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Abstract
The present work describes and evaluates the reservoir quality of the sandstone of the Nubia Formation at the Gebel Abu 
Hasswa outcrop in southwest Sinai, Egypt. Hydraulic flow unit (HFU) and electrical flow unit (EFU) concepts are implied 
to achieve this purpose. The Paleozoic section made up of four formations has been studied. The oldest is Araba Formation 
followed by Naqus formations (Nubia C and D) overlay by Abu Durba, Ahemir and Qiseib formations (Nubia B), where 
the Lower Cretaceous (Nubia A) is represented by the Malha Formation. The studied samples have been collected from 
Araba, Abu Durba, Ahemir and the Malha formations. The hydraulic flow unit (HFU) discrimination was carried out based 
on permeability and porosity relationship, whereas the electrical flow unit (EFU) differentiation was carried out based on 
the relationship between formation resistivity factor and porosity. Petrographic investigation of the studied thin sections 
illustrates that the studied samples are mainly quartz arenite. Important roles to enhance or reduce the pore size and/or pore 
throats controlling the reservoir petrophysical behavior are due to the diagenetic processes. The present study used the res-
ervoir quality index (RQI) and Winland R35 as additional parameters applied to discriminate the HFUs. The study samples 
have five hydraulic flow units of different rock types, where the detected electrical flow units are only three. The differences 
between them are may be due to the cementation process with iron oxides that might act as pore filling, lining and pore 
bridging, sometimes bridges helping to decrease permeability without serious reduction in porosity. The reduction between 
the number of EFUs and HFUs comes from the effect of diagenesis processes which is responsible for a precipitation of 
different cement types such as different clay minerals and iron oxides.
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Introduction

Hydraulic flow units are defined for the first time by Amae-
fule et al. (1993a, b), and then, this concept has been tested 
and applied for many years by many researchers, e.g., El 
Sharawy and Nabawy (2016a, b), Kassab and Teama (2018), 
Nabawy and Barakat (2017), Teama et al. (2019), Tiab and 
Donaldson (2016). They defined the HFU as the part of the 
rock volume that has one or more rock quality lithology. 
One of the important characteristics of the flow unit can be 

mapped at the interval scale. Nevertheless, the discrimina-
tion between the different quality of the flow units can be 
derived based on hydraulic or electric characteristics. Rezaee 
et al. (2007) used the relation between electric properties 
with petrophysical parameters to detect the different EFU.

Nubia sandstone has been studied by El Sharawy and 
Nabawy (2019), Kassab et al. (2017) and David et al. (2015). 
The reservoir characterization of the Nubia sandstone reser-
voir demonstrates that it has excellent potential for hydrocar-
bon production (Sarhan and Basal 2019), so that the Nubia 
sandstone is considered as an important reservoir rocks in 
Egypt and the surroundings.

The subsurface occurrence of Nubia Formation has been 
studied by Alsharhan and Salah (1997) and indicated that 
the potential reservoirs are formed in the Araba, Naqus, 
Qiseib and Malha formations within the Nubian facies, while 
the Umm Bogma Formation acts as seal, and Abu Durba 
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Formation has been studied by Nabawy and Géraud (2016), 
who stated that the Abu Durba Formation has a well flow 
capacity properties, and the Rod El Hamal Formation acts as 
a source unit. Khalil (1987) divided the Nubia sandstone into 
three parts. The lower part (Nubia C) varies in the lithology 
from fine to coarse, conglomeratic, friable and partly kaoli-
nitic, white to brownish sandstones.

