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Abstract The greatest challenge facing Egypt in the last decade is to create new
communities in new areas due to the rapid increase in the human population. Egypt
has vast areas of desert lands all over the country. Moghra is an area at the north-
eastern tip of the Qattara Depression that remnants of a larger paleolake. It is a part
of the national mega reclamation project called “One and Half Million Feddan”. It is
planned to reclaim105,000ha (250,000Fadden, 1Fadden=4200km2) usingground-
water in Moghra. Assessment of the Moghra aquifer system has great importance as
it is the main source of agriculture in the region. The present chapter aims mainly to
investigate the hydrogeological characteristics of theMoghra aquifer using geophys-
ical methods and geochemical analysis of the groundwater. The water samples were
collected from 140 productive wells to determine the physicochemical characteris-
tics of the groundwater. Also, it is focused on the analysis and interpretation of the
well logging data for 48 deep productive wells. Well logging was used to determine
the variations in thickness for sedimentary deposits that affect the quality of ground-
water. The physical properties of the Moghra aquifer such as groundwater poten-
tiality, formation water resistivity, formation factor, porosity, and effective porosity,
volume of shale, permeability, and formation density are included. The salinity of
groundwater ranges between 3,090 and 5,350 ppm with an average of 4,220 ppm.
The high salinity is due to the effect of saline lakes as well as the seepage of saltwater
from the Mediterranean Sea, low recharge of groundwater and leaching of clay and
shale lenses. The pH values of the groundwater range between 7.2 and 8.7. Sodium
is the dominant cation compared to others followed by calcium and magnesium,
increasing percentage of sodium ion due to interference of seawater.
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Introduction

Water resources in Egypt are confined to the water quota from the Nile River
55.5 km3/yr according to the Nile water agreement with Sudan in 1959 [1]. Addi-
tional resources include a limited amount of rainfall, shallow renewable groundwater
in theNileValley, and deep non-renewable groundwater in the deserts. TheNilewater
forms 99% of the annual renewable freshwater. It is guaranteed by the multi-year
regulatory capacity provided by the Aswan High Dam (AHD). The total population
of Egypt increased from 25 million in 1964 when the AHD inaugurated to 100.7
million in 2019 [2].

The population in Egypt continues to increase and is predicted to exceed 160
million by 2050, which is causing great concern within the water sector. Therefore,
Egypt pays great attention to establish food and water security by the installation of
new settlements and land reclamation projects depending often on groundwater.

The present chapter deals with the hydrological investigations of the groundwater
inMoghra area,Western Desert. It is a part of the recent Egyptian megaproject called
“One and Half Million Fadden” (1 Fadden = 0.42 ha) that has been inaugurated in
2014.

Groundwater in Egypt occurs as renewable that is confined to the Nile Valley and
the Nile Delta, and non-renewable that extends mainly in the Western Desert. The
hydrogeological framework of Egypt includes the following hydrogeological units
[3]:

1. Nile aquifer including Nile Valley and Nile Delta aquifers (see Fig. 1)
2. Coastal aquifer
3. Moghra aquifer
4. Aquiclude
5. Carbonate aquifer
6. Nubian aquifer
7. Basement (fissured basement complex aquifer).

TheWesternDesert covers two-thirds of the land area ofEgypt and occupies one of
the driest regions of the Sahara. Seven depressions within the Western Desert: Siwa,
Qattara, Fayum, Dakhla, Kharga, Baharya, and Farafra. They may represent parts of
old drainage systems with extensive erosion and deflection associated with tectonic
activity. Geological and geophysical investigations in the Qattara depression indicate
the presence of buried fluvial channels with southeast to northwest flow directions
from high land areas [4, 5]. A desert lake called Moghra occurs at the northeastern
tip of the Qattara depression. It may represent a remnant of larger paleo lake fed by
several channels flowed from the southeast during glacial and interglacial stages of
post Miocene period, and Moghra aquifer water table with the ground surface [5].
The Egyptian government tries to achieve the greatest project in this area by planning
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Fig. 1 Distribution map of major groundwater aquifers in Egypt, showing the location of Moghra
aquifer in the northern Egypt close to the Mediterranean Sea [3]

a new agricultural and industrial society. The target of the project in Moghra is to
cultivate 250,000 fadden and digging 1,352 water wells.

The Moghra area lies at about 100 km south of the Mediterranean coast, 37 km
from west of the Qattara depression, 250 km west of Cairo, and 170 km southwest
of Alexandria. It is located between latitudes 30° 03′ and 30° 12′ N and longitudes
28° 23′ and 28° 33′ E (see Fig. 2).

The present work deals with the water quality and potentiality of the groundwater
of Lower Miocene aquifer in the Moghra area to delineate the subsurface geologic
setting and the affecting structural elements (faulting and fractured zones). In addi-
tion,we show the occurrence of groundwater resources in theLowerMiocene aquifer.
The present study aims mainly to investigate the hydrogeological characteristics of
the lowerMiocene aquifer by using geochemical and geophysical methods. Themain
objectives are:

1. Analyzing the properties of Lower Miocene aquifer.
2. Evaluating the subsurface geologic setting, the lithologic succession, and the

affecting structural elements (faulting and fractured zones).
3. Examining the chemical characteristics of the extracted water for water quality.
4. Determining the optimum groundwater management system for long term use.

The groundwater in theWestern Desert has attracted the attention of many authors
since the beginning of the twentieth century. The groundwater is mainly represented
by theNubian SandstoneAquifer System (NSAS) that was formed fromprecipitation
during the last periods [6, 7]. It was derived from the rainfall on western and central
Sudan, with partial recharge from the Nile. Groundwater flow models for the NSAS
showed that the groundwater flows under climatic changes for the last 25,000 to
8,000 years [8, 9].
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Fig. 2 Location map of the Moghra area, showing the groundwater wells, Qattara Depression, and
sand dune belts running to the south-east direction

The previous studies on the hydrogeology of Moghra aquifer are relatively less
than those of NSAS. They concluded that the Moghra aquifer consists of Lower
Miocene fluviatile and fluviomarine coarse sand and gravel of the Moghra Forma-
tion. The water in the Moghra aquifer is a mixture of fossil and renewable water
[10–14]. It has an average thickness of 300 m and is generally considered as non-
renewable. They concluded that the groundwater of the aquifer is formed frommixing
of the modern rainfall, seawater, water from the deeper NSAS, and water from the
Quaternary aquifer. The Nile and groundwater in the Western Nile Delta, Egypt,
show an interaction. The groundwater quality is unsuitable for drinking and domestic
purposes [15].

