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Series Preface

With remarkable vision, Prof. Otto Hutzinger initiated The Handbook of Environ-
mental Chemistry in 1980 and became the founding Editor-in-Chief. At that time,

environmental chemistry was an emerging field, aiming at a complete description

of the Earth’s environment, encompassing the physical, chemical, biological, and

geological transformations of chemical substances occurring on a local as well as a

global scale. Environmental chemistry was intended to provide an account of the

impact of man’s activities on the natural environment by describing observed

changes.

While a considerable amount of knowledge has been accumulated over the last

three decades, as reflected in the more than 70 volumes of The Handbook of
Environmental Chemistry, there are still many scientific and policy challenges

ahead due to the complexity and interdisciplinary nature of the field. The series

will therefore continue to provide compilations of current knowledge. Contribu-

tions are written by leading experts with practical experience in their fields. The
Handbook of Environmental Chemistry grows with the increases in our scientific

understanding, and provides a valuable source not only for scientists but also for

environmental managers and decision-makers. Today, the series covers a broad

range of environmental topics from a chemical perspective, including methodolog-

ical advances in environmental analytical chemistry.

In recent years, there has been a growing tendency to include subject matter of

societal relevance in the broad view of environmental chemistry. Topics include

life cycle analysis, environmental management, sustainable development, and

socio-economic, legal and even political problems, among others. While these

topics are of great importance for the development and acceptance of The Hand-
book of Environmental Chemistry, the publisher and Editors-in-Chief have decided
to keep the handbook essentially a source of information on “hard sciences” with a

particular emphasis on chemistry, but also covering biology, geology, hydrology

and engineering as applied to environmental sciences.

The volumes of the series are written at an advanced level, addressing the needs

of both researchers and graduate students, as well as of people outside the field of
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“pure” chemistry, including those in industry, business, government, research

establishments, and public interest groups. It would be very satisfying to see

these volumes used as a basis for graduate courses in environmental chemistry.

With its high standards of scientific quality and clarity, The Handbook of Environ-
mental Chemistry provides a solid basis from which scientists can share their

knowledge on the different aspects of environmental problems, presenting a wide

spectrum of viewpoints and approaches.

The Handbook of Environmental Chemistry is available both in print and online

via www.springerlink.com/content/110354/. Articles are published online as soon

as they have been approved for publication. Authors, Volume Editors and

Editors-in-Chief are rewarded by the broad acceptance of The Handbook of Envi-
ronmental Chemistry by the scientific community, from whom suggestions for new

topics to the Editors-in-Chief are always very welcome.

Dami�a Barceló
Andrey G. Kostianoy

Editors-in-Chief
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Preface

This volume adds deep insights to the picture of the Nile Delta in Egypt due to

the fact that groundwater in Egypt is the second source of freshwater. The demand

for groundwater is increasing in Egypt due to its limited water resources. The

volume consists of 23 chapters divided into 11 parts and contributed by more

than 33 scientists, groundwater specialists, and researchers from Egypt.

Part I is an introduction to the volume and it consists of two chapters. The first

chapter is titled “An Overview of Groundwater Resources in Nile Delta Aquifer”

and presents a comprehensive overview of groundwater in the Nile Delta as a

freshwater resource in Egypt. The authors covered almost all topics related to

groundwater in the Nile Delta to provide a background for the volume subject. In

the chapter “Land and Groundwater Resources in the Egypt’s Nile Valley, Delta

and Its Fringes,” the author assesses the land and groundwater resources and its

sustainable development in the Nile valley, delta, and its fringes.

Part II consists of two chapters which deal with agriculture and water uses. The

chapter “Use of Groundwater in Nile Alluvial Soils and Their Fringes” provides a

comprehensive overview of the available water resources including groundwater

and their usage particularly in irrigation and agricultural activities. In the last

chapter of Part II, which is titled “Groundwater and Agriculture in the Nile

Delta,” the author provides an overview of the exchangeable relationships between

groundwater and agriculture in the Nile Delta region.

Part III consists of two chapters to cover the sedimentology of the northern Nile

Delta and hydrogeochemical characteristics of the Nile Delta. In the chapter

“Sedimentological Characteristics of the Quaternary Groundwater Aquifer, North-

western Nile Delta, Egypt,” the authors focus on the grain size analysis and

mineralogical study of the Plio-Pleistocene sediments of the area under consider-

ation. In the chapter “Hydrogeophysical Characteristics of the Central Nile Delta

Aquifer,” the authors estimate the aquifer parameters as clay volume, porosity, clay

thickness, permeability, total dissolved solids, and hydraulic conductivity of the
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formation for typical study areas in the central Nile Delta, namely, Bliqas and Mit

Ghamer cities using electrical resistivity and gamma ray logs for 34 wells.

Part IV consists of two chapters which deal with groundwater investigations,

namely, resistivity characterization and hydrogeophysical investigations. In the

chapter “Resistivity Characterization of Aquifer in Coastal Semi-Arid Areas: An

Approach for Hydrogeological Evaluation,” the authors present the fundamentals

of direct current resistivity (DCR) and induced polarization (IP) as groundwater

investigation methods and demonstrate the efficiency of DCR method for

hydrogeological assessment in the Nile Delta, Egypt, with an emphasis on technical

constraints to achieve sustainable development in coastal and semi-arid areas. On

the other hand, the chapter “Hydrogeophysical Investigations at El-Nubariya-Wadi

El-Natrun Area, West Nile Delta, Egypt” is planned to address and evaluate the

hydrogeological regime in the area of West Nile Delta using geophysical electrical

and electromagnetic methods.

Also, Part V consists of two chapters which dealing with groundwater contam-

ination and degradation. The chapter “Salinization and Origin of the Coastal

Shallow Groundwater Aquifer, Northwestern Nile Delta, Egypt” discusses the

originality of brackish water in the coastal areas, the chemical analysis of pollutants

and determination of the source of pollution, the hydrochemical characterizations

of groundwater in the northwestern Nile Delta, and the evaluation of the suitability

of groundwater for different purposes. The chapter “Soil Aquifer Treatment System

Design Equation for Organic Micropollutant Removal” presents a novel model for

more accurate prediction of the removal efficiency of the soil aquifer treatment

(SAT) system for the organic micropollutants (OMPs) and the fate of the OMPs

trapped within the vadose zone of the aquifer.

Part VI comprises of two chapters to investigate the seawater intrusions in the

Nile Delta aquifer and how to control this intrusion. The first chapter titled

“Investigation of Saltwater Intrusion in Coastal Aquifers” reviews briefly the

history of saltwater intrusion in coastal aquifers and also presents the traditional

methods that are applied to investigate saltwater intrusion in coastal aquifers around

the world and in the Nile Delta aquifer. The chapter titled “Control of Saltwater

Intrusion in Coastal Aquifers” discusses the different methods and approaches for

saltwater intrusion in the coastal aquifers.

Part VII consists of three chapters to explore the usage of geophysical methods

to delineate the groundwater flow and saltwater intrusion. The chapter “Use of

One-Dimensional Subsurface Temperature Profiles to Characterize the Ground-

water Flow System in the Northwestern Part of the Nile Delta, Egypt” presents the

usage of the borehole temperatures to trace the groundwater stream lines and to

assess the groundwater vertical flux rates in the study region which is located at

northwestern part of the Nile Delta. In the chapter “Use of Geoelectrical Resistivity

to Delineate the Seawater Intrusion in the Northwestern Part of the Nile Delta,

Egypt,” the authors present a detailed vertical electrical sounding survey in the
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northern part of the Nile Delta to delineate and follow seawater intrusion with

interpretation of results to help groundwater manager to take proper decision and

design a good management startegy. In the chapter “Integrated Subsurface Thermal

Regime and Hydrogeochemical Data to Delineate the Groundwater Flow System

and Seawater Intrusion in the Middle Nile Delta, Egypt,” the authors utilize the

temperature and water chemistry for following the groundwater stream framework

and seawater intrusion in the middle Nile Delta.

Part VIII consists of three chapters which deal with modeling and assessment of

groundwater in the Nile Delta and its fringes. In the chapter titled “Integrated

Groundwater Modeling for Simulation Saltwater Intrusion in the Nile Delta Aqui-

fer, Egypt,” the authors build an integrated 3-D groundwater model for the Nile

Delta aquifer to simulate saltwater intrusion under different climate change sce-

narios using the MODFLOW and SEAWAT softwares including the rescharge

from the existing irrigation canals network in the Nile Delta region. Also, they

proposed different scenarios for management and control of saltwater intrusion in

the Nile Delta aquifer. In the chapter titled “Groundwater Modeling and Assess-

ment Under Uncertain Hydrological Conditions for Egyptian Sahara,” the author

performs groundwater flow analysis using the developed modified grey model

(MGM) which combines the finite element method (FEM) and the new developed

modified genetic algorithms (MGA) for the Kharga Oasis southwest of the Nile

Delta in the Egyptian Sahara. The chapter “Groundwater Potential in the New

Valley South West of the Nile Delta in Egypt” provides the benefits of applying the

modeling techniques. Numerous valuable inputs for the national development plan

in Egypt are presented.

Part IX consists of two chapters to cover the usage, assessment, and manage-

ment. In the chapter “Hydrogeochemistry and Quality Assessment of Groundwater

Under Some Central Nile Delta Villages, Egypt,” the authors present the

hydrogeochemistry of groundwater in some village in the central Nile Delta. The

quality of groundwater in these villages is assessed too. The chapter “Assessment of

the Groundwater Quality for Drinking and Irrigation Purposes in the Central Nile

Delta Region, Egypt” provides an integrated approach of water quality indices to

evaluate groundwater for irrigation and drinking purposes in the central Nile Delta.

Part X has two chapters dealing with groundwater management for sustainabil-

ity. The chapter “Groundwater Management for Sustainable Development East of

the Nile Delta Aquifer” presents budget analysis for the study area and provides

some strategies for sustainable management. In the chapter “Groundwater Man-

agement for Sustainable Development Plans for the Western Nile Delta,” the

authors integrated the GIS and MODFLOW models to simulate the groundwater

flow in the western Nile Delta of the Quaternary aquifer. The groundwater poten-

tiality is evaluated, and different management scenarios are analyzed for ground-

water prediction.

The volume ends with the conclusions chapter which briefly summarizes the

most significant findings and recommendations of the volume.

The editor would like to express his great thanks and his special appreciation to

all the authors who have contributed to this volume. Without their patience and
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effort in writing and revising the different versions to satisfy the high-quality

standards of Springer, it would not have been possible to produce this volume

and make it a reality. All appreciation and thanks must be extended to include all

members of the Springer team who have worked long and hard to produce this

volume and make it a reality for the researchers, graduate students, and scientists

around the world. I must thank all the experts who contributed to the review

processes of the volume chapters.

Also, the editor would like to thank all those who contributed to make the book

entitled Groundwater in the Nile a great source of information and knowledge for

all those who are interested in it. Much appreciation and great thanks are also owed

to the editors of the HEC book series and the Springer team who worked hard

during the production of this volume.

The volume editor would be so happy to receive any comments to improve

future editions. Comments, feedback, suggestions for improvement, or new chap-

ters for next editions are much welcome and can be sent directly to the volume

editor.

Zagazig, Egypt Abdelazim M. Negm

18 April 2018
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An Overview of Groundwater Resources

in Nile Delta Aquifer

Abdelazim M. Negm, Sameh Sakr, Ismail Abd-Elaty,

and Hany F. Abd-Elhamid

Abstract Egypt’s renewable water resources are limited to its share from the Nile

River as well as some minor rainfall along the coastal areas. The Delta and the narrow

valley of the Nile comprise 5.5% of the total area of Egypt. The Nile Delta aquifer,

Egypt, which is replenished directly by the Nile water, is considered another renewable

resource. However, this aquifer system is in direct contact with the Mediterranean Sea

from the north and the Suez Canal from the east. Groundwater resources in Nile Delta

are an essential source of freshwater due to increasing water demand and shortage in

supply as a result of increasing agriculture, domestic, and industrial consumption. It

provides about 85% of total groundwater abstractions in Egypt by 6.1 BCM per year. It

is obvious that since 1981 the groundwater potentiality is decreasing annually in a linear

fashion by 0.1 billion cubicmeters. On the other hand, water quality in the irrigation and

drainage canals is deteriorating as we move downstream due to the increased pollution

load from the heavy agricultural activities and high population density. Agriculture,

domestic, and industrial effluents are the main sources of contamination of the Nile

Delta aquifer. The water quality of the Nile Delta aquifer has been assessed through

testing some groundwater samples, surface canal water, and drainage water. All the

studies showed that the concentration of most water quality parameters and heavy

metals exceeded the WHO standards for drinking water, and some studies indicated

the areas where the groundwater is not suitable for irrigation. There are damage and

shortage in aquifer water quantity and degradation in the quality due to the gradual
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increase of groundwater pumping especially in the delta fringes. Also, problems were

reported as a result of the continuous decline of the piezometric surface and the increase

of the water salinities. This chapter gives an overview of groundwater resources in the

Nile Delta aquifer. Detailed investigation of groundwater in the Nile Delta aquifer was

presented.

Keywords Irrigation, Pollution, Wastewater, Water quality, Water resources
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1 Introduction

Groundwater is considered the main source of water supply in many coastal regions.

It represents about 22% of all freshwater on the earth; polar ice represents 77%,while

another freshwater in rivers and lakes represents about 0.30%. Population growth

increases the water requirements leading to increasing pumping from the aquifers

[1]. Groundwater is an important natural resource. Many agricultural, domestic, and

industrial water users rely on groundwater as the sole source because of its low cost

and high quality. However, in recent years it has become clear that human activities

and climate change have a negative impact on both quantity and quality of ground-

water resources. The depletion of groundwater may occur due to excessive pumping

and contamination of the groundwater by waste disposal or other activities [2]. The

Mediterranean region is characterized by a strong development of coastal areas with

a high concentration of water-demanding human activities, resulting in weakly

controlled withdrawals of groundwater which accentuate the saltwater intrusion

phenomenon [3]. Groundwater or subsurface water is a term used to denote all the

waters found beneath the surface of the ground and is considered as part of the

hydrologic cycle (Fig. 1).
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2 Groundwater Problems

Groundwater quality is an important issue in the development and management of

water resources. In fact, with the increasing demand for water in most parts of the

world and with the intensification of water utilization, the quality problem becomes

the limiting factor in the development and management of water resources in many

parts of the world. The quality of both surface and groundwater resources deteri-

orates as a result of pollution. Special attention should be devoted to the pollution of

aquifers. Groundwater pollution is usually traced back to four sources [5]:

(a) Environmental: this type of pollution is due to the characteristics of the envi-

ronment through which the flow of groundwater takes place, for example, flow

through carbonate rock, seawater intrusion, and invasion by brackish water

from the adjacent aquifer.

(b) Domestic: domestic pollution may be caused by the accidental breaking of

sewers, percolation from septic tanks, rain infiltrating through sanitary landfills,

acid rains, and artificial recharge using sewage water after being treated to

different levels and biological contaminants (e.g., bacteria and viruses).

(c) Industrial: industrial pollution may come from sewage disposal, which contains

heavy metals, non-deteriorating compounds, and radioactive materials.

Fig. 1 Schematic diagram of hydrologic cycle [4]
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(d) Agriculture: this is due to irrigation water and rainwater dissolving and carrying
fertilizers, salts, herbicides, pesticides, etc., as they infiltrate through the ground

surface and replenish the aquifer.

Groundwater quality in the Nile system is fairly reasonable; however pollution

had affected some shallow groundwater bodies. Almost 20% of groundwater in the

Nile aquifer does not meet drinking water standards, especially at the fringes where

there is little or no protective clay cap. Groundwater quality in the Nile Delta has

better quality than that in the Nile valley. Fertilizers are a large source of pollution

for soil and water resources. Egyptian farmers consume more than 1.8 million tons

of fertilizers annually [6], mainly using nitrogen, phosphorus, and potassium in

different forms [7]. Industrial wastewater constitutes 39% of the environmental

problems of the industrial sector [8]. It contains dissolved industrial organic and

inorganic wastes, solids, and metals, all having negative and hazardous impacts

with direct reflection on human health [9].

3 Egypt’s Water Resources

The Nile River is considered the main water resource for Egypt as it provides Egypt

with 55.5 BCM/year. Groundwater in the Western Desert and Sinai is the second

water source. The annual abstraction from aquifers in these areas is 0.5 BCM/year.

Rainfall in the coastal zones of Egypt provides 1.5 BCM/year [10]. Table 1 shows

the current water budget of Egypt 2010, as given in the 2050 water strategy of the

ministry of water resources and irrigation [11]. The water sector in Egypt is facing a

lot of challenges such as: limited water resources from the Nile River, non-renew-

able groundwater and rainfall, population increase and demographic distribution,

water quality degradation, costs for new projects, lack of awareness, need for more

coordination of different stakeholders, more than 90% of water supply of Egypt

comes from outside of its borders, impacts of world trade agreements, and global-

ization on local economy [12].

Egypt is the most populous country in the Middle East and the third-most

populous on the African continent, nearly 97% of the country’s 82.5 million

(2012 estimate). Projected population for Egypt is estimated at 104 million by

2025, 146 million by 2050, and 237 million by 2100. The annual per capita water

share of Nile in Egypt has decreased from 2,500 m3 per capita per year in the 1950s

to about 680 m3 per capita per year in 2012 and is projected to drop to about 350 m3

per capita per year in 2050. The agricultural sector is the largest user and consumer

of water in Egypt, with its current allocation (in 2010) exceeding 68% of the total

freshwater supplies or 82% of the total used water (after recycling). About 80% of

the drinking water supplies use surface water sources from the Nile or the main

canals, and 20% rely on groundwater, while the desalination is limited to remote

areas on the coasts. The total generated energy from hydropower is 14,630 GWH,

or about 11.5% of the gross national generated electricity which is about 132,000

6 A.M. Negm et al.



GWH (2050 water strategy). This hydropower is generated mainly from the Aswan

High Dam, the Aswan dams, and the new Esna and new Naga Hammadi Barrages,

in addition to a small plant on Bahr Yussef canal. In addition to that, there are some

hydropower generation projects at the new Assiut Barrage and some other canals

and drains in the Nile valley and Delta. Again, reduced flow due to climate change

and increased demands would certainly impact the hydropower generation and will

have direct economic impacts on the country development plans [7].

4 Main Aquifers in Egypt

The major groundwater system in Egypt consists of several aquifers as shown in

Fig. 2. These are:

(a) Nile Delta aquifer is considered a semi-confined aquifer due to the upper clay layer.

Also, it is considered a shallow aquifer that is recharged mainly by infiltration of

excess irrigation water or from the irrigation network. “It is composed of a thick

sand and gravel layer covered by a clay cap of varying depth up to 50m. It provides

about 85% of total groundwater abstractions in Egypt. About 6.1 BCM/year are

annually extracted from the aquifer” [7].

(b) Nubian Sandstone Aquifer System (NSAS). According to CEDARE/IFAD

[13], the NSAS is the Africa’s largest fossil aquifer system with its reserves

estimated at 259.293 km3 (372,960 km3 with post-Nubian). The NSAS is shared

Table 1 Current water budget of Egypt (2010), all sources and allocation/usage [11]

Water supply

Volume

(BCM/year)

Demand by

sector

Consumption

(BCM/year)

Usage/allocation

(BCM/year)

Conventional water sources Drinking (fresh-

water only)

1.80 9.00

Nile (HAD) 55.00 Industry 1.40 2.00

Deep groundwater 2.50 Agriculture 40.40 67.00

Rainfall and

flashfloods

1.30 Drainage to sea 12.20

Desalination 0.70 Evap. losses 3.00 3.00

Total supply

conventional

59.50 Env. balance 0.20 0.20

Unconventional sources Total

consumption

59.00

Shallow groundwater

(Delta)

6.50

Reuse of agricultural

drainage water

13.50

Total supply

non-conventional

20.00

Total water supply 79.50 Total water use or allocation 81.20

An Overview of Groundwater Resources in Nile Delta Aquifer 7



by Libya, Egypt, Sudan, and Chad and covers approximately 2.2 million km2,

of which 235,000 km2 are in Chad (11%), 828,000 km2 in Egypt (38%),

760,000 km2 in Libya (34%), and 376,000 km2 in Sudan (17%) (CEDARE

[14] cited in [15, 16]). Table 1 represents the main characteristic of the

aquifer. The maximum depth of NSAS reaches 4,500 m with hydraulic head

ranges from 570 m above sea level west of Darfur to 78 m in the Qatar

depression [17]. “The thickness of the fresh layer ranges from 200 m in East

Owinat to 3,500 m North West of El-Farafra Oasis” [7]. Some studies

concluded the existence of recharge to the NSAS from the Nile River in a

few areas at the eastern boundary by groundwater influx from the Blue Nile

and by precipitation in some mountain regions. Low values of infiltration

rate were estimated compared to the natural groundwater flow due to dis-

charge into depressions, evaporation in areas with low depth to the ground-

water table, and leakage into confining beds. It is thus considered to be a

nonrenewable groundwater resource under current climate conditions [18]

(Table 2, Fig. 3).

(c) Fissured carbonate rock aquifer extends from Sinai to Libya and occupies more

than 50% of the Egypt’s area. It has many natural springs and acts as a confining

layer on top of the Nubian Sandstone Aquifer System. The aquifer recharge is

unknown, and there is no reliable information regarding its potential [7].

(d) Moghra aquifer is located in the northwestern desert, and groundwater is

directed toward Qattara Depression. It is recharged by rainfall and lateral inflow

from the Nile aquifer. It contains freshwater only with salinity increases toward

the north and west [7].

(e) Coastal aquifer “system is recharged by rainfall, and the abstractions are

limited due to the presence of saline water underneath the freshwater lenses”

[7].

(f) Fissured hard rock aquifer system in the Eastern Desert and Southern Sinai is

also recharged by small quantities of infiltrating rainwater [7].

0

0

–1000

1000
depth (m)

S N

200 km

1000

0

–1000

–2000

–3000
confining layer

Nubian System
Post-Nubian System

Fig. 2 The Nubian sandstone aquifer system and the post-Nubian aquifer system
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5 Investigation of Groundwater in Nile Delta Aquifer

Nile Delta aquifer is one of the largest groundwater aquifers in the world due to the

extension in area and thickness of its layer. The Nile Delta and the narrow valley of

the Nile comprise 5.5% of the total area of Egypt. Much of Egypt’s infrastructure
and development are concentrating on the deep coastal areas and dependence on the

Nile Delta for agricultural land. The sea level rise (SLR) will have a direct and

critical impact on Egypt’s entire economy by coastal inundation or saline intrusion

caused by anthropogenic climate change [20]. Also, a number of studies were

carried out on Nile Delta aquifer under different scenarios of extraction rate [21].

5.1 Physical Setting

5.1.1 Location

Nile Delta is one of the largest river deltas in the world bounded by the Mediterra-

nean Sea in the north, Nile River in the south, Ismailia Canal in the east, and Nubaria

Canal in the west. It is located between latitudes 30� 000 and 31� 450N and longitudes

29� 300 and 32� 300E as shown in Fig. 4. The Nile Delta consists of flat, low-lying

areas, where most areas are used for agriculture. It is about 200 km from the south to

Fig. 3 Major sources of aquifer in Egypt: National Water Resources Plan 2017 [19]
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north, and the coastline is about 300 km long, with an area of about 25,000 km2. It is

considered among the most densely populated agricultural areas in the world. It

contains 10 governorates of which there are about 25 large cities and 4 brackish

lagoons or lakes. Nile Delta aquifer system is considered as one of the most

important water resources in Egypt following the surface water source. It is needed

essentially to face the increase in water requirements. This aquifer belongs mainly to

the Quaternary age; it is formed from fluviomarine deposits and Deltaic deposits.

The aquifer is generally composed of unconsolidated sand and gravel with occa-

sional clay lenses that increases toward Northern direction [7]. The area is bounded

by the Mediterranean Sea in the north, the apex of the Delta in the south, the Suez

Canal in the east, and the Wadi El-Natrun fault in the west. The two branches of the
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Fig. 4 Location map of the Nile Delta aquifer [22]
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Nile River form a triangle with its base along the Mediterranean Sea in the north and

the apex at the Delta Barrage in the south.

5.1.2 Climate Conditions

The study area is located in an arid climate region; the average rainfall in the delta is very

small and ranges from 25mm/year in the south andmiddle part of the Delta to 200mm/

year in the north along the Mediterranean Sea [23]. The low values of rainfall do not

contribute by any means to the aquifer recharge within the study area. The maximum

temperature in the Delta area ranges between 26 and 34 �C and minimum temperature

between 6 and 13 �C. The average daily temperature ranges from 17 to 20 �C along the

Mediterranean to more than 25 �C in Upper Egypt along the Nile [8]. From 1961 to

2000, themeanmaximumair temperature increased 0.34 �Cper decade, while themean

minimum air temperature increased 0.31 �C per decade [8]. The annual mean values for

relative humidity in themorning and the evening are between 60 and 80%, respectively.

The Met Office Hadley Centre [24] projected temperature increases over Egypt around

1–1.5 �C by 2050 and around 3–3.5 �C by 2100 with a general good consistent

agreement between the models over the Middle East region. Current evaporation rates

in Egypt range between 7 mm/day in Upper Egypt and about 4 mm/day in the Northern

Mediterranean coast [25]. It is recognized that increased temperature and changes in

wind and humidity will affect these values. As reported by Eid [26], and IPCC [27], a

temperature rise of 1 �Cmay increase the evapotranspiration rate by about 4–5%, while

a rise of 3 �C may increase the evapotranspiration rate by about 15% (Fig. 5).

The Intergovernmental Panel on Climate Change (IPCC) [27] indicated that the

global warming, due to increasing the concentrations of greenhouse gases by 0.13�

per decade in the atmosphere, is expected to have a full range of temperature

projection from 1.1 to 6.4� over the period 1990 to 2100. Scientists use climate

models to describe how various factors affect the temperature of the Earth’s
surface. Such models help climatologists to estimate the future changes in temper-

ature and sea levels. SLR for some reasons includes thermal expansion of oceans

and seas, melting of glaciers and ice caps, and melting of Greenland and Antarctic

ice sheets [28]. However, some researchers are still discussing the accuracy of the

magnitudes of sea level rise. The sea level rise was estimated between 18 and 58 cm

by the end of the century. However, recently published estimates have greatly

expanded these values to reach more than 180 cm [29]. Currently, the Nile Delta

region is subject to climate changes, including increase in sea level, and shoreline

changes, due to erosion and accretion [30]. The Nile Delta coastal zone is highly

vulnerable to the impacts of sea level rise through direct inundation and saltwater

intrusion as shown in Fig. 6.
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5.1.3 Population

Egypt is the most populous country in the Middle East and the third-most populous

on the African continent. Nearly 97% of the country’s 82.5 million (2012 estimate)

people live in three major regions of the country: Cairo, Alexandria, and elsewhere

along the banks of the Nile valley and the Nile Delta and along the Suez Canal.

These regions, which occupy about 4% of the country’s area, are among the world’s
most densely populated regions, where the population density is about 1,500

inhabitants per km2. Projected population for Egypt is estimated as 104 million

by 2025, 146 million by 2050, and 237 million by 2100 [7].

Fig. 5 Average annual precipitation in Egypt (mm/year) [19]
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5.1.4 Topography and Geomorphology

The geomorphology reflects the geologic setting of the area and has an important

effect on the type and degree of hazards affecting the land use of the investigated

area including the different types of rocks and deposits, constituting the different

landscapes and landform units varying in relief and extension [32]. The Nile Delta

region is a morphotectonic depression open to the Mediterranean Sea in the north.

The Nile enters the Delta 20 km north of Cairo, where it divides into two branches,

Rosetta in the west and Damietta in the east. The Delta region is bounded on the east

and southeast by two main watershed areas rising to more than 500 m above mean

sea level. To the west, the watershed is less developed morphologically, being only

100 m above mean sea level. The ground elevation ranges between about 18 m

above mean sea level (AMSL) in the south at El Qanater El Khayreya and about 5 m

(AMSL) near Tanta sloping very gently in the northward direction by the average

value of 1 m/10 km [33]. The geomorphologic features of the Nile Delta region are

shown in Fig. 7 and are discussed below in details:

The Foreshore Plain

The foreshore plain occupies the area determined by the coastal lakes and their

inland extension into brackish water lagoons. Landforms existing in that plain

include the wetland areas of the main lakes and the sabkhas.

2050 2100

2002

Fig. 6 Satellite maps of Nile Delta, showing the potential impact of SLR with the occurring status

in 2002 and the coastal inundation with a 0.5 and 1 m SLR [31]
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The Old Coastal Plain

The old coastal plain occupies a portion of the northwest corner of the Nile Delta

depression and may be a remnant of the offshore plain, which was submerged in

early Holocene times.

The Young Alluvial Plains

The young alluvial plains dominate the cultivated lands bordering the channel of

the Nile River and its two branches. These plains cover most of the Nile Delta

region [34]. The irrigation canals and drains break through these plains. The ground

surface elevation ranges between 18 m above mean sea level (MSL) in the south

and about 5 m near Tanta sloping gently in the northward direction by an average

value of 10 cm/km [33]. Furthermore, the Nile Delta slopes also from the east to

west making Damietta Branch higher in elevation than Rosetta Branch by about

3 m. The area is flat and covered by recent and Quaternary sediments that were

formed from the disintegrated igneous and metamorphic rocks of the Ethiopian

Plateau and South of Sudan. These sediments were transported by the Nile River

Fig. 7 Geomorphologic units for the Nile Delta region [22]
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and its tributaries to the Delta during the flood seasons for more than 10,000 years.

The old and traditionally cultivated lands are dominant in these areas.

The Old Alluvial Plains

The old alluvial plains are present along both sides of the Nile Delta and are exposed

at various heights above the young alluvial plains. They occupy the areas on the

eastern and western fringes of the Nile Delta. The surface of this plain is gently

undulating and displays classical examples of landforms by wind deflation. The

surface is also incised by the downstream portions of a good number of dry channels

(wadis), which acted as active rivers in Middle Pleistocene.

5.1.5 Land Use in the Nile Delta Region

The Nile Delta region is divided into three subregions with respect to the two Nile

Branches, Damietta and Rosetta. These subregions are mainly the Western Delta,

the Middle Delta, and the Eastern Delta. As shown in Fig. 8, the Nile Delta can be

distinguished into three main regions with respect to land use: (1) the agricultural

land, (2) the wetland, and (3) the desert. The agricultural land, 20,000 km2, includes

the traditionally cultivated areas and the newly reclaimed areas. The wetland

portion, 1,000 km2, includes the coastal lakes and the marshlands. The desert

portion, 20,000 km2, borders the Nile Delta from both east and west sides. Geo-

graphically, the traditional cultivated lands are predominated in the Middle Delta,

while the reclaimed lands are present in the eastern and western Fringes of the Nile

Delta. Surface water, groundwater, or conjunctive use of irrigation water is applied

when appropriate. Many towns and villages and some industrial zones are scattered

in the Delta with an extensive population.

5.2 Geology of the Nile Delta Region

5.2.1 Geologic Setting of the Nile Delta Region

The Nile Delta area is covered by the Quaternary deposits consisting of Nile silt,

clay, sandy clay, sands, and gravels (Fig. 9). Schlumberger [35] published a gener-

alized litho-stratigraphic column of the Nile Delta as shown in Fig. 10. Deep drilling

in the Nile Delta region revealed a very thick sedimentary succession. The litho-

stratigraphic cross sections in theNile Delta are shown in Fig. 11. There are twomain

geological units in the Nile Delta region which are:

(a) The Quaternary deposits that include the Holocene and Pleistocene sediments.

The Holocene comprises sand dunes, coastal deposits, sabkha deposits, and silty

16 A.M. Negm et al.



clay sediments capping the floodplain. The Pleistocene comprises desert crusts,

kurkar ridges, and the graded sand and gravel that contain the main water-

bearing formation. The thickness of the Quaternary aquifer is about 100 m at

Cairo, reaches to 1,000 m at the coast, and decreases to zero to the east and west

of the Nile Delta fringes. Figure 12 shows the contour lines of the base of the

Quaternary aquifer relative to the mean sea level [36].

(b) The Tertiary deposits include the Pliocene, theMiocene, theOligocene, the Eocene,

and the Paleocene sediments. The Pliocene forms the lower boundary of the main

water-bearing formation. TheMiocene deposits (e.g., theMoghra) exist underneath

the surface with a thickness that reaches up to 2,000 m. The Oligocene and Eocene

are of a little hydrogeological interest due to their small contribution to groundwater.

5.2.2 Geological Evolution of the Nile Delta Region

History of the Nile Sediment Deposition

The Nile passed through five main periods which are the Eonile (Tmu), Paleonile

(Tplu), Protonile (Q1), Prenile (Q2), and Neonile (Q3).

Fig. 8 Land use map for the Nile Delta region [22]
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Eonile: The Eonile predominated in the Late Miocene. The depth of the Eonile

canyon in Northern Egypt reached 2,500 m. The available drilling data indicates the

existence of evaporite in both North Delta Embayment and the Mediterranean Sea.

Miocene Eonile is alternating beds of coarse-grained quartz and poorly sorted

sandstone with pebbles.

Paleonile: The Early Pliocene sediments in the North Delta Embayment consist

of thick sand-shale deposits. The sediments include more sand members in their

lower part and are made up of shale in their upper part. The Early Pliocene sediments

in the South Delta Block vary in thickness and lithological composition from one

place to another, depending on their position relative to the Eonile canyon. The

sediment thickness in the South Delta Block is in the range of 250–500m, whereas in

the North Delta Embayment, the Paleonile sediment thickness approaches 1,000 m.

Protonile: The fluviatile deposits occupying the Protonile basin were in the form
of complex gravel, coarse sand, and loamy deposits. The loose gravel layer ranges

in thickness from 2 to 4.5 m and reaches 6 m in some places. These deposits could

also be found in the Nile valley.

Prenile: The Prenile represented a various and competent river with a huge

supply of water and a wide floodplain. Sediment is coarse, massive, and thick. The

source of these sediments is from the Ethiopian Highlands. In the Delta, a consistent

Fig. 9 Geologic map of the Nile River Delta (Based on CONOCO Coral 1987 and TM Satellite

image, taken in 2003)
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unit of thick layers of quartzose sands and pebbles occurred above El-Wastani

formation (Mit Ghamr formation). The sands are medium to coarse-grained. The

pebbles are mainly quartz. In some locations, interbeddings of coquina of marine

shells exist. Some peat layers are also observed. The upper levels of this formation

are marked by the appearance of thin beds of clays, silt, and peat containing coastal

or lagoonal faunas. Said [37] concluded that the Delta extended into the Mediter-

ranean Sea and had an area at least three times as large as that of the present Delta.

Neonile: The deposits of the Neonile are made up of silts and clays similar to those

which were deposited over the land of Egypt by the modern Nile up to the very recent

past. Seven major branches of the Nile are mentioned in various documents and in

ancient maps. Five of them silted up in the course of history, whereas two, the present-

dayDamietta andRosetta Branches, remained active. Prior to 1900, the sediment supply

by the Nile was estimated to be more than 100 million tons per year [38]. Old maps

showed that between 1800 and 1900, the Rosetta and Damietta promontories advanced

3.6 and 3 km, respectively. From 1900 up to the present time, the river sediment

discharge has decreased due to various reasons, such as control works constructed on

Fig. 10 Generalization litho-stratigraphic column of the Nile Delta [35]
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the river itself, the use of water for permanent irrigation, and interaction with the

shoreline morphology [39]. The rate of sedimentation in the Delta would be 12.5 cm/

century or 20 times that are prevailing today in the perennially irrigatedDelta lands [38].

History of the Nile Delta Shoreline and the Mediterranean Sea Level

The shoreline of theNile Delta extends for 240 km along theMediterranean Sea from

Alexandria City in the west to Port Said City in the east. Regional variations in the

Holocene deposits predominate the location of the coastal flexure zone. This zone of

Holocene sediments deviates from the present line with a distance varying from

15 km (in the north-central sector) to 22 km in the northwestern plain and reaching

45 km in the Manzala lagoon region [40]. The coastal region of the Delta has been

affected by the sea level fluctuation regime. Lowering the sea level exposes the

submarine formations to aeration and leaves sanded beaches and shore lands exposed

forming a new shoreline. Figure 13 indicates that ancient beach and dune formations

which are now submerged wedges should be found above the level of�70,�50, and

�30 m. The ancient shore formation caused by lowering the sea level was later

Fig. 12 Contour map of the base of the Quaternary aquifer relative to the mean sea level [36]
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subjected to a transgressive sea. At the beginning of the Holocene, the Delta must

have had a coast that probably lay 50 km to the north of the modern coast as shown in

Fig. 13. The regime of the river has been more or less constant for the past 9,000

years and that the Nile in Egypt must have assumed at the inception of the Holocene

its modern gradient.

The Early Miocene depositional facies range from nonmarine in the south shelf

and slope to the north. Due to sea level changes, the thickness of EarlyMiocene beds

is highly influenced by rotational block faulting in the east and west parts of the

Delta. Middle Miocene depositional environments are similar to the Early Miocene,

in that nonmarine deposits occupied the southern part of the Delta. The thickness

patterns are related mainly to structural movement in central part of the Delta, Late

Miocene. During the Tortonian, this river may have built a small delta, which

progressed eastward beginning nonmarine or marginal marine conditions to San El

Hagar and eventually to Matariya. The thickness of Late Miocene beds is shown in

the northeast part of the Delta region. The Late Miocene is thin in the north-central

Delta area partly because of the low rates of subsidence. Rotational faulting affected

thickness variations in the east and west-central parts of the Delta area.

During the period 1981–1990, the analysis of 230 profiles along the Nile Delta coast

revealed that the shoreline retreated along almost the entire coast except in some short

regions between Abu Madi and west of Rosetta [39]. The rate of the shoreline retreat

varied between 70 m/year at Rosetta and about 5 m/year at Burullus Lake.

Fig. 13 Ancient Nile Delta’s shoreline of the Mediterranean Sea [34]
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5.3 Hydrogeology of the Nile Delta Region

5.3.1 Aquifer Geometry

The hydrogeologic investigation of the Nile Delta aquifer revealed the existence of

well-defined hydraulic boundaries that delimit the aquifer geometry. As shown in

Fig. 14, the aquifer is bounded by the Mediterranean Sea in the north and the Suez

Canal in the east. Ismailia Canal in the southeast is considered as the limiting

boundary of the aquifer, while in the west and southwest, Wadi El-Natrun fault

represents another distinct boundary of the aquifer. In the vertical dimension, the

Nile Delta aquifer has variable thicknesses as shown earlier in Fig. 14.

5.3.2 Irrigation: Drainage Network in the Nile Delta Region

The Nile River represents an outstanding feature that has shaped not only the

physical characteristics of the area but also its history and the nature of its settlers.

The water resources in the Nile Delta consist of complex irrigation and drainage

networks which are hydraulically connected to the underlying aquifer system. The

Damietta and Rosetta branches of the Nile River, the irrigation system, and drains

are formed through the area. These hydraulic features are directed to the natural

discharging areas, namely, the northern lakes and the Mediterranean Sea. The

Fig. 14 Main canals and surface drains of the Nile Delta (http://entroportal.nilebasin.org)
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surface water levels in the Nile River and its irrigation canals are controlled by the

Delta Barrages and the other hydraulic control structures scattered everywhere. At

the tail ends of the two branches, hydraulic dams were constructed to prevent the

flow of the salt water from the Mediterranean Sea to the Nile River. Figure 15

presents an overview of the Nile valley and Delta where the irrigation network and

main structures are pointed out. The irrigation and drainage system is complicated,

and there is a large portion of the agricultural drainage water is reused to supple-

ment the shortage of the freshwater especially in the low reaches of the canals [7].

Since the construction of the Aswan High Dam (AHD), the flow rates in the

irrigation system vary according to the variable water demand. This water demand

does not change significantly from year to year unless new expansion projects are

being implemented. During the low flood periods, there is a chance to have less flow

in the Nile River, and hence the water levels in all the irrigation-drainage system are

affected. The great barrages built on the Nile are controlling the surface water levels

in the Nile branches and the irrigation canals. The lands of the delta were converted

to perennial irrigation at the beginning of the last century.

Open drains are extensively constructed in theNile Delta region and used principally

to drain excess irrigation water. Nowadays, most of the Nile Delta lands are served by

tile drains to improve the agricultural drainage. These tile drains are constructed at a

depth of 1.5 m below ground surface. Near the coastal line, the water levels in the open

Fig. 15 Configuration of aquifer systems in the Nile Delta region [22]
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drains are less than the sea level. Therefore, water has to be discharged mechanically to

the northern lakes or directly to the Mediterranean Sea.

5.3.3 Surface Water and Groundwater Relationship

There is a distinct hydrogeological relationship between the groundwater and surface

water in the area of the study, where this area is dissected bymany surface freshwater

canals and drains at the west, east, and south and saltwater bodies at the north and

east. The contact between surface water and groundwater in the area of the study

varies according to the nature of sediments, infiltration rate, groundwater water table

relative to the surface water level, hydraulic conductivity of the soil, and the

difference in hydraulic properties of both surface and groundwater [41].

5.3.4 Groundwater Aquifer System in the Nile Delta Region

On the basis of geomorphology, the hydrogeological and hydrochemical features of

the Nile Delta region are divided into three major regions which are the floodplain

(area of 9,126 km2), the eastern Nile Delta fringes (area of 10,220 km2), and the

western Nile Delta fringes (area of 11,042 km2). There are different groundwater

aquifers with different importance for exploitation in the Nile Delta region. These

aquifers are the semi-confined Quaternary aquifer, phreatic sandy aquifer, Pliocene

aquifer, Moghra aquifer, and sand dune aquifer as shown in Fig. 15.