The Nubian sandstones in Egypt and the surroundings 
have been studied by several authors. The first deposits of 
the pre-rift sediments in the Neogene Suez Rift are formed 
mainly from Nubian sandstones (Garfunkel and Bartov 
1977). This sandy formation in the western coast of the Sinai 
Peninsula is up to 600 m thick (Robson 1971) and mostly 
includes continental deposits (Schutz 1994). The sediments 
in the study area (Gebel Abu Hasswa) are mostly fluvial 
)Said 1962).The pre-rift marine formations that conform-
ably cover the Nubian sandstones are resulted from a major 
Cenomanian transgression (Schutz 1994). Himida (1970), 
Issar et al. (1972) and Shata (1982) stated that Nubian sand-
stone is underlying an extensive area of Egypt and probably 
constitutes a single hydrogeological system to the West of 
the Gulf of Suez. To the East, on the Sinai Peninsula, a sec-
ond system may exist with some connection to the main 
western system in the North.

The middle part (Nubia B) is represented by gray to green, 
marine shales, silty with thin interbeds of sandstones, fine 
to medium grained, silty (El-Gendy et al. 2017) and clayey 
with abundant trace fossils, probably Permo-Carboniferous 
in age. The upper part (Nubia A) is represented by fluviatile 
sandstone, fine to medium, coarse to conglomeritic, massive 
through cross-bedded showing direction of transportation 
from south to north, interbedded mudstones, varicolored, 
well stratified with root structures.

The Paleozoic Nubia is classified into four rock units: 
Araba, Naqus, Abu Durba and Ahemir formations (El-
Barkooky 1986; Wanas 2011) on both sides of the Nile 
Valley. The depth to the Nubian aquifer in Egypt can sig-
nificantly vary from appearing on the ground up to 3500 m 
below the ground surface with an average thickness of thou-
sands and decreases toward the north (Abdel Moneim et al. 
2015); meanwhile, El-Rawy and Smedt (2020) stated that 
the thickness of the aquifer ranges from 300 to 3500 m with 
a very complex geometry. The isotopic data interpreted in 
conjunction with conventional hydrologic data have con-
firmed the fact that North Western Sahara aquifer system is 
receiving a considerable fraction of modern water recharging 
the aquifer (Al-Gamal 2011).

In the East Central Sinai, Nubia sandstone is studied 
petrophysically by Hassan et al. (1994), El Sayed (1995) 
and El Sayed et al. (2008). Only two genetic sand body types 
have been recognized in Wadi Saal (NE Saint Catherine). 
The recognized lower sand unit was distributary mouth-
bar followed by the upper one described as barrier island 

sandstone or sand bars. The mode of occurrence, volume 
of kaolinite effective porosity, recovery efficiency, irreduc-
ible water saturation and displacement pressure of the Nubia 
Sandstone in Wadi Saal were discussed by El Sayed (1995). 
He concluded that the formation fines have a great effect 
on the Nubian sandstone reservoir quality. El Sharawy and 
Gamal (2019) studied the capillary pressure and petrophysi-
cal properties of the Nubia facies. Fifty one surface samples 
were collected from the outcrops at Gebel Abu Hasswa to 
represent the different lithofacies of the Nubia Sandstone 
units in the eastern side of Gulf of Suez. The study area is 
located between Latitude 28° 20’–28° 40’ N and Longitude 
33° 10’–33° 30’ E as shown in Fig. 1.

The main objective of this study is to delineate the impor-
tance of the Nubia sandstone rocks of Abu Hasswa section as 
a Paleozoic reservoir in the mean offshore areas, by testing 
different petrophysical parameters and to divide this reser-
voir into both hydraulic flow units and electric flow units.

Geological setting

Abu Hasswa outcrop section covers an area of about 15 
square km. The Gulf of Suez depression is characterized 
by several ridges and basins trending NW–SE dissected by 
the parallel fault blocks and shear zones. West Sinai area 
is strongly affected by the tension tectonic movements and 
often belongs to the Gulf of Suez tectonic province where 

Fig. 1   The location of the study area (Gebel Abu Hasswa)
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faults play the main role in tectonic deformation (Sarhan 
and Basal 2019).