The northern cliffs of Qattara Depression exhibit distinct outcrops of the Lower
Miocene Moghra Formation [16] that occupies most of the floor of the Qattara
depression. It extends to the east with dipping beneath younger formations to the
north. Both the surface and subsurface boundaries of the Moghra Formation are well
described due to the activity of oil exploration in northwestern Egypt as follows [17,
18]:
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1. To the north, the Moghra Formation grades sharply into less permeable, clayey
facies, especially along the Mediterranean Sea coast. It is overlain by cavernous
limestone of Middle Miocene Marmarica Formation.

2. To the south and southwest, theMoghra Formation is limited byOligocene shale
of the Dabaa Formation. The Oligocene basalt flows and a fault escarpment
associated with the Bahariya-Abu Roash uplift form the southeastern boundary
of the Moghra Formation.

3. To the east, the thickness of the Moghra Formation decreases gradually and its
clastic nature changes into a less permeable clayey facies.

4. To the west, Moghra Formation interfingers with less permeable limestone and
shale sequence. The top of the underlying shale of Dabaa Formation is higher
westward, delineating the western boundary of the Moghra Formation.

5. The top of Moghra Formation is mostly exposed except in the area to the north
of Qattara depression, where it is overlain by Middle Miocene limestone of
Marmarica Formation.

6. The base of Moghra Formation is marked by Oligocene shale of Dabaa Forma-
tion. The thickness of the Moghra Formation varies according to the buried
structure on which it was deposited.

7. Hydrologically, the Moghra aquifer is recharged from five different sources:
a. Direct rainfall on the Moghra aquifer outcrops.
b. Groundwater seepage from the overlying Marmarica limestone aquifer.
c. Infiltration of the Mediterranean Seawater.
d. The Nile Delta aquifer.
e. Upward leakage from the NSAS.

Natural discharge from the Moghra aquifer occurs through evapotranspiration
from Wadi Natrun in the east and Qattara Depression in the west.

Materials and Methods

The present work was fulfilled through field investigation, data and laboratory
analysis.

a. A field survey was carried out to determine the location and level of the 140
drilled wells (see Fig. 2).

b. Identification of the main geomorphic units, structural elements and lithologic
units through field investigations.

c. Geomorphologic analyses including the detection of the main landforms using
topographic and geologic maps.

d. Critical analysis and interpretation included the well geological data, and well
logging data of 48 deepwells. Thewell logging iswidely used as a surveying tool
for geologic correlation between wells. It can be used for the determination of
petrophysical parameters of the subsurface such as lithology, porosity, effective
porosity, permeability, water resistivity, formation factor, and salinity.
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e. The wireline logging tools measure the electrical, magnetic, radioactive or
acoustic properties of the formation. The measured parameters are recorded
continuously as a function of depth. The resistivity logs such as Normal Resis-
tivity 16′′, 64′′, spontaneous potential (SP) and Gamma logs using in the estima-
tion and quantitative determination of petrophysical characteristics of the lower
Miocene aquifer.

f. Hydrogeological measurements and determination of some hydrochemical
parameters for the groundwater. They were analyzed chemically in order to
determine the major cations and anions. The pH of the examined samples were
measured using a laboratory pH meter, Model WTW-Multilane, Germany, with
an accuracy of ±1%. The electric conductivity was measured by an electric
conductivity meter model YSI 32, U.S. with an accuracy of ±1%. The total
dissolved solids (TDS) were calculated from the sum of all major cations and
anions in ppm.

g. The NO3
− was determined using cadmium reduction method (American Public

Health Association. The NH4
+ was analyzed using the ammonia selective

electrode method, PO4
2− using the plasma method.

h. The concentrations of trace elements were performed using the atomic absorp-
tion flame spectrometric technique (GBC 908 AA) with lower detection limits
ranging from 0.001 to 0.1 ppm.

Climate

The climate of Moghra area is hyper-arid, where the rainfall ranges from 25 to
50 mm/yr with an average evaporation of 1,531 mm/yr [19]. The maximum temper-
ature is 41.4 °C in August and the minimum temperature is 10.7 °C in December.
Humidity ranges between 19% in June and 39.5% in December. Wind speed ranges
between 2.8 m/s in January and February and 3.7 m/s in September. The rainfall
is often rare except sometimes sudden rainstorms. The evaporation varies from
5.4 mm/day in December to 29.2 mm/day in May [14].

Topography and Geomorphology

The studied area occupies a northern portion of the Western Desert of Egypt, which
is dominated by arid and semi-arid climatic conditions. It is characterized by low
relief and a mild topography with elevations varying from−40 (Qattara Depression)
below sea level to about 40 m above sea level, it slopes gently towards the south and
west directions. The present landforms are produced as a result of the action of both
exogenic and endogenic processes. The landforms reflect the predominant aridity
during the recent time, such as sand sheets, sand dunes, salt lakes, and marches.
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Fig. 3 3-D diagram of the surface area, showing the close relationship betweenQattara andMoghra
depressions, and the northern high escarpment that is reached to 230 m asl [14]

The Moghra is geomorphologically subdivided into escarpment bounding, sabkha
sediments, and sand dunes (see Fig. 3).

Escarpment bounding

The escarpment bounding of tableland called Marmarica that ranges in elevation
from 205 to 258 m. It is a steep slope that resulted from faulting. It is widely spread
in the northern part of Moghra area.

