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Abstract
The Cretaceous Nubia sandstone aquifer is the main aquifer in East El-Oweinat area along the Egyptian–Sudanese borders 
and in NE Africa. East El-Oweinat project has been recently considered one of the main agricultural projects in the southwest 
of the Egyptian Western Desert. So, the hydrogeological assessment for the Nubia aquifer in East El-Oweinat area has been 
done through studying and characterising the hydraulic parameters and step-drawdown test. The well and aquifer losses 
coefficients (C and B, respectively), the specific capacity, and the well efficiency as well as the aquifer and aquitard thickness 
have been estimated and traced through a total of 46 wells that have been distributed through the study area in two sectors, 
southern and northern. For the purpose of further exploration, the effective porosity (∅), hydraulic conductivity (K), and 
transmissivity (T) have been estimated for the wells in the northern sector. In addition, an aquifer assessment quality index 
has been introduced to assess and to rank the studied aquifer. Therefore, it is concluded that the hydraulic and the step-draw 
down parameters as well as the aquifer and aquitard thicknesses are prospective for further exploration to the north and the 
east of the northern sector in the study area. The well efficiency is mostly affected by the studied parameters, particularly 
the well loss coefficient, the hydraulic parameters and the well design as well. GIS approach and ArcGIS software have been 
applied to delineate the spatial distribution of the well performance characteristics, in order to compare between the studied 
groundwater wells and to integrate the different-acquired data. A set of isocontour maps have been introduced to match the 
lateral variation of the studied parameters and the aquifer potential to refer to the best direction for further underground 
water exploration.
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Introduction

East El-Oweinat project, to the East of Gebel El-Oweinat, is 
one of the most important development agricultural projects 
in Egypt. It is located at the far southwestern part of Western 
Desert of Egypt (Fig. 1). The area is bounded by Dakhla and 
Kharga Oases to the north, the Egyptian-Sudanese borders 
to the south, Lake Nasser and Toshka Lakes to the east, as 
well as Gebel El-Oweinat and El-Gilf El-Kebir plateau to the 
west. The study area is located between latitudes 22°41′12″N 

and 22°51′12″, and longitudes 28°24′12″ and 28°34′12″E, 
covering an area of 384 km2 (about 94,888 feddans, Fig. 1).

The Nubia sandstone is among the highly porous and 
permeable rock sequences in Egypt and is considered the 
main strategic producing aquifers in North Africa. Its age 
and classification are a matter of controversy due to its 
bareness of fossils and similarity in the mineral compo-
sition (Nabawy et al. 2009, 2010; Nabawy and Géraud 
2016). It has been studied in its type sections by many 
workers, e.g. Said (1962), Issawi (1973), Klitzsch (1979, 
1984), Issawi and Jux (1982), Hendriks (1988), Issawi and 
Osman (1993), Thabit (1994), Nabawy et al. (2009, 2010), 
etc. In general, it is composed of Cretaceous varicolored 
fine- to medium-grained sandstone intercalated with some 
water-baffle to barrier beds (aquitard) of clays, shale and 
siltstones. These rock sequences have suffered from a long 
arid periods which increased their final porosity and per-
meability. Therefore, their storage and flow capacity have 
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Fig. 1  Location map for the study area in East El-Oweinat, SW Egypt. The location of the studied subsurface cross sections are also indicated, 
E–E′, G–G′, C–C′ and A–A′
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been increased to serve as potential aquifers and reservoirs 
in different localities (Nabawy et al. 2009, 2010).

To achieve the best understanding for the aquifer behav-
iour and production, it is important to measure and calcu-
late its hydraulic parameters including the hydraulic con-
ductivity, transmissivity, and aquifer assessment index as 
well as the aquifer and aquitard thickness.

Step-drawdown test is accomplished for a total of 46 
groundwater wells in East El-Oweinat area. It is a proce-
dure based on some pressure-built up and drawdown con-
sequent steps, applied to determine the hydraulic param-
eters and the well performance characteristics, such as the 
well and aquifer losses, specific capacity, well efficiency 
and optimum pumping rates. In addition, integration of 
the obtained hydrogeological data into GIS system has 
been developed as a mean for assembling and analysing 
diverse spatial data. Hence, different thematic maps have 

been constructed for the different hydrogeological param-
eters for the aquifer system in the studied area.

Geologic setting

The main geologic units in East El-Oweinat are described 
by many authors such as Klitzsch (1984), Thabit (1994), 
and Nabawy et al. (2009, 2010), etc. The oldest rocks in the 
East El-Oweinat area are the Precambrian basement rocks 
which are described as Aswan red/rose granites, granodiorite 
and granitoids associated with some basic gneiss, migmatic 
gneiss, some amphibolite, calc-silicate rocks and marbles 
intersected with some basalt dykes and sills intersecting the 
different rock sequences. The basement is unconformably 
overlain by a dominating sandy section belonging to the 
Upper Cretaceous Nubia sandstone which was classified into 
the Six Hills Formation and Abu Ballas Formation (Fig. 2). 