Figures 2 and 3 show lithostratigraphic section of Nubia 
sandstone at Gebel Abu Hasswa, while the collected sam-
ple numbers from each formation are presented. The Nubia 
formations from bottom to the top are: Araba Formation 
was first described by Hassan (1967). It overlies unconform-
ably the basement rocks (Precambrian rock) and underlies 
the Naqus Formation. It attains 61 m. It consists of yellow-
ish brown, varicolored, cross-bedded sandstone (the grains 
are fine to medium in size), with fine streaks of shale. Abu 
Durba Formation is recognized by Abdallah and Adindani 
(1965). It rests unconformably on Naqus Formation and 
underlies Ahemir Formation, and it attains 60 m thickness. 
This formation is characterized by a dark brown to red sand-
stone and claystone with some evaporitic patch and dolo-
mitic streaks. Aheimer Formation is recognized by Abdallah 
and Adindani (1965). It overlies on Abu Durba Formation 
and underlies Qiseib Formation. It reaches 45 m in thick-
ness. It is composed of dark purple to varicolored clay-
stone alternating with siliceous and calcareous sandstones 

Fig. 2   Stratigraphic column of the Nubian sandstones in the western 
coast of the Sinai Peninsula, Egypt (modified after Schutz 1994) 

Fig. 3   Detailed lithologic column and Nubia sandstone samples locations at Gebel Abu Hasswa, western coast of the Sinai Peninsula, Egypt
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with dolomitic limestone bands. Malha Formation overlies 
unconformable Qiseib Formation and consists of varicolored 
(yellowish brown, pink and purple) sandstone, alternated 
with claystone occasionally. It reaches a thickness of 100 m. 
It has been dated as lower Cretaceous.

Theoretical background

Flow unit concept is defined to shape the description of res-
ervoir zones as a function of storage capacity and fluid flow 
capacity, which are resulted from diagenetic processes and 
depositional conditions. Most common use for this concept 
is to predict the permeability of each rock quality as can 
be shown in Hassan et al. (2014), Shabaninejad and Bagh-
eripour Haghighi (2011) and Al-Ajmi and Holditch (2000).

Hydraulic flow unit (HFU) concept

A flow unit is defined by Amaefule et al. (1993a, b) as a res-
ervoir zone with lateral continuity between wells and inter-
nally consistent characteristics that control fluid flow and are 
distinct from those of adjacent flow units. Hydraulic quality 
of rocks is controlled by pore geometry, radius, tortuosity, 
specific surface, mineralogy and its morphology side by side 
with textural parameters as sorting, packing, grain size and 
shape. It is the selection of samples of the same pore attrib-
utes that can be clustered in the similar hydraulic unit. The 
boundaries of rock genetic units described by a geologist 
may be useful for the reservoir engineer if they coincide 
with distinctive changes in flow properties. It is based on the 
Kozeny–Carman equation and its modifications:

where K = permeability, md; Ø = fractional porosity; � is 
the electrical tortuosity and can be measured from electri-
cal resistivity measurement; ko is a shape factor; and Sgv is 
the specific surface area per unit grain volume.

The objective is to avoid measuring these microscopic 
properties by gathering these parameters into a single vari-
able called the flow zone indicator (FZI). The previous equa-
tion can be adjusted to be;

The porosity and permeability ratio can be defined as res-
ervoir quality index (RQI);
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Flow zone indicator (FZI) indicates samples with similar 
pore throat characteristic, where the larger grain size will 
have the greater FZI and the greatest permeability. It can be 
defined as a function of tortuosity and the specific surface 
area per unit grain volume:

The pore-to-grain volume ratio (Øz) can be defined as 
normalized porosity;

According to Kozeny–Carman equation and hydrau-
lic radius, Amaefule et al. (1993a, b) developed a relation 
for grouping the data fitting to their flow zone that can be 
expressed as:

RQI with ∅z relationship on a log–log scale showed that 
the core samples with the same pore geometry will lie on a 
straight line with a diagnostic slope, while dissimilar sam-
ples will lie on different parallel lines. To simplify the use of 
FZI in expressing reservoir type (Shenawi et al. 2007), FZI 
can be transformed to discrete rock type (DRT) by;

Subsequently, a log–log plot of RQI versus Øz will result 
in a unit slope with a y-intercept equal to FZI at Øz = 1.0. 
Each straight line has samples of similar pore characteristics 
and is therefore considered a flow unit. Samples with differ-
ent FZI values will lie on different but parallel lines.