Sabkha sediments

Composed of silt, sand, and clay intercalated with evaporates present in northern
part extend to the west, covers a large area nearest the steep slope of depression. The
climatic variation is helping in their formation.

Sand dunes

The recent sediments consist mainly of sabkhas, sand dunes, sand sheets, and gravels.
The sand dunes are formed bywind and cover most of the floor ofMoghra depression
in southern and western parts.

Geologic Setting

The stratigraphic sequence contains most of the sedimentary section from Pre-
Cambrian basement rocks to recent deposits in the Western Desert (see Fig. 4).
It belongs to the Paleozoic toMiocene ages. It is also affected by deep-seated normal
faults, orienting NNE-SSW (Syrian Arc trend) and NNW-SSE (Suez Rift trend) [20,
21].

The Oligocene sediments are represented by horizons of red, violet, and yellow
ferruginous sandstone and sands, sometimes with gravel and occasionally quartizite.
The sediments are known asQatrani Formation [22] that was first introduced at Gebel
Qatrani, Fayoum. It crops out at the southern part of Moghra area.

The Lower Miocene unit is called Moghra Formation [21] and is composed
of fluviomarine sediments that mainly contain coarse sands, sandstone, and clay
interbed with vertebrate remains and silicified wood, which becomes gravelly at the
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Fig. 4 Ageneralized stratigraphic section in NorthWestern Desert, Egypt; showing different layers
Moghra Formation located between less permeable formations of Dabaa shale and Marmarica
limestone [13, 25]

base. TheMoghra Formation occurs down at depthmore than 200m. Threemembers
were recognized within the Moghra Formation: El-Raml, Bait Owian, and Monqar
El-Dowi [23].

El-Raml Member covers a wide region of the northern part of theWestern Desert,
between the scarp of G. Qatrani and Moghra depression. It consists of alternating
multi-colored sands, sandstone, and gravel of different compositions with scarce
intercalating clay bands. The sandstone can be weakly calcareous, gypsiferous, and
ferruginous. The maximum thickness of El-Raml member reaches 500 m [24]. It
lies unconformably on basaltic flow at different depths. The El-Raml Member is
continental to the lagoonal environment of sedimentation due to abundance of well-
sorted, rounded and false bedded sands includedwithinmost of thismember, together
with gypseous and salty sandstone [23].

The Bait-Owian Member overlies El-Raml Member, and composed of cross-
bedded and ferruginous sandstone interbedded with clay bands. Its thickness ranges
from 25 to 30 m.
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The Monqar El-Dowi Member contains sandy limestone and calcareous sand-
stone. It caps Bait OwianMember governed by LowerMiocene ridges. The thickness
of this member is structurally controlled and ranges from 2 to 8 m.

The Pliocene- Pleistocene deposits extend along the northern part of the study
area, represented by two formations [23]:

a. Issawia Formation is well represented in the northern area. It is mainly domi-
nated by relatively thickwhite limestone beds and limestone breccia at the upper
part intercalated with clay, shale, and silt.

b. Kalakh Formation occurs in the northeastern part, and consists of pink cross-
bedded calcarenite with karstified columnar structure at the top.

Well Logging Interpretations

The well logging is the science of recording and analyzing measurements of the
physical properties of the rocks in wells. They are commonly used in groundwater
and environments investigations. The well logging is well known as a surveying
tool for geologic correlation between wells. It can be used for the determination
of petrophysical parameters of the subsurface such as lithology, porosity, effective
porosity, permeability, water resistivity, formation factor and salinity. The wireline
logging tools measure the electrical, magnetic, radioactive or acoustic properties of
the formation. The measured parameters are recorded continuously as a function of
depth. The resistivity logs such asNormalResistivity 16′′, 64′′, Spontaneous Potential
(S.P) and Gamma logs were used in the estimation and quantitative determination of
petrophysical characteristics of Lower Miocene aquifer and water characteristics. In
the investigated area, there are 48 wells penetrated the Lower Miocene aquifer with
well depth ±200 m (see Fig. 5).

Electric Logging

Electric log is an excellent correlation tool. This means that the electric log gives
a good indication of the general type of material of which bed is composed. Also,
it is possible to determine the amount of pore space contained in the formation and
the amount and type of fluids contained in the pores space. The porosity and fluid
information can be determined depending on some characters such asmud resistivity,
temperature, and depth of invasion into the formation by the mud filtrate. They are
also affected by howwell the interpreter can correct certain inherent errors caused by
geometric factors such as sond diameter, borehole diameter, and bed thickness. The
conventional electric logs consist of resistivity curves, spontaneous potential (SP),
and Gamma Ray.
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Fig. 5 Location map of the groundwater wells and cross sections shown in Fig. 6

Resistivity Curves

The resistivity curves consist of two curves, short normal resistivity curve (LLS—
16′′) and long normal resistivity curve (LLD—64′′). In these logs the resistivity is
proportional to the potential difference between a down whole and surface electrode
when a known current is applied to the formation by the sonde according to the
theory of log interpretation, long normal has a larger sample volume and, therefore,
measures rock properties deeper into the surrounding formation. However, both long-
and short-normal logs are affected by borehole fluid and formation, and both are
dependent on bed thickness [26]. The resistivity is the inverse of conductivity, where
the electrical conductivity is a measure of the ability of rocks to conduct electricity.
The resistivity of a formation is a key parameter in determining the water saturation.

Spontaneous Potential (SP)

The spontaneous potential (SP) curve is recorded of the naturally occurring physical
phenomena in situ rocks. The SP is naturally occurring electrical potential (voltage)
that results from chemical and physical changes at the contact between different types
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of subsurface geological materials. The SP curve records the electrical potential
(voltage) produced by the interaction of the formation contain water, conductive
drilling fluid, and certain ion-selective rock (shale). In a borehole, potential occur
between the drilling fluid and the filter cake (26).