Fig. 2  Geological map of East El-Oweinat area in SW Egypt showing the study area (redrawn after CONOCO, 1987)
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The Six Hills Formation has a maximum thickness attains 
500 m at its type section near the Six Hills village. It is 
composed of medium- to coarse-grained sandstone, having 
different colours and its texture ranges from friable to highly 
consolidated cross-bedded sandstones. It is summed up into 
fining upward cycles starting at the base with erosional sur-
face followed upward with tabular cross-bedded sandstones 
(good storage units), kaolinitic sandstones and topped with 
paleosols with much plant roots (aquitards) with burrowing 
activities at the top of each cycle. To the east of the studied 
area, the depositional cycles were always topped by thin 
oolitic ironstone beds (5–15 cm). The arid weather (that pre-
vailed for long geological periods), fracturing, dissolution 
and leaching out of some of the ironstone beds resulted in 
the presence of some vertical and inclined laminas filling 
the dominant fractures. The Six Hills Formation is equiva-
lent to Adindan and Abu Simbil Formations in Tushka area 
(Nabawy and Géraud 2016).

Upwards, the Abu Ballas Formation has a thickness rang-
ing from few metres up to 100 m at its type section near 
Abu Ballas Village (Fig. 2). It is equivalent to the Lingula 
Shale of Klitzsch (1979). Its lower parts are composed of 
cross-bedded, reddish yellow, highly fractured and block 
sandstones, pebbly upwards, and interbedded with grey-
ish coloured shales. Upwards, it is composed of yellowish 
white cross-bedded, coarse grained and pebbly sandstones 
intercalated and topped with thin beds of oolitic ironstone 
(5–15 cm).

The Nubia sandstone aquifer system ‘NSAS’ is the main 
groundwater aquifer in East El-Oweinat area. Its sequence 
is not differentiated in the subsurface of the study area, but 
based on the field relationships it is thought to be composed 
mostly of the Six Hills Formation. The hydrological and the 
hydrogeological of the ‘NSAS’ have been studied in many 
productive and observatory wells drilled by the General 
Petroleum Company ‘GPC’ (Nour 1979; GPC 1984; Nour 
1996). The underground water of the Nubia aquifer seems 
to be fossil water trapped in the past periods through surface 
water infiltration during the rainy periods (Thorweihe and 
Heinl 1993). In East El-Oweinat area, the Nubia sequence 
has been dominated by a long history of tectonism and pre-
vailing arid weather which increased the fracture porosity 
and hydraulic conductivity of the Nubia sandstone (Nabawy 
and Géraud 2016). Sometimes, the Nubia sandstone is 
intensively ferruginated and/or silicified, forming hard and 
compacted quartzite rocks due to the metamorphism of the 
sandstone, e.g. at Qaret El-Mayet (Fig. 2).

It is followed upward by Quaternary deposits in East El-
Oweinat area. These widespread Quaternary deposits are 
represented by chalcedony, lake deposits/playa and eolian 
deposits as sand dunes and sheets. The sand dunes are 
aligned toward NE–SW direction, forming either continuous 
belts or isolated crescent-shaped sand dunes (Fig. 2). The 

chalcedony sheets cover most of the area surrounding the 
study area with thickness reaches up to 30 m of milky, earthy 
and white colours, forming hummocky cross-stratification 
surface.

Materials and methods

The step-drawdown test has been carried out for each of 
46 groundwater wells in the study area of East El-Oweinat. 
The studied wells are equally distributed in two square sec-
tors: northern (11 wells) and southern sectors (36 wells) 
(Fig. 1). This is carried out to determine the well perfor-
mance characteristics. The step-drawdown pumping test has 
been performed in a single pumping well to investigate the 
performance of a pumping well under controlled variable 
discharge conditions without serving additional observation 
wells, i.e. it is applied in each well separately. In the test, the 
discharge rate is investigated in the step-drawdown well by 
increasing the discharge rate and the water level within the 
same well was recorded and the drawdown for each rate was 
determined. The entire test takes place over the course of 
1 day, using at least three pumping steps of equal duration, 
lasting 120 min for each step to allow dissipation of wellbore 
storage effects (Kruseman and de Ridder 1994, 2000). As an 
example, procedure and results of the three steps of the step-
drawdown test for the groundwater well (A5) in the study 
area are presented in Fig. 3a and summarised in Table 1.

The behaviour of the groundwater well can be sum-
marised by a relationship expressing the drawdown ‘S’, in 
m, in a pumping well as a function of the discharge rate 
‘Q’, in  m3/h. Therefore, Jacob (1947) first proposed the 
following relationship:

where B is the aquifer loss coefficient (h/m2), and C is the 
well loss coefficient  (h2/m5).

A number of methods have been developed for determin-
ing the B and C coefficients. One of the simplest and most 
common methods is called “Hantush-Bierschenk method”, 
which is compiled by many authors such as Jacob (1950), 
Bruin and Hudson (1955), Bierschenk and Wilson (1961), 
Kawecki (1995), and Kruseman and de Ridder (2000).