Inland method is used capillary pressure technique to 
estimate the pore throats size distribution for rock typing 
examination and constructing iso-pore throats radius lines. 
Use these Winland iso-pore throat radius lines to divide the 
porosity–permeability into several rock units depending on 
the pore throats radius. Winland equation was published by 
Kolodzie (1980) as shown below:

 where R35 = pore throat radius corresponding to the 35th 
percentile mercury saturation, microns, Ø = porosity ambient 
conditions, %, and K = air permeability ambient conditions, 
md. There are the five petrophysical flow units with dis-
tinctive reservoir performance differentiated by R35 method 
(Winland 1972), as follows: (1) megaporous units, when R35 
is more than 10 microns, (2) macroporous units, when R35 
is more than 2.5 and less than 10 microns, (3) mesoporous 
units, when R35 is more than 0.5 and less than 2.5 microns, 

(4)FZI =
1

√

Kz ∗ Sgv

(5)∅z =
∅

1 − ∅
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(8)���(R35) = 0.732 + 0.588LogK) − 0.864Log(∅)
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(4) microporous units (0.2 < R35 < 0.5 microns) and (5) nano-
porous units (R35 < 0.2 microns).

Electrical flow unit (EFU)

The formation resistivity factor (F) was studied by many 
authors, such as El Sayed and Zeidan (1983) where the for-
mation resistivity factor is a function of the electric pore 
throat radius and the effective cross-sectional area available 
for electric conduction. Rezaee et al. (2007) introduced a 
new technique for classifying porosity and formation resis-
tivity factor, like hydraulic flow unit concept as:

where ERI is the electrical radius indicator, Ø is the poros-
ity (%), and F is the formation resistivity factor. Rezaee 
et al. (2007) established a new approach to classify F data 
based on current zone indicator (CZI) and electrical flow 
unit (EFU) that showed the comparison between RQI and 
ERI and indicated that ERI can be matched with RQI, many 
authors (e.g. Zhang and Knackstedt 1995; Hilfer and Man-
wart 2001; Slater and Lesmes 2002) discussed the lack of 
match between RQI and ERI by showing that the electrical 
and hydraulic pathways are not identical.

ERI is controlled by the electrical radius for each sam-
ple. In order to separate samples with similar electrical flow 
properties, ERI must be divided into volume of void space 
or pore-to-matrix volume ratio (normalized porosity) Øz = 
(Ø /1-Ø);

where CZI is the current zone indicator, and the study sam-
ples can be distinguished to multiple electric flow units 
according to their CZI.

Materials and methods

In the present work, the studied samples have been collected 
from Araba, Abu Durba, Ahemir and the Malha formations. 
(Fifty-one rock samples were collected from Nubia Sand-
stone, where thirty-two samples are obtained from the Araba 
Formation, three samples are from the Abu Durba Forma-
tion, ten samples are from the Ahemir Formation, and the 
rest are from the Malha Formation). These samples have 
been conducted to several laboratory measurements. The 
available specimens of Abu Hasswa section were cut into 
cylinders using a laboratory diamond drill. All samples 
plugs were of 2.5 cm in diameter and ranged from 3.5 to 
4.0 cm in length (API Specifications 1960).

(9)ERI =

√

∅

F

(10)CZI =
ERI

∅z

The samples need to remove any moisture content or 
residual fluids before the petrophysical measurements. The 
Soxhlet extraction apparatus method was used for cleaning 
the Nubia sandstone samples, and methanol was used for 
salt-laden water removal, without causing any alteration for 
the sample original pore space geometry. More than one 
solvent was used for complete cleaning until the siphoned 
liquid was colorless.