The Moghra aquifer is located in the Western Delta region. It has an area of

about 50,000 km2. The aquifer consists of Lower Miocene sand and gravel. The

aquifer is found in the west of Wadi El-Natrun and extends toward the Qattara

Depression. The aquifer is phreatic south of latitude 30�N but confined by Pliocene

deposits in the northern direction. Oligocene rocks (basalts or shales) underlie the

Moghra aquifer. The base of the Moghra aquifer slopes from ground level near

Cairo to 100 m above sea level near Borg El Arab area. The saturated thickness

ranges from 70 to 700 m [42]. The groundwater flow in the Moghra aquifer is

directed westward, toward the Qattara Depression. Inter-aquifer flow is a minor

component of recharge, which occurs from the Nile Delta toward the Moghra and

Pliocene aquifers. The groundwater salinity is good to brackish with a maximum

value of 7,000 ppm. The salinity values increase from very low in Wadi El-Farigh

to high in the north and western part. West of Wadi El-Natrun, the groundwater

quality is brackish. The potentiality of Moghra aquifer varies between low and

moderate according to the Research Institute for Groundwater (RIGW) [22]. The

outflow of the Nile Delta aquifer also occurs toward the Moghra aquifer along the

fringes of the western Nile Delta, with a transfer estimated by RIGW/IWACO

(1990) between 50 and 100 Mm3/year [42].

The Pliocene aquifer is present in Wadi El-Natrun depression. The aquifer is

considered a local low productive aquifer. It is a multilayered aquifer consisting of

an alternation of sand and clayey layers belonging to the Pliocene age. The aquifer
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is underlain by the Moghra aquifer but separated from it by layers of lower Pliocene

age. In this area, the groundwater is discharged through a great number of seepage

zones into small lakes and ponds. Groundwater is lost by direct evaporation with an

annual rate of 70 million cubic meters according to RIGW (1998) [22].

The most important regional aquifer in the Nile Delta is the Quaternary aquifer.

This aquifer consists of Pleistocene graded sand and gravel, changing to fine and

clayey facies in the north. The aquifer is found along the entire Nile Delta floodplain.

The clay cap of the Nile aquifer is a semi-confining layer and has a thickness up to

20 m. The Nile Delta aquifer is underlain by Pliocene marine clay in the Central

Delta and wedges out toward the fringes.

Data were collected and interpreted to outline the hydrogeological environment

of the Nile Delta groundwater aquifer. Simplified latitudinal and longitudinal

hydrogeological cross sections, representing the Nile Delta aquifer, were developed

as shown in Fig. 16. According to these cross sections, the hydrogeological units of

interest in studying the Nile Delta aquifer are as follows: a top unit of Holocene clay

aquitard, Quaternary and Late Tertiary gravel and sand unit (aquifer), and basal unit

of Pliocene clay aquiclude (Fig. 17).

Fig. 16 Calibrated hydraulic conductivity for the clay layer [43]
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5.3.5 Hydrogeologic Characteristics of the Nile Delta Aquifer Units

Top Unit of Holocene Clay and Fine Sand (Aquitard)

The top boundary of the deltaic deposits is a formation that belongs to the Holocene

(10,000 years). This formation is made up of a semi-pervious clay and silt. It acts as a

cap for the main Quaternary aquifer. It is generally heterogeneous and anisotropic.

“This unit mainly consists of Nile silt, sandy clay, clayey sand, occasionally with fine

sand intercalations” [36]. The clay content in the topsoil layer ranges between 5 and

50%, while the silt content varies between 5 and 95% in most of the area. The

thickness of this top layer varies from 20 m in the north and totally absent at some

localities such as the Nile Delta fringes and turtlebacks. According to the laboratory

experiments made by RIGW [36], the average vertical hydraulic conductivity of the

clay cap is 2.5mm/day, and the average horizontal hydraulic conductivity is between

50 and 500 mm/day.

The aquifer porosity ranges between 25 and 40%. According to the thickness and the

hydraulic conductivity of the top clay layer, the second aquifer unit exhibits unconfined

and semi-confined conditions. For the unconfined aquifer condition, the specific yield is

Fig. 17 Calibrated hydraulic conductivity for quaternary layers [43]
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0.20, and for the semi-confined aquifer condition, the storage coefficient ranges between

10�3 and 10�4 [44].

The water in this aquitard layer is in contact with the main underlying aquifer

through downward or upward leakage. A large area of Nile Delta covers with a clay

cap. This cap keeps the Nile Delta aquifer to semi-confined aquifer as shown in

Table 3. The thickness of the clay layer varies from 5 to 20 m in the south and the

middle part of the Delta and reaches 50 m in the north [50].

Quaternary and Late Neogene Gravel and Sand Unit (Aquifer)

This is a thick unit that consists of coarse sand and gravel with occasional clay lense

intercalations. It underlies the Holocene top clay layer and overlies the lower marine

clay deposits of Neogene impervious clay. It belongs to Pleistocene and its lower part

to Late Pliocene time [36]. The thickness of these strata increases northward. It

ranges between 150 m at El Qanater El Khayreya in the south and more than 500 m

near Tanta. It increases further in northward to reach 1,000m near the coast. Also, the

aquifer decreases in thickness toward the southeastern and western fringes of the

Nile Delta, Fig. 18. The hydraulic conductivity of this aquifer unit increases north-

ward and eastward. It ranges between 50 m/day south of El-Bagur and increases

northward to more than 100 m/day [36].

This unit forms the main groundwater aquifer in the area, which is considered a

semi-confined (leaky) aquifer in most areas where the clay cap covers the aquifer.

Unconfined (phreatic) groundwater aquifer is present in the fringes of the Nile Delta

where the Quaternary sediments are not covered with clay cap. Leakage and infil-

tration from the surface water system are the main processes of recharging the

aquifer with a very great recharge rate. On the other hand, the groundwater in this

aquifer is discharged naturally, along with some areas on the Rosetta Branch and to

Table 3 Hydraulic parameters of the Quaternary aquifer in the Nile Delta

Main

hydraulic

units

Hydraulic

conductivity

K (m/day)

Transmissivity

T (m2/day)

Storage

coefficient

S

Specific

yield Ss

(1/m)

Porosity

n (%)

Effective

porosity

neff (%)

RIGW

[23]

75 15,000–75,000 10−4–10−3 – 25–40 –

Farid [45] 112 – 2.35 10−3 – 40 37.35

Mabrook

et al. [46]

72–108 – – – 21–30 –

Zaghloul

[47]

119 – 10−4–10−3 0.15 30 –

Leaven

[48]

150 10,350–59,800 – – 25–30 –

Bahr [49] 75 – 1.1 10−3 – 25 18

Sherif et

al. [43]

36–240 2,000–15,000 – – 25–40 –
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the Western Desert, the Suez Canal, and the Mediterranean Sea, or mechanically by

pumping for irrigation, drinking, and/or industrial purposes. The thickness and

lithological facies change of Quaternary aquifer are illustrated Fig. 18.

Basal Unit of Pliocene Clay (Aquiclude)

The base of the deltaic deposits rests unconformably on a thick and dense clay section,

which belongs to the Pliocene age. This clay section acts as an aquiclude that does not

have any potential.

Fig. 18 Longitudinal cross section showing the thickness and litho-facies variation of the Quater-

nary aquifer in Nile Delta [51]
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5.3.6 Recharge-Discharge Sources of the Nile Delta Aquifer

Aquifer Recharge

The Nile Delta aquifer in the floodplain is continuously recharged by irrigation water

in the southern and central portions. Therefore, the aquifer acts as a storage reservoir

that can be used conjunctively with the other surface water supplies. Recharge of

groundwater is taking place in the Nile Delta area by three processes: (1) infiltration

of rainfall; (2) downward leakage of the excess irrigation and seepage from the Nile

River, irrigation canals, and drains; and (3) inter-aquifer flow of groundwater.

Recharge of the Nile Delta aquifer occurs mainly through direct seepage from the

irrigation canals and drains. In the central and southern parts of theNileDelta floodplain,

the downward leakage toward the aquifer varies between 0.25 and 0.80mm/day [52]. In

the desert fringes, high leakage rates of 1–2.5 mm/day are recorded for basin irrigation,

whereas low rates of 0.1–0.5 mm/day are occurring for drip irrigation according to

RIGW[53]. Figure 19 shows the distribution of drainage surplus in theNileDelta region

in 2008.

Aquifer Discharge

Discharge of groundwater takes place by four components: outflow into the drain-

age system, direct evaporation, extraction, and inter-aquifer flow of groundwater.

Groundwater discharge to the drainage system occurs in the northern portions of

the Delta through upward seepage with a daily rate of 0.2–0.9 mm/day

Fig. 19 Distribution of drainage surplus in the Nile Delta region in 2008 [54]

30 A.M. Negm et al.



[52]. Discharge of groundwater through evaporation may occur in low-lying areas

with a shallow groundwater table. In Wadi El-Natrun depression, lakes, and

sabkhas, groundwaters are discharged naturally by evaporation.

Inter-aquifer flow is aminor component of discharge, which occurs between theNile

Delta aquifer on the one hand and theMoghra aquifer and theWadiEl-Natrun aquifer on

the other hand. The total amount of groundwater flowing from the Nile Delta to the

Moghra aquifer is estimated to vary between 50 and 106 million m3/year [36]. Ground-

water extraction from the Nile Delta aquifer will be presented in a subsequent section.

Abstraction rates over the last 30 years increase during the period of 1980–2010. The

total annual abstraction rate in 1980 was estimated at 1.6 � 109 m3/year according to

theResearch Institute forGroundwater (RIGW) inEgypt, and the net recharge rate to the

Quaternary aquifer was estimated to be 2.60 � 109 m3/year. RIGW report confirmed

significant increase patterns of abstraction, which reached around 2.6� 109 m3/year in

1991. In 2003, the total annual abstraction reached 3.5� 109 m3/year [55]. In 2010, it

reached about 4.6 � 109 m3/year. The increase of abstraction in Nile Delta over the

period from the year 1981 to the year 2010 is shown in Fig. 20. It can be noticed that it

increases linearly by about 0.10� 109 m3 per year, except from the period of 2003 till

2010 where the abstraction increases dramatically by the rate of 0.20� 109m3 per year

[56] (Fig. 21).

5.3.7 Groundwater Levels in the Nile Delta Aquifer

Depth to Groundwater Surface

The depth to groundwater surface depends mainly on the ground surface elevation

at a particular point. The field survey indicates that the depth to the groundwater

surface is less than 5 m in most of the Nile Delta region, Fig. 22. It is obvious from

the map that the depth to groundwater decreases northward and northeast. As a

result, waterlogging problems are encountered in such areas. In the Nile Delta

fringes, the depth to groundwater increases to more than 50 m due to high topo-

graphy in these areas.

Fluctuations of the Piezometric Heads

Groundwater levels in the Nile Delta aquifer fluctuate in response to the stage of the

Nile River, aquifer recharge from excess irrigation water and groundwater pumping.

Since the construction of the Aswan High Dam, it was observed that the piezometric

head increased within the Nile Delta aquifer. The agriculture projects that rely on the

groundwater resources caused a severe decline in the piezometric head as noticed in

the delta fringes. On the contrary, the agriculture projects that depend on the Nile

water caused an increase in the water table and the development of water mounds at

some localities.
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The piezometric head map for the year 2002 (Fig. 23) shows that the ground-

water level decreases gradually toward the north and northeast direction with an

average gradient of 11 cm/km. The groundwater head decreases from 15 m at Cairo

to less than 1 m near the Mediterranean coast.

Records of the groundwater levels in the Nile Delta region are obtained from

observation wells by RIGW. These wells have well screens at a depth between 20

and 75 m below groundwater surface. On the other hand, the production wells tap

the aquifer generally at a depth between 20 and 150 m below groundwater surface,

whereas the production wells tap the aquifer generally at a depth between 20 and

150 m. The groundwater levels in the study area range between 16.96 m above

(MSL) at the southern border and 0 m above (MSL) at the northern. Figure 24
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Fig. 20 Abstraction rates versus time in Nile Delta (RIGW, 1980, 1992, 1999, 2003, and 2010)
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Fig. 23 Contour map of groundwater and velocity direction using numerical model for Quater-

nary aquifer [57]

Fig. 22 Contour map of groundwater in the Quaternary aquifer recorded in 2008 [54]
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shows groundwater depth in the aquifer, and also Fig. 25 shows the observed

piezometric head contour lines for 2008.

5.3.8 Groundwater Use in the Nile Delta

Before the construction of the Aswan High Dam, groundwater in the Nile Delta was

used to supplement irrigation water at the tail ends of the irrigation canals. In 1957,

the first well inventory was launched and revealed that a total of 0.2 billion cubic

meters was pumped annually from the aquifer through 5,600 wells [59]. It was

reported that most of the production wells are 70 m deep and the screen length

ranges between 20 and 30 m. Shallow wells operated by hand pumps are still

extensively used for domestic purposes especially in the rural communities of the

Nile Delta. Freshwater outflow to the sea was calculated, and it was found that a

total of 0.37 billion cubic meters was flowing directly to the sea in 1958 compared

to 0.283 billion cubic meters in 1962. The reduction in the outflow of the freshwater

was referred to as the illegal drilling of new wells by farmers. For coastal aquifers

such as the Nile Delta, such freshwater outflow to the sea is required to keep the

balance of the interface between the salt water and the freshwater.

In 1980 an extensive study was conducted to evaluate the safe yield of the Nile

Delta aquifer [36]. It was reported that the total annual extraction rate from the

aquifer was 1.6 billion cubic meters, while the net recharge rate to the aquifer from

Fig. 24 Depth to groundwater in the Quaternary aquifer [58]
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the Nile River and the irrigation canals was 2.645 billion cubic meters. The annual

outflow of freshwater to the seawas estimated as 97million cubicmeters. Despite the

reduction in the outflow to the sea and the increase in the groundwater extraction, the

chemical analysis of the groundwater did not show a significant increase in the

salinity level. This concluded the fact that the salt water and freshwater were in

dynamic equilibrium. The study recommended increasing the annual extraction by

500 million cubic meters to lower the piezometric surface to a level that prevents

waterlogging and soil salinization. This recommendation was based on the results of

a two-dimensional finite difference model that did not account for the seawater

intrusion phenomenon.

In 1991, the total annual groundwater extraction from the Nile Delta aquifer was

2.77 billion cubic meters [23]. The total number of wells was 13,000 compared to

5,600 wells in 1958. In 1997, the annual groundwater extraction was reported as

0.86, 1.6, and 0.56 billion cubic meters for the western, middle, and eastern Nile

Delta regions, respectively [60]. Recently in 2003, the annual extraction rate was

0.9, 2.0, and 0.6 for the 3 regions of the Delta [61]. From the above, it is obvious

that since 1981 the groundwater extraction is increasing annually in a linear fashion

by 0.1 billion cubic meters.

Fig. 25 Piezometric head map of the Quaternary aquifer [58]
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5.3.9 Groundwater Potential in the Nile Delta

The total groundwater potential in each of the three regions was determined using

the TRIWACO model and was calculated as 1.2, 2.4, and 0.71 billion cubic meters

per year for the Western, Middle, and Eastern Delta [58].

The groundwater potentiality of the floodplain can be classified between high and

moderate. Areas with high groundwater potential cover the south and central part of

the Nile Delta. The characteristics of the aquifer (semi-confined) and type and

continuity of recharge (surface Nile water) enable the extraction of large quantities

of groundwater of good quality from shallow depths (0–5 m). Areas with moderate

potential are found in the north where the water salinity is increasing.

In the western fringes, areas with moderate potential are located near the Nile

floodplain, which are characterized by its good water quality. These areas are

irrigated with surface water and/or groundwater. However, the depth to groundwa-

ter and the aquifer productivity are classified as moderate to low. Low potential

areas in the western Nile Delta fringes are characterized by the deep groundwater

and the poor water quality where salinity is more than 5,000 ppm. In areas where

the groundwater depth exceeds 80 m from the ground surface, groundwater exploi-

tation is not economically feasible.

Around the Eastern Delta projects which are irrigated using surface water, private

farmers have reclaimed their land using groundwater. The aquifer has a medium to

low potentiality in these areas. The aquifer is characterized by its limited recharge

and over-abstraction of groundwater.

5.4 Hydrogeochemistry of the Nile Delta Aquifer

5.4.1 Groundwater Origins

The main source of groundwater in Nile Delta aquifer is the Nile, which flows from

the Ethiopian Plateau. Therefore, the groundwater is of meteoric origin. The mete-

oric water of Pleistocene sediments covers all Delta except the coastal area up to N

31� 000 which is occupied by the saline water ofmarine origin coming from either the

Mediterranean Sea or from the old marine deep aquifers. In the Miocene aquifer of

theWesternDelta, the groundwater is ofmeteoric origin, whereas the same aquifer in

Eastern Delta is of marine origin as well. The groundwater of Pliocene aquifer in

Wadi El-Natrun is of marine origin. Groundwater of old marine origin was observed

in areas with old active tectonic movements ascending along fault plains in the

Northern Delta, in the southeastern fringe, and in the northwestern fringe. This type

of groundwater is characterized by the considerable presence of CaCl2. Old meteoric

groundwater was observed along the old passages of Nile tributaries in the eastern

and western fringes. This type of groundwater is characterized by the presence of

Na2SO4.
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Themain sources of contamination of theNileDelta aquifer are agriculture, domestic

and industrial effluent. High concentrations of nitrate (No3
�), sulfate (So4

�2), potassium

(K+), and phosphate (PO3
�4) are caused by the widespread use of chemical fertilizers in

agriculture. The high concentration of trace elements such as iron, manganese, and

aluminum in theNileDeltawas due to the dumping of industrialwastes into the drainage

system.Moreover, septic tanks and the lack of sewage systems inmany rural areas in the

Nile Delta and disposal of domestic sewage directly into irrigation canals and drains

have increased ammonium and BOD concentration in water. A number of testing

samples from the Nile Delta have been taken from groundwater, surface water, and

drainage water. The results revealed that the concentration of most water quality

parameters and heavymetals exceeded theWHO standards. Also, some studies showed

the areas where groundwater is unsuitable for irrigation [62].

5.4.2 Groundwater Types in the Nile Delta Aquifer

Thewater type is classified according to the chemical composition and the hydrochemical

process encountered in the aquifer. Figure 26 shows the different water-type zones in the

NileDelta aquifer. In the southern part of theNileDelta (Pleistocene andMoghra aquifer),

fresh Ca (HCO3)2 and Mg (HCO3)2 groundwater types are found. The chemical compo-

sition and the hydrochemical process indicate that groundwater replenishment is taking

place as a result of the continuous recharge of the aquifer by excess irrigationwater. To the

northwest, north, and east part of theNileDelta, zones of fresh, brackishNaHCO3 andNa

mix water type are present. Refreshing of the aquifer is taking place as a result of the

downward seepage of irrigation water. More to the north and in the eastward and west

direction, a zone with NaCl-type groundwater is found. In this zone, the groundwater is

brackish to saline, but to some extent, the aquifer is still flushed by freshwater. Near the

coast, NaCl to seawater type is found, indicating that the groundwater is invaded by the

saline water from the Mediterranean Sea or affected by the saline groundwater flowing

upward from the deeper aquifers.

The present water-type distribution in the northern Nile Delta has been affected

by the encountered shift of shoreline 20,000 years ago. At this time, the shoreline was

at 125 m below its present level and located about 50 km north of the present coast.

During this period, the coastal region was formed of saline lagoons and depressions.

Following this period, around 10,000 years ago, a rapid sea level rise and a southward

movement of the shoreline occurred. Later, the rate of sea level rise started to decline,

and the Holocene clay cap started to accumulate as an overbank deposit of the Nile

River system. As a result of the Holocene deposits and its depositional evolution, the

salinity distribution in the Northern Delta is highly variable and complex [63].

The salinity of groundwater is changing with changing water levels of the canals

based on analyzing the historical records. From 1957 till 1984, the water salinity

records showed that it was enhanced and the freshwater was dominating and

overcoming seawater intrusion. Also, the groundwater heads were increasing during

this period, and he attributed that to the construction of Aswan High Dam. After

1984, the groundwater salinity started to increase due to extensive abstraction and
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reduction in the flow of the Nile. When the Nile water flow increased in 1990, the

salinity of groundwater reduced again to its former levels. However, in 2000, the

salinity of groundwater increased again due to extensive abstraction and new recla-

mation projects [64]. From period 1992 to 2008 the contour line of 1,000 ppm

became more north in the middle delta. There is an decrease in salinity in the eastern

and northwestern Nile Delta fringes due to increasing recharge from Nubaria and

Ismailia canal as shown in Figs. 26 and 27. There is also a increasing salinity in

Southwestern fringes due to the presence of salty clay layers [54].

In middle Nile Delta: Hussein [65] assessed the impact of industrial activities in the

eastern part of the middle Nile Delta. A number of 75 samples from drinking water

wells, industrial production wells, sewage water and drains of the industrial area

(Quesna) have been tested. Themajor cations and anions and ammonium (NH4
+), nitrite

(NO2
�), phosphate (PO4

�3), boron (B+), and trace elements have been analyzed. The

results showed deterioration in groundwater quality in all production wells located

inside or close to the industrial area due to increasing levels of TDS, Fe, and Al

concentrations. This deterioration of groundwater quality could be related to a number

of causes: factories’ illegal sewage disposal, dump disposal sites, leakage from trans-

portation sewage pipes, leakage from sewage storage tanks, and leakage from El

Khadrawya drain that receives the Mubarak industrial area wastewater. Ghoraba et al.

[66] investigated groundwater quality in the central part of the middle Nile Delta

(El-Gharbia Governorate) through the hydrochemical analysis of 34 groundwater

Fig. 26 Groundwater type in the Quaternary aquifer [58]
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samples (with depths ranging between 13 and 60m) plus 14 samples from drains and 10

samples from canals. The study concluded that the aquifer in the studied area is

vulnerable to pollution. The deterioration of groundwater quality indicated that human

activities caused serious pollution problems, including high nitrate concentrations

within the area except in the northeastern part. The study indicated high concentration

of ammonium in a village located in the central part of El-Gharbia governorate such as

Birma village. The values of ammonium concentration reached 3.3 mg/L which

exceeded by far the drinking water standards (0.5 mg/L). Also, nitrogen pollution was

noticed due to the use of effluents from a sewage treatment plant for irrigation, sludge

and animalmanure, septic tanks, soil nitrogen and chemical fertilizers. They suggested a

management scenario to reduce the contamination in the study area by drilling eight

extraction wells to pump the contaminated groundwater out of the aquifer for treatment.

Abd El-Fattah [67] conducted another study on groundwater in the southern part of the

middle Nile Delta by testing the chemical properties of 80 samples. The study showed

that salinity had values ranging from 296 mg/L to 810 mg/L. A salinity diagram was

used byAbdEl-Fattah [67] to test the suitability ofwater for drinking and irrigation. The

result reflected the suitability of groundwater for irrigation purposes under normal

conditions, while he recommended a set of mitigations for the safe use of groundwater

for drinking, and also highlighted the need for treatment of wastewater before discharge

into the Rosetta branch [68].

Ghoraba [69] and Zeidan et al. [70] studied the groundwater quality management

in middle Nile Delta through a combination of laboratory and numerical modeling

works. Environmental isotope techniques were used to investigate the recharge

sources and the nitrogen compound pollution sources. MODFLOW and MT3DMS

Fig. 27 Salinity (TDS) in groundwater during the periods 1960, 1980, 1992, and 2008 [54]
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were employed numerically by applying the method of finite differences for solving

the three-dimensional problem. The obtained results include the prediction of water

levels and solute concentration value distribution in the area at different times. A

scenario for remediation is proposed.

In west Nile Delta: Sharaky et al. [71] analyzed and assessed the hydrogeo-

chemistry of groundwater in the western Nile Delta aquifers, using a total of

108 groundwater wells, varying in depth from 27.5 to 120 m. It has been examined

and sampled to carry out the physicochemical parameters and chemical compositions

of the groundwater and to obtain additional information on the possible contamination

with major elements, nutrients (NO3
�, PO4

�2, NH4
+) north and westward due to

seawater intrusion and mixing with the Miocene aquifer, respectively. The freshwater

is mainly concentrated in the central-eastern part, close to Rosetta Branch. The higher

concentrations of the anions are chloride (Cl�) and sulfate (SO4
�2) ions, while the

cations are sodium (Na+), calcium (Ca+2), and magnesium (Mg+2). The concentrations

of the major ions are higher than the maximum standard limits according to the World

Health Organization [72]. Masoud [73] examined 451 shallow groundwater samples

for the same area. Most hydrochemical parameters showed very wide ranges. Con-

centrations of TDS (201–24,400 mg/l), pH (6.72–8.65), Na+ (28.30–7,774 mg/l), and

Cl� (7–12,186 mg/l) suggest complex hydrochemical processes of multiple sources.

He explained that the high concentrations of Fe+2, Mn+2, Zn+2, Cu+2, and Ni+2 were

mostly related to their natural presence in water-bearing sediments and/or to contam-

ination from industrial leakage. Also, he reported very high nitrate concentrations

exceeding the permissible limit (50 mg/L) due to wastewater leakage. Morsy [54]

noted that salinity increased by 50–650 ppm from the year 1992 to 2008 in areas

suffering from lowering groundwater levels, such as Khatatba road, Wadi el Faregh,

and Dina farm in the west of the Nile Delta. Increasing levels of groundwater salinity

were also found in the water logging areas in El Nubaria (west of Delta), and Mullak,

Wadi Tumilat, Salhiya (east of the Delta) within a range of 500 to 1,200 ppm.

In east Nile delta: Morsy [54] indicated that the water samples showed contam-

ination with reuse of agricultural drainage water in Sharqia Governorate (Bahr

El-Baqar, Belbeis, and Qalyubeya drain).

6 Summary and Conclusions

Several studies have been carried out to investigate groundwater in the Nile Delta

aquifer.

Groundwater represents about 22% of all freshwater on the Earth; polar ice repre-

sents 77%, while another freshwater in rivers and lakes represents about 0.30%.

Groundwater is considered the second main source of water supply in Egypt after the

Nile River. The Nile Delta aquifer is among the largest underground freshwater

reservoirs in the world. The Nile Delta aquifer is replenished directly by the Nile

water. The Nile Delta aquifer has been extensively utilized and conjunctively used
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with the Nile water to cope with the increased demands due to implementing economic

development plan in Egypt. Increasing groundwater pumping from the Nile Delta

aquifer has led to the decline of the piezometric surface and the increase in water

salinity. This chapter presented an overview of groundwater resources in the Nile Delta

aquifer and investigation of groundwater in the Nile Delta aquifer. It is recommended to

identify all the locations where groundwater wells are operating both official and

nonofficial. Also, evaluation of the efficiency of these wells should be known. There-

fore, the concerning authority can take the needed measure to regulate the use of the

groundwater wells and find the suitable measure to control the excessive use of the Nile

Delta groundwater. This will help to protect the Nile Delta aquifer against severe

saltwater intrusion.

The authors recommend a re-distribution of abstraction wells from Nile aquifer.

Also, the crop pattern should be rearrangement to keep the shortage in the Delta

Nile aquifer to its minimum and to help in keeping groundwater in the Nile Delta

sustainable.
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Land and Groundwater Resources

in the Egypt’s Nile Valley, Delta, and Its

Fringes

El-Sayed Ewis Omran

Abstract The current Egyptian situation is framed by land and water scarcity,

which are under severe pressure. The Nile Delta is one of the most densely

populated deltas in the world. Soil and water resources are at the center of

sustainable development and are critical for socio-economic development.

Nile Delta branches gain water from the aquifer in some reaches and lose water

to the aquifer in other reaches. The flow directions between groundwater and

surface water can change seasonally with variations of the water table level with

respect to the level in nearby waterways. Available data on the evolution of the

salinity of groundwater in the Delta indicate that the construction of the High

Aswan dam resulted in a shift of salinity isolines towards the seashore, and that

current pumping rates have not yet critically affected this balance. Possible local-

ized over-pumping, however, results in “up-coning” of salinity from deeper layers.

Contamination of groundwater by agriculture and more prominently by seepage

from domestic and industrial effluents had already attained worrying levels. This

may jeopardize the quality of the Nile Delta aquifer in the end. The increasing use

of groundwater for irrigation poses a serious threat to food security and could lead

to unaffordable prices of staple foods. Therefore, groundwater overuse rising could

hit food prices. Aquifer depletion can induce significant environmental degrada-

tion, such as land subsidence and seawater intrusion. The amount of non-renewable

groundwater used for irrigation was doubled in Nile Valley and Delta. The annual

groundwater abstraction in the Nile aquifer system and fringes is about 4.6 billion m3.

Another 0.5 billion m3 is abstracted from the desert aquifers and the coastal areas.

Groundwater abstraction is expected to increase to 11.4 billion m3. Model output

revealed that groundwater recharge has not changed significantly over time, while
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pumping has. Because of these trends, groundwater was estimated to be in a deficit of

approximately 24 billion m3 (�15%) in year 2011, compared to year 1957.

Most of the Nile Delta soils are recent alluvial soils. The soils generally have a

light to heavy clay texture. The clay content varies from 40% in the south to nearly

70% in the north. The soils located near the north coast and lakes are of marine and

alluvial deposits. Close to the desert fringe on both sides of the Delta occurs the

desert sandy plains, which are flat to undulating topography. The soils of the coastal

plains and beaches are sandy with some low to medium longitudinal sand dunes.

The salinity problem becomes more severe in the Delta as we approach the seacoast

and lakes, due to the effect of the shallow, saline groundwater and the brackish

water intrusion from the sea and lake. The old and young terraces of both western

and eastern sides of the Nile Delta are of alluvial origin and non-uniform in nature.

Most of the soils are originated from the ancient Nile sediments, which are mostly

derived from igneous and metamorphic rocks of the Abyssinian Plateau. The soils

are alluvial deposits of the Nile Delta (Qatabeya) and valley (Qena), swamps and

fluviomarine-lacustrine deposits (El-Manzala), beach sands (Edku). The old allu-

vial soil is more developed than other soils.

Keywords Egypt, GIS, Groundwater, Land, Virtual Water, Nile Delta, Nile Valley,
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1 Introduction

Climate change is likely to increase the stress on resources, especially soil and

water, which are the most imperative and central factors in agriculture develop-

ment. The current Egyptian situation is framed by land and water scarcity, which is

under severe pressure from increasing populations, fast development, agriculture

intensification, and the degrading environment in Egypt. The contested agricultural

land makes up only 4% of the country. About 95% of the people (93 million in 2016

[1]) actually live on the scarce agricultural land in the Nile Valley and Delta in a

country that is otherwise a desert. With a population density of 1,500 inhabitants

per square kilometer when including the capital [2], the Nile Delta is one of the

most densely populated delta in the world. On the one hand, soil and water

resources are at the center of sustainable and socio-economic development. On

the other hand, water and soil resources are under threat because of the way we treat

it. High Dam has freed the Egyptian Nile Valley and Delta from floods, but also

dramatically confines sediment transport and water availability. Since the 1960s,

the Egyptian Nile is completely controlled by the High Dam and a series of barrages

along its course to the Mediterranean Sea. A Grand Ethiopian Renaissance Dam

(GERD) will put additional pressure on the territory [3]. As our soil and water

resources come under increasing pressure, hard decisions should be made so that

resources are not degraded or tipping points reached.

Water is an irreplaceable resource and it is only renewable if well managed. As

the demand on freshwater increases, consideration regarding non-conventional

water resources consequently increases in Egypt. The demand for adequate and

safe supplies of water is becoming crucial especially in the overpopulated of Egypt.

Water resources in Egypt are the Nile, rainfall, deep groundwater, and desalinated

water complimented by shallow groundwater in the Nile Delta and both re-used

agricultural drainage and treated wastewater as non-conventional water resources

[4]. Eighty-six percent of that water comes from the Nile and around 11% from

underground sources, 2% is recycled [5]. Groundwater plays a vital role in water

supply everywhere throughout Egypt. In the desert regions, groundwater is consid-

ered as one of the key sources for both rural and agriculture water supplies.

Although several aquifer systems exist in Egypt, the most important is the Nile

aquifer system, which covers the Nile floodplain and the desert fringes where 90%

of Egypt’s population lives [6]. In the center of the floodplain, the aquifer is semi-

confined (10 m of silt-clay). However, on the edges of the floodplain and the desert

fringes, the aquifer becomes phreatic. The thickness of the aquifer ranges from

300 m in the south to 800 m in the Delta [6]. Groundwater in the Nile aquifer and

desert fringes is not a resource in itself as it is replenished from the river Nile by

seepage from canals and percolation from irrigation application and infiltration.

The flow direction is, with a few local exceptions, south north. Recharge varies

according to hydrogeological conditions. Extraction from the aquifer is by seepage

to the river and extraction from wells. Increasing abstraction to meet rising demand

has raised concerns about the sustainability of the groundwater resource. The
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annual groundwater abstraction in the Nile aquifer system and fringes is about 4.6

billion m3 [7]. Another 0.5 billion m3 is abstracted from the desert aquifers and the

coastal areas. Groundwater abstraction is expected to increase to 11.4 billion m3

[8], thus these are posing a challenging question to researchers: Are the land and

groundwater resources in the Nile Valley and Delta sustainable? Accordingly, the

main scope of the present chapter is to assess the land and groundwater resources

and its sustainable development in the Nile Valley and Delta of Egypt and its

fringes.

2 Description of the Nile Valley and Delta

2.1 Egypt Gift of the Nile and Egyptians

The Nile in Egypt was drilled as a result of unusual circumstances caused the

Mediterranean basin drying since about 6 million years ago, due to higher Gibraltar

(which linking the Mediterranean with the Atlantic Ocean), and thus the arrival of

water to the Mediterranean sea was stopped. It transforms into a lake, which its

water was evaporated until dried [9]. It was connected as a result of earth move-

ments and volcanic eruptions associated with the formation of the great African Rift

Valley, which led to the formation of lakes Tana and Victoria. In addition, the grace

of God and a gift from God to Egypt caused these ground movements in turning the

water from the Ethiopian highlands to the Nile instead of from the Red Sea as it was

in the past. With this shift in the earth movements, which have formed the Rift

Valley, the Nile River was connected to Africa and the water has been arrived from

the sources. Otherwise, the Nile River has dried up and become like other desert

valleys such as the Wadi Qena and Assiouti and the Egyptian man was not able to

settle down in the valley and not to establish a stable agricultural civilization [10].

Herodotus has said, “Egypt is the Gift of the Nile.” While others believe (and

I am one of them) that “Egypt is the Gift of the Nile and Egyptians together.” The

river passes through several countries starting from the upstream and downstream.

There was no giant civilization influenced in human like ancient civilization. Nile

water cannot make a civilization, but it is the Egyptian man, who controls runoff of

the Nile and digging canals and drains. It has monitored the Egyptian priests’ stars
to calculate the flood, and thus created astronomy. Is there found the people other

than the Egyptian have a calendar for 4,000 years BC?

2.2 Nile History

The Neonile was arrived to Egypt in the declining snow era of the last ice and thus

increased rainfall on the plateau of tropical lakes and the Ethiopian plateau
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especially between 12,500 and 10,000 years ago. It has led to an increase in the

water, which the Nile carries them to Egypt, and began to form its fertile soil in the

valley and delta. It became in its modern form after a series of changes over the Nile

before reaching its current form, and can be summarized as follows [9]:

1. The Eonile (5.4–6.0 million years ago) is being stuffy Nile because of drought

Mediterranean Sea. The first Nile River was created because of the existence of a

great fold (6 million years ago). The Mediterranean Sea dried up and turned into

a desolate desert 6 million years ago because of the closure of the Straits of

Gibraltar. It was then filled with water after a million years of drought (since

5 million years). These changes have had a significant impact on the pre-Nile. It

was not connected to tropical Africa until only 800 thousand years ago.

2. Gulf Sea Development (3.3–5.4 million years ago).

3. The Paleonile or old Nile (1.8–3.3 million years ago) is a local river occupies the

Gulf and followed by the desert developed (0.8–1.8 million years old) turned

Egypt into the desert, the Nile stop the flow.

4. ThePrenile (400,000–800,000 years) is the first Nile in Egypt liaise tropicalAfrica.

5. The Neonile (400,000 years till now) is a period dominated by a river less able

and Communication Africa has become transient. Lake Victoria has been with-

out any connection to the Nile for a long time after its inception and has been

connected to the Nile River only 12,500 years after the height of its level by

26 m. Then the modern Nile was appeared in the Paleolithic and then another

river in the Middle Stone Age and finally the back of the last Nile, which is

currently called the Neonile. It was followed by the present Nile with a sustain-

able flow (12,000 years ago). The current Nile is a modern river born with rains

that followed the decline of the last Ice Age snow (10,000 years ago). The ice age

declined and the water level of the river increased and began to sink the silt that

has been known for 7,500 years.

The River Nile has two sources of water: plateau tropical lakes and Ethiopian

highlands with summer rains. Plateau lakes have five large lakes connected to the

Nile. Some of these lakes are great rift (groove) lakes in the center of the west

(Edward, George, and Albert), and others are large shallow (downward) lakes such

as Victoria and Kyoga [11]. Lake Victoria (Fig. 1) is the largest lake with an area of

about 69,000 km2 (more than double the Delta area and the valley of the River

Nile). Lakes Victoria, Kyoga, and Albert have its present form because of earth

movements that made up the Great African Rift. This is one of the most prominent

geographical phenomena on the Earth’s surface, where a length of nearly 3,000 km,

and its depth varies from place to place [9]. The rivers of the core of the Nile, which

originates from the Ethiopian highlands, include the Blue, Atbara, and Sobat

(Fig. 1), which stems from the volcanic area. Igneous rocks (basalt) are covered

in the Ethiopian highlands, which cover the bulk of the plateau. The average rainfall

is between 1,000 and 1,400 mm a year. The Ethiopian highlands are the source of

most of the Nile water. However, the other water sources, even though it low, it

makes the river flow sustained throughout the year. The lack of water arriving from

tropical plateau was due to the loss of river water in the marshes and the various
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bodies in the region, where the biggest losses of the water were to the sea. Nile

River enters the Egyptian territory near Adindan on the Egyptian–Sudanese border

and holds the river for a distance of about 1,536 km until emptying into the Mediter-

ranean Sea. The total length of the river from Aswan to Ras Delta at Cairo is about

981 km.

2.3 The Nile Delta and Valley Land

The land of Egypt was (before the arrive Nile) covered by the sea from the north

since tens of millions of years (about 60 million years ago). It covered a large part of

the north of Sudan. The sea began to retreat until its beach became the line running

between El-Faiyum and Siwa, and thereafter seaside has become close to the

Fig. 1 Nile River Basin
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current position. Egypt with its lands extending over 1 million km2 is endowed with

varied agro-ecological zones, which represents the greater majority of cultivated

lands of the Nile Valley, as well as, most of the reclaimed desert lands, mainly, on

the western and eastern fringes of the Delta in addition to relatively limited areas at

on fringes of the Valley in Upper Egypt (total areas over 7.5 million feddans). The

Nile Valley system extends from the Mediterranean shores of the Nile Delta to the

north till Aswan in the south over an area extending from 22� to 32� latitude north
under arid and hyperarid conditions.

Egypt has started many national plans to increase its cultivated areas to resettle

the population outside the narrow valley and to build new communities to diminish

hostility of its vast deserts. These potential areas included Nile Delta margins, the

Western Desert, and North Sinai. Nile Delta reclamation projects included

El-Tahrir (west of the Delta) to reclaim 0.2 million feddan, Maryout (near Alexan-

dria) to reclaim 0.1 million feddan, and Nubariah (south of Alexandria) to reclaim

0.2 million feddan [12]. To the east of the Nile Delta, large reclamation projects

were represented by the El-Salam (peace) Canal project, which aimed to reclaim

about 0.6 million feddan in the Eastern Delta and Sinai regions by mixing drainage

water from the Delta agricultural drains with the Nile water in a 1:1 ratio [13]. Fur-

ther to the south, a mega reclamation project; the South Valley Development

(known as Toshka project) was implemented to convey water from Lake Nasser

behind the High Dam at southern Egypt to cultivate 0.5 million feddan by 2017 and

resettle 7 million people in the Western Desert [14].

Soils varied including the fertile deep alluvial soils of the old Nile Valley, soils

of the river terraces at different reliefs which are deep soils with gravelly and

reddish subsoils, in addition to the soils of the fringes including desert calcareous

soils of varied textures and non-calcareous soils characterized with low soil fertility

and inferior soil physical, chemical, and biological properties.

2.4 The Nile Delta History

Herodotus since about 500 BC was the first one to name the Delta, because of the

Latin Delta (▼) character [15]. The Nile basin by nearly 10,000 years has several

branches (nine branches) and then reduced to seven branches, then five, then three,

and finally the existing branches of Damietta and Rosetta. Toussoun [16] collects

and achieves much information about the branches of the Nile. Maps and ancient

manuscripts show that the seven branches were formed during the period leading up

to the big increase happen in the sea level (5,000 years BC), in which the surface of

the sea was low. These branches have been silting in times where the river was

acting a little bit, and therefore the rate of deposition of silt over these branches. As

for the failure silting of Damietta and Rosetta branches that it may be due to the

branches that were ending directly into the sea are destined to inflation and survival,

but the one which was aimed at the lakes are those which have as much atrophy and

silting [17]. Figure 2 shows the old branches of the Nile, which were drawn by
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geographers and historians ancients. The following is a brief on these branches:

(Fig. 2)

1. Pelusiac branch was the main branch, relative to the town of Bellows (Farma).

2. Tanitic branch was the secondary branch and takes named relative to Sais (Sun

Sea). The Tanitic branch deposited material underneath what is now Manzala

Lagoon, and prograded across to present day Port Said.

3. Mendesian branch was the secondary branch, which was taken from the branch

of Alsabenity its course and the original part of the small sea. The Mendesian

branch formed a depositional center under the western portion of Manzala

Lagoon and prograded (advance towards the sea) to the northeast to merge

with the depositional center of the Tanitic branch. The supply of sediments by

these two branches (Mendesian and Tanitic) gave rise to up to 40 m thick

sections of Holocene deposits, currently underlying Manzala Lagoon. Around

1,500–2,500 years ago. These two branches silted up allowing the Damietta

branch to become the largest contributor of Nile sediment flux [18].

4. Phatnitic branch was the secondary branch of Sebennytic, which was taking its

course in line with the lower part of the Damietta branch.

5. Sebennytic branch was the main branch in the center of the Delta and starts at the

top Delta and ends at Borollos tower and its name relative to Spenatios

(Samanoud).