The Hantush-Bierschenk method is a straight-line step-
drawdown test analysis for graphical plot of the specific 
drawdown ‘S/Q’ as a function of discharge ‘Q’ for estimat-
ing the aquifer and well losses coefficients, B and C, respec-
tively. As an example, plotting the specific drawdown ‘S/Q’ 
as a function of the pumping rate ‘Q’ indicates a straight line 
(Fig. 3b). The intercept of this line with y-axis equals the 
formation aquifer loss coefficient ‘B’ and the slope of this 
line equals the well loss coefficient (C) (Bierschenk 1963; 
Hantush 1964).

(1)S = BQ + CQ2,
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Fig. 3  a Sketch showing the step-drawdown test represented by the 
drawdown as a function of time through three steps, each lasted for 
2 h, and b determination of the coefficients of aquifer and well losses 

(b, c, respectively) using the a graphical presentation for the step-
drawdown test, example from A5 well, East El-Oweinat area
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The well efficiency of the pumped well is then calculated 
as the ratio of the aquifer loss to the total head loss (Mogg 
1969; Todd 1980). It represents the relationship between 
the calculated theoretical drawdown outside the well and 
the measured drawdown inside the well (Kruseman and de 
Ridder 1994, 2000). It can be determined by the following:

where BQ is the aquifer loss, CQ2 is the turbulent head loss 
and (BQ + CQ2) is the total head loss.

As the pumping rate Q increases, the drawdown increases; 
hence the well efficiency decreases. The well efficiency 
‘Weffic’ and specific capacity ‘Sc’ have been calculated at a 
discharge rate ‘Q’ equals 250 m3/h as a safe yield (recom-
mended by RIGW 2008).

The specific capacity ‘Sc’ (equals to Q/S, i.e. it is the 
reciprocal of the specific drawdown) is identified as “the 
quantity of groundwater produced in a well per unit of draw-
down”. It decreases with increasing the pumping rate ‘Q’. 
It is a derivation of Eq. (1), where the specific capacity (in 
 m2/h) for each well can be calculated as follows:

For the present study, the effective porosity ∅eff is calcu-
lated using the available R16 and R64 well log data for the 
studied wells in the northern sector of the study. ∅eff is a 
function of both the true resistivity (Rt) of the studied aqui-
fer and resistivity of its water content (Rw). Based on the 
chemical analysis of the groundwater in the intensive study 
area, the water type is “Sodium Chloride, NaCl”; therefore, 
the following equation has been applied to determine effec-
tive porosity (Guyod 1966):

The aquifer water resistivity ‘Rw’ has been determined 
from its reciprocal equivalent value, the electrical conduct-
ance ‘EC’ of the collected groundwater samples.

Transmissivity (T, in  m2/day) is defined as the rate of flow 
under a hydraulic pressure gradient equal to unity through a 
cross-section of a unit width over the whole saturated thickness 

(2)Well efficiency (%) =
BQ

BQ + CQ2
× 100,

(3)Specific capacity ‘Sc’ =
Q

S
=

1

B + CQ

(4)�eff =
(

Rw × 5400

Rt

)

1

2

for NaCl water type

of an aquifer. Therefore, it is a function of the flowing liq-
uid and the petrophysical properties of the aquifer as well as 
the saturated thickness (H). It is the product of the hydraulic 
conductivity (K, in m/day) and the saturated thickness ‘H’ (in 
m) of the unconfined aquifer, whereas ‘H’ for the confined 
aquifers is average of height of pressure head of two wells. 
Therefore, for the present unconfined aquifer transmissivity 
can be estimated using the following equation:

Moreover, the hydraulic conductivity ‘K’ and transmissiv-
ity ‘T’ were calculated for each well in the northern sector 
(11 wells) for the purpose of further exploration to the north 
and east. The hydraulic conductivity ‘K’ is a measure of the 
rate at which groundwater can be transmitted through a unit 
cross-sectional area of the aquifer under a hydraulic pressure 
gradient of unity. It is used to describe the ease at which water 
can move through pore spaces of the saturated zones. It is a 
function of the pore fabric including porosity, viscosity of the 
flowing fluid, the irreducible water saturation as well as the 
tortuosity and diameter of pore channels through which the 
fluid is flowing (Nabawy 2014, 2015; Nabawy et al. 2015). 
For the intensive study area, the hydraulic conductivity ‘K’ 
(in cm/s) was determined as a function of porosity ‘∅eff’ (in 
decimal) by applying the Marotz’s Equation (1968) as follows:

To assess and to rank the studied Nubia aquifer through 
the different wells, a new parameter, called aquifer assess-
ment index (AAI), has been proposed in the field of 
hydrogeology,similar to the reservoir quality index of Amae-
fule et al. (1993) which has been tested for long decades in the 
field of petroleum geology. For the present study and for the 
field of hydrogeological it can be calculated using the available 
hydraulic conductivity, in m/s, by estimating the permeability 
in μm2. The AAI parameter can be calculated from the hydrau-
lic conductivity as follows:

where AAI is the aquifer assessment index in μm, k is the 
aquifer permeability in μm2, ∅ is porosity in decimals, K is 
the hydraulic conductivity in cm/s, μ is the water viscosity 

(5)T = K × H

(6)�eff = 0.462 + 0.045 Ln K

(7)AAI =

√

k

�
=

√

K ⋅ �

� ⋅ g ⋅ �
,

Table 1  Results of the three 
steps of the drawdown test in 
A5 well in the study area

Real data of the drawdown test Calculated data

Step drawdown
test no.