The study samples were dried in a vacuum controlled 
temperature oven at a temperature of 60 centigrade for 48 h 
(API Specifications 1960). The weight before and after dry-
ing was calculated using an electrical balance in order to 
measure the moisture content that was about 0.1 mg.

To avoid any lithologic rugosity, the rock ships were taken 
out from one end and the same prepared cylindrical sample. 
Eleven thin sections of the Nubia sandstone were prepared 
from core samples representing the Nubia sandstone of Abu 
Hasswa section using blue dye pigment to provide a better 
estimation of different pore spaces types (Williams and Patel 
2016). Careful investigation and description of thin sections 
were carried out using a polarizing microscope.

A total of 51 sandstone core samples were tested for 
porosity and permeability. All samples were dried at low 
temperature for several days in an oven. Porosity was meas-
ured by using of helium porosimeter, and it is defined as 
the volume of pore space divided by the bulk volume of the 
sample.

Ruska Gas Permeameter (Hassler-type core holder) was 
used for permeability measurements for the study samples 
where each sample was inserted individually into the core 
holder and surrounded by sealing-stopper, while nitrogen 
gas was injected through the samples at constant pressure 
(0.5 Atm). The flow rate of the gas and the pressure differ-
ence across the length of each sample were measured.

The electrical resistivity (Ro) was measured when sam-
ples were fully saturated by brine with water resistivity 
(Rw = 0.071 Ω⋅m., for salinity 60,000 ppm) using of Core 
Lab Inc A.C. Bridge (Model 100A). Electrical resistance (r) 
of the samples was measured along the axis of cylindrical 
plug. Then, resistivity (R) was calculated from the measured 
resistance (r) using the cross-sectional area of the core (A) 
and the length of the core (L). Formation factor was obtained 
as a ratio of rock resistivity (Ro) to brine resistivity (Rw) as:

(11)F = Ro∕Rw
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Results and discussion

Petrographic investigation

Petrographic investigation of the studied thin sections illus-
trates that the studied samples are mainly quartz arenite 
depending on rock framework and digenetic processes. It is 
composed of quartz grains cemented by silica. Quartz grains 
are coarse to medium sand size, subrounded to subangular, 
moderately sorted. Silica cement is represented by intergran-
ular microcrystalline silica in addition to silica overgrowth. 
Diagenetic processes are dominated by cementation and 
compaction. The former is evidenced by silica. The latter 
process is evidenced by grain contact which represented by 
straight and rare suture contact and convex–concave contact, 
and they are the main porosity-reducing factors (Fig. 4a), 
while the dissolution process caused oversized porosity and 

led to increase in porosity (Fig. 4b). The origin of this rock 
is igneous rock; it has medium porosity with medium per-
meability. The Abu Hasswa rock samples are slightly het-
erogeneous, and diagenetic processes could affect the pore 
throat radius.

Permeability–Porosity relationship

The range of values of the porosity, the permeability, the 
predicted permeability and the flow zone indicator values 
for all samples collected from all formations (Fms) from 
Abu Hasswa section are shown in Table 2, while the range 
of values of the porosity, the permeability, the predicted per-
meability and the flow zone indicator values for the samples 
collected from each formation (Fm) (Araba, Abu Durba, 
Ahemir and the Malha formations) at Abu Hasswa section 
are shown in Table 3. Ahemir Formation has the highest 
value of porosity, the highest value of permeability, the high-
est value of predicted permeability and the highest value for 
formation zone indicator.

The relationship between permeability and poros-
ity is characterized by a fair coefficient of correlation 
(R2 = 0.4567). The measured permeability of the studied 
samples is affected mainly by the pore throat radius and 
digenetic factors. The low correlation between porosity and 
permeability is usually happened because we treat all the 
studied sandstone formations as one single population (El 
Sayed and El Sayed 2019).