Gamma-Ray Log

Gamma logging measures the naturally occurring radiation coming from the mate-
rials encountered in the borehole. As well as the natural radioactivity of the forma-
tion. Gamma radiation is emitted from certain elements in geologic materials that are
unstable and decay spontaneously into other more stable elements. Gamma rays have
a great ability to penetrate other materials, where gamma-ray has a short wavelength.
Certain radioactive elements occur naturally in igneous and metamorphic rocks and
as depositional particles in sedimentary rocks. Clay and shale contain high concen-
trations of radioactive isotopes, usually potassium. Sand and gravels, on the other
hand, contain primarily silica, which is a stable substance and therefore emit only
very low level of radiation. Limestone and dolomite also emit little radiation. The
materials normally found in sedimentary materials such as clay, limestone, and sand-
stone contains decay products of Uranium and Thorium. Potassium is an important
constituent of clay, mica, feldspar, and shale which emits gamma ray [27].

Results and Discussion

Lithology

The electric wireline logs (LLS, LLD, SP, Gamma-ray) curves provide a continuous
recording of formation parameters versus depth that can be very useful for lithology
determination. The qualitative interpretations of electric logs are useful in differenti-
ation between shale, shaley sand, and clean sand intervals. The interpretation of the
48 logs (electric log) shows that the Moghra aquifer consists of different lithologic
units that are mainly composed of sand, clay, and sand with shale intercalation.

The electric logs are also used in correlation of equivalent strata from one well
to others. This correlation permits accurate subsurface mapping which determines
the elevation of the formation and the presence or absence of faults. By using the
SP curves which are recorded in all wells, it is easy to determine the upper bed
boundary of Moghra Formation. The combination of SP curve, the resistivity curve,
and Gamma curve shows that the sand percentage increases towards the eastwards
and sand shale ratio increases gradually northwards and to the center of Moghra
area. The good logs which most frequently used for correlation are the resistivity,
SP and Gamma-ray, in the investigated area. The logs assist in the construction of
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Fig. 6 Cross-sections A-A′ and B-B′ in Moghra area (from map Fig. 5), showing the dominant
sand and clay lithology of Moghra Aquifer crossed by a series of normal faults

correlation cross-sections demonstrating the present thickening and thinning of the
lithologic sections and lateral changes of sedimentations (see Fig. 6).

Groundwater Potentiality

Groundwater potentiality represents a supply of water that can be drawn for use. It
can be readily transported to achieve a better balance between the locations of supply
and demand. The main factor affecting groundwater potential is the continuity of the
source, both in terms of quantity and quality. Quantity refers to the availability for
the source, while quality refers to its suitability for a specific use. In a saturated rock
or soil, the resistivity is largely dependent on the density and porosity of the material
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and on the salinity of the saturating fluid. So, the groundwater potentiality within a
certain layer can be determined by the deviation of the electrical resistivity log of a
layer along a profile of an area. The apparent or true resistivity that is calculated from
the electric log (especially long normal resistivity LLD and short normal resistivity
LLS) can be used to define aquifer limits or variations in groundwater potentiality.

Dry formations are poor in electrical conductors and show very high resistivity.
Saturation of a formation reduces its resistivity, the reduction in resistivity is partially
controlled by the porosity. This occurs because water is an electrical conductor, so,
its presence in the interconnected pores reduces the overall formation resistivity.
Silt, clay, and shale have the lowest resistivity because the inertial water contains
dissolved salt. Sand and gravel with freshwater have moderate to high resistivity.
The highest resistivity values are found in sandstone and limestone saturated with
freshwater and in dense igneous andmetamorphic rocks such as granite and dry shale
[27].

Good interpretation of borehole resistivity data involves minimizing the effect of
drilling fluid resistivity. Ideally, the borehole diameters should be kept as small as
possible, which are less or equal to 20 cm. So, the short normal resistivity curve
gives the resistivity closed to the borehole which called flushed zone resistivity
(Ro). Generally, the short normal resistivity curve R16′′ equals the resistivity of the
flushed zone (Ro). The effect of the drilling fluid can be reduced if the electrode
spacing is relatively large in comparison with the borehole diameter, so the long
normal resistivity curve gives the resistivity of the noninvaded zone after reduced
the drilling fluid effect.

Generally, the long normal resistivity curve (R64′′) must be corrected to obtain
the resistivity of non invaded zone. The correct resistivity of non invaded zone is the
true resistivity (Rt) which can compute from long normal resistivity (LLD) and short
normal resistivity (LLS) by using Schlumberger equations:

1. If LLD > LLS

Rt = 1.7 LLD−0.7 LLS (1)

2. If LLD < LLS

Rt = 2.4 LLD−1.4 LLS (2)

where

LLS are the averages of the short normal resistivity reading from the resistivity
logs along the L. Miocene aquifer.

LLD are the averages of the long normal resistivity reading from the resistivity
logs along the L. Miocene aquifer

Rt true resistivity which is computed along the Moghra aquifer.

Byapplying theSchlumberger equations on the loggingdata of theMoghraForma-
tion for the 48 wells the result is the true resistivity shown in Fig. 7. The groundwater
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Fig. 7 Formation true resistivity (Rt) contour map ofMoghra aquifer, showing the gradual increase
of the groundwater potentiality to the north and eastwards

potentiality within this aquifer has been determined by iso-resistivity contour map
showing that the groundwater potentiality increases gradually northwards in wells
193, 194, and 195, and to the eastwards inwells 107, 106, 235 and 234. In conclusion,
the quality and quantity of groundwater in the northern and eastern areas of the study
area are considered good. Generally, the gentle slope in iso-resistivity contour lines
may indicate a gradual change in lithology.

Formation Water Resistivity (Rw)

Formation water resistivity sometimes called connate water or interstitial water, the
resistivity of the formation water (Rw) is an important interpretation parameter. It
is required to give information about the quality of water and groundwater poten-
tiality. There are different methods to determine the value of (Rw) from SP and from
resistivity (LLS an LLD) logs with the known salinity of all wells distributed in the
investigated area using TDS.