Discharge (Q) 
 (m3/h)

Max. drawdown
(m)

Specific drawdown 
(S/Q) (h/m2)

Well efficiency
(%)

Step test no. (1) 160 16.06 0.10037500 94.09
Step Test No. (2) 185 18.70 0.10108108 93.22
Step test no. (3) 240 24.79 0.10329167 91.40
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(= 0.01792 g/(cm.s)), ρ is the water density in g/cm3, and g 
is the earth’s gravity acceleration (= 980 cm/s2).

Finally, geographic information system (GIS) approach 
has been applied to delineate the spatial distribution of 
the well performance characteristics, in order to compare 
between the studied groundwater wells and integrate the 
different-acquired data. The Using of ArcGIS software for 
multi-layering mapping offers the ability to store, manipulate 
and analyse data in different formats and at different scales.

Results

Hydrogeological regime

Based on the well log data and the lithology description of 
the obtained cutting samples during drilling of the stud-
ied wells, the aquifer thickness in the southern sector of 
the study area increases from 195.6 and 200.4 m (at H4 
and F2 wells, respectively) in the SE of the study area 
to 336.8 m (at F10 well) in the SW of the study area, of 
average 287.7 m (Fig. 4, Table 2). The aquifer thickness 
in the northern sector indicates a high aquifer potential; it 
reaches up to 286.4 m (at Ra01 well) in the SE, 273.0 m 

(at Ra65 well) in the NE, and 266.7 m (at Ra84 well) 
in the NW of the northern sector with average thickness 
equal to 286.0 m which is similar to the southern sector 
(Fig. 4, Table 2). In general, the aquifer thickness slightly 
decreases toward the northern sector, around Ra56 and 
Ra69 wells. The thickness is also dramatically decreased 
toward the southeastern direction, around H4, F2 and B2 
wells, due to the decrease of the total thickness of the 
Nubia sandstone.  

Studying effects of increasing the aquifer thickness 
and decreasing the aquitard thickness helps in estimating 
the potential of the studied Nubia sandstone as a strategic 
aquifer in Ease El-Oweinat area. For the present study, the 
aquitard thickness in the studied wells varies from 83.3 m 
(at Ra84 well), 77.0 m (at Ra65 well) to the NW and NE, 
respectively, of the northern sector of the studied area, and 
85.1 m (at H8 well) to the centre of the southern sector of 
the study area, to 10.8 m (at H4 well) and 13.6 m (at F10 
well) in the centre of the southern sector of the study area 
(Fig. 5, Table 2). The average aquitard thickness in the 
southern sector equals about 47.5 m while increases in the 
northern sector to 58.8 m. However, the aquitard thickness 
increases with decreasing net aquifer thickness.

Fig. 4  Isocontour map showing the aquifer thickness in the study area, East El-Oweinat
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Some cross sections have been constructed through the 
studied area to follow up and to delineate the lateral changes 
of the subsurface lithofacies and thickness of both the aqui-
fer and aquitards. Four cross sections are presented in this 
study area; two of them are drawn through the E–W direc-
tion (Fig. 6), while the others are presented though the N–S 
direction (Fig. 7).

Sandstone is the dominant composition of the Nubia aqui-
fer, intercalated with thin beds of shales as aquitards (Figs. 6 
and 7). The basement rocks are assigned in some wells form-
ing its resting bottom such as B2 well (Fig. 6a).

From studying the cross section A–A′, it is indicated 
that the lateral and vertical distribution of the shale layers 
‘aquitard’ in the E–W direction (Fig. 6a) shows that the 
shale increases toward the eastern direction, particularly 
in between B6 and B4 wells. These aquitard layers divide 
the bulk aquifer into some sub-aquifers, which increase in 
number toward the eastern wells. In the northern sector, the 
available aquitard thickness through the C–C′ cross section 
(J12, J10, J8, J6, J4, J2 and Ra01 wells) indicates the pres-
ence of some shale lenses in the centre of the studied cross 
section with the thickest aquitard in the centre (at J6 well, 
78.0 m), then decreases slightly to Ra01 well (63.6 m) the 
eastern parts (Fig. 6b, Table 2).

Through the border of the northern sector and parallel to 
the A–A′ and C–C′ cross sections, it is revealed that thick-
ness of the shale layers decreases in the central wells through 
the northern border of the northern sector in between R65 
and R84 wells. The Nubia aquifer indicates a high potential 
as underground water carrier sequence. Therefore, further 
exploration for underground water has been conducted with 
many productive wells to the east of the studied northern 
sector.

In addition, studying the cross section E–E′ revealed that 
thicknesses of shale beds in the N–S direction through the 
southern sector (Fig. 7a) are characterised by continuous 
occurrences along the studied area from the south to the 
north. The aquitard thickness reaches its maximum value 
near the western parts of the southern sector of the study 
area. The aquitard layers divide the aquifer into sub-aquifers, 
which are continuous along the southern and northern direc-
tion, due to the extension of these impervious layers (E–E′).