Figure 5 shows the relationship between permeability 
and porosity of all samples obtained from the Abu Hasswa 
section. It exhibits a very weak positive trend which needs 
mathematical processing to pick similar reservoir lithotypes 
in one single sample population. The hydraulic flow unit 

Fig. 4   a The photomicrographs (A) and (B) show quartz arenite 
microfacies; the photomicrographs (A) show quartz grains cemented 
by silica and iron (stained by blue dye pigment), XP. The photomicro-
graph b shows dissolution process caused oversized porosity, XP

Fig. 5   The relation between permeability and porosity of Abu Has-
swa samples
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(HFU) concept is applied for the studied samples to dis-
criminate the different hydraulic flow units, evaluate rock 
quality and quantify the heterogeneity of the reservoir. The 
number of HFUs is controlled by the random errors in the 
measurement of both porosity and permeability data. The 
magnitude of the random errors can be estimated by calcu-
lating the root mean square of the difference between the 
actual and predicted values of permeability for each HFU 
discrimination.

Figure  6 shows the estimation of root-mean-square 
(RMS) error of permeability prediction values of 1, 2, 3, 
4, 5 and 6 HFUs, where the difference between the RMS 
error of HFU 5 and 6 is very small which indicates the exact 
number of HFU for the studied Nubia sandstone samples.

Hydraulic flow units

Figure 7 shows porosity and permeability relationship super-
imposed with Winland R35. This figure classified the hydrau-
lic flow units (HFUs) based on both R35 and FZI values. The 
obtained five hydraulic flow units (HFU1, HFU2, HFU3, 
HFU4 and HFU5) have been distinguished by comparable 
average values of R35 and the FZI values. Megaporous unit 
represents the HFU5, with high porosity and permeability 
values and with average value of R35 = 31.8. Macroporous 
unit represents the HFU4, with average value of R35 = 15.3. 
The HFU3 is represented by mesoporous flow units, and 
with average value of R35 = 3.2. The HFU2 is represented 
by mesoporous to microporous flow units, and finally, the 
HFU1 represents the very tight pore spaces of impervious 
unit with average value of R35 = 0.121 and has a very low 
values of porosity and permeability due to cementation 
in some parts (Fig. 7). The relation between R35 and FZI 
(Fig. 8) shows an excellent correlation (R2 = 0.92), and the 
calculated regression equation controlling this relation is: 

The studied Nubia sandstone samples are statistically 
treated as one population. The calculated values of FZI at 
Øz = 1.0 for the samples of the Abu Hasswa section are var-
ied from 0.09 to 11.71 with mean value of 5.37 and standard 
deviation of 3.32 variance value of 11.01, and median value 
of 5.53, while the mean values of samples obtained from the 
Malha, Araba, Abu Durba and Ahemir formations are 5.6, 
4.74, 2.72 and 8.09, and standard deviation of 1.48, 3.24, 
3.18 and 2.93, respectively.

Figure 9 shows the cross-plot of RQI versus Øz. Fig-
ure 10 shows that the relationship between permeability and 

(12)R35 = 0.20781 + 1.28182 ∗ log(FZI)

Fig. 6   RMS error calculation of HFU clusters

Fig. 7   Porosity–Permeability relationship of Nubia sandstone sam-
ples with R35 (Winland) lines

Fig. 8   The relation between Win R35 and FZI



3232	 Journal of Petroleum Exploration and Production Technology (2021) 11:3225–3237

1 3

porosity can be divided into five lithotype groups (HFUs) 
from one to five, where HFU1 is the higher reservoir quality 
unit and HFU5 is the lowest reservoir quality unit. The cor-
relation coefficients of the determined HFUs are tabulated 

(Table 1). The derived equations were used for permeability 
prediction (Tables 2 and 3) for all the study samples. Fig-
ure 11 shows the relation between the predicted permeability 
on the x-axis and the actual permeability on the y-axis with 
very high correlation coefficient R2 = 0. 9803.