Based on the chemical analysis of the water sampling of all wells by can be
calculated (Rw) using the Guyod equation [28]:
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TDS = K/Rw (3)

where

TDS Total dissolved salt (ppm)
Rw Formation water resistivity (�-m)
K Constant factor which depends on the water solution as the following:

K = 5300 for NaCl solution
= 4200 for MgCl2 solution
= 6700 for MgSO4 solution
= 10000 for NaHCO3 solution
= 12000 for Ca (HCO3) solution.
In the majority of formation water, there is enough NaCl, that the K value for

sodium chloride can be used. However, in very freshwaters, when certain salts are
predominant, theKvaluemay be affected. By applying the Eq. (3), theRw is obtained
for the Moghra aquifer (see Fig. 8). The Rw values in Moghra Formation show a
wide variation representing the sand and shaley sands. The formationwater resistivity
of Moghra aquifer increases northwards in wells 197,198 and 231. It also increases

Fig. 8 Formation water resistivity (Rw) distribution of Moghra aquifer increases in the northwest
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eastwards inwells 108,107 and 109, while it decreases in southwards. The decreasing
of formation water resistivity may be attributed to the decreasing in sand content
besides the existence of fine sand intercalated by shale and silt minerals.

Formation Factor (F)

Experimentally, the resistivity of clean formation is proportional to the resistivity of
the brine with which it is fully saturated. The constant of proportionality is called
formation factor that is the ratio of resistivity of a formation to the resistivity of water
with which it is saturated. Generally, the formation factor, originally (F) is defined
as the quotient from the resistivity of 100% water-saturated rock and the resistivity
of the pore water or is defined as the ratio of rock resistivity to water resistivity of a
fully saturated rock (Archie equation):

F = Rt/Rw (4)

where F = Formation resistivity factor

Rt Formation resistivity (�-m) that can be computed from long normal resistivity
LLD by using schlumberger formulas (1) and (2)

Rw Formation water resistivity which can be computed using a formula (3)

Most rock grains have a very high resistance relative to water, so the formation
factor is roughly greater than 1. However, experiments show that in high water
resistivity the value of (F) is reduced as (Rw) increases, and as the grain size of the
sand decreases. This phenomenon is attributed to a greater proportionate influence
of the surface conductance of the grains in more freshwaters. By applying the Archie
Eq. (4) on the Moghra Formation, the formation factor can be obviously computed
using the electric logs recorded through the 48 wells. Generally, the formation factor
(F) increases northwards in wells 193, 194 and 195 (see Fig. 9), while it decreases
south- and westwards. The formation factor (F) decreases with the decreasing grain
size of the sand and increasing of (Rw) which is attributed to the freshwater. The
values of formation factor of Moghra Formation indicated that this formation has a
smaller grain size and a higher percentage of the shaley content.

Porosity and Effective Porosity

The porosity is defined as the ratio of the pore space to the total volume of the
material. It is expressed as a percent or fraction of the total bulk volume of the rock
[29]. Porosities are classified according to the distribution and shape of pores into
intergranular, sucrosic or matrix porosity. It is existed in the formations since the
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Fig. 9 Formation resistivity factor distribution of Moghra aquifer increases northwards where
smaller grain size and a higher percentage of the shaley content, and decreases westwards

time they were deposited, for this reason; it is also referred to as primary porosity.
Secondary porosity is caused by the action of the formation ofwater or tectonic forces
on the rock matrix after deposition. Also stresses in the formation may also occur
and cause networks of cracks, fissures or fracture which add to the pore volume.
There are two different types of porosity, absolute (total) porosity measuring of the
total pore spaces in a rock as a function of its bulk volume and effective porosity
measuring of the interconnected pore spaces [29].

Total Porosity

The porosity is the ratio of voids to the total volume of soil or rock. So, for a given
porosity, the ratio (Rt/Rw) remains nearly constant for all values of (Rw) below one
�-m. Then, the formation factor is a function of porosity and also of pore structure
and pore-size distribution. Archie proposed based on observations, a formula relating
porosity and formation factor, the relationship is:

F = a/(�)n
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where: F = Formation factor

n Cementation exponent
a Constant
F Formation porosity

General acceptance of the following formation factor, porosity relationship
depending on lithology or pore structure.

F = 0.62/(�)2.15 for sand (5)

F = 1/(�)2 for compacted formation (6)

By applying the Archie formula (5) on the sand of Moghra Formation after
obtaining the average values of formation factor (F), the average total porosity (F)
of the water aquifer can be obviously obtained. The maximum average total porosity
attains 37%, while the minimum average total porosity attains 12% (see Fig. 10).

Effective Porosity

The effective porosity includes only interconnected pores that sponsor fluid flow.
Even in pure sand, not all of the total pore space participates in the groundwater flow
whereas on the other hand, in pure shale not all of the total pore space is excluded
from the groundwater flow. Then, the effective porosity is the share of the pore
space through which the groundwater flows under normal pressure conditions. That
means, the effective porosity (Feff) is a function with formation water factor (F)

Fig. 10 Total porosity of Moghra aquifer increases to the west of sandy content
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and a function with (TDS) of water flow through pore space under normal pressure
condition. Due to the majority of formation waters includes sufficient NaCl, then,
the effective porosity can be computed from Guyod equation [28]:

�eff = [(Rw ∗ 5300)/Rt]
1/2 (7)

where

Feff Effective porosity (%)
Rw Formation water resistivity (�-m)
Rt True resistivity which is obtained from LLD (long normal resistivity) (�-m)

By applying Eq. (7) on Moghra Formation after obtaining (Rw) and (Rt), the
average values of effective porosity can be calculated. The effective porosity distri-
bution in average ranges from 4 to 13.5% (see Fig. 11). It increases westwards in
wells (142, 169, 170 and 172) then decreases eastwards at a certain part then increases
again towards 233, 234 and 235 wells. It also decreases gradually in northwards at
194 and 195 wells. In general, the average porosity and effective porosity of Moghra
Formation increase as the thickness, sand percentage, and sand/shale ratio increase.

Fig. 11 Effective porosity distribution of Moghra aquifer ranges from 4 to 13.5%, indicating
moderately good porous aquifer
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The distribution of porosity and the effective porosity shows that the Moghra is a
moderately good porous aquifer.