Additional cross section has been studied in the N–S 
direction through both northern and southern sectors, G–G′ 
(Fig. 7b) passing through Ra69, Ra33, J2, H2, F2, D2 and 
B2 wells. The basement rocks have been penetrated through 
B2 and Ra69 wells. The aquitard thickness through this cross 
section is relatively lower than that through the other cross 

Fig. 5  Isocontour map showing the aquitard thickness in the study area, East El-Oweinat
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Fig. 6  Subsurface correlation between lithologic units using some Hydrogeological cross sections in the E–W direction through; a Southern sec-
tor (A–A′), and b borders of the southern and the northern sectors (C–C′) of the studied area



Environmental Earth Sciences (2019) 78:375 

1 3

Page 11 of 22 375

Fig. 7  Subsurface correlation between lithologic units using some Hydrogeological cross sections in the N–S direction through, a Southern sec-
tor (E–E′), and b borders of the southern and the northern sectors (G–G′) of the studied area
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sections, particularly at the wells in the middle parts of the 
section including, Ra33, J2, H2, and F2 wells (Table 2). 
Therefore, it indicates better aquifer thicknesses in the mid-
dle parts of the northern sector and the eastern parts of the 
southern one (Fig. 7b).

In the northern sector, parallel to the cross sections E–E′ 
and G–G′ at the eastern border of the northern sector, and 
in particular between R01 and R65 wells, the available aqui-
tard thickness reveals that the thickness of the shale lay-
ers decreases. Therefore, the available data of the aquifer 
and aquitard thicknesses through the studied cross sections 
reveal that the potential of the Nubia aquifer increases to 
the north and east of the northern sector of the study area.

Implementation of the structural regime 
on the groundwater potential

The structural regime of East El-Oweinat area is domi-
nant by some normal faults trending NNE and NW–SE as 
shown (Fig. 2). Based on the geoelectrical and magnetic 
studies carried out by Al Temamy and Barseem (2010) in 
the study area, it is indicated that the NNE and NW–SE 
faults as well as some local faults trending E–W affect thick-
ness of the Nubia sandstone as a water-bearing aquifer and 
striking through basement surface. The difference in the 
Nubia aquifer thickness is attributed to the presence of a 
series of minor to major grabens and horsts (Al Temamy 
and Barseem 2010). The depth to basement along the shal-
lowest horsts in the study area reaches down to a few tens 
of metres, e.g. around B2 and F2 wells (Figs. 6 and 7). The 
depth to the basement along the inferred grabens reaches 
up to 400 m. Consequently, thickness of the Nubia aquifer 
varies considerably to the north direction. The dominance 
of the NE-SW trending faults control the alignment of the 
migration flow lines of the groundwater from the SW to the 
NE with very low recent annual recharge in comparison to 
the present extraction rate (Sabet and Zeid 2003; Nabawy 
et al. 2009, 2010).

Therefore, based on the hydrogeological and structural 
studies as well as both the pore- and petro-fabrics studies 
in East El-Oweinat area, the direction of the underground 
flow has been assigned to fluctuate around the north direc-
tion ranging from the NNE and NNW directions (Salem and 
Pallas 2001; Bakhbakhi 2006; Nabawy et al. 2009, 2010, 
2015; Nabawy and Géraud 2016). This gives a weight for 
the future exploration efforts to the north and east of the 
northern sector of the studied area (Fig. 8).

Step‑drawdown test

Applying the step-drawdown test as a tool of the assess-
ment of the Nubia sandstone aquifer is based on determina-
tion of the aquifer loss and well loss coefficients (B and C, 
respectively), as well as the well efficiency and the specific 
capacity.

1. Aquifer Loss coefficient (B)

From the studied wells, the (B) coefficient ranges from 
0.02874 h/m2 at Ra69 well to the north and 0.030448 h/m2 
at R16 well to the east of the northern sector of study area 
to 0.116 h/m2 at D6 well in the central part of the southern 
sector (Fig. 9, Table 2). However, the variation in the aqui-
fer loss values (B) in the northern sector is relatively low 
(of average 0.04509 h/m2), while that in the southern sector 
seems to be relatively high of average (B) value equal to 
0.06809 h/m2.

In general, the aquifer loss coefficient decreases towards 
the northeastern direction around Ra56, Ra51 and Ra16 
wells, which may be attributed to the lateral change in the 
lithology of the studied aquifer. The aquifer loss coefficient 
increases toward the southern direction which may be attrib-
uted to better lithologic characteristics.

2. Well Loss coefficient (C)

The coefficient (C) varies from 0.000002  h2/m5 as a mini-
mum value at E5 well in the central parts of the southern 
sector to 0.000142  h2/m5 at B10 well to the southwest parts 
of the southern sector of average equals 0. 0.0000478  h2/
m5 (Fig. 10, Table 2). The relatively high variation of (C) 
values in the southern sector may be attributed to a lithol-
ogy variation in the aquifer. The well loss coefficient (C) 
increases at Ra16 well toward the NE direction, at F2 well in 
the southeastern parts, and at B10 well in the southern parts.