Electric flow units

Table 4 shows the range of the formation resistivity factor, 
the tortuosity, electrical resistivity indicator values for all 
the samples collected from all formations from Abu Hasswa 
section with concentrations of 6000 ppm., 30,000 ppm. and 
60,000 ppm., while Table 5 shows the range of the formation 
resistivity factor, the tortuosity, electrical resistivity indica-
tor values for the samples collected from each formation 
(Fm) (Araba, Abu Durba, Ahemir and the Malha formations) 
at Abu Hasswa section with concentrations of 6000 ppm., 
30,000 ppm. and 60,000 ppm., and Abu Durba Formation 
has the highest value for formation resistivity factor values at 
concentration of 6000 ppm., at concentration of 30,000 ppm. 
and at concentration of 60,000 ppm. Abu Durba Formation 
has the highest value for tortuosity values for brine concen-
tration of 60,000 ppm.

Araba Formation has the highest electrical resistivity 
indicator value for brine concentration of 60,000 ppm. and 
has the highest value for values of current zone indicator for 
brine concentration of 60,000 ppm.

The relationship between porosity and the formation 
resistivity factor (F1, F2 and F3) at Rw = 0.619, 0.16 and 
0.08 at brine concentration is 6000, 30,000 and 60,000 ppm., 
of NaCl, respectively, as shown in Tables 4 and 5 and in 
Fig. 12, with correlation coefficients of 0.626, 0.767 and 
0.794, respectively. The multiplier (a) and cementation fac-
tor (m) of the general form of Archie’s second equation can 
be calculated from the intercept and slope for regression 
lines, where (a) = 2.86, 3.232 and 3.04 and m = − 1.322, 
− 1.333 and − 1.318, respectively. The obtained three lines 
are almost coinciding on each other’s. The electrical resis-
tivity indicator (ERI) is a function of an electrical current 
propagation radius for each rock sample (Rezaee et al. 2007).

 = -3.5581. To separate samples with similar electri-
cal flow properties, (ERI), it must be divided on the ratio 

Fig. 9   The relation between RQI and pore to grain volume

Fig. 10   Porosity–Permeability relationship of all the study samples 
with HFU

Table 1   HFUs estimated 
equations with R2, FZI and 
DRT

where K is permeability; Ø is porosity; FZI is flow zone indicator; HFU is hydraulic flow units; and DRT is 
discrete rock type

HFU Equations R2 FZI, µm DRT, µm

1 K = Ø^3 * (0.092 / (0.0314 * (1.0 − Ø))) ^2 0.90 0.092 6
2 K = Ø^3 * (0.371 / (0.0314 * (1.0 − Ø))) ^2 0.95 0.4 9
3 K = Ø^3 * (1.566 / (0.0314 * (1.0 − Ø))) ^2 0.93 1.6 12
4 K = Ø^3 * (5.395 / (0.0314 * (1.0 − Ø))) ^2 0.83 5.4 14
5 K = Ø^3 * (9.71 / (0.0314 * (1.0 − Ø))) ^2 0.74 9.71 15
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of volume of connected pores per rock matrix volume to 
calculate current zone indicator (CZI, Eq. 10). The calcu-
lated values of the electric current zone indicator (CZI) 
for the studied samples are ranged from 0.26 to 0.57 with 
an average of 0.35. Thereupon, three majors electric flow 
units (EFUs) were defined using four current zone indicator 
(CZI) classes including 0.3 > CZI > 0.25, 0.30 > CZI > 0.35, 
0.35 > CZI < 0.40. There is only one sample of CZI < 0.4 
out of detected units (Fig. 13). It shows that cementation 
exponents (m = -− 1.37, −1 .36 and −1 .24) are character-
izing EFU 1, 2 and 3, respectively. These electric flow units 
which have been obtained are controlled by power equa-
tions (Table 6). This technique divides the Nubia sandstone 
samples into 3 populations with the same electrical param-
eters (a and m) as shown in Figs. 13 and 14. The tortuos-
ity of studied samples was correlated with the three EFUs 
showing reliable coefficients of correlation as: 0.78, 0.61 
and 0.75, respectively. An attempt was made to correlate 
the estimated hydraulic flow units with electric flow units 
(Fig. 15) to either confirm each other’s or not. They are dis-
played with one scale for both. It shows that the compari-
son between them illustrates very good matching in some 
parts for studied Nubia lithotypes, while in other parts they 
are slightly deviated. This may indicate that the two imple-
mented techniques are slightly different in their resultant 
output. It may be due to their physical concepts. The studied 
samples have a fewer number of electric flow units than that 
obtained from hydraulic flow units. Figure 16 shows a cross-
plot between hydraulic and electric units is characterized 
by slightly scattered data points at low values of both flow 
units, but closely correlated at high values of both RQI > 1.0 
μ and ERI > 20%).