Fig. 2 Old branches and historic cities of the Delta [9]
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6. Bolbitine branch was the secondary branch, which was subdivided from canopic

near Damanhur being in the lower part of the Rosetta branch.

7. Canopic branch was the third main western branch and was ended at Canopus

(Abu Qir).

2.5 Current Nile Delta Description

Nile Delta starts in branching north of the City of Cairo (Fig. 3). The river is divided

into Rashid (239 km) and Damietta (245 km) branches. The average width of the

Rosetta branch 500 m, while the Damietta branch of about 270 m. Damietta branch

and its drained water much lower than the discharge of the Rosetta branch, which

discharges water up to one and half the Damietta branch. Rosetta is erosional

branch, while the Damietta is depositional branch [19]. Environmental conditions

have helped on the speed of the Nile Delta composition. These factors are leveling

the surface of the deposition area, clay aggregates, which facilitates deposition by

salts in seawater, and finally the lack influenced the Mediterranean Sea coast marine

currents because it is one of the semi-enclosed seas. The length of the Delta from

the south to the north (about 170 km), while the base up to about 220 km, an area of

about 22,000 km2 (Fig. 3), twice the area of the valley.

Average rainfall changes from 25 mm/year in the south and central part of the

Delta to 200 mm/year in the northwestern part [20]. Excess rainfall is largely

intercepted by the drainage system and cannot reach the aquifer [21]. The Nile

Delta is among the most populated agricultural areas in the world, with 1,080–1,500

inhabitants per km2 [2, 22], covering nine governments with about 43% of the

Egyptian population (about 39 million inhabitants) [1]. The “old” cultivated lands

Fig. 3 The Nile Delta and its governments and coastal lakes
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are in the Delta and “new” commonly reclaimed desert in the east and the west of

the Delta. Coastal lagoons and lakes (Manzala, Borollus, Edku, and Mariout), salt

marshes, and sabkhas are comprised the northern part of the Nile Delta. They are

usually a low surface of depression composed by the removal of dry and loose

material down to the groundwater level or the capillary water zone [23].

3 Groundwater Resources in the Nile Delta

Of six groundwater aquifers in Egypt (Fig. 4), the Nile aquifer is viewed as a

fundamental source of groundwater abstraction as it represents 87% of the total

groundwater abstraction in the country [25]. The Nile Delta aquifer is one of the

biggest aquifers in Egypt with a total capacity of 500 Bm3 [26], around 15 times the

amounts of water that enters the Delta every year through the river flow itself. The

recharge source of the Nile Delta aquifer is the Nile water leakage from canals,

drains, and the irrigated plots themselves [27]. The conjunctive utilization of

groundwater and surface water plays an essential role during the period of peak

irrigation demand. The amount of water abstraction from the Nile aquifer (Delta and

Valley) was estimated in 2010 at 6.2 Bm3, which is under the safe yield (8.4 Bm3)

estimated by MWRI [28].

The Nile Delta aquifer serves nine governments, and according to FAO [29]

the total irrigated area by groundwater in the Nile Delta would amount to

414, 240 feddan. Little or no land areas are being irrigated with groundwater in

Damietta, Port Said, and Kafr El Sheikh Provinces due to the effect of saline water

intrusion from the Mediterranean Sea into those provinces, and that the higher share

of the groundwater use occurs in El-Beheira governorate. This is due to the inclu-

sion of western new lands (outside the Delta) in the statistics.

Fig. 4 Groundwater aquifers in Egypt [24]
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3.1 The Nile Delta Aquifer Depth

The elements of the Nile Delta aquifer have been perceived by various studies

(e.g., [30–32]). The Nile Delta aquifer is viewed as a semi-confined aquifer shaped

by Quaternary deposits. Figure 5 demonstrates the contour map of the depth

underneath sea level of the lower boundary of the main Delta aquifer. The highest

point of the aquifer is secured by a thin clay layer, which contrasts in thickness and

disappears in some places (Fig. 5). In such places, the aquifer is thought to be

phreatic since its free water surface is exposed to atmospheric pressure. The thin

clay layer changes from 5 m in the south to 20 m in the center and achieves 50 m in

the north of the Nile Delta (Fig. 5). The thickness and lithological contrasts of the

clay layer have a great effect on the degree of hydraulic connection among ground

and surface water [34]. The saturated thickness of the aquifer changes from 200 m

in the southern parts to around 1,000 m in the northern parts [20].

The depth of the groundwater table in the Nile Delta goes between 1 and 2 m in

the north, 3–4 m in the center, and 5 m in the south [35]. Abd El-Fattah [36] studied

the southern part of the central area of the Nile Delta and reasoned that the depth of

water declines towards Rosetta branch (2.5–5 m). Thus, the flow of groundwater

movement is from southeast to northwest towards Rosetta branch in the central part

of the Nile Delta. Morsy [21] drew a regional contour map of groundwater depth

and the piezometeric contour map in the Nile Delta region in 2008 in light of field

observations. Areas with very shallow groundwater incorporate the region between

Damanhur and Lake Edku and the saline depressions south of Lake Manzala, and

near Ismailia. The ground elevation ranges between about 18 m above mean sea

level (AMSL) in the south at Qanater El-Khairia to about 5 m (AMSL) near Tanta

sloping down very gently in a northward direction by an average value of 1 m/

10 km [34]. Besides, the Nile Delta slopes from east to west making the Damietta

branch 2 m higher than the Rosetta branch [37]. According to Attia [38] and Farid

Fig. 5 Vertical cross section (a) at the center of Nile Delta [33]. Contour map (b) of the depth

below sea level of the lower boundary of the main Delta aquifer
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[39], the Rosetta branch is as a discharge stream for groundwater at Kafr El-Ziyat

and Tamalay cities, while it recharges the aquifer in the Edfina and Desouq region.

The Damietta branch gathers water from the aquifer as the groundwater level of the

aquifer is higher than the surface water level in the Rosetta branch [29].

Natural discharge of groundwater by evaporation and/or evapotranspiration

occurs in the low lying areas with shallow groundwater tables as well as small

depressions in the eastern Nile Delta, where water can be taken up by plants or

moves upwards through capillary rise. Mabrouk [35] indicated that the total evapo-

transpiration rate of the Nile Delta using both the irrigation inflow and the aquifer

storage is about 2,000 mm/year. Outflow of the Nile Delta aquifer also occurs

towards the Moghra aquifer, along the fringes of the western Nile Delta. The total

amount of groundwater flowing from the Nile Delta aquifer into the Moghra aquifer

was estimated between 50 and 100 Mm3/year [40]. However, Morsy [21] observed

that the drawdown of the groundwater levels in the Moghra aquifer was between

5 and 15 m due to the extensive groundwater exploitation.

An estimation of the amount of groundwater used in irrigation by Abu-Zeid [41]

was about 906 Mm3/year in the Nile Delta area (326 Mm3/year in the East Delta,

73 Mm3/year in the Middle Delta, and 506 Mm3/year in the West Delta). The total

annual groundwater abstraction for irrigation and drinking in the Nile Delta area

was estimated by Morsy [21] to be 4.9 Bm3 in 2008. She indicated that the

beginning of the increase in abstraction rates was 3 Bm3 in 1992 [40], which was

due to the uncontrolled land cultivation in the reclaimed lands of the western Nile

Delta. Mabrouk et al. [35] indicated that annual abstraction increased linearly by

about 0.1 Bm3 per year, except from the period of 2003 till 2010, when abstraction

increased by 0.2 Bm3 per year.

Fattah and Ragab [42] assess the depth to groundwater in the southern part of

Nile Delta, Egypt (Fig. 6). Depth to groundwater decreases towards Rosetta branch

and decreases close main irrigation canals and El-Rayahat. It ranges between 2.0 m

at the northwest and 10 m at the southeast. Potentiometric heads decrease from the

southeastern part to the north and northwestern parts. They range from 17 m above

MSL at the eastern part to 6 m above MSL close to northwestern part around

Rosetta branch. Groundwater shows low depths (<2.5 m) in areas close to the

Rosetta branch, which indicates high vulnerability to pollution in this area. Areas of

high groundwater depth (> 4 m) indicate moderately vulnerable to pollution. The

general direction of groundwater movement is from southeast to northwest towards

Rosetta branch which acts as a main drain for drainage water of most drains along

its course and that leads to high vulnerability to pollution in the areas adjacent to the

branch.

3.2 Management of the Nile Delta Aquifer

Many researchers have studied the Nile Delta aquifer, using several numerical

models to simulate groundwater flows and to define and analyze the hydrological
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and topographic characteristics of the aquifer. A change in the groundwater level

and salinity has been indicated by several researchers due to the rapid development

of the land reclamation in the Western Nile Delta region. A whole set of studies

testing several development scenarios has been undertaken by different researchers

(e.g., [24, 43–46]). Different combinations of simulations and optimization models

have been used to recommend a plan for the conjunctive use to optimize the benefits

of using both ground and surface water [47, 48]. RIGW/IWACO [40] evaluates the

potential of groundwater in the Western Nile Delta’s New Lands. They proposed

increasing groundwater abstraction from 0.5 to 2.5 Bm3 for the period from 1990 to

2000 [21]. Mohammed [43] used satellite images to assess the increase in the area

under cultivation from 1987 to 1998, and the area developed with groundwater in

the Western Nile Delta between 1990 and 2000. They found an increase in the

cultivated area exceeding that of the development plan of 1990, predicting that

critical areas will face severe groundwater drawdown.

Khater et al. [44] studied the groundwater levels in Sadat City (one of the urban

areas in the Western Nile Delta region), which depends on groundwater as the main

source for irrigation. They indicated that continuous groundwater extraction

exceeded the planned level, causing some hazards on the groundwater potentiality.

Fig. 6 Depth to groundwater in Pleistocene aquifer of the southern part of the Nile Delta, Egypt
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Dawoud et al. [49] test two alternative management scenarios using GIS-based

model for preserving the aquifer system in the Western Nile Delta. They proposed

reducing the surface water inflow while increasing the annual abstraction of

groundwater by about 450 Mm3. Alternatively, they recommended constructing a

canal to increase the annual aquifer storage potential by about 23%. Likewise, Moll

et al. [50] studied different management scenarios for the western Nile Delta

aquifer to satisfy the need for 460,000 feddan of the new land reclamation. These

scenarios studied alternative conjunctive uses for available water resources in the

Western Nile Delta (surface water, groundwater, and drainage water reuse) to

prevent aquifer depletion. They also recommended constructing a canal with

2.1 Bm3 of surface water and the increase of groundwater abstraction must not

exceed 1.0 Bm3/year to avoid aquifer exploitation. Mohamed and Hua [51] devel-

oped a model to simulate the water resources in the Western Nile Delta.

Unsustainable use of groundwater was indicated as the total amount of groundwater

abstraction for irrigation (1.9 Bm3), which was larger than groundwater recharge

(1.54 Bm3). They commented that this situation in the long term will undermine the

capacity and sustainability of the aquifer and will lead to saltwater intrusion into

this aquifer. They recommended reducing groundwater abstraction by 20% in order

to reach a sustainable situation.

Switzman et al. [52] present an approach for generating transient groundwater

model inputs (Fig. 7) to assess the groundwater resources in a highly data-sparse

context of Wadi El Natrun. An ensemble of groundwater model inputs was gener-

ated and used in a 3D groundwater flow (MODFLOW) of Wadi El Natrun’s multi-

layer aquifer system to analyze trends in water levels and water budgets over time.

Model output revealed that groundwater recharge has not changed significantly

over time, while pumping has. Because of these trends, groundwater was estimated

to be in a deficit of approximately 24 billion m3 (�15%) in 2011, compared to 1957.

In the 1990s, a significant trend in water level declines has been observed in

monitoring records, which are directly attributed to abstraction. Over abstraction

of groundwater is directly linked to declines in water levels and depletion of storage

from all aquifers in the area. The problem is most severe in the Pleistocene and

Pliocene aquifers due to their more limited storage capacity and longer history of

being exploited.

Morsy [21] studied the impact of groundwater development plan from the year

1992 to 2008 on the water table and highlighted waterlogging problems in both

western and eastern fringes of the Nile Delta. She noted a drawdown of groundwa-

ter levels in the southern part of the western fringes of the Nile Delta (5–15 m) due

to extensive exploitation of groundwater and lack of recharge. El-Fakharany [46]

tested three strategies for reducing irrigation water supply from canals to El-Saidiya

area (East Nile Delta) and substituting the reduction with groundwater. She exam-

ined the effect of different pumping rates in the long term, seasonal, and inter-

annual strategies and recommended to satisfy 25% of the study area irrigation

requirements with groundwater. In addition, Samak [53] simulated the groundwater

flow at Abu-Kabir district in El-Sharqia governorate (East Nile Delta) using a

numerical model (MODFLOW) to show the effect of the utilization of both
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groundwater and surface water to overcome irrigation water shortages. Ten sce-

narios of groundwater management were evaluated to determine the optimal con-

junctive ground and surface water and the impact of continuous extraction of

groundwater. The best and safest scenario recommended for water management

in the studied area was able to satisfy 30% of agricultural demand from ground-

water for a period of 20 years.

3.3 Groundwater Quality of the Nile Delta

Groundwater in the Nile Delta aquifer is in hydraulic connection with surface water

from Nile River branches, irrigation canals, and drainage network. Therefore

maintaining groundwater quality requires an integrated approach to both ground

and surface water. Many factors contribute to the deterioration of groundwater

quality in the Nile Delta aquifer including: leaching of chemicals and pesticides

from agriculture areas; disposal of industrial waste; over-pumping of groundwater

to meet increasing demand; and seawater intrusion. Saline water intrusion occurs

where saline water displaces or mixes with freshwater [54]. Mathematical and

numerical models have been used to predict salinity distribution within the Nile

Delta aquifer. Atta [55] analyzed the groundwater salinity and found that the range

of groundwater salinity is between 227 and 15,264 mg/l. Farid [56] indicated that

the northern zone is highly saline due to seawater intrusion. Iso-salinity lines distri-

bution in the Delta range from 640 to 45,000 mg/l (Fig. 8).

FAO [29] produced groundwater salinity contour maps for year 2012 (Fig. 8). It

shows a noticeable increase in groundwater salinity all over the Nile Delta and

especially in the middle of the Nile Delta (around Tala City) which has TDS values

up to 3,000 mg/l in 1990, decreasing after 2000 and reaching less than 1,000 mg/l in

2012. This phenomenon is called up coning and happened due to the over extraction

of groundwater and mobilization of the deeper layers of the aquifer.

Farid [56] presented a cross section of the middle of the Nile Delta aquifer

(Fig. 9) which shows the interface between the salty groundwater below and fresh

groundwater above with iso-salinity lines ranging from 1,000 to 35,000 mg/l. This

interface contains gradually mixing fresh and saltwater and is called a transition

zone. Sherif et al. [57] described the Nile Delta aquifer as one of the few cases

where seawater migrated to a distance of more than 100 km from the shoreline.

Laeven [58] indicated that the saline water of the Mediterranean Sea intrudes the

aquifer at a depth of 175–225 m. Ebraheem [59] described that the depth of the

fresh–brackish interface (1,000–3,000 mg/l) exceeds 150 m in Tanta and decreases

northward to 40 m or less between Qotur and Kafr El-Sheikh. South of Kafr

El-Sheikh, the depth of the brackish saline interface exceeds 180 m and decreases

northward to 70 m near Hadadi village. Sakr et al. [60] studied the salinity distri-

bution at the middle of the Nile Delta and indicated that the transition zone of

brackish water (concentration from 2,000 to 10,000 mg/l) and saltwater
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Fig. 8 Groundwater iso-salinity contour (a) map of the Nile Delta aquifer [39] and TDS

distribution (b) map in the Nile Delta in year 2012 [29]
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(concentration >10,000 mg/l) forms a wedge extending into the aquifer to a

distance of 90 km from the coast.

Higher concentrations of major ions such as nitrate, sulfate, potassium, and

phosphate can be caused by the extensive use of chemical fertilizers in agriculture.

Also high concentrations of trace elements like manganese, iron, and aluminum

were found in the old lands of the Nile Delta aquifer due to the dumping of

industrial effluents into the drainage system. Morsy [21] noticed that concentrations

of iron and manganese were higher in the old lands due to the general natural

characteristics of the Nile Delta aquifer and more pronounced in the areas having a

clay cap. She indicated that local contamination from industrial areas also led to

high concentrations of lead (Pb) in the City of Tenth Ramadan (Eastern Nile Delta)

and Sadat City (Western Nile Delta). Also high concentrations of cadmium

(Cd) were found in Mobarak City (middle of the Nile Delta).

Fattah and Ragab [42] assess the groundwater vulnerability to contamination in

the southern part of the Nile Delta. Its vulnerability assessment to delineate areas

that are more susceptible to contamination has become an important element for

water resource management and land use planning. The results of this study can be

utilized to figure out where communities ought to undertake aggressive protection

of the groundwater. These values were reclassified into three classes (Fig. 10): low,

moderate, and highly vulnerable zones.

The high vulnerability zones of the study area are located in the western part of

the study area beside the Rosetta Nile branch. Highly vulnerable rate in such areas

is due to the low thickness of the clay cap layer of Holocene aquifer, coarse texture

of the soil zone, and high downward flows, which allow infiltration of more

pollutants from the upper Holocene to the underlying Pleistocene aquifer. The

risk of vulnerability of groundwater contamination in that area is high. Regional

development planners will benefit from knowledge of local sensitive aquifers.

Moderate vulnerable zones are situated in the center of the study area. Low vulner-

able zones are very much dispersed and are for the most part situated in the center

Fig. 9 Schematic

presentation of a cross

section in the middle Nile

Delta aquifer [56]
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and eastern parts of the study area. Some low vulnerable zones can also be found in

the northwestern part.

For the western fringe of the Nile Delta (Newlands), Sharaky et al. [61] exam-

ined 108 groundwater samples from depths between 27.5 and 120 m. The results

indicated that the concentrations of major ions were higher than the maximum

standard limits according to the World Health Organization. The nutrient content in

phosphates was also higher than the maximum standard values, while nitrate levels

were critical. They concluded that groundwater had good quality and was suitable for

irrigation for all types of soils but not suitable for drinking purposes. Masoud [62]

examined 451 shallow groundwater samples for the same area. Most hydrochemical

parameters showed very wide ranges. Concentrations of TDS (201–24,400 mg/l), pH

(6.72–8.65), Na+ (28.30–7,774 mg/l), and Cl� (7–12,186 mg/l) suggest complex

hydrochemical processes of multiple sources. The high concentrations of Fe2+, Mn2+,

Zn2+, Cu2+, and Ni2+ were related to their natural presence in water-bearing sediments

and/or to contamination from industrial leakage. In addition, very high nitrate

Fig. 10 Vulnerability classification map of the southern part of Nile Delta, Egypt
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concentrations exceeding the permissible limit (50 mg/l) exist due to wastewater

leakage. Groundwater was unsuitable to irrigate regular crops due to high salinity in

most areas close to the sea (Abis, North-Tahrir, Mariut) and west of the Cairo-

Alexandria road (with only the track of land between this road and the Nubaria canal

having access to reasonably good groundwater).

Abd El-Fattah [36] conducted a study on groundwater in the southern part of the

Nile Delta by testing the chemical properties of 80 samples. Salinity had values

ranging from 296 to 810 mg/l. Ghoraba et al. [63] investigated groundwater quality

in the central part of the Middle Nile Delta (El-Gharbia Governorate) through the

hydrochemical analysis of 34 groundwater samples (depths between 13 and 60 m)

plus ten samples from canals and 14 samples from drains. They concluded that the

Quaternary aquifer is quite vulnerable to pollution. The deterioration of groundwa-

ter quality clearly indicated that human activities caused serious pollution prob-

lems, including high nitrate concentrations within the area (except the northeastern

part). They indicated high concentration of ammonium in a village located in the

central part of El-Gharbia governorate (Birma village). The values of ammonium

concentration reached 3.3 mg/l, which exceeded by far the drinking water standards

(0.5 mg/l).

Salem et al. [64] investigated the water quality parameters (iron and manganese)

of the central part of the Middle Nile Delta in El-Gharbia Governorate from 34 well

samples. The results indicated concentrations of iron (0.1–1.33 mg/l) and manga-

nese (0.5–1.45 mg/l) in most samples higher than World Health Organization and

Egyptian Standard. They concluded that the main polluting sources were from

chemicals and fertilizers used in fruit farms, as well as from petrochemical and

industrial activities. Hussein [65] assessed the impact of industrial activities in the

eastern part of the middle of the Nile Delta. Seventy-five samples from drinking

water wells, industrial production wells, sewage water, and drains in the industrial

area (Quesna) were tested. The major cations and anions and the ammonium (NH4
+),

nitrite (NO2
�), phosphate (PO4

3�), boron (B+), and trace elements were analyzed.

Also, Morsy [21] indicated that the water samples showed contamination with reuse

of agricultural drainage water in Sharqia Governorate (Bahr El-Baker, Belbeis, and

Qalyubeya drain).

4 Resources and Quality of the Nile Valley Groundwater

The alluvium underlying the Nile Valley may be subdivided into two units, a clay-

silt layer underlain by a graded sand layer. Graded sand layer ranges in thickness

along the valley from a minimum of 20 m to a maximum of 300 m. It wedges out

laterally at the escarpments, which mark the limits of the valley. Its width ranges

from about 2 km at Aswan, up to about 20 km in some reaches. The layer consists

almost exclusively of sand and includes lenses of both predominantly coarse and

fine sand. The clay-silt layer overlies the graded sand layer. It consists predomi-

nantly of silt and clay, though some lenses of fine sand also occur.
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4.1 Esna Aquifer

The aquifer underlying Esna has been simulated as two layers. The silty-clay cap

represents the upper layer, while the lower aquifer is represented by the sand

aquifer. Interchange between the two aquifers has been simulated through the

specification of a leaky layer, having a vertical permeability of one-tenth the

horizontal permeability of the upper layer. Ghanem et al. [66] study the ground-

water lowering in aquifer systems of Esna City, which is underlain by two layers: a

shallow silty-clay layer and a deep sand aquifer. Both layers are hydraulically

interconnected.

About half of the city’s area is subjected to a high groundwater level, 1 m or less

below ground surface. The areas are strongly affected by elevated groundwater

levels lay in the western and southwestern parts of the city. Results of the simu-

lation model showed that the sanitary drainage systemwill have a positive impact on

the groundwater situation of the city, but some locations will remain with elevated

groundwater table. Thus, a groundwater lowering system consisting of a secondary

tile drainage system and a main covered drain is recommended. The expected

lowering of groundwater levels in the critical areas of the city with the groundwater

lowering system in operation range between 0.5 and 1.4 m. The critical area (depth

to groundwater <1.0 m) is expected to be reduced to about 10% of its present area.

The simulation of the combined effect of the groundwater drainage system and the

sanitary drainage system showed that expected lowering of groundwater levels

ranges between 0.6 and 1.7 m, with a minimum depth to groundwater table of

1.50 m. El-Fakharany and Fekry [67] assess the impact of the barrage effect on

groundwater aquifer in Esna. The minimum depth to shallow groundwater table

reaches about 1.0 m and the maximum one reaches about 5.94 m (Fig. 11).

Faid [68] detects and identifies groundwater aquifer in Esna. The study area is

covered with Quaternary deposits of sand and gravel with thin clay interbeds. The

study reveals that the typical stratigraphic column and geophysical survey

(geoelectric) in the region shows various aquifers. Distinction can be made for

the Quaternary and Plio-Pleistocene (Fig. 12). The maximum thickness of the first

aquifer is 180 m, while for Plio-Pleistocene is 90 m. The Plio-Pleistocene aquifers

vertically recharged from infiltration of irrigation water in the reclaimed areas, and

some from wadis and rainfall during the occasional cloud bursts. Lateral inflow

from limestone aquifer and vertical one from the deeper aquifer recharge it also.

4.2 Luxor Aquifer

Ismail et al. [69] integrate geological/geophysical/hydrological study to identify

and map different geoelectric (geologic/hydrologic) units in the shallow subsurface

(<100 m), and determine the rise of groundwater and its accompanying increase in

salinity in Luxor. Groundwater flow paths were from the newly irrigated areas
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outside Luxor back towards the River Nile, which causes the groundwater to

elevate in the area (Fig. 13). The regional increase in groundwater salinity was

found to coincide with the flow paths, towards the River Nile in the same direction

of the groundwater flow.

The thickness of the second geoelectric unit increases towards the River Nile,

and thins and pinches out eastward (Fig. 13). However, this unit is anomalously

thicker (12–28 m) underneath the area of Luxor Temples, where it may have been

Fig. 11 Depth to shallow groundwater in Esna [67]
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deposited in a paleo-meander of the River Nile. This anomaly is significant and

must affect the local hydrologic environment. This could include reducing the

potential capillary water rise, decreasing the groundwater lateral flow, reducing

the vertical drainage of surface water, and increasing the salinity near the paleo-

meander. The third geoelectric unit is characterized by relatively high resistivity

(17–95 Ω-m; Fig. 13) and significant thickness (10–60 m). It represents the sand,

silt, and gravels forming the Quaternary aquifer.

This geoelectric unit exhibits significantly higher resistivity than the overlying

silty clay and the underlying sand and clay of the Plio-Pleistocene aquifer. These

resistivity contrasts allowed for the determination of the thickness and resistivity of

the unit. Resistivity values within the third unit generally decrease towards the

River Nile. This decrease in resistivity could be caused by a general increase in

groundwater salinity in this direction and/or lateral lithologic changes. It was

verified using the groundwater salinity data.

4.3 Qena Aquifer

Selim [70] studied areas located at the east of the Nile. It is located within the

transitional zone between the eastern desert and the Nile Valley. Two major wadis

in the south valley region (Wadi Qena and Wadi El-Mathula) bound it. The

Quaternary sediments in the area between Wadi Qena and Wadi Mathula represent

an important aquifer both in the floodplain area and in the desert fringes. Nubian

Sandstone rocks represent another aquifer, in which groundwater exists under high

artesian condition. The potentiometric map reveals that the Quaternary aquifer,

Fig. 12 Aquifer distribution map (a) and aquifer potentiality map (b) in Esna [68]
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Fig. 13 (a) Isopach map of the second geoelectric unit (moist silty clay); (b) Resistivity map of

the third geoelectric unit (graded sand and gravel of the Quaternary aquifer) in Luxor area [69]
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under the floodplain area, has water level in the range from 65 to 70 m (above sea

level), while it varies from 70 to 115 m under the desert fringes and along the wadis.

The flow direction of groundwater is from the desert fringes to the floodplain areas.

The source of groundwater recharge is mainly from the irrigation system in the Nile

Valley and secondary from the underflow from the catchments areas of Wadi Qena

and Wadi El-Mathula, which receive heavy rainfalls during the winter months

every few years. The aquifers are discharged by pumping from the drilled wells,

which used for irrigation purposes, as well as by seepage to the Nile River.

Groundwater salinity of the Quaternary aquifer varies from fresh to brackish,

which has an average TDS value from 728 to 3,308 mg/l. In the Nubian Sandstone

aquifer, groundwater salinity ranges from 1,531 to 2,187 mg/l. The water chemistry

of the study area indicates that sodium ions represent the main dominating cation,

while chloride and sulfate are the main dominating anions. The high concentration

of these ions in the groundwater of the desert fringes may be related to leaching

processes of highly soluble minerals, which have high effect in the geochemistry of

groundwater in its flow path.

Abdalla et al. [71] study the quality of the Quaternary aquifer at Qena. This

aquifer is extensive and highly productive. It is distinguished into semi-confined

conditions under the cultivated areas and unconfined conditions under the new

reclaimed areas at the desert fringes on both sides of the Nile Valley. The aquifer

thickness decreases from 300 m at the northern boundary to a few meters in the

southwestern boundary of the study area. This aquifer can be categorized into the

Holocene aquifer, which composed of clay, silty-clay, and clayey-silt deposits and

graded sand and gravel intercalated with clayey lenses (Fig. 14). The Holocene

aquifer including the phreatic groundwater that constitutes the base of the cultivated

lands with thickness varies from 12.5 to 26 m in the western bank of the River Nile.

The main component of recharge of the aquifer is the seepage from irrigation

canals, subsurface drainage from irrigated lands, and upward leakage from the

deep aquifers through fault planes. The depth to groundwater in the Quaternary

aquifer as measured from some available wells varies from a few meters to about

30 m below ground level. The groundwater flow in the aquifer decreases gradually

towards the Nile. The River Nile is acting as a discharging line for the Quaternary

aquifer as the groundwater levels are higher than those of the River Nile except at

the upstream of the barrages.

Many locations in the study area are highly polluted and need urgent measures to

protect the Quaternary aquifer and mitigate further pollution. Lack of sewage water

systems at rural areas, improper application of wastewater treatment plants as well

as uncontrolled use of agrochemicals is the main factors responsible for ground-

water pollution. Nitrates, phosphates, ammonia, and E. coli bacteria pollute ground-
water sources. Groundwater quality varied from locality to another concerning its

suitability for drinking purposes according to the World Health Organization and

by Egyptian standards. Most of the collected groundwater samples are not suitable

for drinking purposes. It is suitable for irrigation purposes with limited restriction.

The study recommended management of pollution sources including application of

Land and Groundwater Resources in the Egypt’s Nile Valley, Delta, and. . . 69



agrochemicals and controlling the seepage of wastewater from rural areas as well as

management of wastewater treatment plants.

Present conditions indicate that groundwater of Quaternary aquifer will become

more worsened unless urgent measures are taken. To protect the Quaternary

groundwater aquifer and mitigate the risk of pollution, the following recommenda-

tions should be followed:

1. Managing the application and use of the hazardous fertilizers and pesticides.

2. Controlling the use of groundwater for irrigation at the desert lands to avoid

salinity hazards.

3. Using surface water for irrigation and leaching soils at the desert lands to

mitigate salinity and hardness of groundwater.

4. Management of wastewater treatment plants by selecting the best safe locations

and managing the processes of wastewater treatment.

5. Determining the vulnerability of Quaternary aquifer to pollution to determine

the priority areas to be managed.

6. Continuous monitoring of pollution and degree of water quality degradation to

help in decision-making.

4.4 Sohag Aquifer

Esam et al. [72] compare of the groundwater in the West Tahta, Upper Egypt in

1989 and 2011 where they found the Nile Valley characterized by one aquifer

Fig. 14 TDS distribution in the groundwater quality of the Quaternary aquifer at Qena
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system (Quaternary aquifer), which consists of fluvial sands with minor conglom-

erate and clay. It is capped with the Neonile silt and fine-grained sands that

constitute the base of the cultivated lands. Along the eastern and western fringes,

the recent sediments replace the Neonile silty layer. Therefore, the aquifer system

in the floodplain is under semi-confined condition, but in the desert fringes, it is

under unconfined condition. The penetrated thickness of the aquifer system varies

from 150 m in the central part of the floodplain to about 50 m in the desert fringes.

The water depth was increased in the study area from 1989 (1–48 m) to 2011

(5–60 m). The extensive withdrawal of groundwater with rare recharge as well as

the dissolution of limestone leads to increase in the water salinity. In 1989, it varied

between 205 and 2,880 mg/l, while in 2011 it reached to 4,448 mg/l (Fig. 15).

4.5 Assiut Aquifer

El Tahlawi et al. [73] used two DRASTIC models, which are generic and pesticide

to get groundwater vulnerable levels to pollution in the Nile aquifer along Assiut

governorate. It reaches the northern edge of Sohag Governorate at latitude 27�

370 N and extends the southern edge of El-Minia Governorate at latitude 26� 470

N. It is bordered between longitudes 30� 370–31� 340 E, as shown in Fig. 16. River

Nile divides the study area into a western and an eastern part. In general, the land

surface in the fringes of both parts of slopes towards the River Nile. The sharp

declination is the main feature of the fringes because of the limestone plateau,

Fig. 15 (a) Water table contour map 2011; (b) Iso-salinity contour map 2011 of West Tahta [72]
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which limits the area from the east and the west, except of the northwestern part that

has a moderate slope [19]. There are some wadis joined with the study area like:

Wadi El-Assiuti and Wadi El Ibrahimi in the central east, Wadi Abu Shih in the

southeast.

Fig. 16 Groundwater vulnerable levels to pollution in the Nile aquifer along Assiut governorate.

Depth to water map (a), vulnerability map of Nile aquifer (generic DRASTIC model) (b), net

recharge of the Nile aquifer map (c), and vulnerability map of Nile aquifer (pesticide DRASTIC

model) (d) [73]
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The purpose of the vulnerability study is to spot the light on those vulnerable

areas by decision makers to protect groundwater. Groundwater vulnerability maps

of generic DRASTIC model show that moderate vulnerable and highly vulnerable

covers the majority of the study area; where 55.2% of the area are moderately

vulnerable and 35.4% has high level of vulnerability. However, in the vulnerability

map generated by pesticide DRASTIC model, the results concluded that about 64%

of the study area has an extreme to high vulnerability to contamination, 34.6% has a

moderate vulnerability, and small areas occupy about 1.4% and has a low vulner-

ability. The water depth of the majority of the study area ranges from 1.6 to 4.5 m

and from 4.5 to 9.5 m (Fig. 17).

Waleed et al. [74] evaluate the groundwater aquifer in the area between

El-Qusiya and Manfalut, which represent a large part of the Nile Valley in Assiut

governorate using vertical electric soundings technique. Maps of the aquifer base

and its thickness were constructed to display the variations of the aquifer thickness.

Based on data of true depths deduced from the interpretation of the vertical

electrical soundings a contour map of the aquifer base is constructed and shown

in (Fig. 17). The interpretation of this map indicates that the greater depth to the

aquifer base is located at the central parts of the study area and decreases outward

(i.e., to the East and West). The maximum depth is recorded near Manfalut City,

where it reaches 300 m from the ground surface. While the minimum depth is

recorded at the east of El-Qusiya City, where the depth ranging between 150 and

100 m below the ground surface. The thickness of the Quaternary aquifer ranges

between 75 and 300 m, in which the maximum thicknesses are detected around

Manfalut and at the west of El-Qusiya. Generally, the central parts of the map have

greater thickness than the outside parts and the western parts than the Eastern also.

Fig. 17 The depth to the base of the Quaternary aquifer (a) and aquifer Isopach map (b) in the

area [74]

Land and Groundwater Resources in the Egypt’s Nile Valley, Delta, and. . . 73



4.6 El-Minia Aquifer

Salem [75] studied the hydrogeological settings of the topmost aquifers along the

area lying west of Samalot (El-Minia Governorate). The area of study extends

between longitudes 30� 200 and 30� 450 E, and latitudes 28� 100 and 28� 300 N. The
middle Eocene (Samalot Formation) fractured limestone is the available water-

bearing rocks in the investigated area. The maximum penetrated thickness reaches

225 m. It occurs under free water table conditions. The fracture density, caving and

fissuring, controls the geometry of the aquifer. The depth to water ranges between

109.43 m to the west and 14.30 m to the east (Fig. 18). The groundwater flows to the

east and northeast towards Abo Edahab irrigation canal, which acts as a discharging

area rather than recharging one. An annual drop in water level occurs. It ranges

between 0.5 and 2.45 m (Fig. 18). The aquifer transmissivity ranges between

4394.9 m2/day and 3515.929 m2/day (high potentiality) along the eastern parts.

However, it ranges between 274.68 m2/day and 15.13 m2/day (moderate

Fig. 18 Hydrogeological settings of the Samalot Formation aquifer (El-Minia Governorate).

Water table contour map (records of august 2015), annual drop in groundwater level, trans-

missivity isolines map, and iso-salinity contour map [75]
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potentiality) in the western parts (Fig. 18). Most of the analyzed groundwater

samples are of sodium chloride and some of sodium sulfate water type.

4.7 Giza Aquifer

Gedamy et al. [76] detect pollutants in groundwater and their impact on human

health at El-Saff area which occupies the southern position of Giza governorate.

El-Saff area extends along the eastern side of the Nile River between latitudes 29�

300–29� 450 N and longitudes 31� 150–31� 250 E. Its location is just to the south of

Helwan area, which includes many factories for iron, steel, and cements production.

These factories constitute sources for water resources pollution besides El-Saff

wastewater canal and polluted agricultural drainage water. The surface water

system in the study area comprises Nile River, El Khashab, and El-Hagar canals.

The groundwater is represented by the shallow Quaternary aquifer. The major

threat to the water resources in El-Saff area is coming from the polluted sewage

water and drainage water, which are considered very serious to people’s health.
Groundwater has Hg2+ (0.003–0.033 mg/l), which is greater than the acceptable

limit of pollution. Also, 22% of the groundwater samples are contaminated with

Fe3+ (0.4321–1.77 mg/l), 14% of the water samples are polluted with Mn2+

(0.4028–0.5156 mg/l) and Al3+ and Zn2+ ions (0.337 and 9.84 mg/l, respectively),

which exceeded the permissible limit of pollution. These results confirm that there

is a seepage from El Khashab and El Hager canals as well as from El-Saff

wastewater canal that contains relatively high soluble metals as well as downward

infiltration of excess amounts of irrigation water rich in fertilizers and pesticides to

the groundwater aquifer. Quaternary aquifers recharge sources are the seepage from

Nile water and downward infiltration from the excess irrigation water of cultivated

lands as well as the seepage from canals and drain. El-Saff wastewater canal was

generally dug in the Pliocene clay sediments and sometimes cutting the foot slope of

the eastern limestone plateau. These rocks traversed by many wadi courses. Wadi

deposits that fill these courses facilitate the arrival of the canal water not only to the

old cultivated lands but also to the Nile course itself. The consequent water level

contour map shows that the movement of groundwater takes place essentially from

east to west, i.e., from the new reclaimed area around El-Saff canal (+71 m) to the

old cultivated lands (+26 to +24 m) near the Nile River (+23 m) since the latter acts

as a discharging area for the former. In addition, the results of the geoelectrical

survey in Ghamaza area reveal that the groundwater exists at shallow depths

ranging from 7.5 to 10.8 m and the sedimentary section above the water table

consists of gravel and sand, which permits seepage and filtration from the disposal

site to the groundwater.
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5 Land Resources in the Nile Valley and Delta

Egyptian Nile River basin includes Delta and Valley, El-Faiyum, and Lake Nasser.

Fluvial sediments and soil that covers the Delta and Valley and some parts of

El-Faiyum are the result of the annual precipitation for the silt from African

headwaters of the Nile before the construction of the High Dam. Fluvial sedimen-

tary soils of El-Faiyum were considered the Egyptian Nile River Basin, due to

contact El-Faiyum with Nile River by Joseph Sea. As for the area of Lake Nasser

the situation is different, it has been put the Lake Nasser area within the Egyptian

Nile River basin as a geographic and not because the soils are sedimentary, because

most soils around Lake Nasser is not sedimentary soils except soils of khors and

wadis, such as Khor Karkar, Khor Kalabsha, Khor Toshka, and Khor Allaqi where

these khors were filled with water and mud during a flood before the construction of

the High Dam. Therefore, there are the fluvial sedimentary soils. As for the soils in

areas around the lake are mostly composed of local rock deposits that are not

affected by the presence of the Nile at high levels.

5.1 Soils of the Nile Valley and Delta

Soils of Delta and Valley consider the most fertile soils. The ancient Egyptian

civilization was placed on the banks of the Nile River. Most of the agricultural areas

are concentrated in the Delta and Valley. The majority of the planting areas were

located west of the Nile. The cultivated areas east of the Nile were much lower than

in the west Bank of the Nile (Fig. 19). The river between Aswan and Cairo always

has a tendency to adhere to the right side of the valley. It does not rotate to the left

side of the river until it reverts to the right side. This phenomenon is not clear in

Qena, where the river runs away from east to west. However, it is apparent from a

distance in particular between Manfalut (Assiut) and north of Cairo. In Minya and

Beni Suef, for example, the sedimentary plain is situated on the left side. However,

on the right side, the river is hardly separated from the desert. This implies that the

river through its sediments on the left side dissolves in the carving of a small part of

the right side so that the plain on the left. On the right side, there is a cliff and a

desert plateau.

Delta and Valley soil properties (Fig. 20) vary depending on its geographical

location. For example, the northern parts of the Delta and near the northern lakes

are high salinity, unlike the central and southern areas in the delta is less salty. Also,

the eastern and western edge parts of the valley and adjacent to the desert differ in

their properties on the parts located in the center of the valley. Delta and the valley

soils are very poor in organic matter content (0.5–2%), and contain very small
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amounts of CaCO3 (1–4% or a bit more), and clay vary from 40% or less to 70%.

The following is the different soil mapping units for the Nile Valley and Delta [78]:

1. Recent fluvial sedimentary soils include light to heavy very dark brown clay

soils and clay loam to sandy loam soils, sometimes coarse sand in the surface

layer (the shoulders of the river).

2. Fulvio marine sedimentary soils include heavy, very dark brown clay soils, and

clay to clay loam brown soils at the depth of 50–120 cm above the shells mixed

with bluish layers of sand and clay.

3. Under Deltaic soils include yellow sandy soils and gray sandy or faint soils,

sometimes sandy loam to clay loam in the middle layers.

4. Desert plain soils include sandy soils and loam sand to clay loam dark brown

over yellow sand, flat.

5. River terraces soils include faint sandy limestone soils mixed with pebble and

gravel of various sizes and undulating surface.

6. Marine sandy beach soils include sandy often submerged and hills of sand deep

mid-rise.

Fig. 19 Satellite image shows the majority of the planting areas were located west of the Nile. The

river between Aswan and Cairo always tends to adhere to the right side of the valley
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Fig. 20 Simplified soil mapping units adjacent areas of the delta and valley [77]
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However, the delta soils were divided into eight mapping units based on soil

data and surface terrain database [79]: (1) Sandy to clay soils, high salinity, slope

2% – Aquolic Salorthids. (2) Sand dunes. (3) Sedimentary marine, clay, high

salinity – Vertic Ustifluvents. (4) Fine clay, high salinity, slope 1% – Typic
Ustifluvents. (5) Sand, high salinity, slope 2% – Typic Torripsamments. (6) Clay,
non-saline, slope 1–2% – Typic Torrerts. (7) Sandy loam, non-saline, slope 1–2% –

Typic Torrifluvents. (8) Clayey, high salinity, slope 2% – Typic Salitorrents.
Figure 20 shows the soil mapping units adjacent areas of the delta and valley [77].