The maximum (C) value in the northern sector was 
assigned for Ra16 well (C = 0.0001155  h2/m5) to the SE of 
the sector and the lowest value at Ra84 well (C = 0.0000335 
 h2/m5), i.e. (C) values decrease to the northeast parts of aver-
age 0.0000619  h2/m5 (Fig. 9, Table 2). In general the well 
loss coefficient values increase at the southwester wells of 
the northern sector and at the eastern and southern wells of 
the southern sector as well (Fig. 9).

3. Well Efficiency

The well efficiency has been traced in both the northern 
and southern sectors as shown in Fig. 11. It is estimated 
at a discharge rate of 250 m3/h, as recommended as a safe 
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discharge rate by the general petroleum company GPC 
(1984). It ranges between 99.05% (at E5 well in the south-
ern sector) and 51.33% (at Ra16 well in the northern sector), 
with an average values of 74.0% throughout the northern 
sector and 85.28% in the southern sector of the study area 
(Fig. 11). Therefore, the estimated efficiency for the produc-
tive wells in the southern sector is relatively higher than that 
for the northern wells.

4. Specific capacity (Sc)

The specific capacity ranges between a maximum value 
of 26.79 m2/h (at Ra69 well in the northern sector) and a 
minimum value of 7.19 m2/h (at F2 well in the southern 
sector) (Fig. 12, Table 2), with averages of 17.30 m2/h for 
the northern sector and 13.65 m2/h throughout the south-
ern sector (Table 2). The specific capacity decreases toward 

Fig. 8  A schematic diagram of 
the Nubia aquifer illustrating 
the hydrogeological regime 
which is mostly flowing to 
the NNE and NNW directions 
(Bakhbakhi 2006; Nabawy et al. 
2009)
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the southern direction of the study area, e.g., at J10 well 
(8.89 m2/h), at F2 well (7.19 m2/h), and at B4, D6, B8 and 
B6 wells (Table 2).

Hydraulic conductivity (K) and transmissivity (T)

For further assessment of the Nubia aquifer in East El-
Oweinat area, and since some attention has been paid for 
future exploration to the north and east of the studied north-
ern sector, the aquifer hydraulic flow and storage properties 
of the northern 11 wells will be discussed in detail through 
the following paragraphs.

Based on the total dissolved salts, ‘TDS’ (340 to 
720 mg/l, fresh water), and the electric resistivity of the col-
lected water samples and taking into consideration values of 
the deep resistivity obtained from log data, effective porosity 
was calculated (Table 3).

The estimated effective porosity (∅eff) values are ranked 
as good to excellent values (following Levorsen’s classifica-
tion 1967, that has been modified by Nabawy and Al-Azazi 
2015) with the minimum value assigned at Ra56 (equals to 
17.2%) to the east of the studied area (Fig. 13) and increases 

to the NW of the study area with the maximum value equals 
31.5% at Ra84 well of average 24.1% (Table 3).

The effective porosity values were then used for esti-
mating the hydraulic conductivity based on Eq. (3). The 
calculated hydraulic conductivity (K) increases towards 
the northwest direction with the maximum value (32.9 m/
day), assigned at well Ra84, and the least values assigned 
in the northeastern wells assigned for Ra56 and Ra65 wells 
(Fig. 14, Table 3).

Finally, the transmissivity (T) has been calculated using 
Eq. (4), i.e. the estimated values will increase with increas-
ing both the aquifer thickness and the hydraulic conduc-
tivity. The transmissivity of the northern wells increase to 
the NW direction with the maximum value (10,620 m2/day) 
that assigned for Ra84 well and the least values assigned at 
the northeastern wells at Ra56 well (395.2  m2/day) (Fig. 15, 
Table 3).

Aquifer assessment index (AAI)

The aquifer assessment index (AAI) has been introduced 
in this study to assess and rank the Nubia aquifer in East 
El-Oweinat area. It is a parameter similar to the RQI that 
has been long tested successfully by many authors (e.g. 

Fig. 9  Isocontour map showing the aquifer loss coefficient (B) in the study area
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Fig. 10  Isocontour map showing the well loss coefficient (C) in the study area

Fig. 11  Isocontour map showing the well Efficiency of the studied wells at discharge rate 250 m3/h, East El-Oweinat area



 Environmental Earth Sciences (2019) 78:375

1 3

375 Page 16 of 22

Amaefule et al. 1993; Tiab and Donaldson 1996; Al-Dha-
feeri and Nasr-El-Din 2007; Soto et al. 2010; Nabawy and 
Al-Azazi 2015; Benzagouta 2015a, b; El Sharawy and 
Nabawy 2016a, b; Nabawy and Barakat 2017; Al-Rbeawi 
and Kadhim 2017; El Sharawy and Nabawy 2018; Nabawy 

et al. 2018a, b; Riazi 2018). For the present study it varies 
between 4.11 μm at Ra56 well in the northeastern parts of 
the northern sector and 14.9 μm at Ra84 well in the south-
western parts of the northern sector (Table 3, Fig. 16).