Conclusions

•	 Petrographic investigation of the studied thin sections 
illustrates that the studied samples are mainly quartz 
arenite depending on rock framework and digenetic pro-
cesses, and these processes were responsible for showing 
the relationship between porosity and permeability as a 
cluster with a low correlation coefficient.

Table 2   Porosity, measured and predicted permeability and calcu-
lated flow zone indicator of Abu Hasswa samples

Petrophysical parameters Min Max Mean Std. Dev

Ø% 2.3 29.6 21.344 5.359
K, md 0.001 4027.65 877.665 1030.021
K, md (Predicted) 0.1 4027.65 895.577 1032.797
FZI µm 0.1 11.7 5.372 3.313
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Fig. 11   The relation between actual and predicted permeability

Fig. 12   The relation between formation resistivity factor calculated 
at three different successive brine concentrations and porosity of Abu 
Hasswa samples

Table 4   Electrical properties for the studied samples of Abu Hasswa 
section

where F @6000  ppm is formation resistivity factor at 6000  ppm 
brine concentration; F @30,000 ppm is formation resistivity factor at 
30,000 ppm brine concentration; F @60,000 ppm is formation resis-
tivity factor at 60,000 ppm brine concentration; ERI is electric radius 
indicator; and CZI is current zone indicator

Electrical properties Min Max Mean Std. Dev

F @6000 ppm FF 7.73 318.08 32.801 49.334
F @30,000 ppm FF 7.92 403.18 36.336 58.417
F @60,000 ppm FF 8.92 317.65 32.357 46.346
Tortuosity @60,000 ppm 1.38 3.19 2.264 0.338
ERI@60,000 PPM 0.01 0.16 0.099 0.029
CZI@60,000 PPM 0.26 0.57 0.352 0.048
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•	 The main porosity-reducing factors are the cementa-
tion and/or the compaction, whereas rearrangement of 
cements through the time of digenesis inside pore spaces 
is the main porosity and permeability controlling factors, 
while the dissolution process caused oversized porosity 
and led to increase in porosity.

•	 The Nubia samples are classified into 5 HFUs different in 
their hydraulic qualities depending on their Winl and R35 
values and FZI, where unit number-1 has the best reser-
voir quality and unit number-5 has the lowest reservoir 
quality. The predicted HFUs have 5 regression lines with 
power equations which have reliable correlation coeffi-
cients.

•	 The studied samples were classified into three major 
EFUs. This study suggests that the digenesis is responsi-
ble for the low number of EFUs, where the iron oxides as 
cementing materials acted as pore bridge increase electri-
cal path ways conductivity.

•	 The comparison between ERI and RQI displayed a good 
correlation in samples with the same pore framework, 
while that exhibited a bad correlation for samples with 
complex diagenesis.

Fig. 13   The relation between the formation resistivity factor and 
porosity with CZI

Table 6   EFU equations, current zone indicator, R2 and cementation 
exponent (m)

where EFU is electric flow unit; m is cementation exponent

EFU Equation CZI R2 M

EFU 1 F = 4.1216*Ø− 1.37 0.29 0.97 -1.37
EFU 2 F = 3.0254*Ø− 1.359 0.34 0.8 -1.36
EFU 3 F = 2.9467 *Ø− 1.242 0.38 0.98 -1.42

Fig. 14   The relation between tortuosity and porosity with EFUs

Fig. 15   The comparison between RQI (red) and ERI (blue)
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