The laboratory analyzes showed that the Delta soil ranging from light to heavy

clay, and that the percentage of clay ranging from 40% in the south to about 70% in

the north (Fig. 21a). Most Delta soils are non-saline (Fig. 21b), but the salinity

problem becomes more serious as we get closer to the sea, lakes, beach due to high

groundwater level as a result of salty seawater and lakes nominated in the sur-

rounding soils. Figure 21c shows the groundwater depth of Delta soils, where the

groundwater depth of up to more than 150 cm in most of the southern part. The

shallower northern part is near the coast and lakes. In general, the layers beneath the

soil in the northern areas are wet, exhibiting the Mottling phenomenon, and have

the gley horizon because of poor ventilation and poor drainage.

5.2 The Soils of El-Faiyum Depression

El-Faiyum depression lies in the western desert of Egypt close to the Nile Valley

with a distance of 40 km. It lies to the southwest of Cairo at a distance of about

90 km. The depression is situated between the altitudes 20� 340 and 29� 20, while the
City of El-Faiyum – the capital – lies between 29� 180 altitude to the north and 30�

500 longitude to the east. The depression is bordered by Qattrani Mountain, to the

south of the Libyan desert. On the eastern border, it is connected with the Nile by

Bahr Hassan Wassif and the main desert highway (about 92 km) joining the

northeast of the depression with Cairo (Fig. 22). The depression is surrounded by

the Libyan desert except for a very narrow cultivated strip connecting it with the

Nile Valley and with lake Qarun to the north. El-Faiyum depression has, in general,

an extremely arid climate characterized by long dry and hot summers and short

nearly rainless and cold winters [80]. The Nile water is considered the main source

of irrigation in El-Faiyum by Joseph Sea. The water of agricultural drainage

disposes in Lake Qarun while remaining part disposes in El-Rayan Valley (Fig. 22).

El-Faiyum is a deep circular depression in the limestone of the northern part of

the western desert. The soils of the area comprised in the El-Faiyum fan, the recent

lake terraces, the old lake terraces, the older lake terraces, the depression edges,

El-Faiyum plain, the Ghrak basin, and the old wadis. These soils have been

developed from three types of parent materials, namely the Nile deposits, lacustrine

deposits, and the calcareous deposits. Because of the differences in the nature of

soil parent materials, these soils reflect different physical, chemical, and morpho-

logical characteristics. These soils are young and show weak horizon differentiation
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Fig. 21 The morphological properties (a), soil salinity (b), and groundwater depth (c) of the Nile

Delta [78]
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with the absence of diagnostic horizons other than salic, gypsic, and calcic hori-

zons. Dominant pedogenetic processes are salinization, translocation of iron oxides,

and probably transformation of minerals [81].

With regard to the main soil characteristics of El-Faiyum Governorate, many

authors studied these properties [44, 80, 82–87]. El-Faiyum soils have divided into

the following units [88]:

1. Soils with diagnostic horizons, such as the salic horizon, gypsic horizon, and the

calcic horizon, which include: (a) Fluvial sedimentary soil, and have accumula-

tion of calcium carbonate horizon. (b) Soil containing gypsum and CaCO3

horizons, located near the eastern edge of the depression. (c) Soil with salic

horizon, mostly on the coast of Lake Qarun, which is the lowest part in

El-Faiyum, consists of fluvial deposits, high water table, salt crust on the surface,

and most of which is not cultivated.

2. Soils do not have diagnostic horizons, which include: (a) Sandy soils are at low

edges and mostly not cultivated due to the high water level. (b) Fluvial sedi-

mentary soils, occupy a relatively large area in the center of the depression, have

silty sand to silty clay texture, low salinity, and a large part is cultivated with

citrus and other.

3. Heavy clay soils, most of low depression, consist of river sediment and salinity

varies from region to region.

From the soil association map of Egypt [89], the Nile alluvium soils are the

major in El-Faiyum depression as well as stony and loamy sand lithosols on rough

to undulating denuded terrain that developed mainly from limestone. These soils

could be grouped, in general, into Nile alluvial fluvio-lacustrine, residual regosols

and lithosols (Fig. 23). The soil parent materials are of two kinds: transported

or residual. In both types, there is not much difference and it is only confined to

the formation of salic, gypsic, calcic, and gley horizons. El-Faiyum soils belong to

the three orders vertisols, entisols, and aridisols. Abu El Einane [91] stated that the

Fig. 22 Landsat color image of El-Faiyum depression

Land and Groundwater Resources in the Egypt’s Nile Valley, Delta, and. . . 81



calcareous parent material is the prevailing arid climatic conditions and relief is

mainly considered as the limiting factors affecting the soil forming development

processes in El-Faiyum.

Abdel Aal [92] studied the soils of different geomorphic features of El-Faiyum

area. Morphological and analytical studies reveal that, on geomorphical basis,

four geomorphic units El-Faiyum depression were recognized, namely (a) the

El-Faiyum fan, (b) El-Faiyum plain including the flood and elevated features,

(c) the El-Faiyum lake terraces including the recent, old, and older features, and

(d) El Gharak basin. There exists a mutual relation between geomorphic aspects and

either geogenic processes or pedological characteristics. Most of the soil properties

can be interpreted by the climatic fluctuation between humid and arid conditions in

both Pleistocene and Holocene. Therefore, some areas are characterized by recently

formed and weakly developed soil without any diagnostic horizons due to the

Lithology Geomorphologic units

Fig. 23 Geological map of El-Faiyum and surrounding areas [90]
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dominance of cumulization processes, which causes additions of new Aeolian or

aqueous sediments under arid and humid conditions. Most of the studied soils are

apparently formed from aqueous media, together with Aeolian origin, which was

seemingly obvious in some localities lying on middle part (Faiyum fan) or at the

edges of the depression (older lake terraces). The general conclusion, however, is

that soil development as expected is weakly or not so pronounced, except for soil,

which achieve some pedological diagnostic horizons. Hanna and Labib [93]

showed that the soils located near the desert fringes of El-Faiyum depression are

formed from fluvial-colluvial-aeolian sediments, while those near Qarun Lake are

mainly formed from saline lacustrine deposits. They added that these soils have a

sandy clay loam to loamy sand and clayey textures for the desertic formations and

those near the Lake, respectively.

Soils adjacent to Qarun Lake include three geomorphic units, which are Nile

alluvial deposits, desertic formation, and interference zone between lacustrine and

desertic deposits. The soils south of Qarun Lake have been developed under arid

conditions with different parent materials. Drainage played a major role in the soil

formation through the effect on the soil salinization. In addition, Shendi [85] noted

that the soil forming processes are salinization, calcification, alkalinization, illuvi-

ation, and gleization in these soil. The main soil forming factors in this area are

parent material, climate, and topography. Studies of Kassem and Elwan [94] on

these soils showed that these soils were developed under either stratified condition

or multi-depositional regime. They also indicated that the amount and type of

minerals assemblage reveals the origin of these soils, which could be related to

lacustrine as well as post-lower Paleolithic Nile deposits.

The geographic location of the different soil types can be attributed to the

distance to Qarun Lake in the northwest and thereby the frequency and severity

of flooding [9]. Figure 24 displays the soil map of El-Faiyum. Vertic Torrifluvents
are the dominant soil subgroup in El-Faiyum, covering an area of 760 km2 (43% of

the study area). Other important subgroups are Typic Haplocalcids (421 km2, 24%)

and Typic Torrifluvents (141 km2, 8%). The rest of the soil subgroups (Typic
Haplogypsids, Typic Haplosalids, and Typic Torripsamments) are found in small

areas and all together cover approximately 11% of the study area. Most of the

cultivated soils in El-Faiyum province are deep Nile alluvial loam to clayey soils. In

addition, calcareous clayey and a part from the sandy soils are found as patches in

the depression edges. A general discussion of such types was provided by Shendi

[85] who classified the soil types in this area in five major units: Nile alluvial soils,

fluvio-lacustrine soils, fluvio-desertic soils, lacustrine soils, and desert soils.

The main identified soil deposits in El-Faiyum depression are: (a) Nile alluvial,

(b) fluvio-lacustrine, (c) fluvio-desertic, (d) recent and old lacustrine, and

(e) aqueous and Aeolian desertic formation. Nile alluvial deposits are mainly

occupied the eastern-south and middle parts of El-Faiyum depression. Fluvio-

lacustrine deposits occupied a large area, which exists in the eastern and southern

rims of Qarun Lake. The general mineral assemblage and ratios of resistant

minerals may be interpreted the heterogeneity of the parent materials, which prior

to inception to geogenetic weathering, as well as the contribution of a basic source
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rock. It is rich in the ferro-magnesium minerals, together with the Nile suspended

matter in forming a multi-origin profiles. Fluvio-desertic deposits occupied a small

area at the outer rims of El-Faiyum depression, especially the western and eastern

ones. Representative soils are characterized by heterogeneity nature of the parent

materials; therefore, these deposits possess quite different textural classes that

reflect the fluctuation in the lithological and environmental conditions during the

profile formation. Recent lacustrine deposits are located at the present shoreline

area of Qarun Lake. The frequency distribution of minerals and ratios of resistant

minerals within the profile layers indicates multi-depositional stages, as well as a

multi-origin profile and advanced stages of geochemical weathering. The suite of

minerals of the old lacustrine deposits reveals that these deposits are subjected to an

intensive chemical weathering for a long time and formed under multi-depositional

regimes. Aqueous desertic deposits are located in the northern-east area. Unique

depositional and mineralogical features that are differed from those of Nile and

El-Faiyum deposits characterize these deposits. Aeolian desertic deposits occupied

the northern-east and west area. These deposits are mainly derived from acidic

plutonic rock with a little contamination from a metamorphic source rock. Also,

these deposits have a relatively low index figure, an elementary weathering stage,

almost uniform origin, and similar depositional environments [96].

Fig. 24 Soil map of El-Faiyum [95]
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From the study of soils that covered the main fluctuation in the environmental

conditions of El-Faiyum, Awadalla [97] explained the mode of soil formation, soil

origin, and profile uniformity. The soil deposits are of a poorly sorted nature,

indicating that these sediments are mainly transported and deposited in aqueous

media by water agent. The exception condition of the uppermost layers at fluvio-

desertic formation soil exhibits an improvement in sorting coefficient, as it is

qualified as a moderately well sorted or moderately sorted nature, indicating the

combination effect of the Aeolian deposits, which transported by wind from the

adjacent desertic formation. The assemblage and frequency of heavy minerals

identified in the soil sediments developed on the Nile alluvial denote the low

value of the index figure and the moderate content of parametamorphic minerals.

These deposits are originated from igneous and metamorphic rocks, mostly related

to Abyssinian plateau, basaltic-Sudan, and granitic-Aswan regions. However, soil

sediments of both recent lacustrine and fluvio-lacustrine, which are dominated

by ferromagnetism silicate minerals together and less pronounced amounts of

parametamorphic ones, may be due to a basic source rock. Also, the high values

of both index figure and opaques together with moderate content of ferro-

magnesium minerals in the deposits of old lacustrine soil may have stress on their

calcareous in nature, as well as, the possibilities of enrichments from a basic source

rock. Concerning the deposit of the fluvial-old lacustrine, obtained data indicated a

moderate content of ultra-stable minerals (zircon, rutile, and tourmaline) that

occurred in the surface layer, which confirms the characters of the Aeolian desertic

formation. Regarding uniformity ratios and weathering values, results obtained

indicate that soil sediments of Nile alluvial, recent lacustrine and desertic formation

soils exhibit an apparent homogeneity.

5.3 Lake Nasser Area

Lake Nasser (22� 310–23� 450 N and 31�300–33�150 E) reached its operating level of
175 m (asl) in 1975, with a total amount of 121 � 109 m3 of stored water. Lake

Nasser is a vast reservoir in southern Egypt and northern Sudan. Lake Nasser refers

only to the much larger portion of the lake that is in Egyptian territory (83% of the

total). Lake Nasser is currently the largest man-made lake in the World. The region

around the reservoir is a potential area for land reclamation and new settlements,

urgently needed by Egypt’s expanding population [98]. Lake Nasser (Fig. 25) has a
number of side extensions known as khors. All khors have a “U” shape in cross

section, with a flat sandy central belt. There are 100 important khors in Lakes

Nasser and Nubia combined. Their total length when the lake is full is nearly

3,000 km and their total surface area is 4,900 km2 (79% of total lake surface). In

volume, they contain 86.4 km3 water (55% of total lake volume). Khors Allaqi,

Kalabsha, and Toshka are the largest [99].

The soils, which lie on a level between 180 and 200 m above sea level, were

described only, because the soils that fall under this may be attributed to the
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submerged during the flood season, and thus these soils were excluded. The parent

materials of these soils are wadis sediments, shales, and Nubian sandstones

[100]. On the western side of the lake, soils each of Karkar, Kalabsha, Aldka,

Sarah, Toshka, Abu Simbel, and Adindan have consisted mainly of sandstone and

shales. The soils of the Wadi Allaqi side east of the lake were established from

igneous and metamorphic rocks.

Karkar valley is the Nuba part west of Lake Nasser and runs until the Sinn

El-Kedab Plateau (Fig. 26) bordering the valley from the west. The plateau extends

to south Kharga with the area of 800 km2 and a height of 180–550 m. The soils

consist of different parent materials such as sandstone, limestone, clay, and sand

transported by wind. The sandy soils are dominant in the region with a low content

of salt.

Kalabsha is located south of the Aswan City about 75 km. It extends from the

Sinn El-Kedab Plateau (Fig. 26) in the direction of the northwest of Lake Nasser.

Kalabsha Khor holds the lower part of the Valley Kalabsha, starts from Lake

Nasser, and extends towards the west for a distance of 10.5 km with an average

width of about 3 km. It is divided into two branches: the northern branch continues

its extension towards the northwest for a distance of 5.5 km with an average width

of 1 km, and the southern branch continues its extension towards the southwest for a

distance of 11.5 km with an average width of about 1.1 km.

There are between Kalabsha and Aldka Kaolin mine (Kaolinite-mineral), with

thickness ranges from a few centimeters to over 5 m, covering these deposits a thin

veneer of wadis deposits. Some single hills exist such as MarawahMount (270+ m).

Soft sediments found in a low circular shape like Aburihwa Playa, located north of

this Marawah Mount, with an area of about 30 km2. The soil texture is often clay

loam with a thickness of about 10 m.

Fig. 25 Map of the High Dam (Lake Nasser) soils
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Sarah Khor soils are located on the western bank of Lake Nasser, and lie about

350 km south of Aswan, which is part of the plain of Lower Nubia. There are some

sand dunes and rocky bumps on the surface in some locations, and there are hills

and plateaus separate (Mesas) of the Nubian. Many wadis cut the area in which the

most important and the longest are Sarah Khor.

Toshka (Fig. 27) is Nubian word with two syllables. The first is “Touche,” which

is a plant that grows in depression, “Key” meaning home or place. Toshka means

plant or flowers places [102]. The Toshka area is the first sites to gather the

population in the desert, by prehistoric man, and the region of archaeological

value, including the effects of and information about the origin of human civiliza-

tion. Many dry valleys cut surface of Lower Nubia, which discharged, into the lake,

and the valleys are Toshka andWadi Aldka, where the headwaters are located in the

plains of Nubia. The region is surrounded by hills in some parts of the Nubian

Fig. 26 The geomorphological units of the Lake Nasser area and adjacent areas in southern

Egypt [101]
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Sandstone, where hilly landscape forms a hierarchical area shape or continuous

sandstone ridges.

Shallow sandy soils occupy part of the region, while the deep sandy soils occupy

relatively small areas. Most of the soils (sandy or shallow sandy) are less than 50 cm

depth. The shallow sandy soil area of about 89,000 acres. The surface is covered

with small size pebbles, low salinity, which rarely exceeds 1.3 dS/m. The amount of

CaCO3 ranges from 1.1 to 4%, and up to 15% or more in the some sites [103]. While

the deep sandy soils occupy a small area (13,000 acres), small gravel on the surface,

very low salinity (<1 dS/m), and few CaCO3.

The dominant clay minerals [100] in the Lake Nasser consist of kaolinite,

montmorillonite, illite, and chlorite, but the kaolinite is dominant in sandstone

soil, a good kind of crystallization (well crystalline), while the transported sedi-

mentary soils have weak crystallization kaolinite.

The Adindan soils are located in the far south of Egypt, where the Egyptian–

Sudanese border. Many valleys cut the region including Khor Adindan. The

following soils are identified:

1. Deep sandy soil (11,448 acres) of which the soil surface is covered with a thin

layer of sand, gravel, and mixed soils. Soil salinity ranges from 6 to 11 dS/m and

CaCO3 ranges from 2 to 14%.

2. Medium deep sandy soil (19,788 acres) ranges from 50 to 100 cm of which soil

surface is covered by desert pavement, mixed with gravel sand. Salinity is

ranging from 7 to 10 dS/m and CaCO3 ranges from 7 to 14%.

3. Shallow sandy soils (2009 acres) at the depth of 50–25 cm, with some of fine

layered, rock Nubian sandstone at depths close to the surface. The salinity ranges

Fig. 27 A map showing the flood of Toshka in the desert
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from 3 to 11 dS/m, and CaCO3 ranges from 2 to 14%, being depending on

location.

4. Very shallow sandy loam soils (15,605 acres) at the depth of 25 cm. It is bounded

on the bottom of the Nubian, mixed with gravel with sand through the layers of

the soil at different rates depending on the location. The salinity ranges from 7 to

61 dS/m and CaCO3 ranges from 3 to 7%.

5.4 Evaluation of the Soils from Lake Nasser to the Delta

Although the Nile Valley and delta soils occupy the smallest region in the country,

Egyptian peoples depend on these soils for agriculture and food since thousands of

years. According to the soil association map of Egypt (Fig. 7) [89], there are five

soil types: (a) Nile alluvium that formed the soils of the valley and delta except of

its northern part, (b) salt affected soils of the lower Nile Delta areas, (c) salt marshes

of the lower delta plain, (d) sandy clay loam with calcareous crusts and sand dunes

of the delta lacustrine complexes, and (e) gravels and gravelly sand soils of deltaic

phase with sand dunes in the eastern and western sides of delta. Alluvial soils are

constituted by river sediment deposits that formed from the disintegration of the

eruptive and metamorphic rocks of the Ethiopian plateau through physical, chem-

ical, and biological weathering processes.

5.4.1 Soils Surrounding of Lake Nasser

The soils surrounding of Lake Nasser, i.e., Kalabsha, Tushka, El-Dakka,

Abu-Simble at the western side of the lake and Allaqui area on the eastern side

(Fig. 28) were formed as a result of water action while wind action is neglected

[100]. In addition, the parameters show that Wadi soils are heterogeneous and

stratified, while sandstone has a degree of uniformity. Wadi soils are composed of

subrounded grains; this may be related to the distance of transportation. The origin

of the clay minerals varies according to the lithological origin of soils. Kaolinite

could be diagenetic formed in sandstone rocks and inherited in soils. Smectite may

be derived from mica in the soils at the western side of the lake, while from mica or

volcanic ash at the eastern side. Chlorite of Wadi Allaqui soils was most probably

derived from the primary chlorite of the drainage basin of Wadi Allaqui. Illite may

be formed because of changes on mica. Abu Al-lzz [37] reported that the Nile river

terraces on both sides of the valley formed from sediments belonging to the

Pliocene and Pleistocene. The Pliocene sediments in the southern part of the valley

between Kum-Umbu and Beni Suef comprise of conglomerates, gravel, and sand.

Those are distributed in some parts of the valley between Pleistocene and Holocene

sediments of the floodplain and the two scarps bordering the valley. The Pleistocene

deposits comprise of sand and gravel originating in the Red Sea Mountains.

Moreover, the formation of the river terraces is related to three main factors, namely
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changes in base level, changes in water volume and load, and changes in the

hydrographic system of the Nile.

5.4.2 Aswan: Qina Soils

Soil formation of the Nile alluvial in Upper Egypt (ldfu at Aswan and Nag

Hammadi at Qina) was investigated by Wahab et al. [104]. Soils features and

subsequently their formation are deeply affected by the origin of their parent

material (fluvial and colluvial origin). The major part of the valley soils is of fluvial

origin. The soils near the western and eastern desert fringes are of fluvial-colluvial

origin due to the continuous addition of colluvial and Aeolian sandy materials from

the near desert. The effect of man on the soil formation in this area could be

identified in the formation of an Ap horizon in the cultivated soils due to old

cultivation and addition of organic manures. The presence of high underground

water table in some soil profiles is generally associated with the formation of gley

and natric horizons.

Studies of Sawy et al. [105] on the soils of the eastern area of the Nile river at

Qena government showed that the different deposits occurred in this area are

alluvial deposits (Island and river bank deposits, and floodplain deposits), alluvial

colluvial deposits (relatively high and low parts), desertic deposits (relatively high,

moderately high, low parts), and dry valleys. The soil texture is mainly affected by

distance from the main Nile river course, the slope and relief, and the landform.

However, the desertic soils differ in their texture due to the differences of their

parent materials. The CaCO3 fractionation showed that the highest amounts

occurred in the finer fractions in the alluvial soils of the Nile river valley and

interference zone (alluvial-colluvial soils), while the opposite is true for desertic

soils. The former is mainly due to the secondary form of CaCO3 in alluvial soils and

the finer transported particles in the interference zone, while the latter is due to the

products of the physical disintegration of desertic deposits, which are rich in CaCO3

content.

5.4.3 Nile Terraces at Assiut Soils

Faragallah and Essa [106] studied the soils of the Nile terraces at Assiut and found

that the origin of these soils derived from different provenances, i.e., the acidic and

basic igneous and metamorphic rocks, which are related to the igneous and meta-

morphic rocks of Ethiopian Plateau. In addition, the presence of calcite mineral in

these soils suggests their derivation from lime-rich plateau surrounding the Nile

Valley during their transportation and soil formation. The abundance of relatively

unstable minerals, i.e., pyroxenes epidotes, amphiboles, micas, and feldspar sug-

gests that these soils are young and weakly developed and/or recent deposition.

These soils were stratified and/or mostly formed under multi-sedimentation

regimes. The soil stratifications of the studied Nile terraces could be attributed to
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the variable water conditions occurred during their transportation and sedimenta-

tion together with the effect of the paleo-topography. The abundance of the

relatively unstable minerals such as epidotes, amphiboles, pyroxenes, and feldspars

(plagioclase, microcline, and orthoclase) in the alluvial soils of the Nile Valley and

the interference zone between the desert and the valley at Assiut suggests that these

soils are young and weakly developed. The presence of opaques, pyroxenes, and

rutile reflects basic igneous rocks; the sphene, zircon, apatite represent the acidic

igneous rocks; the epidotes represent the metamorphic rocks, and the amphiboles,

biotite, tourmaline as well as garnet represent igneous and/or metamorphic rocks.

The characterization of the sand fractions suggested that the deposition mode was

by one source, namely Nile River water.

5.4.4 Kalubiah Governorate Soils

Soils of Kalubiah government are mostly formed from the Nile alluvium deposits,

while some soils are developed over sub-deltaic deposits or over a mixture of wind-

blown sand and calcareous deposits. Soils of recent Nile alluvium are usually

clayey except the soils adjacent to the Nile River and the main canals which having

a medium texture (loam or clay loam). Soils are developed on sub-deltaic deposits

located in Shebin El-Kanater District and they consist mainly of coarse sand. Soils

of calcareous deposits mixed with wind-blown sand are located in El-Khanka

District. Soils that irrigated with sewage water for a long time are well developed,

where horizons are easily recognized. (a) Horizon is friable and free of CaCO3,

whereas (b) horizon is compact because of the cementation of CaCO3 and

gypsiferous material. However, soils irrigated with Nile water are young. Horizons

are weakly developed as showed in the Nile alluvial soils [107]. From soil devel-

opment studies of some zones between the Nile Delta and the desert in the same

government, there are clear differences between the older soils (Typic Torrerts), the
recent soils (Vertic Torrifluvents, Typic Torrifluvents, Typic Torriorthents, and
Typic Torripsamments), and Aridisols (Typic Calciorthids). Soils of Typic Torrerts
had developed more than the other soils of Entisols and Aridisols [108].

5.4.5 Eastern and Western Side of the Nile Delta Soils

Some soils representing the main geomorphic units in the eastern (young deltaic

plain, old deltaic plain, fluviomarine plain, wadi El-Tumulat, and the structural

plain) and western (young deltaic plain, old deltaic plain, fluviomarine plain,

alluvial deposits of desert wadi, and inland dunes) sides of the Nile Delta were

evaluated by Morsi [109]. From the grain size parameters, the data of sorting

Skewness and Kurtosis reveal that water and wind or both share together in the

sedimentation of the soils. The sediments forming the investigated soils are mostly

deposited under aqueous environment. Moreover, soils constituting each profile are
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heterogeneous either due to their multi-origin or due to the subsequent variation

along the course of sedimentation. Therefore, they are still considered young from

the pedological viewpoint.

At the end of the Pliocene period and during the formation of river terraces in

the Nile Valley, the river was depositing great amounts of sand and gravels in

the Mediterranean forming the delta base. These old sediments have almost

disappeared under the new alluvium and are accordingly called sub-deltaic soils.

Some of the sediments that have relatively high relief appear on the surface a sandy

island underlying the recent fine silt and clay deposits. They occur in small

scattered areas mainly in the eastern side and in the south central part of the delta.

Sub-deltaic soils are distributed between 30�–31� N and longitudes 31�–32� E

[37]. The application of the morphological rating scale on the cultivated and

uncultivated sub-deltaic soils indicates that the cultivated soils are relatively more

developed than the virgin ones especially in the surface layers. The deposits in the

virgin areas as well as in the deepest layers of cultivated soils are mainly due to both

water and wind actions. The water action is the common effective factor in the

transportation and deposition of the surface layers in cultivated soils. Virgin soils

seem to have one homogenous parent material and one origin, while the cultivated

soils have apparently stratified layers of multi-origin [110]. Sandy hillocks within the

recent alluvial soils of the Nile Delta constitute the distinguished phase of the old

sub-deltaic deposits, which occupy considerable areas, especially in the south of the

central and eastern parts of the Nile Delta. These deposits comprise the parent

material of the sub-deltaic soils, which have a very different nature from the recent

alluvial soils. The surrounding interference zones soils are characterized by a gradual

change, from the sand texture (the sub-deltaic soils) to the clay texture (the recent

alluvial soils) through the development of pedon characteristics.

Data of the study of the soil terraces on both sides of Ismailia canal, east delta

shows that these terraces are of very poorly sorted nature transported in a rolling

and suspension and deposited in an aqueous medium and characterized by the fine

materials derived from fluvial origin, but non-uniform in nature. The soils located

along the north and south Ismailia canal between Tell El-Kebier and Ismailia are the

river terraces of fluvial origin, occupying the former Wadi El-Tumillat. The strat-

ified conditions observed in most cases are mostly attributed to local changes during

sedimentation together with the side effect of the natural formation closed to such

terraces. The heavy minerals assemblage in the soil terraces indicate that these soils

are weakly developed. Soils of the terraces are formed of either multi-origin or

multi-depositional regime, due to the heterogeneity of the parent materials prior to

inception to geogenetic weathering or resulted in from the geochemical weathering

prevailed in the source sediments [111].

Soil formations in the area located at the eastern part of the Nile Delta, between

30� 180 and 31� 420 N and longitudes 31� 400 and 32� 50 E, are of different sources.
The western part is from the Nile alluvium deposits. To the east, the soil becomes

finer due to the effect of the Aeolian sand deposits. The northern part is mostly of

fluviomarine deposits. The topography of the area plays an important role in soil

formation through its elevation differences and the nature of its slopes. The mineral
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assemblages are characterized by an abundance of iron ores, pyroxenes,

amphipoles, and epidotes. The slight difference in frequencies than that of the

main Nile sediments is related to the relative increase in the frequencies of the

iron oxides, metamorphic, and ultra-stable minerals, which are thought to be

derived from the Oligocene and younger sediments exposed to the east and south

of the area. Additions to these fluviatile sediments from another source rocks took

place possibly by wind as evidenced from the much lower index figure than that of

the Nile sediments, and the presence of rounded to subrounded frosted quartz

grains. Due to the prevailing aridity in the area, the mechanical weathering is

dominant. Uniformity and weathering ratios indicate that the top layers have been

subjected to a relatively higher weathering than in the subsoils. In conclusion, the

mineral suites of the examined soil have been resulted from the mixing of the Nile

sediments and the older sediments in the area, the provenance is considered an

igneous and metamorphic complex [112].

The salt efflorescence occurs covering the surface of most the soils of

fluviomarine marshes located at the eastern site of the Nile Delta as well as on

the western site of the Suez Canal coupled with gypsum formation and shell

remnants. This is due to high water table and salinity of these soils that are adjacent

the southern border of El-Manzala Lake. The soils of fluviomarine marshes and

depressions contain high contents of CaCO3 and gypsum especially in the lower

layers and this could be attributed to the marine origin of these stratified layers, i.e.,

lacustrine deposits. These soils have shallow salic horizon; however, the majority

of the soils of the plains and deltaic stage of the river terraces does not have any

diagnostic horizon in the upper 1 m [113].

5.4.6 Northern Zone of the Nile Delta Soils

The soils of the northern zone of the Nile Delta are characterized by the presence of

four main geomorphic units: (1) Nile alluvial deposits, (2) fluvio-lacustrine

deposits, (3) coastal barrier plains, and (4) coastal sand dunes [114]. The northern

part of the Nile Delta that extends 170 km along the coast of the Mediterranean Sea

from Damietta branch in the east to Edku Lake in the west, with 60 km inland from

the coastal shoreline in the north to the old cultivated lands in the south localities

was studied by Hagag [115]. The clay fraction of soils of Nile alluvial deposits is

dominated by montmorillonite, kaolinite that are mostly inherited from parent

materials (alluvium). Soils of fluvio-lacustrine are sandy clay loam which contain

some calcareous and dominated by the montmorillonite, hydrous mica, kaolinite,

and palygroskite. These soils come from the original matter (fluvio-lacustrine

deposits). Concerning the soils of coastal barrier plains are loamy sand, which

contains a high percentage of CaCO3 and salts and dominated by the montmoril-

lonite, mica, kaolinite, vermiculite, and palygroskite. These deposits come from the

pedogenic or inherited from parent origin sediments derived wholly or in part, from

lacustrine or calcareous. However, the soils of coastal sand dunes are loamy sand

and contain a moderate percentage of CaCO3 and salts. These soils are formed by
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Aeolian and marine deposits. The effect of the low topography appeared by the

effect of the salinity and the marine nature of the depositions on the clay minerals

which exist especially in the coastal barrier plains. These conditions helped to turn

the original clay minerals to mixed layers as a transformational stage. In addition,

the effect of the high topography appeared in the sand dunes movement and the

creping of sands from north to south played an important role in the distribution of

clay minerals. The depositional environment which formed the area contains the

soils of Nile alluvial plains formed by Nile deposits materials, but the soils of

fluvio-lacustrine, though derived from two different parent sediments, namely

lacustrine and alluvium. The soils of the coastal barrier plains formed by the sea,

and so the soils of coastal sand dunes formed by the Aeolian and marine deposits.

Khater and Mansour [116] reported that the grain size image of the soil sedi-

ments in the northern part of the Nile Delta between Damiatia and Rossitta cities

showed that the transporting agent and environment of deposition were mainly

fluviatile in nature, except for the beach sandy sediments, which have dual sources

between the water and wind action, i.e., related to Aeolian and fluviatile environ-

ment. The beach sandy sediments contain a relatively high content of heavy

minerals due to the influence of Aeolian sea sediments. Degree of minerals

weathering is mainly affected by the drainage conditions of the soils. The soil

materials were originated from basaltic rocks of Sudan, igneous and metamorphic

rocks of Abyssinian plateau, and granitic rocks of Aswan region. Most of the soil

sediments have quite different features due to lithological discontinuity, which is

indicated by the distribution of minerals within the successive layers of studied

soils. This difference in distribution is attributed either to heterogeneity of parent

material or to a more advanced stage of weathering. Most of the sediments in the

area are of multi-origin or formed due to multi-depositional regimes.

Elmaaz [117] studied some soils adjacent to lakes at the north of Egypt and

found the soils of recent Nile alluvium, marine alluvium, and desert plain have

mainly heavy texture (clay), whereas the others of sub-deltaic and sandy beaches

are lighter (loam). These soils are non-saline to moderately saline and total car-

bonate content varies widely from one profile to another. Many lime concretions

and broken shells especially in the downstairs layers of profiles south of Lake

Mariout. The different statistical size parameters indicated that the most soil

materials of recent Nile alluvium, marine alluvium, and desert plains deposits are

poorly sorted with platy to very platy kurtic pattern, this indicates that the water is

the main factor responsible for transportation and formation of soil materials of

these deposits. The cumulative curves of these soils are nearly similar and sym-

metrical reflecting almost uniform and homogenous soil materials. However,

results of sub-deltaic and sandy beaches deposits indicate that their soil materials

are formed under a combined effect of water and wind action. Their soil materials

are nearly heterogeneous and formed under different depositional regime. Most

soils are considered young from the pedological point of view. The majority of

recent Nile alluvium, marine alluvium, and desert plain are formed under similar

depositional regime. The soils of other landforms are deposited under multi-

depositional regime. Abu-Agwa and Amira [118] stated that the soils adjacent to
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Borullus, Manzala, and Qarun salty lakes differ from sandy loam to clay texture

affecting mainly by natural sedimentation pattern and circumstances of each area.

The soils situated close to the lakes have moderate horizontation may be due to the

intermixing between recent alluvium and lacustrine deposits in these areas.

The alluvial salt affected soils, the northern part of the Nile Delta were inves-

tigated in governorates of El-Beheara (Ferhash and El-Lakana), Alexandria

(Abees), Kafr El-Sheikh (Burg Megasal and Shalma), Damietta (Kafer Soliman

El-Bahri), El-Dakahlia (Mear Meraga salcil), and Sharqia (El-Monaga El Kobra

and El-Tal El-Kebir) [119]. The obtained results showed the significance of the

Mediterranean Sea water, Lakes, and groundwater as sources of salinity to adjacent

soils. However, the action of seasonal wetting and drying under the environmental

arid climate and the low elevation from surrounding areas adds some extra salts to

these soils. Soils were categorized as saline soils, saline alkali soils, and alkali soils.

Generally, most of the salt affected soils of the Nile Delta are of the saline alkali

nature [120]. The study of soil morphology and sedimentation pattern showed that

these soils vary in their components in different locations based on soil relief, the

Nile, sea, lakes, and western and eastern desert deposits. Accordingly, the different

sediments of these parent materials interfere with each other, but in different

deposits rates in the different locations [119].

Abo El-Ennan et al. [121] studied the genesis of clay minerals in some saline and

alkaline soils in the northern part of the Nile Delta. They stated that the clay

minerals of the investigated soils could have been carried either by the Nile River

from its upper sources or formed in situ by the weathering of primary silicates.

Smectite, kaolinite, and illite minerals may have been transported in the suspended

matter carried by the Nile. The presence of interstratified clay minerals in some soil

samples may be explained by pedogenic formation and transformation processes.

An inadequate drainage system and a high water table possible promoted such a

transformation. The soils are influenced by saline water and relatively high tem-

perature, which enable the alteration of the lattice framework of the clay minerals.

These soils have high Mg/Ca or Na/Ca ratios because of the inadequate drainage

system and seepage of saline water from the Mediterranean Sea and the northern

lakes. Seawater rich in Mg-ions leads to the transformation of hydrous mica into

montmorillonite whereas the K-ions between the layers have been replaced and due

to this the attractive forces were weakened and water molecules entered the lattice

resulting in its expansion.

6 Conclusions and Outlook

This chapter however, brings to light the land and water resources development in

the Nile Valley and Delta. Analysis of the hydrogeological features of the

Nile Delta starts from the recognition that surface and groundwater are tightly

intertwined. Nile Delta branches (Rosetta and Damietta) gain water from the

aquifer in some reaches and lose water to the aquifer in other reaches. The flow
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directions between groundwater and surface water can change seasonally with

variations of the water table level with respect to the level in nearby waterways.

Available data on the evolution of the salinity of groundwater in the Delta indicate

that the construction of the High Aswan dam resulted in a shift of salinity isolines

towards the seashore (because of a constant supply of water year round), and that

current pumping rates have not yet critically affected this balance (but more recent

data are needed to analyze the evolution in the past 10 years). Possible localized

over-pumping, however, results in “up-coning” of salinity from deeper layers. This

preliminary review on groundwater in the Nile Delta has also shown that contam-

ination of groundwater by agriculture and more prominently by seepage from

domestic and industrial effluents had already attained worrying levels. This may

jeopardize the quality of the Nile Delta aquifer in the long run and requires more

research and attention.

The future study should be focused on cases where underground reservoirs or

aquifers are overused. The increasing use of groundwater for irrigation poses a

serious threat to food security and could lead to unaffordable prices of staple foods.

Recent hydrological modelling and Earth Observations have located and quantified

alarming rates of groundwater depletion, which is due to water withdrawals for

irrigation. Aquifer depletion can also induce significant environmental degradation,

such as land subsidence and seawater intrusion. Studies of water resources embed-

ded in food trade – virtual water trade – have sometimes distinguished between blue

water (surface water and groundwater) and green water (soil moisture) sources,

which can provide additional information on the potential environmental impact of

their use. Globally, countries irrigating crops from over exploited aquifers export

them in various proportions. Eleven percent of groundwater extraction for irrigation

is linked to agricultural trade. India keeps most of its large GWD-based crop

production for domestic use (only 4% of GWD exported), while the USA,

Pakistan, and Mexico export significant portions of their GWD-based crop produc-

tion (42%, 26%, and 23%, respectively). The major importers of GWD via crops

include China (9% of global GWD trade), the USA, Iran, Mexico, Japan, Saudi

Arabia, Canada, Bangladesh, UK, and Iraq. Individual crops contributing most to

global GWD transfers are rice (29%), followed by wheat (12%), cotton (11%),

maize (4%), and soybeans (3%). Citrus crops and sugar crops account for 5% of

GWD transfers each.

In Egypt, which is irrigation-intense country, agriculture is the leading user of

groundwater, making up more than 80–90% of withdrawals. There is not sufficient

precipitation or surface water available to grow crops like maize or rice and so

farmers use water from the underground to irrigate. Based on the current chapter,

the amount of non-renewable groundwater used for irrigation was doubled in Nile

Valley and Delta. The annual groundwater abstraction in the Nile aquifer system

and fringes is about 4.6 billion m3. Another 0.5 billion m3 is abstracted from the

desert aquifers and the coastal areas. Groundwater abstraction is expected to

increase to 11.4 billion m3. Model output revealed that groundwater recharge has

not changed significantly over time, while pumping has. Because of these trends,
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groundwater was estimated to be in a deficit of approximately 24 billion m3 (�15%)

in 2011, compared to 1957.

Crops such as rice, wheat, cotton, maize, and sugar crops are most reliant on this

unsustainable water use. Egypt was locally most affected due to groundwater

depletion and exporting agricultural products grown with non-sustainable ground-

water. When a country imports maize grown with this non-renewable water, it

virtually imports non-renewable groundwater. Therefore, groundwater overuse

rising could hit food prices. Putting water labels, along the lines of food labels is

important for creating awareness. These labels show how much water is used

domestically and internationally in the production and whether these water amounts

are from sustainable or non-sustainable sources. Water labels and caps on extrac-

tion, linked to agricultural trade, are among measures proposed tackling the trend.
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Part II
Groundwater Use



Use of Groundwater in Nile Alluvial Soils

and Their Fringes

Nader Noureldeen Mohamed

Abstract Groundwater reportedly provides drinking water to at least 50% of the

global population and accounts for 43% of all water used for irrigation. Food

production requires the largest quantities of water, with groundwater resources

providing more than 40% of all water used globally for irrigated agriculture.

According to the Egyptian Ministry of Irrigation and Public Works the annual

water resources in Egypt depend mainly on the Nile water (55.5 BCM), 5.5 BCM

groundwater, and 1.3 BCM of rain water that falls on the agricultural land in the

Delta. Most of the groundwater in Egypt is non-renewable except for the shallow

groundwater in the Nile valley and Delta lands and its fringes in addition to some

depression sources and oasis like Wadi El-Natrun in the west Delta (the Valley of

Sodium salts) and Siwa oasis south of the northwest coast of Mediterranean. The

main aquifers are generally formed of granular rocks (sand and gravel) or fissured

limestone and rocks. The deep-lying aquifers systems is comprised of the regional

Nubian Sandstone aquifer System, occupying much of the area of Egypt. The

thickness of the sediments varies from a few hundred meters in the south, to

4,000 m west of Abu Mongar. Carbonate Aquifers occupy at least 50% of Egypt.

The Moghra aquifer system has a broad geographical distribution in the region west

of the Nile Delta and south of the Qattara depression. The Nile valley and Delta

aquifer are the most productive, containing around 200 � 103 million m3 of water

that is renewable by seepage from the Nile river irrigation systems. The thickness of

this aquifer decreases from 300 m at Sohag Governorate in Upper Egypt to few

meters near Great Cairo (Cairo, Giza, and Qalyubia governorates) and also in the

south near Aswan. The coastal aquifer lies 35 km from the seashore, 45 km north of

Cairo and is recharged mainly from rainwater and from high-pressure water in the

Nubian Sandstone aquifer. Rose basement rock has the same characteristics as the
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Carbonate aquifer but is difficult to explore since it is very deep (1,200–2,000 m

depth). The main problem of the Siwa oasis depression is the poor drainage and lack

of a drainage outlet, thus causing water logging. The second problem is the shallow

and under pressure groundwater that pops up to the ground creating wetlands. In

Wadi-El-Natrun depression, the water table depth is almost of 3–5 m but has a high

concentration in sodium carbonates and bi-carbonates. This type of composition is

completely different in other delta fringes such as in Nubaria (west delta) or in Salhia

(east delta) in which it ranges between 30 and 60 m with a medium quality of

maximum salinity of 2,000 ppm. Most of these areas in Nubaria or Salhia are irrigated

with Nile water through El-Nasr canal in Nubaria and Salhia canal in the east Delta,

but the wells of groundwater are stationed as stand-by or alternative resources when

Nile irrigation water is not sufficient or in case of a delay in its delivery.