Volume of Shale

The presence of shale in any formation is one of the problems in the determination
of porosity and contained fluid. The most significant effect of shale in the formation
is the reduction of resistivity specially those containing water. Shale content can be
determined in a variety of ways from borehole measurements. The simplest way is
the calculation from the gamma ray log and from porosity and effective porosity. The
amount of shale and its physical properties depend on the way of shale distribution
in the formation.

Two analytical methods are used for determination of shale volume [30]:

a. From Gamma ray (GR):

Vsh = [
Glog− Gmin

]
/ [Gmax− Gmin] (8)

where

Vsh shale content or volume of shale (%)
Glog value of GR in the log observed
Gmin minimum value of GR in clean sand
Gmax maximum value of GR in shale

b. Form porosity and effective porosity:

�eff = �total ∗ (1 − Vsh) (9)

where

Feff effective porosity (%)
Ftotal absolute or total porosity (%)
Vsh shale content or volume of shale (%).

The obtained shale content is corrected as in the gamma-ray method using the
porosity and effective porosity equation. By applying the Eq. (8) and corrected the
result value in Eq. (9) into the Moghra Formation. The average Vsh of this forma-
tion can obviously be computed for different wells (see Fig. 12). In general, the
distribution of shale volume across the Moghra area shows that the volume of shale
increases north-westwards gradually in 172, 184, 198 and 231 wells, while it is
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Fig. 12 Distribution of shale in the Moghra aquifer shows increasing shale to the north-west

decreased towards the middle and southern of the studied area in 257, 106, 107, 118,
120, 121, 122, 150, 151, 168 and 169 wells.

Permeability

Permeability is defined as the volume of water of unit viscosity passing through a
unit cross-section of thematerial under unit pressure gradient in unit time. The unit of
permeability is the Darcy that is defined as the permeability allowing the flow of one
cubic centimeter per second of a fluid of one centipoises viscosity through a cross-
sectional area of one square centimeter under pressure gradient of one atmosphere
per centimeter [26].

Darcy is a very large unit so in practice. The millidarcy (md) is a unit commonly
used,which equals 0.001Darcy. Some rough relationships between effective porosity
and permeability have existed, greater permeability, in general, corresponds to greater
effective porosity, but this is far from being an absolute rule. Shale and some sand
have high porosity, but the grains are so small that the path available for themovement
of fluid are quite restricted and tortuous. Thus their permeability may be very low.

Methods and procedures for estimating permeability for borehole by geophysical
logs have been an active subject of research [31, 32].

Recently, the permeability estimating procedures require data only on the cemen-
tation exponent factor (n) and effective porosity (Feff). Calculation of the perme-
ability (k), in millidarcies is determined using equation (Jorgensen et al. 1980)
[33]:
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Fig. 13 Permeability (md) distribution of Moghra aquifer indicates medium permeability aquifer
based on the lithology distribution, where sand content and effective porosity are high

K = 84000 [�n+2
eff /(1 − �eff)

2] (10)

where

K Permeability (md)
Feff Effective porosity (%)
n Cementation factor (2.15 for sand).

By applying the Jorgensen Eq. (10) on the Moghra aquifer using the effective
porosity, the average permeability of the Moghra Formation, was calculated for each
well. The average permeability distribution is high in the eastern and western parts
as recorded from 106, 107, 233, 234, 235,172, 184 wells (see Fig. 13) where sand
content and effective porosity are high. On the contrary, the formation permeability
is decreased at the central part and towards the south in 257, 247, 1, 233, 120, 136,
135, 134, 150, 194 and 195 wells.

In general, the formation permeability in the Moghra is described as a medium
permeability aquifer based on the lithology distribution.

Hydrochemistry

Water quality plays an important role in the identification of uses of water in different
ways (drinking, domestic, industrial and in agriculture uses). Nowadays, Egypt
depends mainly on groundwater as an important source of water in great projects to
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get the benefit of that water. It is important to carry out chemical analysis for that
water to determine EC, TDS, and pH, and salinity from the concentrations of major
(Na+, K+, Mg2+, and Ca2+) and anions (Cl−, SO4

2−, HCO3
−, CO3

2− and NO3
−). It

is important to compare the concentrations of dissolved elements to the permissible
standard limit set by the World Health Organization (WHO) to test the suitability of
water to be used for drinking, domestic, and irrigation.

Major Cations and Anions

Sodium is the most dominant cations followed by calcium, magnesium, and potas-
sium. The average values of the major cations in the 148 water wells are 1108, 195,
101 and 21 ppm, respectively (Table 1). The high sodium content is due to Mediter-
ranean seawater intrusion. Increasing of calcium content is related to the type of
water-bearing strata in which calcite, dolomite, gypsum, and anhydrite are respon-
sible for enriching the groundwater with calcium ions. The leaching process of clay
originated from the lagoon andmarine environments addmoremagnesium [34]. Low
potassium content is related to less dissolving of its salts in the groundwater.

The chloride is the dominant anion in the groundwater ofMoghra aquifer followed
by bicarbonate and sulfate. It varies from 1415 to 2642 ppm with an average of
2107 ppm. Bicarbonate ranges from 284 ppm in well (197) to 531 ppm in well
(132) with an average of 392 ppm. Sulfate is recorded due to intrusion of seawater
and dissolution of gypsum included in the water-bearing strata. It ranges from 30 to
45 ppm with an average of 46 ppm (Table 1).

Total dissolved solids (TDS)

The groundwater of Moghra aquifer is brackish water. It ranges between 3,090 and
5,350 ppm with an average of 4,217 ppm. The TDS distribution contour map of
Moghra aquifer (see Fig. 14) shows that there is no general trend of salinity. The
high salinity is due to the effect of saline lakes located to the east, seepage of seawater
from the Mediterranean Sea, low recharge of groundwater and leaching of clay and
shale lenses.