Fig. 12  Isocontour map showing the specific capacity of the studied wells at discharge rate 250 m3/h, East El-Oweinat area

Table 3  The total dissolved 
salts (TDS), true electric 
resistivity (Rt), aquifer electric 
conductivity (Ec), formation 
water resistivity (Rw), effective 
porosity (∅eff), hydraulic 
conductivity (K), transmissivity 
(T), permeability (k) and aquifer 
assessment index (AAI) of the 
studied wells in the northern 
sector of the study area in east 
El-Oweinat area, SW Egypt

Well name TDS
mg/l

EC
µ mhos/cm

Rw
Ohm m

Rt
Ohm m

∅eff
 %

K
m/day

H
m

T
m2/day

k
μm2

AAI μm

Ra01 830 1354 7.39 78.05 22.6 4.56 286.4 1466.0 9.67 6.54
Ra16 680 1092 9.16 83.50 24.3 6.70 307.2 2102.0 14.2 7.65
Ra24 710 1330 7.52 88.62 21.4 3.50 274.1 1126.9 7.42 5.89
Ra33 720 1156 8.65 75.71 24.8 7.50 313.6 2438.2 15.9 8.01
Ra38 720 1150 8.70 91.29 22.7 4.64 293.1 1513.4 9.84 6.58
Ra39 640 1039 9.62 86.14 24.6 7.05 296.6 2296.1 14.9 7.80
Ra51 520 805 12.4 111.3 24.6 7.03 301.3 2297.3 14.9 7.78
Ra65 680 1086 9.21 103.6 21.9 3.91 264.4 1281.9 8.29 6.15
Ra56 680 1088 9.20 168.1 17.2 1.37 273.0 395.21 2.91 4.11
Ra69 460 705 14.2 89.42 29.3 20.1 269.7 6214.9 42.6 12.1
Ra84 340 496 20.2 109.8 31.5 32.9 266.7 10620 69.8 14.9
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General discussion

Aquifer characterization and assessment is often based on 
studying the hydrogeological setting including thickness of 
both the aquifer and the aquitard which seem to increase 
in the southern sector of the studied wells with relatively 
lower aquifer and higher aquitard thicknesses to the northern 
and eastern borders of the northern sector (Figs. 4 and 5). 
However, since the areas surrounding the southern province 
have been already cultivated and since the main activities 
will be devoted to the areas in around the northern sector, 
the present study pays more attention to the northern sector. 
The available data in the southern sector have been used for 
correlation with the northern wells and to complement with 
the whole hydrogeological regime in East El-Oweinat area.

Lithology of the studied aquifer has been described as 
a sandstone sequence with some intercalations of shales. 
However, though the lithology seems to be the same for the 
aquifer, many literatures referred to some variation in the 
sand size of the Nubia aquifer from medium to coarse sand-
stones and to the presence of some diagenetic cement includ-
ing silica cement, clay minerals and iron oxides due to the 
prolonged periods of diagenesis and arid climates (Nabawy 
et al. 2009, 2010; Nabawy and Géraud 2016). The slight 

differences in the cement material and the grain size leads 
to a great difference in both the pore and grain fabrics and, 
therefore, in the hydraulic properties of the studied aquifer 
(Nabway and Kassab 2014; Nabawy 2015; Nabawy et al. 
2015). Lithology of the studied aquifer plays a significant 
role in increasing the aquifer loss (B), due to the migration 
of fine particles which may clog out the screens during flow 
out of the aquifer. In addition, the invasion of the drilling 
fluids can play an additional significant role in increasing the 
aquifer loss, where the drilling mud reduces the permeability 
in around the borehole well (Poehls and Gregory 2009). No 
relationship can be established between the aquitard thick-
ness and the (B) factor for both sectors which indicates that 
it may be affected by the well design and the degree of well 
development rather than the aquifer properties and shale 
layers.

On the other side, the increase in the well loss coefficient 
(C) is accompanied with decrease of the aquitard thickness 
for the northern wells with no relationship assigned for the 
southern wells (Fig. 17) which may indicate more effect for 
the well design in the southern wells.

Therefore, for the present study the well design seems 
to have a significant effect on both (B) and (C) coefficients 
rather than the aquitard thickness. The improper well 

Fig. 13  Isocontour map showing the effective porosity of the studied wells in the northern sector of the study area, East El-Oweinat area
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design by putting the well screen in front of shale layers 
or sand layers of fine sediments may greatly affect (B) and 
(C) values, where the fine sediments help in clogging the 
screen slots and increase the well loss. So, it is advisable 
to cover the well screen with “wire mesh” in some wells. 
Also, using a dispersing agent of sodium hexametaphos-
phate (SHMP) is sometimes useful to easily remove the 
effect of drilling mud, that reduces the aquifer quality and 
increases the well loss.

A perfectly efficient well, with perfect well screen and 
where the water flows inside the well in a frictionless 
manner would have 100% well efficiency. Unfortunately, 
the well efficiency is hard to be compared between wells 
because it depends on the well design as well as the char-
acteristics of the aquifer too (the same amount of well 
losses compared to a more transmissive aquifer would give 
a lower efficiency).