Keywords Deep and shallow groundwater, Groundwater, Irrigated agriculture,

Nile valley and delta aquifer, Saline and sodic water, Siwa Oasis, Wadi

El-Natrun depression, Water logging
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1 Introduction

Around 30% of the world’s freshwater resources are stored underground in the form
of groundwater (shallow and deep groundwater basins up to 2,000 m, soil moisture,

swamp water, and permafrost). This constitutes about 97% of all the freshwater that

is potentially available for human use [1].

Groundwater is the lifeline for many rural populations around the globe and a

cornerstone of global food production. Groundwater constitutes nearly half the

world’s drinking water and much of the world’s irrigation water supply. Population
growth, overexploitation, salinization, nonpoint source pollution from agricultural

activities, degradation of surface water, and groundwater quality and quantity

conflicts at the urban–rural interface have reached global dimensions and threaten

water availability and food security [3].

Groundwater is inherently a local and regional resource. Access is mostly

through individual landowners and also through local and regional water purveyors.

Groundwater overdraft and/or groundwater degradation from agricultural activities

have broadly affected regions, states, and nations. Agricultural practices and man-

agement, groundwater management, groundwater use and degradation policies,

regulations, and groundwater resource assessment and forecasting occurs at the

farm, community, region, or state level are delineated by groundwater basin and

jurisdictional boundaries. Yet, around the globe, many groundwater users and

benefactors share similar experiences in their struggle to control or curtail overdraft

and groundwater quality degradation [3] (Table 1).

Groundwater provides drinking water to at least 50% of the global population

and accounts for 43% of all water used for irrigation [4]. Groundwater also sustains

the base flows of rivers and important aquatic ecosystems. Uncertainty over the

availability of groundwater resources and their replenishment rates pose a serious

challenge to their management and in particular to their ability to serve as a

Table 1 Groundwater irrigation worldwide [4]

Region Area (Mha)

Volume used

km3/a %

Global Total 112.9 545 43

South Asia 48.3 262 57

East Asia 19.3 57 34

South East Asia 1.0 3 5

Middle East and Central Asia 11.9 76 38

Europe 7.3 18 38

North Africa 2.5 16 24

Sub-Saharan Africa 0.4 2 7

North America 19.1 100 54

Latin America 2.2 88 19

Australia 0.9 3 21
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buffer to offset periods of surface water scarcity [5]. Groundwater supplies are

diminishing, with an estimated 20% of the world’s aquifers being over-exploited

[6, 7] leading to serious consequences such as land subsidence and saltwater

intrusion in coastal areas [8]. Groundwater levels are declining in several of the

world’s intensely used agricultural areas and around numerous mega-cities.

Agriculture sector consumes an average of 70% of the total global water supply,

which represents 85% of global water resources consumptions. Groundwater pro-

vides 43% of the blue water used in agriculture [1] (Fig. 1).

According to the Egyptian Ministry of Irrigation and Public Works [9, 10], the

annual water resources in Egypt depend mainly on Nile water (55.5 Billion Cubic

Meters (BCM)) in addition to 5.5 BCM groundwater and 1.3 BCM of rain water

that falls on the agricultural land in the Delta. The remaining water resources in

Egypt are water reuse sources such as recycled agricultural drainage water of

10 BCM, and primary treated sanitary wastewater of 5 BCM and 1 BCM from

industrial wastewater. Accordingly, the total water resources in Egypt of fresh and

reused water are almost 78.5 BCM. There is currently a shortage of 12.7 BCM since

Egypt’s population is 92 million per capita which would require 92 BCM for a share

per capita equal to 1,000 m3 to be above the water scarcity level. Figures 2 and 3

show water scarcity around the world, including Egypt.

Most of the groundwater in Egypt is non-renewable except in the shallow

groundwater in the Nile valley and Delta lands and its fringes in addition to some

depressions and oasis like Wadi El-Natrun in the west delta (The Valley of Sodium

salts) and Siwa oasis south in the northwest coast of the Mediterranean, as seen in

Fig. 4.

DOMESTIC INDUSTRIAL AGRICULTURAL

WORLD
LOW AND MID

INCOME COUNTRIES
HIGH INCOME
COUNTRIES

8% 8%
10%

22%

70% 82%

30%

59%

11%

Fig. 1 Competing water uses in the different sectors [2]. Source: World Water Development

Report, www.unesco.org/water/wwap/facts_figures/water_industry.shtml
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Fig. 2 Total renewable water per capita (2013) and water scarcity [11]. Source: WWAP, with data

from the FAO AQUASTAT database (http://www.fao.org/nr/water/aquastat/main/index.stm)

(aggregate data for all countries except Andorra and Serbia, external data), and using UN-Water

category thresholds. Note: The figures indicate total renewable water resources per capita in m3
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2 Key Messages of Using Groundwater in Agriculture

• Food production requires the largest quantities of water, with groundwater

resources providing more than 40% of all water used globally for irrigated

agriculture [1, 11].

• Groundwater has proved to be a critical input for securing improved crop yields

and enabling the 250% increase in food production achieved during the “green

revolution” of 1970–2000 [1, 11].

• During the past 30–40 years there has been a remarkable level of investment in

private water well construction for agricultural irrigation, because groundwater

availability allows higher crop yields and high farmer returns per unit of water.

• Groundwater storage is very large but current withdrawal rates for irrigated

agriculture in more arid areas are not physically sustainable, resulting in long-

term (semi-permanent) depletion of aquifer reserves at rates in excess of

120 km3/a [1].

• Land-use practices affect ground in the form of water recharge rates and quality;

with intensification of cropping diffuse pollution of groundwater by plant nutri-

ents, salinity and some residual pesticides is common.

• There is a pressing need to mobilize groundwater professionals, together with

water-resource managers and irrigation engineers, to identify trans-sectoral

governance and management responses for improving resource sustainability.

Fig. 4 Siwa oasis and Wadi El-Natrun depression (Google Earth)
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3 Priority Actions

• Elaboration of sustainable groundwater management plans for aquifers under

pressure from irrigated agriculture, including the identification of improved

irrigation-water management measures [1].

• Integrated evaluation and conjunctive management of groundwater and surface-

water in major alluvial areas to enhance agricultural productivity and to avoid

land drainage problems.

• Careful evaluation and monitoring to ensure that crop irrigation practices and

new irrigation developments reduce groundwater salinization problems.

• Promotion of land management measures by farmers to enhance groundwater

recharge rates and to reduce nutrient, salinity, and pesticide leaching to groundwater.

• Re-aligning government finances (such as crop guarantee-prices, pumping-

energy subsidies, water well, and irrigation hardware grants) so as to reflect

limited groundwater availability and the value of lost ecological services –

thereby supporting initiatives for sustainable resource management.

4 Water Supply in Egypt

4.1 Nile River

The main (almost exclusive) source of water in Egypt is the Nile River. Egypt is

unique among other countries in its dependence on water from one deterministic

source. The Nile water agreement with Sudan in (1959) allocates 55.5 BCM/year to

Egypt and 18.5 BCM to Sudan according to Sudan’s low population and because

they have a heavy rain in east and south Sudan as an additional water resource. This

amount is guaranteed by the multi-year regulatory capacity provided by the High

Aswan Dam (HAD) to catch and store the flooding water of the Nile to use it in the

dry years. The Regular Cycle (rotation) of the Nile flooding water (before climate

change) is 7 years high and heavy flooding; followed by another 7 years of low and

small flooding and 6 years on average as not heavy not low flooding. The stored

water in the front of High Aswan Dam helps Egypt to generate 2.1 Mega Wat/year

which increases the percent of access electricity especially in rural area and village,

in addition to complete covering of all cities. This amount of hydropower represents

50% of the Egyptian demands in year 1971 (the time of official opening of the dam).

Figure 5 shows the Nile water distribution systems and its net canals.

4.2 Precipitation

Egypt has a winter rainfall in the form of scattered showers, usually beginning in

November and ending in early April. The rain in Egypt rarely is heavy enough to
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cause dangerous flooding except in the desert of Sinai and red sea cities and also in

some governorates in Upper Egypt located close to high mountains (series of red

sea and eastern desert mountains “Lime stone composition”). The average annual

amount of effectively utilized rainfall water used in agriculture in the old soils of

the Delta is estimated to be 1.3 BCM/year because most rains fall on the

uninhabited desert especially in the Northwest cost of Mediterranean from west

Alexandria city to the border with Libya (see Fig. 6).

The same trend is occuring to the North east coast of the Mediterranean in the

north Sinai Peninsula up to the border with Gaza and Israel. In addition, there is a

possibility of some dangerous flooding along the coast of Red Sea cities. The FAO

[12] determined the all precipitation in Egypt to be 51 BCM/year but mostly in

un-accessible areas and there is still no planning of projects for water harvesting

(Table 2).

Rain-fed agriculture requires a rain (enough to saturate the root zone area and

soil profile each time) in addition to continuous and steady rains along the growth

season along the plant life cycle (from seed to seed) which usually extends for

150–180 days. But, excess Heavy rain and flash floods may cause runoff and soil

erosion [13]. Most rain in Egypt is scattered and non-continuous through the plant

life cycle and usually stops within 90 days only; thus, the amount of rain in the

Mediterranean coastal lands (old and desert soils) is not considered a viable area for

rain-fed agriculture due to its high spatial and temporal variability.

Fig. 5 Nile water distribution system (irrigation canal system; author artwork)
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4.3 Groundwater

Groundwater is stored in aquifers, which are water-bearing rock formations that

hold water in the inter-particle pore space and cracks within rock material. There

are two basic types of aquifers including the unconfined aquifer and the confined

aquifer. An unconfined aquifer (also called a water table aquifer) has an extensive

water table open to recharge by precipitation. A confined aquifer does not have an

extensive water table. Water is pressurized and some of it can flow from the well

without pumping [14]. This water, generally described as fossil water, is mostly

nonrenewable except for coastal and Delta aquifers. The chemical quality of the

water is generally suitable for irrigation and domestic uses with an average total

dissolved solids (TDS) less than 1,000 ppm. Salinity increases approaching the east/

Table 2 Renewable water resources in Egypt (downstream country) compared with Ethiopia

(upper stream country) [12]

Aspect of water use Egypt Ethiopia

Average precipitation in volume (billion m3/year) 51.07 936.4

Total actual renewable water resources (km3/year) 57.5/85.8 122.00

Total renewable water resources per capita (m3/inhab/year) 702.80 1,512.00

% of withdrawals of total actual renewable water resources 117.20 5.10

% of total actual renewable water resources by agriculture in 2002 103.00 4.3

Dependency ratio (%) 96.86 0.00

Irrigation potential (1,000 ha) 4,420.00 2,700.00

Area equipped for irrigation (1,000) 3,422.00 290.00

Fig. 6 The map of Egypt (Google map)
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west extremities, and ranges from 500 to 3,000 ppm. High salinity water could be

made suitable for crop irrigation by combining two parts of surface water to one

part of groundwater [15]. This kind of groundwater is suffering from the residues of

both pesticides and fertilizers in addition to salts that leached from the soil above.

Groundwater exists in the Western Desert and Sinai in aquifers that are mostly

deep and non-renewable. The total groundwater volume has been estimated at about

40,000 BCM. However, current abstraction is estimated to be 2.0 BCM/year. The

main obstacles in utilizing this huge resource are the great depths (up to 1,500 m in

some areas) of these aquifers and deteriorating water quality at the increasing

depths [9].

Shallow Groundwater in the Nile aquifer cannot be considered a separate source

of water. The aquifer is recharged only by seepage losses from the Nile; the

irrigation canals and drains and percolation losses from irrigated lands. Hence, its

yield must not be added to Egypt’s total water resources. Therefore, it is considered
as a reservoir in the Nile River system with a huge capacity, but only 7.5 BCM/year

is rechargeable live storage.

The total available storage of the Nile aquifer was estimated at about 500 BCM

but the maximum renewable amount (the aquifer safe yield) was estimated to be

only 7.5 BCM. The existing rate of groundwater abstraction in the Valley and Delta

regions is about 4.5–6.5 BCM/year (2013), which is still below the potential safe

yield of the aquifer [9].

4.4 Seawater Desalination

Desalination of seawater in Egypt has been given low priority as a water resource

because the cost of treatment is high compared with other sources. Desalination is

actually practiced in the Red Sea coastal area to supply tourist villages and resorts with

adequate domestic water supply where the economic value of the water is high enough

to cover the treatment costs (almost 0.1 BCM). Other groundwater desalination units

are constructed at several locations in the Sinai such as a water supply for Bedouins. It

may be crucial to use such resources in the future if the growth of the demand for

water exceeds all other available water resources. However, its use will depend on

technological development in this field. Desalination technologies are used exten-

sively in wealthy countries like Saudi Arabia, United States, and the United Arab

Emirates (see Fig. 7). One major factor causing the limited use of desalinating

technologies in unwealthy countries like Egypt is the high demand for energy which

constitutes 44% of the total cost of the desalination system (see Fig. 8).

In 2009, Food and Water Watch in the United State of America [17] and Pacific

Institute, California 2006 [16] stated the drawbacks of desalination:

1. Seawater desalination is expensive.

2. Seawater desalination will provide little benefit and has a poor track record.

3. Seawater desalination invites corporate control and abuse of our water supply.

4. Seawater desalination endangers the environment and public health.
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5. Seawater desalination could contribute to global warming.

6. Seawater desalination threatens fisheries and marine environments.

7. Seawater desalination poses a risk to human health.

8. Seawater desalination promotes social and environmental injustice.

At the end of both reports the following statement was summarized: “Desalina-

tion of the sea is not the answer to our water problems. It is survival technology, a
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Fig. 7 The top list of countries producing desaline water [16]

Fig. 8 The cost items of de-saline water production and its sectorial uses [16]
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life support system, an admission of the extent of our failure.” Finally, according to

the last conservative, the total volume of de-saline water in the world is low as

24 BCM/year, which represents 0.6% of the total global freshwater, most of them

used mainly to conserve the human life, i.e. 57% for domestic and municipal uses,

23% for industry, 18% for generating power, and only 1% used in agriculture

according to its high expense and low return from agriculture. Figure 8 shows the

cost items and sectorial uses of the de-saline water.

4.5 Treated Wastewater

Treated domestic sewage is being reused for irrigation with or without blending

with freshwater. The increasing demands for domestic water will increase the total

amount of sewage available for reuse. It is estimated officially that the total quantity

of reused treated wastewater in Egypt is about 0.3 BCM in 2013, with another

5 BCM primary treated. Industrial treated wastewater reached almost a BCM/year

by recycling it within the facility. There is another untreated one BCM delivered in

irrigation and drainage canal with a high load of heavy metals and pathogens [9].

Wastewater treatment could become an important source of water and should be

considered in any new water resource development policy. However, proper atten-

tion must be paid to the associated issues with such reuse. The major issues include

public health and environmental hazards as well as technical, institutional, socio-

cultural, and sustainability aspects.

4.6 Reuse of Agricultural Drainage Water

The amount of water that returns to drains from irrigated lands is relatively high

(about 25–30%). This drainage flow comes from three sources: tail end and seepage

losses from canals, surface runoff from irrigated fields, and deep percolation from

irrigated fields (partially required for leaching salt). None of these sources is

independent of the Nile River. The first two sources of drainage water are consid-

ered to be freshwater with relatively good quality. The agricultural drainage of the

southern part of Egypt returns directly to the Nile River where it is mixed auto-

matically with Nile freshwater which can be used for different purposes down-

stream [9]. The total amount of such direct reuse was estimated to be about

4.07 BCM/year in 1995/1996. In addition, it is estimated that 0.65 BCM/year of

drainage water is pumped to the El-Ibrahimia and Bahr Youssef canals for further

reuse. Another 0.235 BCM/year of drainage water is reused in Fayoum while about

0.65 BCM/year of Fayoum is drained to Lake Qarun. Moreover, drainage pumping

stations transport about 0.60 BCM/year of Giza drainage water to the Rossita

Branch just downstream of the Delta Barrages for further downstream reuse.

According to the Ministry of Irrigation and Public Works 2016 [10], the total

amounts of agricultural drains in the Delta cultivated lands (4.5 Million Feddans
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(MF)) reached 15 MCM. Officially the amount of reused agricultural drainage water

is 8 BCM but in reality it exceeds 10 BCM. On the other hand, Upper Egypt which

has nearly 1.5–2 MF (4,200 m2) of cultivated land is fed through both Nile River

irrigation and drainage canals concurrently. The amount of agricultural drainage

water that returns to the Nile course is expected to be between 4–5 BCM/year. Thus,

the actual reuse of agricultural drainage water reached 10 BCM/year in the Delta

with an additional 5 BCM/year in Upper Egypt for a total of 15 BCM/year [10].

5 Water Scarcity in Egypt

Water security is the availability of an acceptable quantity and quality of water for

health, livelihoods, ecosystems, and production, coupled with an acceptable level of

water-related risks to people, environment, and economies [14]. The share water in

Egypt currently is 680 m per capita; this is below the scarcity level of 1,000 m per

capita. Egyptian citizens should have renewable freshwater resources not less than

92 BCM for its 92 million population; however, only 62 BCM is available, leaving

a water shortage of 28 BCM. Thus, Egypt must use the marginal and poor quality

water and reuse and recycle when available. The reuse of agricultural drainage

water, treated sanitary water, and treated industrial water, produces 17 BCM, helps

to decrease the actual water shortage in Egypt from 31 BCM/year to 14 BCM/year.

Improving the existing distribution system through the open non-cementing, non-

piping irrigation canal, running along 30,000 km from the High Aswan Dam lake

south Egypt to the last point of the irrigated soil in North Delta may add another

19 BCM/year usually lost by evaporation and seepage within this long wide mud

irrigation canals net. The reuse of marginal poor quality water in Egypt has already

been established and will continue to be developed in water policy in the future in

the face of rising water scarcity.

6 Sectoral Water Demand

Water requirements in Egypt are continuously increasing due to population

increases and the improving standards of living as well as the governmental policy

to encourage industrialization. Demands for water can be categorized in classes

representing the demand and water balance. Water requirements of the agricultural

sector represent the largest component of the total water demand in Egypt.

6.1 Agriculture

Agriculture consumes more than 85% of Egypt’s water resources or about 103% of

the shared water from the Nile river by almost of 57 BCM (see Table 1). Although
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the country has lost a part of its fertile land due to urbanization, this has been

balanced by expansion of agricultural areas into new regions. Expansion in agri-

culture is carried out horizontally and vertically through intensive cultivation in the

different crops to produce food, forage, leaf, and medicinal plants. In 1990 culti-

vated lands occupied 6.92 MF with a cropped area of about 12.43 MF (two seasons

a year), while in 2010 cultivated areas and cropped lands were 8.6 MF and

17.50 MF, respectively [18].

6.2 Municipal and Domestic

Municipal water requirements include water supply for major urban and rural villages.

Part of this water comes from the Nile system and the other part comes from

groundwater resources. Municipal water demand was estimated to be 10 BCM in

2010, where approximately 97% of the urban population and 70% of the rural

population of Egypt access piped clean drinking water supply. Sanitation facilities

are less developed where approximately 90% of the urban population and 40% of the

rural population was planned to be connected to a sewerage system in 2016. Municipal

water is supplied by about 83% from Nile water and 17% from groundwater.

6.3 Industry

The industrial sector, according to the Ministry of Irrigation and Public Works,

required 3 BCM during the year 2016. A small portion of that water is consumed

through evaporation during industrial processes especially in the cement and steel

stoves (only 0.7 BCM) while the rest of water returns to the system in a contaminated

form. These numbers must be reconciled when conducting an accurate assessment of

financial aspects of industrial water use and its effects on the economics (Fig. 9).

7 Allocation of Groundwater in Egypt

The chemical quality of the water is generally suitable for irrigation and domestic

uses with an average total dissolved solids (TDS) less than 2,000 ppm. Salinity

increases approaching the east/west extremities, and ranges from 2,500 to

3,000 ppm. Water of high salinity could be made suitable for crop irrigation by

combining two parts of surface water to one part of groundwater [20]. In Egypt, the

main aquifers are generally formed of granular rocks (sand and gravel) or fissured

and limestone rocks comprise the following items:

• The regional Nubian Sandstone Aquifer System, occupying much of Egypt and

continuing across the border in a westward direction into Libya, in the south and
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southwestward direction into the Sudan and Chad, and in the eastward direction

into Israel, Jordan, and the Arabian Peninsula [21]. The thickness of the sedi-

ments varies from a few hundred meters in the south, to 4,000 m west of Abu

Mongar.

• Carbonate Aquifers occupy at least 50% of Egypt. They are made of fissured

limestone, giving rise to natural springs with a total flow of 200,000 m3. Salinity

varies between 1,500 and 7,000 ppm. Lower salinity was reported in Siwa Oases

at 200 ppm [22].

• The Moghra Aquifer system has a broad geographical distribution in the region

west of the Nile Delta and south of the Qattara Depression [21], Fig. 4. It is

characterized by its moderate to high salinity, which ranges between 1,000 and

5,000 ppm with a present dominant average of 4,000. The aquifer water is a

mixture of Paleo water and renewable water.

• The Nile valley and Delta aquifer is the most productive, containing around

200 � 103 million m3, renewable by seepage from Nile river irrigation systems.

Thickness of this aquifer decreases from 300 m at Sohag Governorate in the

Upper Egypt to few meters near Great Cairo (Cairo, Giza, and Qalyubia gover-

norates) and also in the south near Aswan. This aquifer loses its water through

the Rosetta Branch into the Mediterranean and Suez Canal [22]. The Nile

receives a total amount of 1.6 � 103 million m3/year as drainage from aquifers.

The total amount of groundwater already used for agriculture and domestic

purposes is about 2.6 � 109 m3/year and is extracted from about 9,000 wells

[18]. Approximately 1.0 � 103 million m3/year of groundwater is extracted

through productive wells. In 1990, total extraction of groundwater amounted to

3.3 bm3 to meet irrigation and domestic water requirements. It is estimated that

4.8 bm3 of groundwater is currently used in the Valley and Delta, as well as

0.57 bm3 in the desert and Sinai for a total of 5.37 bm3 of groundwater.

Fig. 9 The distribution of freshwater in the different sectors in Egypt (2010) [19]
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Groundwater extraction can be increased to 11 bm3 without depletion of under-

ground reservoirs. There is a possible future increase of 8.3 bm3 [18].

• The Coastal Aquifer lies 35 km from the seashore, 45 km north of Cairo and is

recharged mainly from rainwater and from high-pressure water in the Nubian

Sandstone aquifer. It is renewable, but deeper and with salinity varying between

3,000 and 5,000 ppm [22].

• Rose basement rock has the same characteristics as the Carbonate Aquifer but is

difficult to explore since it is very deep, (1,200–2,000 m depth) and has a high

cost of digging (least L.E 5 million) [22].

• Groundwater occurs in the western desert in the Nubian sandstone aquifer that

extends below the vast area of the New Valley governorate and the region east of

Owaynat Mountain. It has been estimated that about 200,000 BCM of freshwater

is stored in this aquifer. However, groundwater is available at greater depths and

the aquifer is generally non-renewable.

• Utilization of such water depends on pumping costs and its depletion rates versus

the potential economic return in the long run.

• Groundwater in the Sinai is mainly encountered in three different water-bearing

formations: the shallow aquifers in northern Sinai, the valley aquifers, and the

deep aquifers. The shallow aquifers in the northern part of Sinai are composed of

sand dunes that hold the seasonal rainfall. The aquifers in the coastal area are

subject to salt-water intrusion. The total dissolved solids in this water range from

2,000 to 9,000 ppm which can be treated to reach a suitable salinity level for use

to irrigate certain crops.

• The groundwater aquifers in the valleys of the Sinai are recharged from rainfall

and particularly heavy storms. The annual rainfall in the Sinai varies from 40 to

200 mm/year. Most of the rainfall water recharges the shallow groundwater

aquifers in northern Sinai such as the Delta of Wadi El-Arish and the El-Beqaa

flood-plain, while such aquifers are absent in southern Sinai. Although most of

the shallow aquifers are renewable, only 10–20% of the deep aquifers are

renewable by rainfall and flash floods.

• The total groundwater abstraction in the western desert in 1995/1996 was

estimated to be about 0.48 BCM while it is only 0.09 BCM/year in Sinai.

8 Groundwater Potential

Groundwater development started in the early 1960s and hasbeen continuing. It is

observed that the present use is concentrated in the Nile aquifer system, followed by

the desert fringes and the Nubian sandstone.

Other aquifer systems are still underdeveloped. Moreover, within the developed

systems, only part of the potential is utilized mainly where groundwater is fresh.

Table 3 shows the salinity and some other properties of some groundwater in Egypt
(Table 4).
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8.1 Nubian Sandstone Aquifer

Because the Nubian sandstone aquifer is the largest store of groundwater in Egypt, we

will discuss it in detail. The Nubian Sandstone Aquifer System underlies virtually all

of Egypt, much of eastern Libya, and significant areas of both northern Chad and

northern Sudan [18]. It can be broadly described as two distinct aquifer systems

vertically separated by layers of lower permeability that allow some upward leakage

[23]. The deeper Nubian Sandstone Aquifer System is older and extends to the entire

area while the Post Nubian Aquifer System lies above that in more recent geological

formations and covers roughly the northern half of the larger system [18].

People have been extracting groundwater to a limited degree for thousands of

years in the North African desert [24]. Historical rates of use, however, are

relatively insignificant compared to the current rate of abstraction in the Nubian

Sandstone Aquifer System, which has increased by roughly 500% since the early

1960s when large-scale development began [25]. Models of the aquifer’s water

budget show that the current scale of groundwater use and the increased rate of

groundwater decline will significantly exceed historical rates [26]. While it is clear

that the aquifer system holds an enormous reserve of water, estimates vary consid-

erably as to the amount – from as little as 15,000 km3 [22] to 135,000 km3 [27], to as

Table 3 Major aquifers, renewability, salinity, and productivity in Egypt [18]

Aquifer

Confined/non-confined/

semi-confined

Renewable or

non-renewable Salinity Productivity

Nile valley and

Delta

Confined Renewable Low Very high

Moghra Semi-confined Non-renewable High Low

Nubian sand

stone

Unconfined Non-renewable Low Medium

Coastal Unconfined Renewable High Medium

Carbonate Non-confined Non-renewable High Low

Rose Non-confined Non-renewable High Low

Table 4 Available water resources in Egypt, 2000 and 2017 (% of total) [18]

Water supply source

Supply in year 2000

(BCM)

Estimated supply 2017

(BCM)

River Nile 55.5 55.5

Rainfall 1.0 1.5

Desert and Sinai groundwater 0.6 3.5

Valley and Delta groundwater 4.8 7.5

Municipal reused drainage water 0.7 2.5

Agricultural reused drainage

water

5.1 8.4

Improved irrigation system 0.0 7.0

Total available water 2000/2001 67.6 85.9
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much as 457,570 km3 [25]. It is generally believed that the aquifer’s water dates
from wetter climates in the past (5,000–10,000 and 20,000–25,000 years BP) and

that no significant recharge is taking place under current climate conditions [18, 23–

27]. Experts generally accept that the system has not been in equilibrium for

thousands of years and that groundwater levels were already declining well before

artificial extraction began [27, 28]. Thus, any water withdrawal from the aquifer

under the current climate would be considered “water mining,” or a rate that

exceeds recharge [29]. Figures 10 and 11 show the Nubian sandstone aquifer.

8.2 Precipitation in the Nubian Sandstone Aquifer

Arid and hyper-arid climate conditions in most of the region magnify the aquifer’s
importance. Almost all of the water used by people living above the aquifer comes

from either groundwater abstraction or diversion from the Nile. The average annual

Fig. 10 Transboundary aquifers [29]
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mean rainfall is less than 50 mm and on average vast areas over the aquifer system

receive no measurable precipitation. The wettest area at the northern most tip of

Libya receives around 425 mm of rain. Northern Darfur in Sudan is the wettest area

to the south but sees only an average of around 200 mm each year [30].

Fig. 11 Nubian sandstone aquifer [29]

Use of Groundwater in Nile Alluvial Soils and Their Fringes 125



8.3 Desert Oasis Development: Dakhla Oasis

Dakhla Oasis lies 300 km west of the Nile and is surrounded by the driest of desert

landscapes. Its location over the southern edge of the Post Nubian Aquifer, how-

ever, provides access to both shallow and deep wells within the Nubian Sandstone

Aquifer System. While it is currently home to fewer than 100,000 people,

archeologists believe that the Dakhla Oasis has been continuously settled for

around 8,000 years. Water extraction from the deeper Nubian Sandstone Aquifer

at the Oasis has grown tenfold since 1960 [18]. The related growth in agriculture

can be seen in the pair of satellite images that span just a few of those years –

1986–2010, as seen in Fig. 12. Faced with increasingly crowded populations along

the Nile, the Egyptian government has been further developing settlement and

agriculture in the Western Desert’s oasis. Some studies suggest that the planned

rate of abstractions for these areas is unsustainable, however, because it will lead to

local depressions in the water table level which increases the cost and difficulties of

lifting this deep water [26].

Fig. 12 Nubian sandstone system [29]; average annual rainfall (left), and population density

(right)
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9 Benefits of Groundwater Use for Agricultural Irrigation

Groundwater is a “very popular commodity” to farmers [30] since it:

• Is usually found close to the point-of-use (often only a well’s depth away)

• Can be developed quickly at low capital cost by individual private investment

• Is available directly on-demand for crop needs (given a reliable energy source

for pumping) and thus affords small-holders a high level of control year-round

• Is well-suited to pressurized irrigation and high productivity precision

agriculture

• Has “democratized” irrigation by permitting irrigated agriculture outside canal

command areas.

This situation has led to widespread depletion of groundwater resources, with the

following collateral effects, which vary considerably in occurrence and intensity

with hydrogeological setting:

1. Counterproductive competition between irrigation users.

2. Conflicts with rural and/or urban drinking-water provision, making it more

difficult to achieve MDGs.

3. Impacts on natural aquifer discharge (spring flow, riverbed flows), which result

cumulatively in an unacceptable impact on “downstream” surface water-flows.

Degradation of groundwater depends on aquatic ecosystems. Conceptual mis-
understandings about groundwater resources tend to occur rather widely and there
is need to substitute myth with reality [30] by:

• Making a clear distinction between “groundwater-only irrigation areas” and

“conjunctive-use irrigation areas,” since these present very different prospects,

approaches, and challenges for resource optimization.

• Focusing resource-management efforts on constraining consumptive use (rather

than just groundwater withdrawals), especially in groundwater-only irrigation

areas

• Assessing groundwater-surface water connectivity in alluvial environments, as a

basis for taking advantage of the opportunities of “conjunctive management”

whilst avoiding the risk of “double-resource accounting.”

9.1 Hazards of Excessive Groundwater Exploitation

Continuous groundwater depletion resulting from long-term excessive resource

exploitation can in some cases result in a number of other serious consequences:

• The salinization of aquifers – which is a very insidious and often complex

process arising from a variety of physical mechanisms.
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• Troublesome land subsidence due to the settlement of interbedded aquitards in

alluvial and/or lacustrine formations increasing (and in some cases spiraling)

electrical energy costs for pumping, especially where use is “buffered” by

subsidies or flat-rate tariffs – with serious implications for many electricity

utilities and for the unit energy consumption and carbon footprint of irrigated

agricultural production [31, 32].

9.2 Climate Change

Climate change will affect the natural water balance and water availability in

several ways. First, changes in spatiotemporal patterns and variability of precipita-

tion affect the replenishment of water resources. Second, increase in water and soil

salinity due to high temperature of global warming. Third, the contamination of

irrigation water will decrease water efficiency, water return benefits, and causing

land degradation which leads to increase in the water requirements needed to

produce food. This is not easy under the water deficiency in Egypt. Thus, much

pressure will hit the ground and surface water to meet the increasing demands of

different sectors of agriculture, industry, domestic, and municipal.

Groundwater reportedly provides drinking water to at least 50% of the global

population and accounts for 43% of all water used for irrigation [33]. Groundwater

also sustains the base flows of rivers and important aquatic ecosystems. Uncertainty

over the availability of groundwater resources and their replenishment rates pose a

serious challenge to their management and in particular to their ability to serve as a

buffer to offset periods of surface water scarcity [34]. Groundwater supplies are

diminishing, with an estimated 20% of the world’s aquifers being over-exploited

[35], leading to serious consequences such as land subsidence and saltwater intru-

sion in coastal areas [6]. Groundwater levels are declining in several of the world’s
intensely used agricultural areas and around numerous mega-cities [33]. In the

Arabian Peninsula, freshwater withdrawal, as a percentage of internal renewable

water resources, was estimated at 505% in 2011 [6], with significant volumes of

groundwater reserves being transboundary in nature [12].

9.3 The Diagnosis of Groundwater Salinization

In major areas of agricultural irrigation, the salinization threat to groundwater

varies widely with overall hydrogeological setting and climatic regime, and even

128 N.N. Mohamed



down-the-length of major river basins. It arises through a number of distinct and

independent mechanisms:

• Rising water-table due to excessive canal seepage and/or field application in

head-water areas leading to soil water-logging and phreatic salinization, or

sometimes naturally saline shallow groundwater becoming mobilized.

• Leaching of soil salinity across irrigation areas on first habilitation of arid soils

and/or salt fractionation by “efficient” irrigation, with accumulation in tail-end

sections of canal commands if no groundwater outflow occurs.

• More frequent coastal lateral intrusion or inland up-coning of saline groundwa-

ter due to excessive abstraction of fresh groundwater.

• Additionally, there are hyper-arid areas in which virtually all groundwater is

naturally saline, except where there exists some infiltration from surface water-

courses and irrigation canals forming “freshwater lenses.” The implication is

that groundwater salinization threats need sound diagnosis, close monitoring,

and careful management.

9.4 Groundwater Quality Impacts of Irrigated Agriculture

Agricultural land-use practices in general also exert a major influence on ground-

water recharge quality [8, 36] through:

• Leaching of soil nutrients is a problem that has been exceptionally widespread in

the industrialized nations with (largely successful) attempts to increase grain,

oil-seed, vegetable, fruit and milk production per unit area through the replace-

ment of traditional crop rotations with near monocultures, but as yet has been

less severe in the developing world where inorganic fertilizer applications have

generally been much lower – in theory at least the problem of soil nutrient

leaching should also be more manageable in irrigated than rain-fed agriculture.

• Contamination with pesticides is a potentially serious problem but one more

confined geographically to recharge areas of aquifers exhibiting high vulnera-

bility to pollution from the land-surface, where the more “mobile” pesticides

(mainly certain herbicides and soil insecticides) have been regularly used at high

application rates.

• Mobilization of salinity is an issue of very serious concern in arid and hyper-arid

areas where the “irrigation frontier” has (or is) being extended through clearing

of native desert scrubland with high salinity levels retained in the sub-soil

profile.
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10 Use of Groundwater in Agriculture in Egypt

FAO [37] stated the following five principles of sustainable agriculture:

Principle 1: Improving efficiency in the use of resources is crucial to sustainable

agriculture.

Principle 2: Sustainability requires direct action to conserve, protect, and

enhance natural resources.

Principle 3: Agriculture that fails to protect and improve rural livelihoods,

equity, and social well-being is unsustainable.

Principle 4: Enhanced resilience of people, communities, and ecosystems is a

key to sustainable agriculture.

Principle 5: Sustainable food and agriculture requires responsible and effective

governance mechanisms.

The numbers in Fig. 13 indicate the following:

1. Environmental services include: Climate, Nutrient cycling, Biodiversity, Water

cycles, Coastal protection. . .
2. Natural resources include: Land, Oceans, Water, Genetic resources, Forest

resources, Aquatic systems, Nutrients, and Energy.

3. Agriculture includes: Crops, Livestock, Forestry, Fisheries, and Aquaculture

Fig. 13 The five principles of sustainable agriculture [37]. Source: FAO ([38], Fig. 3, pp. 18–19)
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4. Agricultural products include: Food, Feed, Fiber, Fuel, and Medicinal crops

5. Economic and social services include: Growth, Poverty reduction, Employment,

Stability, Health, and nutrition.

The use of groundwater in agriculture is effective in the new reclaimed lands in

the deserts where the Nile water is not available or accessible (Cairo Alexandria

desert road, Cairo-Al-Ismailia desert road, the new valley governorates and its

Oasis, The east of Owenate mountain in the far south west close to Sudan and

Libian boarder, Wadi El-Natrun depression, North and South Sinai in addition to

the desert extension of all valley and delta governorates fringes). Figure 14 shows

the master plan of agriculture extension projects in Egypt from the years 2000 up to

year 2017, and Fig. 15 shows the location of the new project (year 2016) for

reclaiming 1.5 MF within the next 5 years (0.63 million ha) that completely counts

on the groundwater.

10.1 Use of Groundwater in Irrigation in the Nile Valley
and Delta and Their Fringes

The total dissolved salts in Nile water is 500 g/m3 measured at Giza Nile [37], and

this concentration will add 3.5 tons of hazardous soluble salts every year to each

Fig. 14 The master plane of Egypt for agriculture extension up to year 2017 (nothing achieved) [39]
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feddan (4,200 m3) at the rate of total annual irrigation water and consumptive use of

7,000 m3. This number will increase threefold when using agricultural drainage

water of 10 BCM/year (this amount represents about one third of total irrigation

water in the delta soils with total area of 4.5 MF). The same trend of salt accumu-

lation will exist when using shallow, poor quality water table in irrigation. Actually

the Egyptian farmers obliged to frequently and continuous use of this poor quality

water because the Ministry of Water Resources and irrigation only delivers 5,000

m3/acre/year, instead of 7,000 m3/acre/year, the actual water requirements per acre

due to high temperature weather in Egypt. Thus, the farmers are obliged to manage

and find a way to get an additional 2,000 m3 from any near water resources to

complete their field requirement of irrigation water. Most of the farmers in the delta

areas or in the Giza Governorates make groundwater wells at a depth usually

ranging between three meters and not to exceed 20 m to help them in completing

their water needs.

Fig. 15 The location of the reclamation project (2016) for reclaiming 1.5 MF [10]
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The poor water quality causes a high salinity and severe land degradation in old

alluvial soils, as shown in Figs. 16 and 17.

10.2 Wadi El-Natrun

Wadi El-Natrun (the Valley of Sodium) depression is located mid-way between

Cairo-Alexandria on the western desert, the water table depth is 3–5 m but has a

high concentration in sodium carbonates and bi-carbonates. The soils in this area

are sandy soils and thus not affected by sodicity and high pH according to its low

water holding capacity (6–12%) and low cation exchange capacity with low organic

matter contents (sandy soils usually warm soils and that accelerates its processing to

organic matter). The poor quality irrigation water causes yield reduction for salinity

Land Degradation
and Susceptibility

high non-susceptible

high susceptible

low non-susceptible

low susceptible

medium non-susceptible

medium susceptible

non degraded

very high non-susceptible

very high susceptible

Fig. 16 Land degradation susceptibility in Africa [40]

Use of Groundwater in Nile Alluvial Soils and Their Fringes 133



and sodicity sensitive crops and needs to use with only tolerant crop such as barley,

wheat, olive tree, okra, peas and others (Figs. 18 and 19).

The last situation is completely different than in some other delta fringes such as

in Nubaria (west delta) or in Salhia (east delta) where the water table is not shallow

but not deep, and ranges between 30 and 60 m with a medium quality of maximum

salinity of 2,000 ppm. Most of these areas in Nubaria or Salhia are irrigated with

Nile water through El-Nasr canal in Nubaria and the Salhia canal in east delta, but

the wells of groundwater work as stand-by or alternative resources when the Nile

irrigation water is not enough or in case of delaying on its delivery period (Figs. 20

and 21).

10.3 Siwa Oasis

The Siwa Oasis is a natural depression about 18 m below sea level. It is located in

the northern part of the Western Desert of Egypt (about 90 km east of the Libyan

border) and 300 km south of the Mediterranean Sea. Groundwater is the only source

of drinking and irrigation water in region. Old artesian wells originated from the top
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Fig. 17 Salinization in some African countries [41]
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shallow aquifer (220 wells) are the traditional source of irrigation water in Siwa

Oasis. Under the need for more water source, the upper limestone aquifer has been

tapped by hand-drilled boreholes to add new source of irrigation water. For

Fig. 19 Haphazard wells in Wadi-El-Faregh includes Wadi El-Natrun that led to depletion of

groundwater

Fig. 18 Wadi El Natrun depression
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historical, demographic, and economic reasons as well as its high potential for

agricultural development, the Siwa Oasis is considered the most important oasis in

the western desert of Egypt. In addition to the existing cultivated area, there are

more than 17,000 feddans that were determined to be suitable for agricultural

development. The area under cultivation has been gradually increased in recent

years as the population of the oasis is on the rise. New land reclamation develop-

ment projects aimed at the exploitation of water resources have been in progress.

Fig. 20 Salt and white crust in some delta soils resulting from using shallow groundwater in

irrigation (Author 2015)

Fig. 21 Shallow groundwater inWadi El-Natrun (right) and in the delta lands (left) [Author 2015]
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Therefore, there is an urgent need for monitoring water quality in the Siwa Oasis

[38, 42]. It is noted that the water quality in the Siwa Oasis has been deteriorating

over time, and there is an urgent need for long-term monitoring of water quality of

the available water resources in the Siwa Oasis.

A scientific study concluded that the Siwa Oasis is suffering from high salinity,

soil as a result of the exchange, which will negatively impact agricultural areas

where irrigation water is misused, leading to lower productivity of crops [43, 44].

The Siwa Oasis (1,000 km2) is today suffering from an excessive rise in the

subsoil water levels. The rate of groundwater has risen from 1.33 to 4.6 cm/year.

Consequently, the fertile soils are subjected to deterioration and salinization. These

events will require new chain water management scenarios that make use of

suitable water (multiple reuses) before it reaches the last disposal point to increase

the cultivated area (17,000 feddans). The salinity of groundwater representing the

area changed from fresh to saline groundwater, 168.8–7,472.8 mg/L and total

hardness from soft to hard, 30.7–1,829.7 mg/L as CaCO3 [44].