The pH values

The groundwater of the Moghra aquifer is slightly alkaline due to the chemical
composition of the aquifer lithology and seawater intrusion. The pH values range
between 7.2 and 8.7 with an average of 8.0.

Table 1 Maximum, minimum and average of major ions and salinity (ppm) of the148 water wells
in Moghra aquifer

Na+ Ca2+ Mg2+ K+ Cl− HCO3
− SO4

2− TDS

Max 1405 245 127 40 2642 531 57 5350

Min 752 131 68 14 1415 284 30 3090

Average 1108 195 101 21 2107 392 46 4217
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Fig. 14 Distribution of salinity (TDS) in Moghra aquifer shows that there is no general trend of
salinity that ranges between 3,090 and 5,350 ppm with an average of 4,217 ppm

Groundwater Type

There are different classifications of groundwater depending on its chemical
constituent. They depend on the percentage of themajor cations and anions prevailing
in groundwater in addition to the relationship between some cations and anions. Piper
diagram [35] indicates different water types. It consists of three separate fields for
plotting chemical data (see Fig. 15). The major cations and anions are expressed in
epm percent. The calcium, magnesium, and sodium plus potassium are plotted in the
lower left triangle, while bicarbonate plus carbonate, chloride plus sulfate are plotted
in the lower right triangle. The intersections of the two points on the diamond-shaped
field are projected, representing the water sample. The diamond-shaped field of this
diagram consists of two equal triangles.

A Piper diagram (see Fig. 15) was created for theMoghra aquifer using the analyt-
ical data obtained from the hydrochemical analysis. The groundwater is classified
in the piper diagram into 6 fields. They are type 1 (Ca-HCO3), type 2 (Na–Cl), type
3 (Ca–Mg-Cl), type 4 (Ca–Na–HCO3), type 5 (Ca–Cl), and type 6 (Na- HCO3).
The groundwater types of Moghra aquifer were confined to (Na–Cl) and (Na-HCO3)
types, indicating marine during the reduction process and meteoric water of shallow
aquifers and leaching carbonate rocks.
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Fig. 15 Piper classification of groundwater in Moghra aquifer shows (Na–Cl) and (Na–HCO3)
types

Pumping Tests

In the study area, many pumping and recovery tests were carried out for many wells.
Two of them were selected to represent the different zones. The first well (141) with
200m, the second one (39)with 125m,measurements of hydrogeological parameters
through pumping tests that were carried out by:

a. Gradual pumping test step was done in four stages, each one took 240 min with
constant discharge Q (m3/h) for each one with measuring the dynamic depth to
the water level inside the well.

b. Using the general well equation for producing total drawdown in water level
inside the well.

c. Drawing the relationship between the discharge (Q) and the drawdown in the
aquifer inside the well.

d. Continuous pumping testwas done at constant (Q) and themaximumdeclination
in water level is measured.

e. Cooper-Jacoub equation for the transmissivity (T) and Permeability (K)
calculation.



268 A. M. Sharaky et al.

Pumping test of well 140

Pumping and recovery tests were carried out in four stages at different discharges of
45, 62, 87 and 100m3/hwith drawdown1.5, 3, 3.8, and 4.5m, respectively. Each stage
in 240 min. and under a fixed discharge of 95 m3/h during 2880 min. with maximum
drawdown 4.5 m. The relationship between time in minutes and drawdown in meters
is illustrated in Figs. 16 and 17). The time elapsed since the start of the recovery
phase (in minutes) is denoted by t′. For all the residual drawdowns, the time elapsed
since the very start of the pumping phase of the test (t) was calculated (in minutes).

Jacob equation [36] was used to determine the transmissivity of the aquifer as
follows:

T (transmissivity) = 2.3 Q/4π �S

where

Q discharge (m3/d)
� constant
�S the slope of the straight line of residual drawdown.
Permeability (K) T/H

where: T = transmissivity
H = saturated thickness
T = 1595 m2/day. K = 1595/54 = 29.5 m/day.

Fig. 16 Stages for steps of pumping test of well 140. Four stages at different discharges of 45, 62,
87 and 100 m3/h with drawdown 1.5, 3, 3.8, and 4.5 m, respectively
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Fig. 17 Long duration pumping test of well 140, the slope of the straight line of residual drawdown
is used in the calculation of transmissivity (T) of 1595 m2/day and permeability (K) of 29.5 m/day:
a long duration pumping test. b The recovery tests

Pumping Test of Well 39

Pumping test and recovery tests carried out to determine hydraulic parameters used
four stages at different discharges (Q), 56, 68, 77, and 98 m3/h with drawdowns of
1.3, 2.04, 2.64, and 3.02 m). Each stage in 240 min. and under a fixed discharge
of 95 m3/h during 2880 min with maximum drawdown 3.16 m. The relationship
between time and drawdown was constructed and Jacob equation [36] was used to
determine transmissivity of the aquifer as follows: T = 836 m2/day and K = 836/36
= 23.2 m/day.
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Hydraulic Properties

The transmissivity distribution in the study area has been mapped for wells 140 and
39 with different depths ±125 and ±200 m. The groundwater potential briefly in the
study area is shown in Fig. 18. The maximum transmissivity value was 3980 m2/day
in well 219 and the minimum one was 569 m2/day in well 133 in all wells with

Fig. 18 The transmissivity distribution at depths a ±125 and b ±200 m. The aquifer potentiality
at depths ± 125 m increases to the northwest parts, but the aquifer potentiality at depths ± 200 m
increases to northeast and southwest parts
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depth ±125 m. At depths ±200 m, the maximum transmissivity was 3707 m2/day in
well 184, and the minimum one was 735 m2/day in well 134. The estimated average
transmissivity value for the selected 48 wells (±200 m in depth) was 1985 m2/day,
while it was 1385 m2/day for the 98 wells (±125 m in depth).

