parameters as a function of height for the Nubia sandstone in the studied area.
Green shades indicate the presence of a micro-fracture system. The helium and water porosities were plotted in the first track (first track
to the left) with cutoff value (porosity = 10%); vertical and horizontal permeabilities were plotted in the second track with cutoff value
(permeability = 1 md); vertical and horizontal formation resistivity factors were plotted in the third track; and finally, both the electric
and permeability anisotropies were plotted in the last track (secondary fabrics means 4 < 1, for isotropic and slightly anisotropic fabrics
1 < 2 < 1.5, for moderately anisotropic fabrics 1.5 < 1 <2.5 and for highly anisotropic fabrics 2.5 < 1). Samples are considered
nonprospective for hydrocarbon accumulations in their subsurface extensions when they have porosity <10% and
permeability < 1 md.

logs. This can be explained by the presence of dif- genic clay minerals (fine electric conductors) as a
ferent dominant and subsidiary pore sizes due to the filling material which slightly reduces the vertical
presence of the subsidiary vertical micro-fracture fluid flow but does not stop the vertical electric flow;

system which may be attenuated later by the authi- i.e., it supports the pore anisotropy in the vertical



direction (Fig. 12). This complex pore fabric could
be seen from the inconsistency between the electric
and permeability anisotropy (1, g, Fig. 12, track 4).
The micro-fracture system is also indicated by
shifting the anisotropy parameters to less than 1.00
with a greater number of shifts of the electric ani-
sotropy toward the left. The anisotropy is mostly
slight (Ax, A < 1.5). Some flow units are charac-
terized by permeability anisotropy that has shifted to
the moderate anisotropy rank. These flow units are
characterized by low porosity and permeability val-
ues and relatively high FRy values due to the
cementing of the vertical system by silica cement
material rather than being filled with clay minerals;
i.e., both the permeability and FRy values were
greatly reduced.

CONCLUSIONS

The Nubia sandstone sequence along the
southwest Gulf of Suez can be classified into Nubia
C and D (355 m thickness) which are described as
quartz arenite (RRT1), quartz wacke (RRT2) and
mudstone samples (RRT3). The RRT1 samples
have the best average storage capacities, flow
capacities and effective pore throat radii as well as
slight pore anisotropy (¢pe=22.7%, ¢w= 19.6%,
ky = 1370 md, kyc = 1062 md). On the other hand,
the RRT3 samples have the least reservoir quality
(pHe= 925%, pw= 3.36%, ki = 0.63 md, < kyc =
0.69 md). The anisotropy of pore spaces was esti-
mated by measuring the permeability and formation
resistivity factors in the vertical and horizontal
directions (to estimate the pore anisotropy) and by
measuring the effective pore radii of Winland (rss)
and the displacement pressure (rqp). The pore
architecture of the RRT1 samples has the highest
pore radius and the lowest anisotropy (r3s = 17.9
um, rgp = 23.1 pm, Age= 1.12, Age= 1.02), whereas it
is narrower and more complicated for the RRT3
mudstone samples (r35 = 0.16 pm, rqp, = 0.28 pm,
Jkc=1.55, Agc= 0.98).

The presence of micro- and nano-pore sizes in
the studied pore spaces is mostly attributed to the
presence of some micro-fractures in the vertical
direction (kv> ki, FRtg > FRry). This system was
healed by silica cement for the RRT3 samples
causing moderate anisotropy by reducing the per-
meability greatly in the vertical direction and sub-
sequently causing very high FRty values. On the
other hand, for the RRT2 samples, impact of this

Elgendy, Abuamarah, Nabawy, Ghrefat, and Kassem

fracture system was reduced due to filling by
kaolinite clay mineral. This reduced the permeabil-
ity but did not increase the FR1vy values due to the
electric activity of the clay content.
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