The groundwater in the Siwa Oasis lies in two different aquifers: Nubian

sandstone and fractured dolomite limestone. The fresh groundwater and brackish

and saline contained Nubian sandstone and fractured dolomite limestone. Chemical

analysis of the groundwater shows the total dissolved solutes changed from fresh to

saline 168.8–7,472 mg/L, total hardness ranges from soft to hard, 30.7–1,829.7 mg/L

as CaCO3. The effective ions that cause an increase of water salinity are in descending

order: As cations; Na+ > Mg2+ > Ca2+ while the anions Cl� > SO4
2� > HCO3� in

both brackish and saline groundwater samples and HCO3� > Cl� > SO4
2� in fresh.

Also, the ion ratios indicated that the groundwater has a mixed mineralization that is

possibly pure meteoric water affected by leaching and dissolution and cation

exchange of both terrestrial and marine salts [45].

Because Siwa Oasis is a depression inside a vast depression of western desert,

their main problems are poor drainage with no drainage outlet, and water logging.

The second problem is the shallow under pressure groundwater that pops up to the

ground. Many scientists call Siwa oasis “the dead oasis,” but others see Siwa for its

potential for agricultural development.

11 Conclusion and Recommendation

Egypt relies most on Nile water (55.5 BCM/year), then the reuse of agricultural

drainage water (10 BCM/year), and finally the groundwater (5.5 BCM/year) as an

additional water source for drinking (first) and irrigation (second). There are also

the uses of reclaimed and primary treated wastewater (5.5 BCM/year) with little

amounts of rain that precipitate on the delta lands which has not exceeded 1.3 BCM/

year. Use of groundwater in agriculture activity is effective in the new reclaimed

lands in the deserts where the Nile water is not available or access. Most of the

groundwater in Egypt is non-renewable water except the shallow groundwater in

the Nile valley and delta lands and its fringes in addition to some famous depression
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and oasis like Wadi El-Natrun in west delta (the Valley of Sodium salts) and Siwa

oasis south the northwest coast of Mediterranean.

The share water per capita in Egypt nowadays is 666 m; below the scarcity

level of 1,000 m per capita/year. That means the Egypt should have additional

renewable freshwater resources to raise the total water resource to 93 BCM/year for

the 93 million capita to reach the scarcity level (1,000 m3/capita.year). The actual

situation refers to, the total available water resources is only 62 BCM with a deep

gap of water shortage by 31 BCM. Thus, Egypt policy has no choice to use and

reuses the marginal and poor quality water. The reuse of both agricultural drainage

water and treated sanitary wastewater in addition to recycle of treated industrial

wastewater offering about 17 BCM helps to minimize the water shortage to

11 BCM instead of 28 BCM. However, the improvement of water delivery system

through the open mud irrigation canal extended for 30,000 km long may add

another 19 BCM/year lost by evaporation and seepage from these outdated canals.

Finally we can say, the reuse of poor quality water in Egypt is vital, essential and

will be continuing until found another renewable water sources to meet the increas-

ing water demands.
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Groundwater and Agriculture in the Nile

Delta

M.A. Mahmoud

Abstract Egypt is located in the arid and semiarid region, where the limited

availability of renewable freshwater is the main challenge in future agriculture

and urban development. The main water resource in Egypt is the River Nile; Nile

water alone is no longer sufficient for the increasing water requirements for the

different developmental activities in Egypt due to a rapid increase in population

and expected impacts of climate change especially on the agriculture sector. The

agriculture sector in Egypt is the main consumption of freshwater; it consumes

more than 80% of the total water resources in Egypt. The role of groundwater is

steadily increasing especially in the newly reclaimed areas along the desert fringes

of the Nile Delta and Valley. Abstraction from groundwater in Egypt is dynamic in

nature as it grows rapidly with the expansion of irrigation activities, industrializa-

tion and urbanization.

The quality of the groundwater in this area may be strongly affected by the

impact of the sea level rise combined with changes of Nile River flows, leading to

an increase in the salinity levels of groundwater. In addition, the current and future

human activities, especially extensive and unplanned groundwater abstraction, are

resulting in deterioration of the available groundwater resources. Serious negative

socioeconomic impacts can follow as a consequence. In the Nile Delta, extensive

groundwater abstraction is also a very significant factor that increases seawater

intrusion. Groundwater wells which were beyond salinization zones in the past are

consequently showing upconing of saline or brackish water.

There are many efforts from researchers to control groundwater level on farm

via controlled drainage which contributes to water requirements for some crops

like rice. On the other hand, shallow groundwater may cause soil salinization,

waterlogging and damage to crop roots. Agriculture activity may cause pollution
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of groundwater with fertilizers and pesticides through seepage so integrated man-

agement for sustainable use of groundwater is a very important issue in the Nile

Delta, so in this chapter the author will provide an overview of the exchangeable

relationships between groundwater and agriculture in the Nile Delta region.

Keywords Agriculture, Contamination, Groundwater, Nile Delta, Salinization
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1 Introduction

Globally, the continuous increase of freshwater demand led to more attention for

nonconventional water resources as groundwater which play an essential role in

water supply. In Egypt, the main constraint of future agriculture is the limited

availability of renewable freshwater. Nile River is the main water resource; it is no

longer sufficient for the increasing water requirements for the different develop-

mental activities, so the role of groundwater is steadily increasing and is expected to

cover about 20% of the total water supply in the upcoming decades especially in

the newly reclaimed areas along the desert fringes of the Nile Delta and Valley

[1]. There are six groundwater aquifers in Egypt, and the Nile aquifer represents

87% of the total groundwater pumping in Egypt. However, the groundwater aquifer

of the Nile Delta is not considered as an additional or separate water resource from

the Nile because it is directly connected to its river channels [2]. Aquifers generally

are refilled by effective rainfall, lakes and rivers. This water may reach aquifers

rapidly via macro-pores or fissures or slowly through soil infiltration and permeable

rocks [3]. The direct seepage of Nile water from drainage and irrigation systems

and, moreover, irrigated and cultivated lands are the main sources of Nile Delta

aquifer recharge [4–6].

There is a hydraulic connection between the groundwater aquifer and the Nile

Delta branches especially in the Middle and Southern parts of the Nile Delta due to

the thinner and irregular clay layer [7]. The results of SF6 tracer study of ground-

water in reclamation areas in South-west of the Nile Delta indicated that the wells

that are located nearest to the artificial canals of irrigation (El-Rayah El-Behery and
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El-Rayah El-Nasiry) have a young age of between 0.5 and 12 years, which means

that the wells close to the surface water are directly recharged by water derived from

the river. With increasing the space from the surface water, the age of groundwater

increases. This may be clarified by mixing between old water that is present in the

aquifers and the infiltrated young water from the surface resources [8]. Drainage

practices, soil type and irrigation method have a direct influence on the amount of

water recharging the aquifer [9]. The Nile Delta aquifer thickness decreases from

more than 900 m at the Mediterranean Sea to about 200 m in the South, near Cairo.

The base is a clay aquiclude with an average slope of about 4 m/km [10].

2 Contribution of Groundwater in Agriculture

Groundwater is an essential source of freshwater. It could significantly contribute to

agriculture through direct abstraction to use in irrigation mainly or supplemental

irrigation. Also, groundwater could be used in irrigation via indirect way through

control drainage system, so water table depth will decrease and, thus, contribute to

crop water requirement.

2.1 Abstraction of Groundwater to Irrigate Newly
Reclaimed Land

In arid and semiarid regions, coastal aquifers represent an essential source of

freshwater. In these regions, groundwater resources are overexploited to meet the

development and urbanization of coastal regions [6]. In Egypt, to face the challenge

of high population density and constant freshwater resource from Nile River, Egypt

adopted many policies to establish new agricultural communities outside the

overpopulated Nile Delta and Nile Valley. These newly reclaimed areas depend

almost exclusively on groundwater as water resource [8]. The growth of irrigation

activities, urbanization and industrialization lead to rapid growth of groundwater

abstraction. In most of the newly reclaimed areas in the Western Nile Delta region,

groundwater is the main source for agriculture, industrial and domestic uses, which

affect the quality of groundwater [1, 11].

In Egypt, the continuous increase of groundwater abstraction especially in newly

reclaimed lands leads to knowing and studying the groundwater aquifer especially

in the Nile Delta which is characterized as shown in Table 1 according to [12], in

addition, estimating the safe abstraction yield to protect groundwater deterioration.

Using groundwater besides surface water has an essential role during the peak

irrigation demand period. The amount of water from the Nile aquifer (Delta and

Valley) was estimated in 2010 at 6.2 Bm3, which is under the safe yield (8.4 Bm3)

estimated by MWRI [13].
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2.2 Controlling Groundwater to Contribute Some Crop
Water Requirements

A controlled subsurface drainage system allows farmers to adjust groundwater

levels in their fields, simply by adjusting the overflow level in a control structure

at the end of the lateral line. Conventional drainage is designed solely to remove

excess water from the fields. The goal of controlled drainage is to reduce total

drainage flow, reduce contaminant load, improve irrigation efficiency or some

combination of these outcomes. In controlled drainage system, the groundwater

table is maintained at shallower depth by a control structure which reduces deep

percolation below the root zone by reducing hydraulic gradients and increases

potential capillary upflow through careful water management at depth acceptable

for the purpose for plant water [14].

In arid areas, in irrigated agriculture, controlled drainage could be used to

improve water management and reduce the environmental impacts of subsurface

drainage flow. Controlling the water table position makes shallow groundwater

Table 1 Characteristics of the groundwater aquifers in the Nile Delta and its fringes [12]

Aquifer Age Rock type Extent Location

Transmissivity

(m2/day)

Mediterranean

coastal aquifer

Pleistocene Granular Local West of

Alexandria

500–1,500

Nile Delta

aquifer

Pleistocene Granular Extensive Nile Delta 500–5,000

Northwest

Sinai aquifer

Pleistocene Granular Extensive Western

Sinai

<500

Wadi

El-Natrun

aquifer

Pliocene Granular/

clay

Local Western

Delta

fringe

<500

Moghra

aquifer

Miocene Granular Extensive Northwest

Desert

500–5,000

Cairo-Suez

aquifer

Plio-Pleistocene/

Miocene/

Oligocene

Granular Extensive Cairo-

Suez

district

<500

Abu Zaabal

volcanics

Oligocene Fissured/

volcanic

Local South

portion

<500

Upper carbon-

ate aquifer

Middle Miocene Fissured and

karstified

Extensive Almost the

entire area

Largely

unexplored

Lower carbon-

ate aquifer

Upper

Cretaceous

Fissured and

karstified

Extensive Almost the

entire area

Nubian Sand-

stone aquifer

Cretaceous to

Paleozoic

Mixed gran-

ular and

fissured

Extensive Almost the

entire area

Largely

unexplored

Basement Precambrian Fissured/

igneous

Extensive Almost the

entire area

Unexplored
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available for crop water use by conserving soil water content through a capillary

rise in the root zone as shown in Fig. 1. Shallow groundwater is a resource that is

routinely overlooked when water management alternatives are being considered in

irrigated agriculture, even though it has the potential to provide significant quanti-

ties of water for crop use under the proper conditions and management. In shallow

water table areas less than 3 m in depth, some crops can extract water from the

groundwater, so irrigation water applied can be reduced significantly, and crop

yields can often be enhanced. Under very shallow water table situations 0.5 m in

depth, wheat extracted almost all its required water from the groundwater, whereas

sunflower extracted more than 80% of its requirement. When the water table is less

than 2 m in depth, most crops can obtain a big amount of their water requirements

from the groundwater, and therefore, irrigation rates can be decreased below the

evapotranspiration rates [15]. Shallow saline groundwater is contributing a part of a

crop’s water requirement by subirrigation when supplemented by surface irrigation

or rainfall with good-quality water [16].

Numerous studies indicated that controlled drainage significantly contributes to

reducing drainage volumes from agricultural land and enhancing water use effi-

ciency [17]. The drainage volume reduction under controlled drainage was 11%

[18]. Also, the volume reduction ranges from 17 to 85% [19]. Water use efficiency

Sub-surface drainage

Controlled drainage

Groundwater
level

Drain pipe

Drain 
pipe

Water level in 
main ditch

Water level in 
main ditch

Control
well

Groundwater
level

Fig. 1 Conceptual flow paths in controlled and uncontrolled subsurface drainage systems
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on controlled drained plots with subirrigation was greater compared to controlled

drained plots without subirrigation over a period of 6 years [20]. Application of

controlled drainage has the potential to maintain and even increase yields per unit

land whilst increasing the irrigation water use efficiency by 15–20% [21]. Water

management techniques may be used to reduce drainage outflow during the grow-

ing season of rice. The use of controlled drainage and other water management

practices plays an important role in reducing the amounts of irrigation water.

Irrigation water requirements can be reduced to 80% of the total crop ET without

reducing crop yield and increasing soil salinization in areas where water tables are

shallow [22]. Introduced Modified drainage for rice areas in the Nile Delta by

closing the main collector line during the rice season lead to water savings of up to

50% depending on local conditions. Thus, Farmers saved considerable irrigation

time, and direct pumping costs were reduced by as much as 43% of total seasonal

pumping costs [23]. Water requirements of rice under controlled drainage was 25%

less than under conventional drainage system in Northern Western Nile Delta of

Egypt [17].

Controlled drainage increases yields per unit land and increases water use

efficiency by 15–20% [21]. Using controlled drainage systems (and combined

subirrigation and controlled drainage systems) has positive results on crop yields

of soybean and corn cropping systems in Canada and the United States [24].

3 Problems of Shallow Groundwater on Agriculture

3.1 Secondary Salinization of the Soils in Nile Delta

“Salinity management in the crop root zone is essential for the sustainability of

irrigated agriculture and is a major consideration when proposing controlled drain-

age practices” [25]. Research has demonstrated that water and salt will move

upwards from shallow groundwater and may result in the salinized soil in a short

time. However, there have also been many studies over the years demonstrating that

salinity in the root zone can be effectively managed from year to year by irrigation.

Most investigators believed that shallow groundwater plays a major role in the soil

salinization [26]. In shallow water table areas, due to applying controlled drainage,

water and salt will move upwards from shallow groundwater and may result in the

salinized soil in a short time, and it is highly dependent on water table position and

salinity [25]. “High water tables are also a common problem in intensively irrigated

areas and can lead to the development of salinity problems” [27]. “Results also

show a positive correlation (r2 ¼ 0.84) between the concentration of salt on the

surface and water table levels of 70 cm or less” [27]. In the area of study, salt

accumulation, groundwater and inadequate drainage conditions are the major

causes of salinization [27].
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Excessive irrigation and lack of adequate drainage cause rises in the ground table

and consequently irrigation salinity [28–30]. The depth of groundwater, a distance

of irrigation canals, subsoil and groundwater salinity and land use are the mean

reasons of salinity risk [31].

Salinity levels in the soil and groundwater are increasing due to continuous

irrigated crop production. Over time, crop production will be negatively affected

due to shallow saline water table which causes salt accumulation in the soil surface

through the capillary rise and/or directly as a result of waterlogging [32]. The

salinity in wetlands of arid/semiarid areas will vary naturally due to sporadic

rainfall, high evaporative conditions, groundwater inflows and freshening after

floods or rains. However, wetlands are often at particular risk of secondary salini-

zation which may be due to lower elevation in the landscape that causes an increase

in saline groundwater inflows by rising water tables [33].

In areas that has shallow water table and suitable soil properties of water

movement through the surface layers, water moves from groundwater to the soil

surface bringing dissolved salts in it. Evapotranspiration is the driving force for

upward movement of water and salts [34]. There are mechanisms which explain the

soil processes leading to transient salinity in root zone layers as shown in Fig. 2.

Fig. 2 Soil processes lead to transient salinity accumulation in the root zone layers [35]

(Reproduced by kind permission of CSIRO Publishing)
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3.2 Waterlogging and Its Solution

Irrigation in arid and semiarid zones inevitably leads to water table variations and,

thus, to salinization and waterlogging problems. About one-third of the world’s
irrigated lands have decreased productivity as a consequence of poorly managed

irrigation that has caused salinization and waterlogging [36]. In the irrigated lands

such as Delta and Nile Valley, Egypt, groundwater levels have risen to produce

waterlogging. This process has caused excessive salinity build-up in crop root

zones and created yield reductions or caused land abandonment in severe cases

[37]. Shallow groundwater table may have negative effects on crops; if water table

is too shallow, crop yield could decrease due to waterlogging and root anoxia

[38, 39]. “When the water table is very shallow, soil waterlogging limited the

root growth of winter wheat due to the reduced oxygen concentration of the

soil” [40].

Over the past 25 years, the role of drainage has improved from only purpose

measure for controlling salinity and/or waterlogging to an important element of

integrated water management under multiple land use [41]. In arid and humid

zones, subsurface drainage is used to prevent waterlogging, increase the trafficabil-

ity of soil and enhance aeration for better crop growth, thus allowing soil prepara-

tion for planting and harvest on time. In addition, in arid areas drainage contributes

significantly to leaching capability to control salinity build-up in crop root zone

[25]. Subsurface drainage systems have proved to be a technically feasible and cost-

effective practice to combat the problems of root zone salinity and waterlogging

in irrigated land and thus increase crop yields and rural income [42–47]. Drainage

is one of the most effective solutions to reduce waterlogging and salinity

problems [48].

4 Salinization of Groundwater and Seawater Intrusion

The coastal aquifers are essential sources of freshwater in coastal zones, but salinity

intrusion can be the main problem in these areas. Saltwater intrusion is the process

that saltwater moves from the ocean into coastal aquifers as a result of the over-

pumping of groundwater, and it is a dynamic equilibrium of groundwater move-

ment and subsequently may cause polluting of the groundwater [3, 49]. Saltwater

intrusion is a natural phenomenon that occurs almost in all coastal aquifers which

are connected to the sea as a result of the higher density of the seawater compared to

the groundwater in the aquifer [50]. Due to the extraction of groundwater from

aquifers which are in hydraulic connection with the sea, the gradients that are set up

may cause a flow of seawater from the sea towards the well [51]. Increasing water

abstraction from coastal aquifers lead to decreasing the movement of freshwater

to the sea and accordingly, increasing seawater intrusion inland [6, 52]. The intru-

sion of seawater in coastal aquifers is the main problem and is encountered, with
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different degrees, in almost all coastal aquifers. It is considered one of the main

factors that decrease water quality through raising salinity. It may happen due to

human activities as overpumping and/or by natural events like sea level rise or

decreasing recharge from surface water which quickens saltwater intrusion [3, 10,

52]. Saltwater intrusion has a direct influence on the salinity of the soil, resources of

groundwater, coastal zone quality and agricultural productivity [53].

In Egypt, Nile Delta aquifer is one of these aquifers which are subjected to face

intrusion of seawater from the Mediterranean Sea [52]. The sea level rise and

fluctuation of Nile River flow may have a significant impact on groundwater quality

in the Nile Delta, which lead to an increase in the salinity levels of groundwater

[54]. Moreover, the current and future human activities, mainly unplanned and

extensive groundwater abstraction, are resulting in degradation of the available

groundwater resources [55]. Previous studies indicated that seawater intrusion in

the Nile Delta aquifer had extended inland more than 100 km from theMediterranean

coast [56, 57]. Sea level rising might have significant long-term impacts on the Nile

Delta, which include the distribution of groundwater salinity and erosion of the

narrow and low-lying barriers of the Manzala and Burullus lagoons [58]. Rising the

Mediterranean Sea level by 0.5 m, it will cause additional intrusion of 9.0 km in

the Nile Delta aquifer [3].

Groundwater salinity in the Nile Delta is classified into two zones; the first one in

the Southern Nile Delta that is a low salinity level (total dissolved solids<1,000 ppm)

and the second zone in the central Nile Delta, in which the salinity increases sharply

to a total dissolved solids >10,000 ppm [4]. The projected seawater rise would cause

a reduction in a hydraulic gradient of the water table and/or piezometric head in the

Nile Delta aquifer. So, under climate change condition and seawater rise, the deep

coastal aquifers with mild hydraulic gradients would be more vulnerable. In Nile

Delta aquifer, increasingMediterranean Sea level by 0.5 mwould cause movement of

the equi-concentration lines 35, 5, and 1 g/L inland by distances of 1.5, 4.5 and 9 km,

respectively [59]. Rising seawater as a result of climate change will have many

impacts on groundwater. First, additional pressure heads will be forced at the seaside

causing more seawater intrusion in land. Second, seawater will submerge the low

lands along the shoreline, and the groundwater below these lands will become saline.

Third, climate change may cause differences in rainfall which would affect the

natural replenishment of groundwater. Fourth, as a result of the expected reduction

in surface water resources and rainfall particularly in arid and semiarid regions, the

dependence on, and exploration of, groundwater resources would increase to con-

tribute for water needs of the different sectors [10, 60].

The overextraction of groundwater leads to an increase in salinity concentration

and covers about large area [61]. The most extremely serious result indicated that

overpumping of the groundwater especially in the Nile Delta aquifers, which is

followed by salinization by seawater intrusion, thus decreases the obtainability of

freshwater sources [62]. The combination of overpumping and sea level rise results

in the movement of the transition zone further towards land. Rising the Mediterra-

nean Sea water level by 100 cm will cause extra intrusion in the Nile Delta aquifer

by 10 km. Overpumping will cause an extra intrusion by 8 km and reduction in
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piezometric head water at the land side. The combination of sea level rise and

overpumping will cause an extra intrusion of 15 km [6].

5 Contamination of Groundwater

Pollution can be defined as the modification of chemical, physical and biological

properties of water preventing or restricting its use in the various uses. Water is

polluted naturally due to saltwater intrusion and others without human intervention

or artificially by human activities [63]. There are many groundwater pollution

sources which include oil and mining fields (petroleum exploration and develop-

ment, abandoned oil wells and test wells, buried pipelines and storage tanks,

disposal of oil field brine and mining activities), water wells (disposal, drainage

and abandoned wells, overpumping, well construction, river infiltration and seawa-

ter encroachment), cultivated lands (animal wastes, dryland farming and evapo-

transpiration from vegetation, feedlots, fertilizers and pesticides, irrigation return

flow and sewage treatment plant discharge), urban areas (urban and industrial

landfills, surface impoundments, solid wastes, natural pollution and septic tanks

and cesspools) and others (lakes and spills, natural leaching, water from fault zones

and volcanic origin) [64]. Contamination of the Nile Delta aquifers has resulted

from saltwater intrusion, the absence of sewage systems in most of villages and

towns in Delta and oxidation and dissolution of applied pesticides, in addition,

fertilizers into infiltrating irrigation water. These contaminations are characterized

by high concentrations of total dissolved solids [65]. The degradation of ground-

water quality in the Eastern part of the Nile Delta could be related to the leakage

from sewage storage tanks, transportation sewage pipes and El Khadrawya drain

which receives the Mobarak industrial area wastewater. Moreover, dump disposal

sites and factories’ illegal sewage disposal [66]. Land use and related human

activities have significant correlation on groundwater quality, type and extent of

pollution. Use and reuse of water for agricultural, domestic and industrial purposes

result in the discharge of liquid or solid wastes into the geologic environment [63].

Shallow aquifers are more sensitive to degradation due to temporal and spatial

changes in recharge and discharge. Extensive urban, industrial and agricultural

expansions on the western fringe of the Nile Delta have applied much load on the

water needs and lead to groundwater quality deterioration. These deteriorations

may be due to salinization and contamination from nutrients and trace metals

[67]. When the water table is shallow and the aquifers have low buffering capacity

and are highly permeable, the risk of pollution increased [68]. There is hydraulic

connection between groundwater in the Nile Delta aquifer and surface water from

Nile River branches, drainage system and irrigation canals. Therefore there are

many factors contributing to the decline of groundwater quality in the Nile Delta

aquifer including leaching of fertilizers, pesticides and chemicals from agriculture

areas, saline groundwater upconing and seawater intrusion, disposal of industrial

waste and overpumping of groundwater [9].
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The main pollutant of groundwater is saline water. Saline water intrusion takes

place where saline water relocates or mixes with freshwater. The groundwater in

most areas close to the sea in the western fringe of the Nile Delta, as North-Tahrir,

Abis and Marriott, was unsuitable to irrigate regular crops. Also, West of the Cairo-

Alexandria road except for the track of land between Nubaria Canal and this road

has access to reasonably good groundwater [67]. The increase of salinity in the

Middle part of the Nile Delta is caused by vertical seepage of sanitary, agricultural

wastewater and the dissolving of salts from the sediments of the aquifer itself

[69]. The excessive extraction of groundwater may affect groundwater quality by

upward seepage of saline water [65]. Mobilization of stored salts in the unsaturated

zone, local pollution and evaporites, which resulted from ancient marine intrusion,

wind-driven sea spry and marine aerosols deposited at the topsoil, may further

contribute to groundwater salinization [70, 71]. The salinization resulted from

seawater mixing, dissolution of evaporite minerals in the water-bearing formation

and the sabkhas and saline soils [67].

Agriculture, industrial and domestic discharges are the main sources of pollution

of the Nile Delta aquifer. The overuse of chemical fertilizers in agriculture causes

higher concentrations of nitrate, potassium, sulphate and phosphate. Also, higher

concentrations of iron, manganese and aluminium were found in the old lands of the

Nile Delta aquifer due to the dumping of industrial effluents into the drainage

system. In addition, due to the lack of sewage systems in most rural areas and

popularity of septic tanks in the Nile Delta [9]. Contamination with nutrients and

trace metals is usually from agricultural, urban and industrial wastes [67]. Manga-

nese and iron concentrations were higher in the old lands due to the general natural

characteristics of the Nile Delta aquifer and more pronounced in the areas having a

clay cap. Local contamination from industrial areas led to high concentrations of

lead in Eastern Nile Delta and Western Nile Delta. Also, high concentrations of

cadmium were found in the Middle of the Nile Delta [72]. The agricultural

activities as the excessive use of pesticides and fertilizers particularly in the old

land and using wastewater in irrigation which cause degradation of the groundwater

quality are mainly attributing to enrich groundwater with nitrate, pesticides, phos-

phate and bacteria. In addition, domestic and industrial activities increase heavy

metals, industrial pollutant and bacteria in groundwater [63, 73]. The maximum

concentration of nutrients was mainly recorded in the old cultivated lands, indicat-

ing the contamination from irrigation water [11]. The shallow brackish coastal

aquifer in northern Nile Delta is partially polluted with phosphates (0.24 mg/L) and

nitrates (7.35 mg/L). Furthermore, groundwater contains excess amount of some

trace elements (Fe, Mn, Ni) that are higher than the standard levels for drinking

water [62]. Herbicides which were used to control submerged weeds in irrigation

canals and water hyacinths in drains have caused serious environmental

hazards [74].
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6 Integrated Management for Sustainable Use

of Groundwater

Maintaining groundwater quality and quantity for sustainable use requires an

integrated management approach for both groundwater and surface water. For

sustainable use of groundwater in areas where groundwater is renewable, the

abstraction rate should not exceed the recharge rate. If this is not the case, the

unplanned exploitation will lead to short term of use [75]. Many wells were dug on

the Nubian aquifer in the Oases area in the Western Desert were stopped to produce

naturally due to overextraction [64, 76]. Increasing recharge of groundwater by

10% and decreasing pumping by 10% are predicted to cause a 3 and 6 m increase in

groundwater head in the heavily exploited coastal aquifer [77]. Under the condition

of 0.5 m seawater level rise, it would sustain the freshwater resources when

reducing the groundwater pumping by 50% [10].

The Nile Delta aquifer is strongly exposed to seawater intrusion from

the Mediterranean Sea producing serious environmental impacts. Groundwater

resources should thus be developed and managed carefully to avoid any further

water quality deterioration [6]. In Western Nile Delta, the integrated and sustain-

able management plans for groundwater are essential to avoid the deterioration of

the aquifer system in this area. The inclusive database that includes the character-

istics of the aquifer system and modelling tools to achieve the impacts of decision

alternatives are very important factors for efficient integrated and sustainable

management of water resources [1].

Sustainability of groundwater is a very important issue, and it is not possible

without water managers, monitoring and characterizing groundwater resources;

local communities, management and hydrogeologists should work together to

devise measure and policies by backcasting and, moreover, adapt future measures

in achieving the long-term sustainable targets [78]. Decreasing, controlling or

forbidding well drilling, treatment of sewage and drainage water before using in

irrigation, integrated management of applying fertilizers in agriculture areas to

prevent groundwater pollution and monitoring of surface and groundwater are

very important actions to improve groundwater quality, avoid saline groundwater

supply and prevent groundwater pollution of the Eastern Nile Delta aquifer [73].

7 Conclusions and Recommendations

Groundwater is a very important source of freshwater in Egypt besides River Nile.

It is expected to cover about 20% of the total water supply in the upcoming decades

especially in the newly reclaimed areas along the desert fringes of the Nile Delta

and Valley. In Egypt, there are six groundwater aquifers, and the Nile aquifer

represents 87% of the total groundwater pumping in Egypt. The direct seepage of

Nile water from irrigation and drainage systems and the irrigated and cultivated
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lands are the main source of Nile Delta aquifer recharge. This is due to a hydraulic

connection between the groundwater aquifer and the Nile Delta branches especially

in the Middle and Southern parts of the Nile Delta due to the thinner and irregular

clay layer.

Groundwater could significantly contribute to agriculture through direct abstrac-

tion to use in irrigation mainly or supplemental irrigation in rainfed areas. Also, it

could be used in irrigation in an indirect way through controlling drainage system,

so water table will decrease and, thus, contribute to crop water requirement. But,

there are some problems with shallow water table which negatively affect agricul-

ture production as secondary soil salinization and waterlogging. These two prob-

lems could be overcome through using surface and subsurface drainage systems.

Nile Delta aquifer is exposed to many challenges which decrease the quantity

and/or deteriorate its quality as seawater intrusion. It may happen due to expected

rising of seawater level due to projected climate change and/or the current and

future human activities, mainly unplanned and extensive groundwater abstraction

which lead to an increase in the salinity levels of groundwater, and also the

transport of pollutant from surface sources to groundwater. So, to maintain ground-

water resources in Nile Delta for sustainable use, an integrated management

plan should be prepared. The plan should include preparing digital maps charac-

teristic for groundwater distribution and depth and define the safe extraction. Also,

controlling or forbidding drilling wells especially in North Nile Delta close to

the Mediterranean Sea, increasing ground recharge and/or reducing ground abstrac-

tion, treatment of sewage and drainage water before using in irrigation, integrated

management of applying fertilizers in agriculture areas to prevent groundwater

pollution and applying controlled drainage in agricultural areas in Nile Delta

because it reduces the transport of agricultural pollutant as pesticides, herbicides,

nutrients and some of heavy metals in addition enhancing water use efficiency.

Finally, monitoring of surface and groundwater is a very important action to

improve groundwater quality, avoid saline groundwater supply and prevent ground-

water pollution in Nile Delta region.
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Part III
Sedimentology and Hydrogeophysical

Characteristics



Sedimentological Characteristics

of the Quaternary Groundwater Aquifer,

Northwestern Nile Delta, Egypt

Abdelmonem T. Abdelhameed, Zenhom E. Salem, and Osman M. Osman

Abstract A total of 110 sediment samples were collected at various levels during

the well drilling. Mechanical analysis of 70 sediment samples was done in order to

study the sedimentological and depositional environments of the studied aquifer.

Another 40 samples were subjected to X-ray diffraction (XRD) analysis to detect

the mineralogical composition of the aquifer sediments. The sedimentary work

revealed that the majority of the samples are medium to coarse clayey sand,

moderately sorted and coarse skewed. This may support the multi-directional

depositional currents. The present-day, wind action influences skin of the sedi-

ments. The samples lie within the field of river processes. Mineralogical analysis by

X-ray diffractometry revealed that smectite is the most abundant clay mineral,

followed by kaolinite, whereas illite is the less abundant clay mineral. The essential

carbonate minerals are calcite and dolomite whereas non-carbonate minerals

include quartz, feldspar, and hematite.

Keywords Depositional environment, Groundwater aquifer, Mineralogy,

Sedimentology, Western Nile Delta
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1 Introduction

Sedimentological studies are of expanding significance in environmental research,

especially contamination studies, where past patterns in ecological procedures

should be joined with information on current conditions to foresee likely future

changes [1]. Sedimentology is a vital branch of geology and its utilization in water

resources administration, contamination investigations of subsurface water bodies

and depositional condition cannot be over underscored. The presumptions that

groundwater is perfect and drilling ought to be done blindly are demonstrations

of ignorance and the outcomes far exceed the benefits. Basic sedimentological

information should shape some portion of any evaluation of possibly polluted

destinations and part of examinations concerning the scattering and catching of

contaminants in fluvial frameworks [2]. These information are additionally required

for sound ecological administration to guarantee that planning policies are good

with common environmental limitations [1].

Sedimentological examination of subsurface borehole sediments is a noteworthy

part in groundwater study and aid to predict the depositional condition utilizing

fundamental standards of geology [1, 3–5]. The stratigraphy of a landscape assumes

an imperative part in groundwater pollution particularly when the aquifer geometry

is unconfined [6–8]. When the aquifer is unconfined and shallow, there is a high

possibility of contaminants whatever source and kind, particularly when they are

near a highly populated area with high anthropogenic effect [9]. Omorogieva and

Imasuen [10], Joshua and Oyebanjo [11] estimated that aquifer deposits come from

the close surface, igneous outcrops, volcanic and sedimentary rocks. Some of these

are effectively disintegrated, though others, particularly the crystalline rocks, are

influenced by streams just when adjusted in the surface [12].

It has been perceived that grain-size distribution of granular permeable media

influences its hydraulic conductivity [13]. This interrelationship is helpful for the

estimation of conductivity properties where coordinate permeability information is

inadequate in the beginning times of aquifer investigation. In groundwater hydrol-

ogy, the learning of soil conductivity is vital for demonstrating the water flow both

in the saturated and unsaturated zone, and transportation of water-dissolvable

contaminations in the aquifer. The textural properties of an aquifer are all the

more effectively acquired, a potential option for evaluating hydraulic conductivity

of soils is from grain-distribution [14].

The sedimentary clastic rocks are characterized by high porosity and permeabil-

ity and forming most of the groundwater aquifers. In the Nile Delta area in general
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and particularly the study area (Fig. 1), the main aquifer is the Pleistocene which

consisted of sand and gravels with clay lenses intercalations. So, the sedimentary

formation (i.e., Pleistocene aquifer) analysis for the study area is very important to

reveal the aquifer properties as the grain size analyses and mineralogical study. This

study deals with the grain size analysis and mineralogical study of the Plio-

Pleistocene sediments of the area under consideration.

2 Study Area

West of the Nile Delta is one of the biggest groundwater territories in northern

Egypt. Groundwater potentiality and dispersion are controlled by the geographic

location, the sedimentary succession, the geologic structure, and physiographic

setting. The study area is situated in the west of the Nile Delta in northern Egypt

(Fig. 1). Its geographical boundaries are 30� 300 and 31� 000 N and longitudes

30� 000 and 30� 300 E. The common territories in this area are north of Wadi El

Natrun, El Bustan extension reclamation project, west and east of El Nubaria canal,

Abu El Matamir area, and Housh Eissa area.

Many authors studied the stratigraphy of the study area; among them El

Fayoumy [15]; Shata et al. [16]; Omara and Sanad [17]; El Ghazawi [18]; Abdel

Fig. 1 Location map of the study area
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Baki [19] and Abdel Wahab [20]. As disused in Salem and Osman [21, 22],

sediments of the study aquifers are of Quaternary (Recent and Pleistocene), Neo-

gene (Pliocene and Miocene), and Oligocene ages (Fig. 2). The Pleistocene aquifer

is the most vital aquifer that has a greatest thickness of 300 m to the east to the

northeast (Fig. 2a). The Holocene deposits are located in the western part of the

investigated area and are composed of eolian sand (4–10 m thick) with calcareous

intercalations (Fig. 2b). The Pleistocene aquifer is composed of gravels and sands

with thin clay intercalations (Fig. 2b, c). This Quaternary aquifer overlays the clay-

rich sediments of Pliocene and Miocene ages (Fig. 2b, c). The Pleistocene aquifer is

mostly unconfined but of semiconfined characters at the northern direction where

Fig. 2 Shows the hydrogeology of the study area. Pleistocene aquifer thicknesses increase to the

eastern and northern directions is shown in (a). The hydro-stratigraphic succession of the study

area along the cross-sections AA0 and BB0 is shown in (b) and (c), respectively (after [21])

164 A.T. Abdelhameed et al.



clays cover is predominant. Surface leakages from the watering framework trenches

are the principal recharge source for the Pleistocene aquifer [19].

Structures including faults, folds, and unconformities influence the groundwater

movement. The West Nile Delta region comprises the northern portion of the great

Marmarican Homocline. The strata dip gently to the north and eastward reflecting

the effect of the structural elements of the Taphro-geosynclinal basin of the Nile

Delta basin [16]. The structural map of the area compiled by different authors is

shown in Fig. 3. Major faults with downthrown sides due east have been delineated

along the western margin of the Nile Delta. These faults have led, among other

geologic features, to the facing of the highly permeable Pleistocene gravel of the

Nile Delta opposite to older impermeable sediments to the west. This situation

Fig. 3 Compiled structure map of the study area (after [18, 23, 24])
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accelerates the subsurface westward flow of Nile water to the older sediments

[23]. Two subsurface faults in the area were detected by El Ghazawi [18] compris-

ing El Galala fault (F7) with downthrown to east and displacement reaches about

65 m, and El Nubaria fault (F8) with downthrown also to east (Fig. 3). They are

related to the clysmic system during Neogene times. However, the rapid vertical

and lateral facies changes of the Quaternary sediments hide this displacement. On

the other hand, four probably subsurface faults (F3, F4, F5, and F6) have been

detected with downthrown to the Nile Delta [24]. They greatly affect the thickness

of the Pleistocene aquifer.

Wadi El Natrun anticlinal structure trends E 35
�
W and extends for about 60 km

from El Ralat depression in the north to Beni Salama depression in the south [20]. It

is a symmetrical structure affected by parallel and diagonal faults, among them F1

and F2 that led to the formation of the main central depression (Fig. 3). Unconfor-

mities are recognized in the area between the Quaternary deposits and Pliocene

deposits, where Wadi El Natrun Formation (Early Pliocene) is covered directly by

Quaternary clastics, and El Hagif Formation is absent (Late Pliocene) [18].

3 Methodology

The performed working methodology of this work is shown in Fig. 4. Thirty four

boreholes were drilled in the study area (Fig. 5). A total of 110 sediment samples

were collected at various levels during well drilling. Lithologic log of each well was

constructed and then 2D and 3D lithological correlations were performed (Figs. 6

and 7). Mechanical analysis of 70 sediment samples was done to study the

Fig. 4 Flowchart shows the working methodology
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sedimentological and depositional environments of the studied aquifer. Results of

the grain size analysis were represented in Table 1 and Figs. 8 and 9. The grain size

analysis was carried out on the sand fraction using the standard sieving method.

Another 40 samples were subjected to X-ray diffraction (XRD) analysis to detect

the mineralogical composition of the aquifer sediments. Identified mineralogical

compositions for the selected samples are shown in Table 3 and some representative

X-Ray Diffractograms are plotted in Fig. 10. The mineralogical analysis was done

on bulk samples by X-ray diffraction (XRD) analysis to delineate the clay and

non-clay minerals of the sediment.
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4 Result and Discussion

4.1 Lithological Correlation

The samples from different wells drilled in the area (Fig. 5) are distributed overall

the area at various depths (Table 1). The cross-sections AA0 and BB0 (EW and SN,

respectively) were established (Fig. 6) to show the vertical and lateral lithology
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Table 1 Statistical grain size parameters of the collected samples

Well no. Sample depth (m) Md Mz SI SKI KGI

1 1 1.10 1.43 1.07 0.40 2.32

5 0.80 �0.37 3.37 �0.59 1.61

10 0.60 0.20 2.21 �0.35 1.26

15 0.50 0.33 2.21 �0.31 2.00

25 0.90 0.67 1.91 �0.27 1.27

35 �2.80 �3.27 4.27 �0.19 1.16

2 40 0.70 0.57 0.75 �0.33 1.76

45 1.05 1.08 0.93 �0.02 1.19

55 0.60 0.43 1.34 �0.18 1.06

60 1.70 1.67 0.83 �0.14 1.69

70 0.95 0.98 0.98 �0.02 1.19

75 0.80 0.53 1.12 �0.25 1.55

90 1.30 1.13 1.07 �0.35 1.45

100 0.70 0.63 1.12 �0.14 1.53

125 1.30 1.27 0.96 �0.15 1.19

140 1.40 1.33 0.90 �0.16 1.12

3 20 1.10 0.93 1.31 �0.37 1.64

28 1.00 1.00 1.03 �0.10 1.20

48 0.90 0.77 1.27 �0.24 1.39

4 20 1.30 0.90 1.24 �0.42 1.07

25 1.00 0.77 1.29 �0.32 1.13

30 1.30 1.03 1.14 �0.40 1.23

35 1.30 1.10 1.08 �0.36 1.20

40 1.30 1.03 1.13 �0.39 1.30

50 1.00 0.73 1.40 �0.30 1.18

55 0.30 0.03 1.37 �0.26 1.06

60 1.00 0.90 1.10 �0.23 1.20

65 1.30 1.03 1.13 �0.39 1.20

70 1.20 0.80 1.62 �0.48 1.56

80 0.90 0.77 1.31 �0.24 1.28

90 1.50 1.43 1.11 �0.17 1.08

100 0.30 0.80 1.04 0.46 1.26

110 1.30 1.20 0.96 �0.24 1.01

130 1.50 1.33 0.99 �0.25 1.16

5 1 �0.70 �0.87 2.07 �0.07 1.23

100 0.90 0.80 1.18 �0.17 1.02

110 0.80 0.67 1.36 �0.17 1.13

6 10 0.90 0.57 0.94 �0.51 1.23

30 0.70 0.50 1.57 �0.25 1.23

50 �1.00 �1.80 3.78 �0.38 0.86

80 0.30 0.17 0.93 �0.17 1.09

120 1.00 0.90 1.16 �0.17 1.32

150 1.00 0.97 1.01 �0.04 1.10

(continued)
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Table 1 (continued)

Well no. Sample depth (m) Md Mz SI SKI KGI

7 27 1.00 �0.30 3.33 �0.72 1.43

35 1.20 1.10 1.29 �0.20 1.20

43 1.00 0.93 1.08 �0.13 1.11

48 0.10 �0.23 1.04 �0.31 1.01

97 1.70 1.63 0.56 �0.25 1.97

106 0.80 0.67 1.26 �0.14 0.84

7 120 1.20 0.93 1.25 �0.29 1.26

125 0.70 0.57 1.30 �0.17 1.45

8 22 1.40 1.20 1.48 �0.24 0.77

133 1.40 1.20 1.24 �0.28 0.67

9 0 1.00 1.27 1.24 0.27 0.89

40 1.00 1.40 1.28 0.25 0.98

70 1.40 1.27 0.90 �0.20 1.23

75 1.60 1.47 0.80 �0.24 1.37

80 0.90 1.03 1.07 0.00 1.27

85 1.60 1.60 1.02 �0.12 1.16

102 1.90 1.97 0.65 0.02 1.89

11 12 �2.60 �3.10 4.16 �0.17 1.28

25 1.00 0.87 1.05 �0.24 1.13

27 1.60 1.47 1.06 �0.25 1.17

30 1.00 1.10 1.01 0.09 1.10

35 1.40 1.27 0.88 �0.19 1.09

45 1.20 0.63 1.58 �0.56 1.86

55 �1.00 �0.97 2.28 �0.12 1.04

60 0.40 0.13 1.46 �0.32 1.28

12 4 1.40 1.23 1.10 �0.29 1.40

13 1.60 1.50 0.86 �0.14 1.19

30 0.80 0.77 1.20 �0.06 1.05

44 1.30 1.17 1.45 �0.28 1.55

13 10 1.20 1.20 1.21 �0.05 1.26

30 1.30 1.17 1.30 �0.23 1.26

40 1.30 1.07 1.10 �0.34 1.29

50 1.10 1.13 1.53 �0.21 1.52

60 1.40 1.23 1.02 �0.26 1.45

120 1.30 1.23 0.88 �0.09 1.19

135 1.00 0.83 1.29 �0.19 1.13

14 4 1.30 1.20 1.83 �0.16 1.17

10 1.80 1.67 1.24 �0.32 1.08

30 1.6 1.47 1.11 �0.28 1.37

14 85 0.80 0.37 1.81 �0.42 1.64

15 1.20 1.20 1.55 �0.23 1.84

15 65 0.20 �0.30 2.53 �0.33 1.36

(continued)
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changes. These sections revealed that the sediments of the area are formed of fine

to medium sand, gravels, and clay lenses at different levels. Cross-section AA0

(Fig. 6a) extends from E-W direction and contains seven lithology wells [1, 6, 19,

27, 29–31]. The general cross-section composition is sand from fine to coarse size.