The hydraulic conductivity was also calculated, and its maximum value was
110 m/day, and the minimum value was 18.9 m/day in wells with depths ±125 m. It
is also calculated in wells with depths±200 m. The maximum value was 61.7 m/day
and the minimum value was 11.13 m/day. The transmissivity distribution maps (see
Fig. 18) indicate that the aquifer potentiality at depths ±125 m increases to the
northwest parts, while the low values are in the east and south parts. But the aquifer
potentiality at depths ±200 m increases to northeast and southwest parts, while the
low values are mainly in the center.

The expected increase of hydraulic conductivity is associated with the increasing
of the sand content and the grain size. As the percentage of shale is 1.4 and 2.4%
in southwest and northeast parts, respectively with increasing in the amount of fine
sand at shallow depths±125 m, the aquifer potentiality decreases at depths±125 m.

Water Evaluation and Suitability to Use

Quality of water is very important to determine uses of water; quality standards for
domestic, industrial and agricultural use are variable and have wide limitations. The
evaluation of quality of water for different purposes determined by parameters like
salinity and chemical composition. In general, water for drinking and domestic uses
should be colorless, odorless, clear, and free from excessive dissolved solids as well
as harmful organisms. Table 2 shows the standard concentration given by the World
Health Organization [37]. It would be used for judging water quality for drinking

Table 2 Permissible limit for
drinking water [37] and water
quality in Moghra

Chemical Maximum acceptable
limit (ppm)

Average in Moghra
(ppm)

TDS 500 4220

pH 6.5–8.5 8

Ca 75 373

Mg 50 194

Na 200 1675

Cl 200 1400

Ba 0.5 0.99

Fea 0.3 4.56

Mna 0.05 0.88

Zna 5 1.18

aData from [31]
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purposes. The salinity, Cl, and Na contents of groundwater in Moghra indicate that
Moghra groundwater is unsuitable for drinking because it has higher concentrations
of TDS, B, Ca, Mg, Na, and Cl than the maximum permissible levels recommended
by WHO (Table 2).

Suitability of water for drinking of livestock and poultry

Themaximumconcentration limit of total dissolved salts and specific ions in drinking
water for livstock and poultry are recommended by the national academy of science
and national academy of engineering. Water should not have dissolved salts level
higher than 3000 ppm to be suitable for animals and poultry. Young animals and
pregnant or locating animals are less resistant to high salt levels than old animals.
Water with TDS of more than 7000 ppm becomes increasingly risks for watering
farm animals. According to data, it is not allowed to depend on water of Moghra
aquifer for drinking by livestock and poultry.

Suitability of groundwater for irrigation purposes

The agriculture expansion largely depends on the groundwater resources and its
quality. The present section deals with the suitability of the examined groundwater
wells for irrigation purposes besides the soil texture and salt tolerance of crops to
avoid any harmful effect. The water of high salinemore than 3000 ppm is not suitable
for irrigation purposes. More than 1000 ppm not suitable for public water supply and
it used only for irrigation of plants of high tolerance [38]. Therefore, the Moghra
aquifer is not suitable for most of the irrigation purposes.

The suitability of water for irrigation is usually determined based on salinity,
sodium adsorption ratio (SAR) and boron content. The concentration of boron in the
Moghra aquifer ranges between 0.5244 and 1.804 ppm with an average of 0.99 ppm.
The Moghra groundwater is suitable for semi tolerant and tolerant crops [13]. El-
Sayed and Morsy concluded that some wells belong to S3-C4 zone (see Fig. 19)
and have high sodium hazard and very high salinity hazard. It can not be used for
irrigation under normal conditions [13]. They recommended using very salt tolerant
plants with good drainage system, high leaching, and organic additions. Permeable
soils, adequate drainages and adding gypsum and others amendments probably make
the use of this water feasible for salt tolerant plants [13].

Conclusions

The Moghra area is a remnant of a larger paleolake including the mouth of a paleo-
river. It is characterized by low relief and a mild topography with elevations −10 m
below sea level to about 40 m above sea level. The geophysical study for 48 wells
logs indicates great variations in lithology that consists of sand, sandstone, and clay.
The Moghra aquifer is under unconfined conditions. The formation water resistivity
of the aquifer generally increases towards the north. The decreasing of formation
water resistivity in the south may be attributed to the decreasing in sand content
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Fig. 19 Classification of
groundwater of the Moghra
aquifer for irrigation. Most
of the wells belong to S3-C4
and S3-C4 zones with high
sodium very high salinity
hazards [13]

and the existence of fine sand intercalated by shale and silt minerals. The formation
factor increases towards the north. The effective porosity averages from 12 to 33%,
and increases towards the west. The volume of shale is increased gradually towards
the northwest. The origin of the Moghra aquifer is a mixture of water from different
modern rainfalls, water of post Moghra aquifer, seawater and groundwater of Nubian
Sandstone aquifer.

The Moghra groundwater is brackish with TDS ranging from 3090 to 5350 ppm
with an average of 4220 ppm, due to saline lakes towards the east, seepage of saltwater
from the Mediterranean Sea, low recharge of groundwater and leaching of clay and
shale lenses. The contents of major ions and TDS increase to the northwest. The
Moghra aquifer is slightly alkaline with pH values range between 7.2 and 8.7 with
an average of 8.0 due to the alkaline chemical composition of the aquifer rocks and
the effect of the seawater.

The Moghra groundwater is unsuitable for drinking and domestic purposes due
to the high content of salinity Na, Cl, Ca, Mg, B, Fe, and Mn. It is also unsuitable
for livestock and poultry. Under certain conditions of permeable soil, good drainage
system, and using agricultural fertilizers, it may be suitable for the irrigation of
salt-tolerant and semi-tolerant crops.
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Recommendations

In the light of the above analysis and presented results, the following recommenda-
tions are highlighted:

1. Monitoring the water quality to discover the changes in water types by
continuous uses.

2. Converting two water wells with different depths (125 m and 200 m) to be test
wells for monitoring the groundwater level.

3. Carrying out more chemical analysis and trace elements to archive the optimum
uses of groundwater in the study area.

4. Reviewing the development plan of water uses according to it is chemical
properties.

5. Using modern irrigation systems for irrigation of salt-tolerant and semi-tolerant
crops.
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