The well efficiency of the studied wells increases toward 
the northwestern direction around Ra84 well, with the 
decrease of the well loss coefficient (C) (Figs. 9 and 10), 
while it decreases to the southeast with the increase of the 
(C) values (Figs. 9 and 10). For the southern sector, the well 
efficiency decreases to the east and south direction with 
increasing the (C) factor. It seems that the well efficiency 

is controlled mostly by the loss coefficient (C) as a main 
controlling factor (Fig. 18).

It seems that the hydraulic parameters, including porosity, 
hydraulic conductivity and transmissivity, play additional 
role in increasing the well efficiency, where the hydraulic 
parameters increase to the northwest direction around the 
Ra84 well (Figs. 10, 12, 13 and 14). The aquifer thickness is 
a main contributor to the transmissivity; i.e. it is reasonably 
a main contributor to the well efficiency.

Therefore, both the aquifer and aquitard thicknesses of 
the studied wells are main contributors to the well efficiency 
in a direct or indirect contribution as well as the hydraulic 
parameters and the well design.

Finally, applying the AAI parameter to assess the Nubia 
aquifer supports the conclusion that the best aquifer quality 
is assigned to the northwest direction of the studied wells, 
where the AAI values variy in general between 4.11 μm and 
14.9 μm with most values more than 6.0 μm. To rank the 
studied aquifer and following the classification for reservoirs 
introduced by Nabawy and Al-Azazi (2015), we applied the 
following calssification:

Rank-1, Excellent Aquifer, AAI > 2.00 μm,
Rank-2, Excellent Aquifer, 1.00 < AAI ≤ 2.00 μm,

Fig. 14  Isocontour map showing the calculated hydraulic conductivity in the northern sector of the study area, East El-Oweinat area
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Rank-3, Excellent Aquifer, 0.50 < AAI ≤ 1.00 μm,
Rank-4, Excellent Aquifer, 0.25 < AAI ≤ 0.50 μm,
Rank-5, Excellent Aquifer, 0.10 < AAI ≤ 0.25 μm, and
Rank-1, Excellent Aquifer, 0.00 < AAI ≤ 0.10 μm.

Based on this classification, the studied Nubia aquifer is 
ranked as excellent aquifer at the different wells. To test the 
main attributors to the AAI parameter and the high ability of 
the AAI to be used as a sole representative parameter for the 
aquifer quality, it is plotted as a function of the main aquifer 
parameters porosity, hydraulic conductivity, and transmissiv-
ity (Fig. 19). It is indicated that the AAI parameter has an 
excellent relationships with its contributor including poros-
ity (R2 = 0.981, Fig. 19a), hydraulic conductivity (R2 = 0.999, 
Fig. 19b) and transmissivity (R2 = 0.996, Fig. 19c). Therefore, 
the AAI parameter could be used successfully as a quality 
prameters instead of the common aquifer quality parameters 
(∅, K, and T) for ranking the studied aquifer

Conclusions

The Nubia aquifer in East El-Oweinat area has good hydro-
geological setting and hydraulic properties. It is charac-
terised by good aquifer thickness that reaches up to 336 m 
with relatively low aquitard thickness. It is composed of 
medium- to coarse-grained sandstones intercalated with 
same shale beds. The aquifer sequence suffered from a 
long period of a dominant arid diagenetic history that 
helped in increasing the storage capacity and enhanced 
the hydraulic parameter of the Nubia aquifer.

The step-drawdown test has been applied to under-
ground wells in the area under assessment for two groups 
of wells: the first one is situated in a southern sector, used 
for correlation and tracing, and the second group is situ-
ated in a northern sector. From the step-drawdown test, it 
is concluded that the well efficiency is controlled mostly 
by the well loss coefficient, (C) and both the aquifer and 
aquitard thicknesses as well. The improper well design is 

Fig. 15  Isocontour map showing the calculated transmissivity in the northern sector of the study area, East El-Oweinat
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additional controlling factor reducing the well efficiency 
and causes a disturbance for the relationship between the 
hydraulic parameters and the well efficiency, i.e. unex-
pected low well efficiency is obtained for a groundwater 
well with good hydraulic properties. Applying the aquifer 

assessment index (AAI) as a supplementary parameter for 
porosity, hydraulic conductivity and transmissivity of the 
aquifer indicates an excellent aquifer quality at the differ-
ent wells.

Fig. 16  Isocontour map showing the aquifer assessment index (AAI) in the northern sector of the study area, East El-Oweinat
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Fig. 17  Plotting the (C) factor as a function of the aquitard thickness 
for the studied wells, East El-Oweinat
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Fig. 18  Plotting the (C) factor as a function of the well efficiency for 
the studied wells, East El-Oweinat
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The structural regime controls the underground water 
flow and introduces permeable pathways striking towards 
the north direction and NNE direction.

Further exploration for groundwater is recommended and 
encouraged in a direction to further localities to the north 
and east of the study area.
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