The sand and gravel sediments which are considered as an ideal groundwater

aquifer are recorded in wells 12, 4, 5, and 10. Intercalations of some clay lenses

are recorded all over this cross-section. These lenses might affect the level and

quality of the groundwater in the investigated aquifer.

Cross-section BB0 contains six wells [23, 27, 32–35] (Fig. 6b) and shows that,

the ground level is decreased toward the northern direction. It also indicates that the

sand thickness increased to the central part and decreased to the southern and

northern directions. In contrast, the number and thickness of the clay lenses

increased to the southern and northern directions. Also, the constructed 3D models

(Fig. 7) show the lithology variations as represented from AA0 and BB0 cross-
sections in all directions. The 3D model shows the increasing of sand thickness

toward the central part. Increasing in number and thickness of the clay lenses

toward south, north and deeper zones led to decrease in sand thickness.

4.2 Granulometric Analysis

The granulometric study of sediment is an important textural parameter which

measures the energy of the depositional environment. Both the friable and semi-

friable samples from different wells were selected for the grain size analysis by

sieving method. The statistical parameters of Folk and Ward’s [31] were calculated
from the grain size data. The data were then plotted on the cumulative curves.

Table 1 (continued)

Well no. Sample depth (m) Md Mz SI SKI KGI

75 1.40 1.43 1.14 �0.05 1.17

80 1.30 1.23 1.27 �0.12 1.05

85 0.80 0.90 1.23 0.11 0.96

90 1.40 1.30 1.24 �0.22 1.29

120 0.90 0.90 0.92 �0.15 1.15

130 1.20 0.90 1.47 �0.43 1.64

140 0.90 1.00 1.30 0.04 1.05

150 0.40 0.37 1.33 �0.03 1.26

155 0.20 �0.03 1.51 �0.27 1.07

Mz mean size, Md median size, σl standard deviation, Sk skewness, KG kurtosis
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Fig. 8 The relationship between mean size (Mz) on one hand and standard deviation (σ1),
skewness (SK), and kurtosis (KG) on the other hand of the Pleistocene sediments
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Fig. 9 Bivariate plots of the statistical grain-size parameters for the studied sediments (a and

b boundaries after [25]; c after [26]). (d) Boundary after Friedman [27], (e) and (f) after Moiola

and Weiser [28]
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Fig. 9 (continued)
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The grain-size parameters include graphic mean (Mz), median size (Md), inclu-

sive graphic standard deviation (Si), skewness (SK) and kurtosis (KG). The dia-

grams proposed by Stewart [25], Friedman [26, 27], Moiola and Weiser [28], and

Mason and Folk [35] have been applied to recognize the depositional environments

of the sediments. The data of grain size distribution of the analyzed samples were

plotted on cumulative curves, and the calculated parameters are shown in Table 1,

and the summary of the grain size parameters is shown in Table 2.

56/9

90-8

Quartz Smectite

Calcite

Calcite

Kaolinite

50 40 30 20 10 2

Fig. 10 X-Ray Diffractograms of some selected samples in the area. From up to down, these

diffractograms are for samples 8 (well 14), 30 (well 9), 36 (well 12), 56 (well 9) and 90 (well 8).

Horizontal axis represents two-theta (degree) and the vertical axis represents the relative peak

intensity (counts) for each diffractogram
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4.2.1 Univarient Grain Size Parameters

The mean size of sediments is controlled by the average energy distribution in the

deposition media, the initial size and the source material [31, 36, 37]. It can be

determined by using Eq. (1):

Mz ¼ ϕ16 þ ϕ50 þ ϕ84ð Þ=3 ð1Þ
in which Mz is the mean size and ϕ16, ϕ50, and ϕ84 represent the size at 16, 50, and

84% of the sample by weight, respectively.

The mean size value of the Pleistocene samples (Table 2) ranges from �3.27 to

1.97 Φ (medium pebbles to medium sand) with an average value of �0.6 Φ (very

coarse sand). The values of mean size fluctuate frequently reflecting the change of

the depositing medium.

Grain sorting depends on the sediment source, grain size, and depositional

regime [31]. The inclusive graphic standard deviation (σ) for the studied sediment

varies from 0.56 to 4.27 Φ (medium well sorted to extreme poorly sorted) with an

average value of 2.45 Φ (very poorly sorted). It can be calculated by using Eq. (2):

σ ¼ ϕ84 � ϕ16ð Þ=4þ ϕ95 � ϕ5ð Þ=6:6 ð2Þ
where ϕ16, ϕ84, ϕ5, and ϕ95 represent the size at 16, 84, 5, and 95% of the sample by

weight, respectively.

Skewness (SK) is a measure of symmetry of grain size distribution, and it is very

useful descriptive term for the depositional processes of the sediment. The values of

(SK) in these samples range from �0.72 to 0.46 Φ (strongly coarse sorted to

Table 2 Summary of the grain size parameters of the collected samples

Parameter Phi value (φ) Description

Mz Range �3.27 to 1.97 Medium pebbles to medium sand

Average �0.6 Very coarse sand

Md Range �2.8 to 1.9 Fine pebbles to medium sand

Average �0.4 Very coarse sand

σ1 Range 0.56–4.27 Medium well sorted to extreme poorly sorted

Average 2.45 Very poorly sorted

SK Range �0.72 to 0.46 Strongly coarse to strongly fine skewed

Average �0.13 Coarse skewed

KG Range 0.67–2.32 Platykurtic to Leptokurtic

Average 1.5 Leptokurtic
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strongly fine skewed), with an average value of �0.26 Φ (coarse skewed). It is

calculated by [31], using Eq. (3):

SK ¼ ϕ16 þ ϕ84 � 2ϕ50ð Þ=2 ϕ84 � ϕ16ð Þf g
þ ϕ5 þ ϕ95 � 2ϕ50ð Þ=2 ϕ95 � ϕ5ð Þf g ð3Þ

According to [31], Kurtosis (KG) is a measure for the peakedness of the grain-

size distribution. The obtained values of (KG) range from 0.67 to 2.32 Φ
(platykurtic to leptokurtic) with a mean value of 1.5 Φ (leptokurtic). The graphic

Kurtosis is given by Eq. (4):

KG ¼ ϕ95 � ϕ5ð Þ=2:44 ϕ75 � ϕ25ð Þ ð4Þ
where ϕ75 and ϕ25 represent the size at 75 and 25% of the sample by weight,

respectively.

4.2.2 Bivariate Grain-Size Parameters

The bivariate plots between grain-size parameters are very useful in discriminating

the depositional environments of rock [31]. The relationships between the calcu-

lated statistical parameters are discussed below, and their bivariate plots are given

in Fig. 8.

The scatter plot diagram of the mean size versus the inclusive graphic standard

deviation (Fig. 8a) shows that the majority of the samples are scattered around the

field of moderately sorted, except some poorly sorted and well sorted samples. It

further indicates that the decrease in the mean size of sediment is associated with

better sorting.

Skewness has successfully been used by Mason and Folk [35], Friedman [14]

and Moiola and Weiser [28] to differentiate between various environments of

deposition. Strong skewed samples reflect zones of mixing environments [38].

The plot of skewness versus mean size shows that the majority of the samples are

coarsely skewed (Fig. 8b). Such behavior may support the multi-directional depo-

sitional currents.

The relationship between mean size and kurtosis (Fig. 8c) further indicates that

the present sand is leptokurtic. The leptokurtic character corresponds to what

Mason and Folk [35] termed “aeolin flat.” This term does not mean that the

sediments were deposited by aeolian agent but means that the present day skin of

the sediments is influenced by wind action [30]. This explains the more pronounced

leptokurtic characters of the studied samples.

Stewart [25] suggested that the plot of median diameters versus each of standard

deviation and skewness is important to differentiate between river and wave

processes. The plot of sorting vs. median diameter (Fig. 9a, b) indicates that the

total samples lie within the field of river processes. Also, the plot of skewness

versus median diameter shows that the total samples lie within the same field.
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The plot of skewness versus standard deviation [26] shows the studied samples

are distributed in the field of fluvial environments. The total samples belong to the

river sands (Fig. 9c, d). The discriminating fields of Friedman [27] show the total

samples are distributed within the river processes.

Moiola and Weiser [28] used various combinations of Folk and Ward’s [31]

textural parameters for differentiation between different environments. The plot of

standard deviation versus mean diameters (Fig. 9e, f) shows that the most samples

are distributed within the river processes, while 18% of the total samples lie within

the beach environment.

4.3 Mineralogical Analysis

The mineralogical analysis was carried out on some selected bulk samples using

X-ray diffractometry. The data of semi-quantitative determination of clay minerals

are given in Table 3. X-Ray Diffractogram of the fine fraction of the studied

sediments suggests that the clay mineral associations are dominated by smectite,

kaolinite, and illite (see Fig. 10).

4.3.1 Clay Minerals

Smectite is the most abundant clay mineral in the studied sediments (Fig. 10). Its

average value reaches up to 24%. The highest value (41.1%) is recorded in the

north-central part of the area at 8 m depth, while the lowest value (5.4%) is obtained

in the central part at 50 m depth. Smectite may be formed under authigenic and/or

detrital conditions [39, 40]. Authigenic smectite may be formed in both continental

and marine environments. Authigenic smectites formed in the continental aqueous

sedimentary environment are essentially restricted to saline alkaline lakes and

characterize the unusual water chemistries that may develop in these settings [32].

In the marine environment, authigenic smectites may be originated from the

alteration of volcanics, mixing of ocean waters and plumes of hydrothermal fluid

or halmrolysis (submarine weathering) and direct precipitation on the sea floor

[41]. Detrital smectites may be formed under exogenous conditions chiefly upon

weathering of basic igneous rocks, in alkaline medium. They also may be formed

by secondary detrital degraded lattices (mica or chlorite), where their inter-sheet K+

or Mg++ ions are replaced by water molecules [42].

Kaolinite is the second abundant clay mineral encountered in the studied sedi-

ments. The average value of kaolinite reaches 12.6%. The highest value (22.4%) is

obtained in the northern part at 55 m depth, while the lowest value (5.1%) at 73 m

depth in the central part. Kaolinite usually has a detrital origin, although authigenic

kaolinite may also be precipitated from circulating groundwaters that are supersat-

urated with alumina and silica [33]. Typically, kaolinite develops in continental

areas subjected to strong chemical weathering. It usually favors moderately warm
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to humid and well-drained acidic continental areas, where the rate of precipitation is

much higher than the evaporation rate. Under these conditions, chemically soluble

elements are preferentially removed leaving residual silica and alumina which are

involved in the formation of kaolinite [43]. As kaolinite formation requires acidic

leaching conditions, it cannot be formed under marine settings [44].

In the alkaline marine environment, there is no leaching, and the water contains a

good deal of dissolved calcium. These environmental conditions favor the forma-

tion of smectite rather than kaolinite. A study of weathering processes indicates that

kaolinite does not form calcareous parent material until all the carbonate has been

removed. This kaolinite is likely to be transported to the marine environment by

rivers and/or by the wind. It may also have a diagenetic origin. Velde [45] has

shown that kaolinite is generally abundant in the early diagenesis, but as depth and

maturity of rocks increase, kaolinite becomes less abundant.

Robert and Kennett [46] linked kaolinite abundances to increased precipitation

and deposition during high stand of sea level. The great relief of drainage basins,

established during low stand of sea level, favors the formation of kaolinite, espe-

cially during warm and humid conditions. However, Robert and Chamley [47]

found no significant correlation between the abundances of kaolinite and sea level

fluctuations.

Kaolinite is a typical low latitude clay mineral [48] and its concentration

increases in tropical regions. Millot [43] assumed that kaolinite is dominant in

fluviomarine and lacustrine deposits. Kaolinite formation requires strong leaching

environment, an acid reaction medium and the presence of aluminum silicates

[40]. The formation of kaolinite requires a favorable climate and an environment

of high depleted cations other than Al and Si. Perrin [49] considered kaolinite as the

most stable clay mineral that does not undergo appreciable change during trans-

portation. However, diagenetic alteration of kaolinite in the marine environment

has been noted by Biscaye [29].

Illite is the less abundant clay mineral encountered in the studied sediments. Its

average value reaches up to 24%. Illite has a continental origin according to age

determination [34]. It is formed by the weathering or partial hydrolysis of musco-

vite. Thus, it occurs often in soils derived from the weathering of mica-schist,

gneisses, acid and medium igneous rocks in association with smectite and other

minerals. Weaver [50] indicated that illite could often be formed from smectite in

marine environments.

Diagenetic alteration of montmorillonite and kaolinite into illite generally

occurs where sedimentation rates are low and time is also important for the

chemical interaction between seawater and clay minerals [51]. Illitization of kao-

linite is mentioned by Rumeau and Kulbicki [52]. Potassium and magnesium in

seawater would be expected to promote the formation of the more stable clay

minerals at the expense of the less stable ones.
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4.3.2 Non-clay Minerals

The mineralogical examination has been carried out on some selected carbonate

rocks using XRD technique. The data of bulk samples (Table 3) show that the

essential carbonate minerals are calcite and rarely dolomite whereas noncarbonate

minerals include quartz, feldspar, and hematite. The essential carbonate minerals in

the studied samples are calcite and rare dolomite. These minerals are detected by

their basal reflection at 3.04A and 2.88A, respectively, and their abundances are

calculated by measuring peak height above the background. Calcite is the most

common carbonate mineral in the studied samples. It is easily identified by the

X-ray diffraction technique where the major peak appears at (3.04A). The average

percent of calcite reaches about 11.8%. Dolomite is recorded only in two samples.

Its identification is aided by X-ray diffraction technique, where the major peak

appears at (2.88A). The average percent of dolomite reaches about 5.9%.

Quartz, feldspar, and hematite are detected in the studied samples. These

minerals were detected by their basal reflections at 3.4A, 3.25A, and 2.69A,

respectively, and their abundances are calculated by measuring the peak heights

above the background. The most common detrital minerals in the samples are

quartz and feldspar. Quartz is one of the most common detrital minerals in the

samples. It is identified by X-ray diffraction technique where the major peak appears

at (3.35A). Table 3 shows that the percentage of quartz ranges from 0 to 62% with a

mean value of 10.8%. Feldspar is the second abundant detrital mineral in the

samples as its chemical stability is lower than that of quartz. Its mean value is

11.8%. Hematite is the lowest mineral in the studied samples, and it is identified by

X-ray diffraction where the major peak appears at (2.69A), its average value is 3.7%.

5 Conclusions

This study gave basic information for the future groundwater dynamics and water–

rock interaction research in the study area. The grain size analysis data could help

for hydraulic conductivity calculations, and the mineralogical description could

answer many questions about the change in groundwater salinity and chemistry

along the flow system.

The sedimentological study revealed that

1. The main composition of the aquifer in the area is medium sand to medium

pebbles, poorly sorted with clay intercalations.

2. The majority of sediments belong to river sands and river processes with multi-

directional depositional currents.

3. The main clay minerals in the intercalated clay lenses of the aquifer are smectite

and kaolinite. The essential carbonate minerals include calcite and dolomite

whereas noncarbonate minerals are represented by quartz, feldspar, hematite,

and gypsum.
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6 Recommendations

Lithological, grain size, and mineralogical analysis of the clastic sediments help to

explain the water hydrodynamic and salinity behavior in an aquifer. Therefore the

result of this work might be used for future groundwater investigation in the

study area.
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Hydrogeophysical Characteristics

of the Central Nile Delta Aquifer

Zenhom E. Salem, Abdelazim M. Negm, and Abdelaziz Nahrawy

Abstract The present study is carried out in Nile Delta aquifer, where the data of

electrical resistivity and gamma ray logs of the 34 well ranging in depth between

80 and 140 m were used to calculate the aquifer parameters. It is aimed to estimate

the spatial variability of the formation lithology, porosity, permeability, ground-

water salinity, and the hydraulic conductivity. Bilqas Formation showed an increase

in the thickness, porosity, and water salinity to the north and northeast directions.

Permeability and hydraulic conductivity values decrease in the same direction.

Bilqas Formation ranges in thickness from 3 m in the southwest direction to 31 m

in the northeast direction. The shale content and porosity ranges are 54% to 97%

and 21% to 55%, respectively. This layer has low values of permeability (16� 10�9

to 78� 10�9 mD) and hydraulic conductivity (<2� 10�9 cm/s). The water salinity

of this layer ranges from 200 mg to 1,600 mg/l.

In Mit Ghamr Formation, average shale content ranges from 4.5 to 22%.

Numbers of scattered clay lenses are detected in different places with high

intensity in the northeastern direction. Porosity ranges from 19 to 39%. High

permeability values are recorded in this formation and ranged from 0.1 � 10�2 to

8.7� 10�2 mD. The water salinity average values in this aquifer range from 220 mg

to 2,100 mg/l. The calculated hydraulic conductivity values for this formation are of

range 5.082 � 10�10 to 2.134 � 10�8 cm/s. In this layer, the increase in the shale

content, the increase in porosity, decrease in the permeability and hydraulic con-

ductivity, as well as the increase in salinity, are to the northern and northeastern

directions.
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1 Introduction

Well logs are used widely in the exploration of mineral and hydrocarbon resources

because they provide detailed and reliable information about the geometrical and

petrophysical characteristics of the geological structures [1]. They are applicable

also for the investigation of shallow formations, for instance, in water prospecting

and solving environmental and engineering geophysical problems [2]. In

hydrogeophysics, the main target of well log analysts is to estimate the layer

thickness, water saturation, groundwater salinity, effective porosity, clay content,

and aquifer hydraulic conductivity accurately as possible.

Well logs can be basically used to distinguish the change of hydraulic conduc-

tivity along a well or between neighboring wells. All sorts of borehole-logging

suites utilized as a part of hydrocarbon investigation can be used in groundwater

prospecting. Gamma ray and SP logs are used for identifying lithology and deter-

mining the layer thickness [3]. Water saturation zones and invasion profiles sur-

rounding the borehole could be detected by using high-resolution resistivity tools.

Because freshwater has higher resistivity than salt water, traditional resistivity tests

are reasonably used for groundwater investigation. While shallow resistivity

devices determine the apparent resistivity of the zone invaded by mud, the deep

resistivity tools measure the original formation resistivity. The resistivity readings

should be corrected to estimate the true resistivity of groundwater formation which

is significant for computing the aquifer water saturation [3]. Many researchers used

geophysical well logs to calculate the aquifer petrophysical parameters; among
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them are Winslow and Kister [4], Paillet and Reese [5], Sloto et al. [6], Szabó [7, 8],

Szabó and Dobróka [9], Szabó and Dobróka [10], and Szabó et al. [11]. As the Nile

Delta aquifer is so important freshwater source for the highly populated area in

Egypt, determining the spatial change in its petrophysical, hydrogeological, and

hydrogeochemical characteristics is of great importance. This work aims to esti-

mate the aquifer parameters as clay volume, porosity, clay thickness, permeability,

TDS, and hydraulic conductivity for Bilqas and Mit Ghamr Formations.

2 Study Area

The study area is located at the central part of the middle Nile Delta (Fig. 1a). The

geology of the Nile Delta has been extensively discussed by several researchers

over several decades (among them, [12–20]). According to the mentioned studies,

Fig. 1 Location map of the study area (a), boreholes location map (b) and representative

geophysical log of well 9 (c). AA0 is the location of the hydrogeological cross-section shown in

Fig. 2
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the general hydrogeological setting of the Nile Delta is represented by clayey

formation (Bilqas Formation) underlined by sandy formation (Mit Ghamr Forma-

tion) (Fig. 2). Bilqas Formation is the top cover of the Nile Delta area and mainly

consists of silts and clays and sometimes with fine-grained sands. Plant remains and

peat deposits are frequent. Continental, fluviatile, lagoonal, and beach environ-

ments are the probable depositional environments of these sediments. They depos-

ited in the advent of the third Holocene sea transgression stage progressing

practically from the north and northeast directions [21]. The main aquifer in the

Nile Delta is Mit Ghamr Formation which is composed of sand and gravels with

thin clay intercalations. It is assumed to be of Pliocene to Quaternary age. The

whole sequence of Mit Ghamr is capped by Bilqas Formation of the Holocene age.

Sediments of Mit Ghamr Formation were probably deposited under shallow marine

to fluvial conditions [21]. On both sides of the present Delta, these deposits form a

series of gravel terraces at various heights [22].

3 Methodology

Petrophysical data derived from 34 well logs with depths ranging between 80 and

140 m (Fig. 1b, c). Logging parameters collected included are gamma ray and

resistivity logs. These logs were selected to estimate the spatial variability of the

formation lithology, porosity, permeability, and water salinity. These logs were also

used to estimate the hydraulic conductivity of the aquifer.

Fig. 2 The hydrogeological cross section from south to north in the Nile Delta shows the

framework groundwater regime
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3.1 Shale Volume Estimation

Gamma ray method is considered as the best indicator method to calculate and

identify the shale volume [23]. The Gamma ray readings after correction for

borehole effects may be expressed as a linear function of shale content by the

following equation [24]:

IGR ¼ GRc � GRminð Þ= GRmax � GRminð Þ ð1Þ

where:

IGR is the gamma ray index.

GRc is the corrected value of gamma ray at the interest intervals.

GRmin is the minimum value of gamma ray opposite clean intervals.

GRmax is the maximum value of gamma ray opposite shale intervals.

The volume of shale (Vsh) can be calculated from the gamma ray index by using

the following equation [25]:

Vsh ¼ 0:083 23:7IGR � 1
� �

Larionov equation ð2Þ

3.2 Formation Water Resistivity Determination

It is the water, uncontaminated by drilling mud that saturates the porous formation

rock. The resistivity of the formation water (Rw) is important interpretation since it

is required for the calculation of saturation water from basic resistivity logs. Archie

determined experimentally that the water saturation of clean formation could be

expressed in the term of its true resistivity as:

Rt is true resistivity which can be computed from long (LLD) and short (LLS) by

using the following formula:

If LLD > LLS Rt ¼ 1:7 LLD� 0:7 LLS ð3Þ
If LLD < LLS Rt ¼ 2:4 LLD� 1:4 LLS ð4Þ

(Schlumberger log interpretation principle 1972)

Ro=Rt ¼ Rmf=Rw ð5Þ
Rw ¼ Rmf=Rtð Þ=Ro ð6Þ
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Then

Rw ¼ Rmf � Rtð Þ=LLS ð7Þ

Rmf is the resistivity of the mud filtrate.

Ro is the flushed zone resistivity which equals (LLS) short normal resistivity

(R1600).
The formation water resistivity (Rw) for the Nile Delta aquifer is computed using

Archie Eq. (6) after correcting the LLD readings.

3.3 Formation Factor Determination

The formation factor (F) is generally defined as the ratio of rock resistivity to water
resistivity of a fully saturated rock. It is calculated as follows Archie [26]:

F ¼ Rt=Rw ð8Þ

where Rt is the true resistivity in Ω m and Rw is formation water resistivity.

3.4 Porosity Determination

It is generally agreed that an empirical relationship exists between formation factor

and porosity. The formation water factor is a function of porosity and also of pore

structure and pore size distribution. Archie introduce this relationship in the fol-

lowing equation:

F ¼ a

Фm ð9Þ

where:

a is the pore geometry coefficient, dimensionless, generally, ranges from 0.6 to

2.

Ф is porosity in percent.

m is cementation factor, dimensionless, ranges from 1 to 3.

3.5 Permeability Determination

Permeability is one of the most important and least predictable fluid transport

characteristics of materials. Permeability must be known to understand several

natural phenomena, such as the basin-scale hydrogeological circulation [27], fault
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dynamics [28], the safety of waste repositories [29], and several other subsurface

hydrology problems [30]. The used methods for calculating the permeability from

the well logs are discussed as follows:

3.5.1 Clean Sand

Intrinsic permeability (K ) is evaluated using the following equation:

K ¼ 1:828� 105 P1:1
� � ð10Þ

where:

K is the intrinsic permeability in millidarcy [31].

P is a porosity factor which represented by the following equation.

P ¼ Фmþ2

1�Фð Þ2 ð11Þ

3.5.2 Permeability of Clay and Clayey Sand

Based on Revil and Cathles model (1999) (Fig. 3), The classical Kozeny-Carman

relationship was improved by using electric parameters which separate pore throat

from total porosity and hydraulic radius. The permeability of clean sand is

Ф = ФSd v< Фsd v=Фsd v>Фsd v =1

Sand Clayey Sand Sandy Clay Clay

Quartz Clay

Fig. 3 Sand-shale mixture for various shale contents. The shale content increases from the left to
the right. For a clay-free sand (first end-member), the noncompacted porosity is equal toФsd. For a

clayey sand, the porosity decreases because of the presence of clay particles in the pore space. This

decrease continues until the critical point where all the pore space of a clean sand is occupied by

clay particles, i.e., when the shale content is equal to the porosity of a clean sand. After this point

the rock is sandy shale, and an increase in shale content is only possible through replacement of

quartz grains by clay particles, and the porosity increases with the shale content. The second

end-member is pure shale with no quartz grains and with a porosity equal to Фsh (Note: this figure
and its description are taken from [30])
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estimated as a function of the grain diameter, the porosity, and the electrical

cementation exponent. The permeability of pure shale is derived in a similar way

but is strongly dependent on clay mineralogy.

Clay

The shale end-member permeability kSh is related to the shale end-member poros-

ity; ФSh is represented by the following equation:

kSh ¼ K0 ФSh=Ф0ð Þ3msh ð12Þ

where k0 and Ф0 are the permeability and porosity in a reference state, respectively

(we take Ф0 ¼ 0.50). Using Eq. (12), m and k0 are calculated for each end-member

clay mineralogy (kaolinite, illite, and smectite) as in (Fig. 3). The most dominant

end-member clay mineral in the Nile Delta is smectite where its percent reaches

more than 67% [32].

Sand-Clay Mixture

In sand-shale sediments, porosity does not depend on the shale ratio. Pure sand and

shale have porosities higher than that sand-shale mixture. Porosity is decreased

when pores between sand grains are filled by clay or when sand is scattered in shale.

Marion et al. [33] discussed how porosity of sand and shale mixtures could be

determined as follows:

Φ ¼ Фsd � ωυ 1�Фshð Þ ωυ � Фsd ð13Þ
Φ ¼ ωυ �Фsh ωυ � Фsd ð14Þ

where ωυ is the clay volume fraction and Фsd and Фsh are the porosity of the clean

sand and pure shale end-members, respectively. The permeability of a clayey sand

(KФ) is related to the permeability of a clean sand (Ksd and Фsd):

KФ ¼ Ksd

Ф
Фsd

� �3mcs

ð15Þ

where mcs is the cementation exponent. As fine-grained clays filling the pores

prevent fluid flow, mcs, therefore, depend mainly on the shale ratio, particularly

near the boundary between the clayey sand and sandy shale domains. Because the

flow blockage is severe near this boundary, it is intuitively expected that mcs is not

just a positive function of the shale ratio yet can achieve values substantially higher

than 2. mcs was expanded as a power function of ωυ:

mcs ¼ m0
cs þm1

cs � ωυþ O ω2υ
� � ð16Þ
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where mcs ¼ msd is the cementation exponent of the clean sand and is in the range

1.5–2.0. Combining Eqs. (13) and (16), the permeability of clayey sand is calcu-

lated as follows:

K ¼ ksd 1� ωυ
1�Фsh

Фsd

� �� 	3mcs

ωυ < Фsh ð17Þ

Clayey Sand-Sandy Clay Boundary

In this case, ωυ ¼ Фsd and permeability are calculated using this formula:

K ¼ ksd Фshð Þ3mcs ð18Þ

where

mcs ¼ m0
cs þ m1

cs Фsd

Sandy-Clay Domain

Sandy-clay permeability can be obtained by taking into account the flow blockage

by the sand grains, where the permeability in the sandy shale domain is given by:

K ¼ ksh ωvð Þmsd ωv > Фsd ð19Þ

3.6 Formation Water Salinity Determination

Assessment of groundwater quality from well logs usually centers on values for

total dissolved solids (TDS) and specific conductance (Cw).

The relationship between the two terms is

Rw Ω mð Þ ¼ 10, 000=Cw μ mhos=cmð Þ ð20Þ

where:

Cw is conductivity in micromhos/cm.

Rw is formation water resistivity.

Then the total dissolved salt (TDS) in (ppm) of the formation water is given by:

TDS ¼ 0:64� Cw ð21Þ
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3.7 Estimation of Hydraulic Conductivity

The proportionality constant, particularly for the water flow through sediment

connected pores, is known as the hydraulic conductivity; penetrability is a part of

this and is just a character of the permeable media, not the liquid. Utilizing the

intrinsic permeability, hydraulic conductivity can be put in term of the permeabil-

ity. Given the value of hydraulic conductivity for a subsurface system, the perme-

ability can be calculated as follows:

K ¼ ki
ρg

μ

� �
ð22Þ

where K is the permeability (m2), kiis the hydraulic conductivity (m/s), ρ is the

density (g/cm3), and μ is the kinematic viscosity of the fluid phase (g/cm/s). g is the
acceleration due to gravity (cm/s). Intrinsic permeability is often expressed in

square centimeters or in darcys. Intrinsic permeability is regularly communicated

in square centimeters or in darcys. 9.87 � 10�9 cm2 equals one darcy.

4 Result and Discussion

4.1 Spatial Horizontal Distribution

4.1.1 Bilqas Formation

Figure 4 shows the horizontal spatial distribution of the petrophysical parameters of

Bilqas Formation (upper clay layer). The thickness of this layer increases from 3 m

at well 20 in the southwestern part to 31 m at well 34 in the northeastern direction

(Fig. 4a). However, the calculated average values of shale volume increase from

54% at well 19 in the southwest to 97% at well 22 in the northeast with the average

value 69.83% (Fig. 4b). The calculated average values of porosity increases from

21% at well 3 in the central parts to 55% at well 10 in northern parts of the study

area with average value 24.71% (Fig. 4c). Average values of the calculated perme-

ability increases from 16 � 10�9 mD at well 6 to 78 � 10�9 mD at well 5 in the

northeastern direction of the study area with average value 30.71 � 10�9 mD

(Fig. 4d). TDS of the water that contained in the clay of Bilqas Formation is an

indication of the evaporation process and the chemical composition of the

recharged water to the main aquifer (Mit Ghamr Formation). The minimum value

of the calculated average TDS (200 mg/l) is recognized at well 23 in the southeast-

ern parts and increases to north and northwestern direction (well 11, 1,450 mg/l).

Well 33 (TDS ¼ 1,600 mg/l) and well 5 (TDS ¼ 1,560 mg/l) are forming a local

higher TDS values which might be related to local contamination (Fig. 4e).
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4.1.2 Mit Ghamr Formation

As Mit Ghamr Formation is the main aquifer in the Nile Delta, therefore, studying

the spatial change in its petrophysical properties is quite important. The lowest

average values of shale volume are 4.5%, 5%, and 7.1% at wells 17, 28, and 29 in

the southern part, respectively, and increase to 22% at well 30 in the northern

direction (Fig. 5a). Generally, the average value of shale volume increases from

southern part toward northeastern parts of the study area. The minimum average

value of porosity is 19% at well 2 in the central part and increases to 39% at well

10 and 11 in the northeastern and northwestern directions of the study, respectively

(Fig. 5b). As a general trend, porosity increases from the south to the northwest. The

minimum counted permeability value as shown in Fig. 5c is 0.1 � 10�2 mD at the

location of well 35 in the northeast, and the maximum value (8.7 � 10�2 mD) is

Fig. 4 Spatial distributions maps of average values of different petrophysical parameters for

Bilqas formation
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encountered to the northwestern direction where well 11 is located. As a general

trend, the average values of permeability increase from southern, eastern, and

northeastern parts to the northwestern direction of the study area. In comparison,

porosity and permeability have mostly the same decreasing and increasing trends.

The calculated TDS values range from 220 mg/l at the location of well 28 in the

central part to 2,100 mg/l at the location of well 35 in the northeastern direction

(Fig. 5d). Generally, the calculated average TDS of Mit Ghamr Formation increase

to the northeastern direction. The complete geochemical investigation should be

done to find out whether the higher TDS in the northeastern part is related to the

effect of seawater intrusion or not.

4.2 Vertical Spatial Distribution

The vertical distributions of the deduced petrophysical parameters along three cross

sections at different locations and directions (Fig. 1b) are shown in Figs. 6, 7, 8, 9, 10,

and 11. The main purpose of these cross sections is to clarify the two-dimensional

images for the subsurface distributions of the petrophysical parameters. The cross

section AA0 extends from south to north and includes wells 27, 2, 30, 3, 25, 4, 28,

21, 17, 13, and 14 (Figs. 6 and 7). The cross section BB0 extends east-west in the

Fig. 5 Spatial distributions maps of the calculated average values of different petrophysical

parameters for Mit Ghamr formation
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Fig. 6 Vertical distributions of the calculated values of different petrophysical parameters along

the cross section AA0
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northern part of the study area and includes wells 35, 12, 30, 3, 2, 6, 33, 7, and

8 (Figs. 8 and 9). Cross section CC0 also extends east-west in the southern part of the
study area and includes wells 20, 22, 16, 31, 18, 29, 17, 28, 21, 36, and 9 (Figs. 10

and 11).

4.2.1 The Clay Layer and Clay Content

The clay layer (V-shale is more than 75%) occupies the uppermost layer of the

study area where its thickness increases gradually from the location of well 14 at the

south to location of well 27 at the north and as lenses in wells 25, 30, 2, and

27 (cross section AA0, Fig. 6a), from location of well 8 at the west to location of

well 27 at the eastern part (cross section BB0, Fig. 8a) and from well 9 at the south to

location of well 22 at the eastern part (cross section CC0, Fig. 10a). The layers with
V-shale ranging from 50 to 75% extends from well 14 at south to well 27 at north

and as lenses in wells 25, 30, 2, 27, 3, 4, 21, 28, and 14 (cross section AA0, Fig. 6a),
from location of well 8 at the west to location of well 27 at the eastern part and as

lenses in wells 30, 2, 6, 33, 7, and 8 (cross section BB0, Fig. 8a) and from location of

well 9 at the west to the location of well 20 at the eastern part and as lenses in wells

31, 18, 36, 9, 21, 28, and 22 (cross section CC0, Fig. 10a). As shown in the three

cross sections, the sandy layer is interbedded with lenses of sandy clay and

clayey sand.

Fig. 7 Vertical distributions of the calculated values of different groundwater salinity along the

cross section AA0
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Fig. 8 Vertical distributions of the calculated values of different petrophysical parameters along

the cross section BB0
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4.2.2 Porosity

Porosity vertical distributions showed variable ranges in vertical and horizontal

directions. Low values (0–20%) are recognized as lenses at different depths in

wells, 25, 2, 3, 30, and 27 at the northern part (cross section AA0, Fig. 6b), well 7 at
western part and wells 2, 3, 12, and 35 at the eastern part (cross section BB0,
Fig. 8b), and wells 9, 36, 21, and 28 at western part and wells 22 and 20 at the

eastern part (cross section CC0, Fig. 10b). Porosity with values ranging from 20 to

30% occupies most sections of wells 25, 3, 2, and 27 at the north and as lenses in

wells 13 and 14 in southern parts (cross section AA0, Fig. 6b), most wells at the

eastern part and in wells 7 and 8 at western part (cross section BB0, Fig. 8b) and
most wells of the cross section CC0 (Fig. 10b). The porosity values higher than 30%
were represented in wells 17, 21, 28, and 4 which occupies the central part of the

study area and also found in the upper parts of wells 13 and 14 and extend toward

south direction (cross section AA0, Fig. 6b), wells 33 and 6 at the central part and as
lenses in well 7 and 8 at the western part (cross section BB0, Fig. 8b) and most of the

wells of the cross section CC0 (Fig. 10b).

4.2.3 Permeability

Permeability vertical distributions showed variable ranges in vertical and hori-

zontal directions. Very low values (>0.005 � 10�7 mD) are recognized at the

upper most layer of the study area (upper clay layer of Bilqas Formation) which

Fig. 9 Vertical distributions of the calculated values of different groundwater salinity along the

cross section BB0
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Fig. 10 Vertical distributions of the calculated values of different petrophysical parameters along

the cross section CC0
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represented in the three cross sections (Figs. 6c, 8c, and 10c). Low permeability

values of Mit Ghamr Formation ranging from 0.005 � 10�7 mD to 0.01 � 10�4

mD are shown in the northern part of cross section AA0 (Fig. 6c), in the eastern

part of cross section BB0 (Fig. 8c), and in wells 18 and as lenses in wells 22, 31,

36, and 9 (section CC0, Fig. 10c). The permeability values generally increase to its

highest values toward, the central part (wells 21 and 28) in cross section AA0

(Fig. 6c), the western direction (wells 7, 8, 33, 6) in cross section BB0 (Fig. 8c),
and the eastern and western parts especially wells 21 and 28 in cross section CC0

(Fig. 10c).

4.2.4 Salinity

The salinity values (in term of the calculated TDS) distribution showed variable

ranges in vertical and horizontal directions. TDS with values less than 500 mg/l

occupy wells 13 and 14 and most parts of the other wells at depths more than

20 m (cross section AA0, Fig. 7), wells 8, 33, 6, 2, 3, 30, 2, and 30 as lenses at

certain depths (cross section BB0, Fig. 9), and wells 22 and 31 and as lenses in

wells 36, 21, 28, 17, 18, and 16 (cross section CC0, Fig. 11). TDS values ranging

from 500 to 1,000 mg/l exhibit as lenses in wells 17, 21, 29, 2, 4, 25, 30, and 27

(cross section A-A0, Fig. 7), wells 7 and as lenses in wells 2, 30, 12, and 35 at the

eastern part (cross section BB0, Fig. 9), and wells 18, 29, 26, and 9 at the west and
well 20 at the east (cross section CC0, Fig. 11). The highest TDS values

Fig. 11 Vertical distributions of the calculated values of different groundwater salinity along the

cross section CC0
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(>1,000 mg/l) are represented in well 2 at the northern part of the study area

(cross section A-A0, Fig. 7) and as lenses in wells 7, 2, 12, and 35 (cross section

CC0, Fig. 11).

4.3 Hydraulic Conductivity

According to Eq. (22), the average of the calculated hydraulic conductivity

of Mit Ghamr Formation (Fig. 12) ranges from 5.082 � 10�10 cm/s at well

35 in the northeast and increase towards the middle and the western parts of the

area. The maximum value of the hydraulic conductivity is represented at well

19 (3.35 � 10�8) in the western direction and well 23 at the southeast (3.96 � 10�8).

Vertical distributions of the hydraulic conductivity showed variable ranges in

vertical and horizontal directions. Very low values (<2 � 10�9 cm/s) are recog-

nized mainly at the uppermost layer (Bilqas Formation) as shown in Fig. 13a–c.

Low hydraulic conductivity values are also recognized in the northern and eastern

parts of the cross sections AA0 and BB0, respectively. The hydraulic conductivity

values increase toward the middle parts of the area between wells 4 and

7 (2.13 � 10�8 to 1.27 � 10�8 cm/s), and the highest values (1.93 � 10�8 cm/s)

are recorded in well 8 to the west and the area between wells 9 and 17. Such

horizontal and vertical change in the hydraulic conductivity could be related to the

depositional system of the Nile Delta sediments.

Fig. 12 Spatial distributions of the calculated average values of the hydraulic conductivity of Mit

Ghamr formation

Hydrogeophysical Characteristics of the Central Nile Delta Aquifer 205



Fig. 13 Vertical distributions of the calculated values of the aquifer hydraulic conductivity along

the cross sections AA0, BB0, and CC0
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5 Conclusions

Electrical resistivity and gamma ray logs were used for 34 wells to identify the

petrophysical, chemical, and hydrogeological characteristics of the Nile Delta

aquifer due to its significant importance. The Nile Delta reservoir consists of two

formations. The upper is the Bilqas Formation, which is of a clay nature and the

lower formation is of a sandy nature and called Mit Ghamr Formation. According to

the calculations used, the thickness of Bilqas Formation ranges from three meters in

the southwest direction to 31 m in the northeast direction. The shale content ranges

from 54 to 97%. The porosity ranges from 21 to 55% with an average of 24.71%.

This layer has low permeability values ranged from 16 � 10�9 to 78 � 10�9 mD

with an average of 30.71 � 10�9 mD. The calculations showed that the hydraulic

conductivity of this layer is weak and less than 2� 10�9 cm/s. The water salinity of

this layer ranges from 200 mg to 1,600 mg/l. The increase in the thickness of this

layer, the increase in porosity, the decrease in permeability and hydraulic conduc-

tivity, as well as the increase in the water salinity are to the north and northeast

directions.

Mit Ghamr is the main aquifer in the region where its minimum value of the shale

content is 4.5% and the maximum value is 22%. Lenses from the clay are scattered

in different places and increasing in intensity in the northeastern direction of the

region. Porosity ranges from a minimum of 19% to a maximum of 39%. The

permeability recorded high values in this formation where it ranged from 0.1 � 10�2

to 8.7 � 10�2 mD. The calculations also showed that the hydraulic conductivity

values for this formation ranged from 5.082 � 10�10 to 2.134 � 10�8 cm/s. In this

layer, the increase in the shale content, the increase in porosity, decrease in the

permeability and hydraulic conductivity, as well as the increase in salinity are to the

north and northeast.
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Resistivity Characterization of Aquifer
in Coastal Semiarid Areas: An Approach
for Hydrogeological Evaluation

Mohamed Attwa and Halim Ali

Abstract In coastal and semiarid regions, the scientific interest lies in imaging the
saltwater intrusion and delineating freshwater aquifer zones, respectively. Direct cur-
rent resistivity (DCR) and induced polarization (IP) geophysical methods are com-
monly used to assess hydraulic characteristics of the aquifer. Particularly, the main
reason for hydrogeophysical application of both DCR and IP is that the electrical
characteristics of aquifers depend mainly on the geometry of the pore space and the
porosity controlling the soil and rock effective transport properties. For preliminary
hydrogeological investigations, these methods are applied at a wide range of field and
laboratory scales. Accordingly, the vulnerable zone to the saltwater intrusion and/or
contamination can be characterized by high accuracy. Furthermore, empirical and
semiempirical relationships are widely used to predict the aquifer petrophysical char-
acteristics, e.g., hydraulic conductivity, using the inversion results of such electrical
methods. Equally, conventional and nonconventional DCR inversion algorithms are
developed to reduce thenonuniqueness problemof actual resistivity interpretation and,
consequently, to obtain more meaningful models than previously reported. As case
histories, this chapter demonstrates the efficiency ofDCRmethod for hydrogeological
assessment in Nile Delta, Egypt, emphasizing on technical constraints to achieve
sustainable development in coastal and semiarid areas.
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1 Introduction

Geoelectrical methods are increasingly popular in detecting and characterizing aquifers
as the resistivity of sediments and rocks depends mainly on their water and material
contents (e.g., [1–3]). One of such electrical methods is direct current resistivity (DCR)
technique. InDCRmethod, the potential difference ismeasured via injectingDC into the
ground with electrodes at the ground surface. The DCR method has received a great
attention because of its potential applications in the field of hydrogeology and saltwater
intrusion tomography [4, 5]. In the arid and semiarid region, the DCR method is
popularly used for groundwater exploration and aquifer mapping (e.g., [6, 7]). This
can be attributed to the rapid advancement in the development of digital modeling
solutions and electronic technology of hydrogeological problems (e.g., [8]). Besides the
efficiency of suchmethod for lithological characterization, the DCR technique has led to
many studies on hydrogeological parameter estimation of the aquifer (e.g., [9]). On the
other hand, in the coastal areas, the DCR imaging is suitable for monitoring saltwater
intrusion and groundwater contamination as this method quickly investigates a large site
without needing for well drilling (e.g., [10]).

Induced polarization (IP) technique is one of the geoelectrical methods based on
studying the low-frequency polarization processes taking place in porous media.
Generally, the IP method extends from the classical DCR method. Basically, IP
measures the earth’s capacity to store an electric charge over time. Accordingly, after
the injected current is shut off, the voltage decay curve is measured; the higher the
IP, the longer over time the stored charge. It is well known that IP is a considerable
and useful method for mineral exploration. On the other hand, the real and imaginary
parts of conductivity are measured over a range of frequencies in spectral induced
polarization (SIP). The resistivity amplitude and the phase shift between the input
current and measured voltage can be recasted into a complex conductivity. Recently,
the SIP method has shown its potential to predict the petrophysical parameters in
saturated conditions at the field and laboratory scales (e.g., [11, 12]). Usually, DCR
method is the preferred, but the resistivity data interpretation suffers from a major
flaw: the inability to discriminate between surface and bulk conductivity. This
causes unrealistic interpretation in hydrogeophysics. Such main problem can be
resolved by using SIP method (e.g., [11, 13, 14]).

214 M. Attwa and H. Ali



In Egypt, the River Nile is the lifeline, where the main water source is surface water
from theRiver.With increasing populations, urbanizations and land reclamation projects
in Egypt, the surface water from the River Nile is not sufficient. The groundwater is the
second important water resources. Furthermore, the saltwater has intruded from the
northern and eastern parts of Egypt along the Mediterranean Sea and Suez Canal,
respectively. Additionally, the overpumping of groundwater at the northern parts causes
vertical upwelling of saltwater from deeper parts causing degradation to groundwater
quality. It can also be noticed that a large part of agricultural areas in the northern parts
has been, consequently, affected by saltwater intrusion. Accordingly, the groundwater
assessment and management have become extremely important.

This chapter attempts to guide the reader to some of the important sources of
information on the use of DCR and IP methods for groundwater assessment. In the
first section of this chapter, fundamental of DCR and IP methods will be explained.
The linkage between the data of geoelectrical and hydraulic characteristics at the field
and laboratory scales will be discussed. The geoelectrical data inversion techniques
will be briefly covered in the second section of this chapter. Practically, three cases
studied from Nile Delta are presented in the third part. Here, a saltwater intrusion and
groundwater resource characterization, i.e., hydrogeophysical characterization, in
coastal and semiarid areas, respectively, are reported.

2 DC/IP Resistivity Methods

2.1 Fundamentals

Basically, DCR investigations are based on the principle of applying electric current to
the earth through two electrodes and measuring the potential difference between two
or more other electrodes. The distance between the electrodes and the measured
potential difference is used to make interpretations of subsurface conditions. The
geological formation resistivity is a physical property depending on the electric current
flow in the formation. Subsurface layers resistivity is controlled by several geological
parameters such as rock texture, mineralization, and fluid conductivity contained
within the rock. In general, the resistivity increases with grain size and also when
the rock is fine-grained and compact. Other factors that affected the rock resistivity
include clay content, groundwater salinity, cation exchange capacity, pore water
temperature, dissolved salt concentrations, and contaminants (e.g., [15]). Accordingly,
the resistivity surveys are the best suited for clay or saline zone delineation. Table 1
shows the resistivity value range of common rocks, soils, and chemicals (e.g., [16]).
The soils and sedimentary rocks have a wide variation according to their resistivity.
The unconsolidated sediments have lower resistivity values than rocks.

The rock conduction is byway of pore fluids, i.e., electrolytes, and so is dependent on
pore fluid presence and nature. Most of earth materials obey the empirical relationship
known as Archies law (Eq. 1):
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F ¼ ρw=ρ ¼ aφ�m ð1Þ
ρw is the water resistivity, ρ is the formation resistivity, a is an empirical

constancy (typically 1 for unconsolidated sediments), m is an empirical constant
(typically 2 for unconsolidated sediments), φ is the effective porosity, and F is the
formation factor related to the volume and tortuosity of the pore space.

2.2 Physical Base

The DCR method is based on the principle that the earth material acts as a resistor in
a circuit. After inducing an electrical current into the ground, the ability of that
material is measured to resist the current by recording the electrical potential to
achieve information on the resistivity structure in the ground. Generally, the current
flows in radial form out from the source of current, and the equipotential surfaces
forming half spheres run perpendicular to the current flow (Fig. 1).

In the common situation with both a current source and a current sink, the current
flow lines and the equipotential surfaces become more complex. Electric field is
created in the earth by means of low-frequency AC generators and/or DC batteries.
When the electric current is sent by means of two grounded electrode, called current
electrodes “A” and “B” placed at two selected points, electrons start to flow through
the earth’s subsurface from the negative to the positive terminals of the current source.
The potential differences are measured by another two potential electrodes called “M”

and “N” (see Fig. 2). If the ground is heterogeneous, the resulting resistivity obtained
using Eq. (2) for any of the different types of configurations is called apparent
resistivity (ρa) that constitutes a weighted average of the true resistivity.

Table 1 Resistivity values of
common earth’s materials and
chemicals [16]

Materials Resistivity (Ω m)

Igneous and metamorphic rocks

Granite 5 � 103–106

Basalt 103–106

Marble 102–2.5 � 108

Quartzite 102–2 � 108

Sedimentary rocks

Sandstone 8–4 � 103

Shale 20–2 � 103

Limestone 50–4 � 102

Soils and water

Clay 1–100

Alluvium 10–800

Groundwater (fresh) 10–100

Saltwater <1
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Geoelectrical data are commonly expressed as apparent resistivities:

ρa ¼ K ΔV=IÞ,ð ð2Þ
where

K ¼ 2π
1

rAM
� 1
rAN

� 1
rBM

þ 1
rBN

� �

Fig. 1 Simplified current flow lines and equipotential surfaces arising from a single current source

Fig. 2 Resistivity measurement principles with a four-electrode configuration
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where K is the geometrical factor having the dimension of length (m), which
depends on the arrangement of the four electrodes.

The IP method is considered as an extension to the well-known geoelectric
technique. It is usually assumed that IP and DCR measurements have been measured
simultaneously. The IP method depends mainly on a small amount of electric charge
storage when a current is passed through the rock, to be released and measured when
the current is switched off. Generally speaking, the IP measurements became more
established in the last 20 years.

In time domain IP, the ratio of overvoltage (Vp) to observed voltage (V0) is
measured, and this ratio is known as chargeability (M ), which is expressed in
millivolts per volt or percent:

M ¼ Vp

V0
and M ¼ 1

V0

Zt2

t1

Vp tð Þdt ¼ A

V0
ð3Þ

In frequency-domain IP, apparent resistivity at two or more AC frequencies is
measured. Accordingly, the IP effect is well described by the so-called frequency
effect FE (unitless):

FE ¼ ρ0 � ρ1
ρ1

, ð4Þ

where ρ0 is the apparent resistivity at low frequency and ρ1 is the apparent resistivity at
a higher frequency. BothM and FE are easily interrelated and they can be expressed as

M ¼ FE
1þ FE

¼ ρ0 � ρ1
ρ0

ð5Þ

In the spectral induced polarization (SIP) method, the resistivity/conductivity
magnitude and phase shift are measured over a wide range of frequencies (0.625 Hz
to 10 kHz).

In the SIP method, the fundamental quantities of interest are the electrical conduc-
tivity magnitude |σ(ω)| and phase φ(ω) (or the equivalent real and imaginary parts of
conductivity) of complex conductivity as a function of frequency as

j σ ωð Þ j¼ σ0ð Þ2 þ σ00ð Þ2
� �0:5

ð6Þ
σ0 ¼ σ ωð Þj j cosφ and σ00 ¼ σ ωð Þj j sinφ, ð7Þ

where ω is the angular frequency and σ0 and σ00 are the real and imaginary parts of the
electrical conductivity, respectively.

SIP method is based on the change of electrochemical and electronic conductivity
in the pore spaces of the rocks and soil [17]. Recent reviews of the method, including
a discussion of the underlying mechanisms, are given by [18, 19]. Figure 3 shows
three polarization mechanisms associated with the mineral grain polarization coated
by an electrical double layer (EDL) coating grain surface [21]. They include (1) the
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diffuse layer deformation at a very high frequency >10 kHz see the so-called
Debye–Falkenhagen effect; Falkenhagen [22]), (2) the Stern layer polarization
[23, 24], and (3) the diffusion or membrane polarization, which is related to the
difference in the transference number for the cations and anions during their migra-
tion in the porous material [25, 26].

2.3 Electrode Arrays and Field Techniques

There are common electrode configurations (i.e., arrangements) for placing the potentials
and current electrodes for field surveying. These electrode arrays for geologic investi-
gation are Schlumberger (SC), Wenner (MN), and dipole-dipole (DD) and pole-dipole
(PD) array (Fig. 4). The choice of such arrays for a field survey depends on:

Fig. 3 A single grain polarization. (a) Electrical double layer (Stern plus diffuse layers) at equilib-
rium. (b) Polarization mechanisms of the grain under an electrical field E (modified after [20]).
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1. The structure types to be mapped, the resistivity instrument sensitivity, the noise
level, the signal strength, and the data coverage

2. The array sensitivity to vertical and horizontal changes in the subsurface resis-
tivity (e.g., [27])

3. The depth of investigation (DOI) [28]
4. The array resolution for horizontal and dipping layers and sensitivity to surface

heterogeneous [29]

The geoelectrical data acquisition can be carried out using three field tech-
niques: (1) single electrical sounding (SES), (2) continuous electrical sounding
(CES), and (3) pulled array continuous electrical sounding (PACES). The SES is
applied to determine the resistivity variation with depth. SES is typically carried
out using Schlumberger array (Fig. 4), since the ES curve can be interpreted using
a 1D horizontally layered earth model. In the CES, electrical resistivity data along
a profile is obtained (Fig. 5). The CES measurement’s advantage is their high
lateral and vertical resolution along the profile. Accordingly, CES combines the
profiling and sounding surveys. On the contrary to SES, a large number of
electrode arrays can be used along with a straight line. The CES data are then
used for the forward and inverse modeling programs that produce the resistivity
depth sections (i.e., 2D section). In the PACES, a small caterpillar drags a set (i.e.,
tail) of electrodes along with the processing electronics. Eight electrode arrays can
be acquired simultaneously permitting for electrical sounding data to be measured
continuously along the profile (Fig. 6). Further, digital data measurements can be

Fig. 4 Some of the most commonly used electrode arrays. The letters A and B designate the current
electrodes, and the letters M and N denote the potential electrodes
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carried out online by equipment on the caterpillar. The system in PACES has the
ability to determine the inadequate galvanic contact at the potential current
electrodes.

Fig. 5 A schematic model of the CES technique and data density using Wenner array

Fig. 6 A schematic model of the PACES system (a) showing the pulled electrodes by a small
caterpillar using eight-electrode configurations (b)
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2.4 Hydraulic Conductivity Prediction

For clay-free porous media, i.e., uniformly sized particles, the relaxation time con-
stant, τ, of IP decay curve can be given by [30, 31]

τ ¼ L2

D
, ð8Þ

where L is the relaxation distance along the applied electric field and D is the
coefficient of diffusion. Accordingly, the pore radius, R, can be calculated by

R ¼ Dτð Þ0:5, ð9Þ
The earth material’s geoelectrical properties may be represented by complex

resistivity (ρ*):

ρ∗ ¼ ρ0 þ iρ00, ð10Þ
where ρ0 and ρ00 are the real and the imaginary resistivity parts, respectively, of ρ*

and φ is the phase shift of ρ* that can be also given as follows:

φ ¼ arctan ρ00=ρ0ð Þ ð11Þ
Generally speaking, the ρ0 (i.e., DC resistivity) has been commonly used to

estimate hydraulic conductivity (K ) value for unconsolidated aquifers. Positive or
negative linear log-log relationships between ρ0 and K were explained by [27]

K ¼ a ρ0ð Þb ð12Þ
The correlation of K with ρ0 is directly proportional on a large scale for sandy-

clayey aquifer [11]. On a local scale, sometimes, such correlation is inversely
proportional [32].

Many literatures [11, 33] demonstrating a power law dependence of ρ0 on specific
surface area (Spor) [34] indicated that the φ was particularly constant over a wide
range of frequency and presented an empirical relationship to estimate K for a single
frequency value, around 1 Hz. The proposed model, “Börner model,” to calculate
K (m/s) for a constant phase angle (CPA) is

K ¼ a

F Spor
� �c , ð13Þ

where exponents a and c are adjustable parameters and F is the formation factor.
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The exponent “a” is equal to 0.00475 [35] and 1 [34] for consolidated and uncon-
solidated sediments, respectively. The exponent a¼ 0.00475 was recommended by [36]
for unconsolidated sediments. Further, the exponent “c” was formulated in the range of
2.8< c< 4.6 by [34] regarding the method ofKmeasurements. The F can be calculated
using [34]

F ¼ σw
σ0 � σ00=l

ð14Þ

where σw is the conductivity of pore fluid. For unconsolidated sandy aquifer, Spor
can be calculated [18] as

Spor ¼ σ00

0:0101

� �1=0:916

, ð15Þ

where σ00 in mS/m and Spor is in μm�1.
Slater and Lesmes [37] suggested another approach to calculate K by using the

CPA model. The suggested model is based on a relation between the ρ00 with the
grain diameter regarding the smallest 10% portion (i.e., d10) of the soil sample.
Additionally, this method shows an inverse linear relation between σ00 and K around
1 Hz (Slater model):

K ¼ m

σ00ð Þn ð16Þ

where σ00 is given in μS/m. m and n are adjustable parameters with m ¼ (2.0 � 0.3)
10–4; n ¼ 1.1 � 0.2, and K is in m/s.

It is generally accepted that τ(tau) is controlled by the diffusion process [20] in the
electrochemical double layer (EDL). A power law relationship between some
relaxation time constants and permeability (k) has been reported in published data
sets:

k ¼ aτb, ð17Þ
where a and b are formation-specific parameters.

A power law relationship between the mean relaxation time (τm) and Spor was
established by [38]. In case of a weak relation between τ and permeability (k) and/or
K, this relation cannot be applied. Furthermore, [18] derived an empirical power law
relationship to predict k as a function of conductivity σ00, chargeability M and τm,
which are derived from DD:

k ¼ a � ρ0ð Þb �Mc � τmð Þd: ð18Þ
The four empirical parameters a, b, c, and d are determined by a multivariate

regression analysis.
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Based on the Debye decomposition (DD) of IP spectra, [11] proposed a power
law relationship in the form of

K ¼ A ρ0ð ÞB tð ÞC, ð19Þ
where the A coefficient and the B and C exponents are determined by a regression
analysis of the logarithmic quantities τ and K. This methodology was adopted for the
estimation of the K when there is a general trend of increasing or decreasing both
individual ρ0 and τ with K.

2.5 Geoelectrical Data Inversion

Many researchers discussed the geoelectrical data interpretation techniques in order
to solve a wide range of complex inverse problems (e.g., [29]). The main goal of
geoelectrical interpretation is to define the electrical property distributions inside the
earth from a set of measurements, which can be mathematically modeled from
physical laws, e.g., Poisson and Laplace’s equations. Figure 7 illustrates the inter-
pretation process of geoelectrical data, which depends mainly on solving the forward
and inverse problems. In the forward problem, the link between the model param-
eters and the model response (2D and 3D resistivity models) are solved by applying
finite-difference or finite-element techniques (e.g., [39]). In both techniques, the
resistivity distribution is approximated using a mesh of cells or individual elements
with constant resistivity value.

The current commonly inversion approaches depend on mainly derivative-based
inversion (DBI) methods [40]. In such conventional inversion schemes, the 2D
forward calculations are constructed of small cells to construct 2D model. In general,
the parameterization jointly with a 2D regularization usually represents a smooth
and/or blurred image of the measured subsurface structures, which is known as the
smearing [41]. Consequently, new parameterizations were developed for subsurface
layers extraction with sharp boundaries [42]. Recently, model in the form of some
interfaces can be used to represent the subsurface layers more consistent with the
actual geological condition named as “structure-based (SB) model” [43]. For exam-
ple, Fig. 8 shows the inverted ERTs using DBI and nonconventional with SB model
approaches comparedwith the drilled borehole data at a new development area (Tenth
of Ramadan City), Egypt, to image near-surface lateral heterogeneity. It is clear that
the control point number (i.e., turquoise color lines) and the node point number (pink
dots over white circles) representing the subsurface layers were suggested by the
borehole data and the visual inspection of the 2D-ERT using DBI method.

The genetic algorithim (GA) and stochastic techniques belong to the same family
of global optimization (GO) algorithms. The main difference between GO and the
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conventional DBI is the way of data use. In the DBI methods, the differences between
observed and calculated data are converted to the parameter discrepancies applying an
operator called generalized inverse at each iteration step. In the GO methods, the data
are not used in model update and creation. The parameter update way depends on the
globalminimization type. Generally speaking, theGAgeneratesmodel updates by the
biological process simulation and can verify a huge distinct and complicated model
number. Figure 9 shows an example of DCR sounding inversion using GA, and the
inversion results were calibrated with the borehole data in Atfih area, Eastern Desert
(ED), Egypt.

Fig. 8 2D ERTs obtained from Wenner alpha (WA) data using (top) DBI method and (bottom)
nonconventional inversion method produced by GA and structure-based (SB) model. Note that
(bottom) all model nodes (pink dots over white circle) along the control points (turquoise color)
defining the layer interfaces were derived from the borehole information and the preliminary DBI
results

Fig. 7 DCR interpretation process in the form of forward and inverse problems
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3 Applications to the Nile Delta

In the northern part of East Nile Delta (coastal area), Egypt, fresh groundwater saliniza-
tion is a noticeable aspect of in groundwater quality salinization. Notably, saltwater
intrusion has affected irrigation and domestic wells. Furthermore, human activity affects
the salt transport. Accordingly, the main goal of the study was to delineate the saltwater
intrusion due to the intensive pumping in the transition zone of easternNileDelta aquifer.
In the course of this study, the 1D model generation using a hybrid genetic algorithm
(GA) is applied and tested using borehole information. The constructed geoelectrical
cross sections emphasize and delineate the extension of saltwater intrusion (Figs. 10 and
11). Cleary, it is found that due to excessive pumping from shallow wells over the last
decades, the subsurface resistivity and TDS distributions can change rapidly within a
short distance. Additionally, the results show that despite the dominance of brackish and
saltwater at the northern part of the area, perched low conductive lenses are observed
reflecting a low level of groundwater salinization. To obtain a link betweenwater salinity
and aquifer resistivity, an empirical relationship is derived to predicate the salinity
variations at different depths [4]. In comparison with the measured TDS, the predicted
salinity map appears realistic. These results demonstrate the important role of the
integration between resistivity and salinity measurements for mapping the groundwater
salinization with depth and call a further research to plan and manage the area’s water
resources.

Furthermore, the aquifer salinity can be predicted using the aquifer resistivity
values applying a polynomial relationship, inverse first order, of both true aquifer
resistivities and the measured TDS values [4]. Figure 12 shows the polynomial
relationship to predict the TDS values at the northern part of East Nile Delta using
12 data points of DCR soundings and TDS values close to the observed boreholes.
Notably, the TDS prediction proves the reliability of the inverted DCR data uses to
predict TDS clues with various depth using the polynomial equation over the northern
coastal area of East Nile Delta.

The East Nile Delta, Egypt (Fig. 13), is characterized by different geological and
hydrogeological complexity conditions. Geomorphologically, the East Nile Delta
decreases in elevation northward, i.e., relatively low topography (~4 m). On the
other hand, the southern parts have high features with steeper slopes. Attwa et al.
[2] show the efficiency of DCR soundings to identify the geometry and nature of
aquifers (Fig. 14). Regionally, the inversion results of DCR soundings represent the
water-bearing formations and the main structures in the form of folds and faults.
Figure 14 indicates two aquifers; main Quaternary aquifer overlies the deep saline
Tertiary. Further, the Quaternary groundwater-bearing formations become the main
aquifer in the central part of East Nile Delta. On the other hand, Miocene aquifer
represents the main aquifer in the southern portion.

Hydrogeologically, the aquifer hydraulic conductivity (K ) can be predicted using
the power law relation between hydraulic conductivity and aquifer resistivity (Eq. 12).
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Figure 15 shows log-log plot of aquifer resistivity of Quaternary andMiocene aquifers
versus the observed K. It is clear that there is a general trend of increasing aquifer

Fig. 10 3D visualization resistivity model represents the resistivity distributions at the northern
part of the East Nile Delta, Egypt [4]

Fig. 11 3D schematic model shows the freshwater/saltwater conditions at a coastal area, East Nile
Delta, Egypt [4]
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resistivity with increasing K. Accordingly, the K estimation from individual aquifer
resistivity appears to be applicable.

4 Conclusions and Recommendations

The chapter shows that the application of DCR method with available boreholes, an
integrative approach, is valuable inhydrogeological conditions assessment inEastNile
Delta, Egypt. Based on the present studies from East Nile Delta, the results proved
(1) the efficiency of theDCRmethod for hydrogeological evaluation in costal semiarid
areas and (2) the validity of the DCR method to predict the TDS and K using the
empirical relationships for this area. Furthermore, the joint use of the conventional and
nonconventional inversion techniques is recommendedforhydrogeological evaluation
inEastNileDelta. In theongoingresearch, thecomputational speedofGArequires tobe
improved applying parallel computation. Further research including pumping tests is
required to verify the prediction of hydraulic conductivity using the geoelectrical
empirical relationships in East Nile Delta. Additionally the derived salinity equation
modification is desirable considering the clay content ratio and grain size analysis.
Therefore, it is worthwhile tomention that the DCRmethod has a great importance for
hydrogeological assessment to the decision-makers.

Fig. 12 Correlation
between true resistivity
derived from DCR sounding
inversion and TDS of some
collected water samples at
the northern coastal part of
East Nile Delta [4]
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Hydrogeophysical Investigations

at El-Nubariya-Wadi El-Natrun Area,

West Nile Delta, Egypt

Ismael M. Ibraheem and Gad El-Qady

Abstract Establishing new communities is one of the strategic plans of the

Egyptian government during the last decades. One of the targeted localities for

such plan is the West Nile Delta area where it is considered as a promising area for

creating new settlements. The area under investigation is located to the west of Nile

Delta on both sides of the Cairo-Alexandria desert road, between latitudes 30� 170

and 30� 420 N and longitudes 30� 000 and 30� 300 E. It covers an area of about

1,825 km2. To help such national plan, the present study aims to delineate the

hydrogeological regime of the study area through qualitative and quantitative

interpretation of the available electrical and electromagnetic data.

The geoelectric resistivity survey includes 93 vertical electrical soundings

(VES) carried out using Schlumberger array with AB/2 ranging from 1.5 m up to

700 m in successive steps. The time domain electromagnetic (TEM) survey was

executed near selected VESes where 26 TEM stations with loop spreading

50 � 50 m were measured.

The quantitative interpretation was conducted through one-dimensional resistiv-

ity inversion for both VES and TEM data using the software IX1D from Interpex Ltd.

Ten cross sections (from VES data) and three cross sections (from TEM data) were

constructed and well correlatedwith the available boreholes. The cross sections reveal

that the depth to the main aquifer ranges from 6 m at the northern part near

El-Nubariya city to about 90 m at the southern part. On the other hand, the aquifer

system in the area is divided into Pleistocene and Pliocene aquifers. The Pleistocene

aquifer which is the shallower aquifer is consisted of gravelly to clayey sand deposits.
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The Pliocene aquifer, deeper, is the main aquifer and composed of sand to gravelly

sand deposits where in some places, it can be divided into two aquifers. Based on the

inferred structural map, it is worth to mention that Wadi El-Natrun and its lakes are

structurally controlled by faulting systems trending NW direction.

Keywords El-Nubariya, Groundwater, TEM, VES, Wadi El-Natrun, West Nile

Delta
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1 Introduction

Limitations of water resources are the main problem to achieve the main target of

constructing new settlements and land reclamation projects for sustainable devel-

opment in Egypt. Great attention is paid by different Egyptian authorities for that

purpose to overcome the overpopulation crisis and construct new agricultural areas.

In this respect, priorities are given to the West Nile Delta area, which is considered

as a promising region due to its distinct location, mild weather, easy accessibility,

and the availability of water supplies. Accordingly, new desert settlements are

established, e.g., South El-Tahrir, El-Sadat city, El-Nubariya, and El-Bustan pilot

areas, in addition to many villages and farms.

An adequate supply of freshwater is one of the prerequisites for every type of

developmental programs. On the other hand, water conservation is very important

because usable water is not an unlimited resource. As water supplies dwindle, water

shortages in many areas of the world constitute a major problem for both agriculture

and nations. Agriculture consumes more than 80% of the water used annually in

several countries, where the water is the most important need in farming, and its

deficiency commonly limits plant growth.
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Groundwater is the main source for domestic, industrial, and agriculture uses in

most of the newly reclaimed areas in the west Nile Delta region [1]. Geophysics,

especially geoelectric techniques, has been successfully used to detect the fresh-

water/saltwater interface in coastal aquifers [2]. Resistivity surveys are often used

to search for groundwater in both porous and fissured media (e.g., [3, 4]). The

methods provide detailed information about the geometry, source, and amount of

contamination [5]. For these purposes, the present research is planned in order to

address and evaluate the hydrogeological regime in the area of the West Nile Delta

using geoelectrical and electromagnetic methods.

2 Location of the Study Area

The present study covers an area of about 1,825 km2 of the West Nile Delta region.

Wadi El-Natrun depression has nearly occupied the southwestern part of the area.

The main cities in the study area are El-Nubariya, Wadi El-Natrun, and El-Sadat

city. It is accessible from Cairo, Alexandria, northwestern coastal zone, and central

part of the Nile Delta by good roads and railway system. The area under investi-

gation (Fig. 1) is located to the west of Nile Delta on both sides of the Cairo-

Alexandria desert road, between latitudes 30� 170 and 30� 420 N and longitudes

30� 000 and 30� 300 E.

3 Geomorphological and Geological Setting

The study area represents a wide portion of the western fringe of the Nile Delta

where the landscape features of the area under study are connected to the Nile Delta

and its western fringe. The Nile Delta is a flat area where the land surface slopes

gently northwards. The western Nile Delta fringe is generally characterized by

slightly undulating topography and higher land compared with that of cultivated

part of Nile Delta. The topographic contour map (Fig. 2) is extracted from

GTOPO30 DEM (digital elevation model developed by the USGS EROS Data

Center) with a grid spacing of 30 arc sec (approximately 1 km). It shows that

topography of the study area ranges between �23 and 60 m.

Generally, the geomorphologic studies of the area west of the Nile Delta were

addressed by many authors as Sandford and Arkell [6], Philip [7], Said [8],

El Fayoumi [9], Shata and El Fayoumi [10], Abu El-Izz [11], Sanad [12], Attia

[13], El Shazly et al. [14], El Ghazawi [15], Abdel Baki [16], Embaby [17], Gomaa

[18], and Embaby [19]. In the light of previous literature, the west Nile Delta area

can be classified into the following geomorphologic units from the southwest to

northeast (Fig. 3): the highlands, pediment and piedmont slopes, the lowlands, the

old alluvial plain, the young alluvial plain, and the eolian sand and sand dunes.
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The geology of the west Nile Delta is discussed by several authors such as

Sandford and Arkell [6], Philips [7], Shata [20–23], [24], El Fayoumy [9], Shata

et al. [25], Shata et al. [26], Sanad [12], Attia [13], El Ghazawi [15], and Shedid

[27]. The exposed rocks in the area (Fig. 4) belong to Cenozoic. The Oligocene

outcrops are composed of sand, sandstone, gravel, and basalt. They are locally

characterizing the southwest corner of the Nile Delta. The Oligocene basalt sheets

are the only exposed volcanic rocks in the West Nile Delta area, particularly in the

southeastern portion. Neogene sediments are generally dominating the southern and

western parts at El Ralat, Wadi El-Natrun, and Wadi El-Farigh depressions as well

as at El-Washika, Dahr El-Tashasha, and Gebel El-Hadid ridges. They are com-

posed of sand and sandstone with clay and limestone intercalations.

The Quaternary sediments are mainly clastic with essential sand facies and

occasional gravel and clay intercalations. Sand sheets and sand dunes are detected

Fig. 1 Location map of the study area
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toward the north. In the subsurface, the sedimentary rocks overlying the basement

complex have a thickness of about 4,000 m, as recorded from Sahara Wadi

El-Natrun test well (Fig. 5). The sedimentary rock succession starts from the base

by Triassic rocks resting on the basement rocks and ends at the top with recent

deposits belonging to the Quaternary. The surface geological structure is relatively

simple, but in the subsurface, many complexities are detected according to the

geophysical surveys and deep drilling. The subsurface succession is characterized

by the occurrence of many unconformity surfaces and considerable faulting and

folding structures.

Fig. 2 Topographic contour map of the study area (Extracted from GTOPO30 DEM (digital

elevation model))
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4 Structure and Tectonics

The study area is located within the unstable shelf of the northern parts of the

Western Desert, so it is affected by two regional structural elements: the taphro-

geosynclinal trough of the Nile Delta due to east and the northward dipping

homoclinal slope of the Western Desert [29]. The area under investigation is mainly

affected by folds, faults, unconformities, and basaltic intrusions. These structural

elements are the most important factors influencing the groundwater conditions in

the area. Many authors studied the faulting system in the area west of Nile Delta,

and among them were Sigaev [30], Shata et al. [24], El Fayoumy [9], Idris [31],

Sanad [12], El Shazly et al. [14, 32], El Ghazawi [15], and El Sabagh [33]. The main

faults in the area can be distinguished into two groups according to their trends

(Fig. 6).

Fig. 3 Detailed geomorphologic map characterized by landforms of the study area and its

environs (Reproduced after [19])
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1. The NW-SE trending faults: These faults have high displacement.

(a) A fault (Fii) runs approximately parallel to the western edge of the Nile

Delta [24].

(b) A fault (Fiii) runs mostly tangential to the lakes of Wadi El-Natrun with a

maximum displacement of about 200 m [31].

(c) A fault is transversing the area between Wadi El-Natrun and Gabel El-Hadid

with a maximum displacement of about 120 m [12].

(d) El Marbat fault (F3) with downthrown of about 50 m due east [33].

(e) El-Nubariya fault (F4) running parallel to El Marbat fault with its down-

thrown side eastward [15].

Fig. 4 Geological map of the area west of Nile Delta (Reproduced after [28])
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Fig. 5 Sahara Wadi El-Natrun well, Western Desert, Egypt [9]
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2. The NE-SW trending faults:

(a) The Rossa fault affects the area betweenWadi El-Natrun and Abu Roash and

has a length of about 100 km and vertical displacement of about 1 km, with

its downthrown side to the north [9].

(b) A fault (Fi) lies to the southeast of Wadi El-Natrun and extends to the edge

of Rosetta branch.

(c) Alam Shaltot fault (F1) to the north of El-Ralat depression with its

downthrown side toward the north.

(d) A fault (F2) lies to the south of Alam Shaltot fault with a downthrown to the

south.

Fig. 6 Structural map of the area west of Nile Delta (Compiled after [15, 24])
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5 Geological History

The following paleogeological and paleoclimatic events are established from the

Triassic to Recent in the area west of Nile Delta:

– During the Triassic time, a period of uplift and erosion was recorded where

continental conditions prevailed which explain the absence of the Triassic

deposits in the area.

– The main sea transgression occurred in the study area during the Jurassic
producing a great section of marine deposits composed of shaley limestone

and dolomites.

– Erosion and humid conditions were prevailed during the Lower Cretaceous
leading to the deposition of a section of Nubian sandstone strata under conti-

nental conditions, while during the Upper Cretaceous period, the study area was
subjected to subsidence associated with sea transgression resulting in the depo-

sition of limestone, dolomite, and shale.

– The marine transgression was still prevailing during the Eocene times where

thick limestone beds were deposited. Also, another regression phase had started

during the Late Eocene. Consequently, shallow marine facies (calcareous shale

and clay) are characterizing this period.

– The Oligocene period is characterized by main terrestrial conditions and the

occurrence of a long period of rising and erosion. However, a restricted shallow

marine environment is expected in Early Oligocene times, and at the end of

Oligocene, volcanic activities dominated.

– The Miocene period is characterized by semiarid climatic conditions and

the deposition of fluviomarine beds (Moghra Formation) with a gradual subsi-

dence after a long period of rising, erosion, and volcanic activity. Moreover, the

surface developed into different morphotectonic features such asWadi El-Farigh

anticline ridge. At the end of Miocene, the initial formation of the River Nile

took place (Eonile). Also, epeirogenic movements occurred toward the western

part of the Mediterranean Sea during the Miocene times. This was followed by a

sea regression, and consequently the lowering of the water level of the Nile

producing the Miocene deltaic plains.

– A local sea ingression into the Nile Delta and Wadi El-Natrun took place during

the Early Pliocene. Consequently, a large marine gulf was developed occupying

this area resulting in the deposition of a thick succession of pyritic clay forming

aquiclude beds. The gulf was characterized from the south by freshwater tribu-

taries, followed by the deposition of shallow marine limy facies in the Late

Pliocene.

– In Early Pleistocene times, the prevalence of wet climatic conditions and

alluvium filled Abu Mina and El Marbat depressions with gravels and sand

brought from the Nile as well as from the tableland. This was followed by

lowering of the Nile water level and formation of the old deltaic gravelly plains.

The drainage system, particularly on the highlands, was created as a result of the

extensive wet climatic conditions.
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– During the Holocene, landscape took most of its present shape, which is

represented by the sand dunes and sand sheets in addition to the formation of

lakes in Wadi El-Natrun. The prevalence of the present aridity led to the

development of crust layer. The Nile water deposited the young deltaic sedi-

ments in floodplains where these soils constitute the most fertile land of Egypt.

6 Hydrogeological Aspects

The western Nile Delta aquifers have been the subject of several studies where

many investigations have been made to develop the western Nile Delta area; among

them are El Fayoumy [9], Abdel Baki [16], Gomaa [18], Sallouma and Gomaa [34],

Abd El-Wahab [35], Ahmed [36], Embaby [19], Ibraheem [37], and Ibraheem et al.

[38]. The study area generally lies in an arid belt dominating the West Nile Delta

area where a long hot summer and short warm winter characterize its climate with

low rainfall and high evaporation intensities. The surface water system (see Fig. 3)

in the area under investigation and its vicinities is mainly the following: Rosetta

branch, El Rayah El Beheri, El Rayah El Naseri, the artificial canals and drains, salt

lakes, and springs. This system is subjected to evaporation, rainfall, and infiltration

to the groundwater aquifers. The salt lakes get their water from two sources, the

springs found in the bottom of Wadi El-Natrun and the seepage into lakes from their

sides as they are located on lowland. The groundwater in the study area is mainly

controlled by the geological conditions including lithology, topography, and struc-

tures. The main water-bearing formations belong to Quaternary (Recent and Pleis-

tocene) and Neogene (Pliocene and Miocene) (Fig. 7).

6.1 Recent Aquifer

It is detected at Wadi El-Natrun depression and mainly composed of sandy deposits

with calcareous intercalations of eolian fillings. This aquifer is considered partial

feeder for the salt lakes of Wadi El-Natrun.

6.2 Pleistocene Aquifer

Pleistocene aquifer occupies the major portion of the study area where it is

composed of Nile sands and gravels intercalated with thin clay lenses. The depth

to groundwater of this aquifer is close to the ground near El-Nubariya canal and

increases to the south.
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6.3 Pliocene Aquifer

This aquifer dominates the area of Wadi El-Natrun and El-Ralat depressions. It is

mainly composed of clay facies with interbeds of water-bearing sandy layers. The

Pliocene aquifer sediments can be divided into two horizons [39]. The upper one is

composed of loose sand and sandstone having a thickness of about 15 m where the

groundwater is existing under semi-confined condition due to the presence of sandy

clay layers at its top. Meanwhile, the lower one is composed of sandy facies and has

a thickness varying from 1 to 10 m. The groundwater is found under confined

condition due to the presence of a thick clay bed between the two horizons.

Fig. 7 Distribution of shallow aquifers in the study area and its vicinities (Compiled after [16])
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6.4 Miocene Aquifer

The Miocene aquifer (Moghra Formation aquifer) covers a wide portion in Wadi

El-Farigh and west of Wadi El-Natrun to the south and southwest of the study area.

It is mainly composed of coarse sands and sandy clay deposits, which rest on the

Oligocene basaltic sheets.

7 Background Geophysical Literature

The study area and its surroundings have been subjected to some previous studies;

Abdel Baki [16] classified the aquifers in the area west of Nile Delta including the

study area into four items: Recent aquifer, Pleistocene aquifer, Pliocene aquifer,

and Miocene aquifer. Gomaa [18] compared the hydrogeological and hydrogeo-

chemical properties of the different aquifers west of Nile Delta and found that all

the reservoirs are recharged from the Nile Delta Quaternary reservoir. Diab et al.

[40] carried out a geoelectric survey (15 VESes with AB/2 ranging from 1 to 300 m)

in the north of El-Hamra Lake in the main Wadi El-Natrun depression. The study

aimed to interpret the phenomena of the flow up of the freshwater spring in the very

saltwater of El-Hamra Lake. They found that the area is affected by inferred horstal

structural feature extending into the lake. This horst faulting system brings perme-

able water-bearing formation against the impervious clay bed holding up the

freshwater along the fault plane in the form of a faulting spring. Depending on

the hydrochemical analysis of different water samples collected from the spring and

the surrounding wells, they declared that the freshwater of El-Hamra spring is

feeded from the Miocene artisan aquifer. Abdel Salam [41] found that the aquifers

in Wadi El-Natrun area are recharged from the surface water system, El Rayah El

Naseri, El Rayah El Beheri, El-Nubariya canal, and El Nasr canal, besides the

recharge from the Miocene reservoir of Wadi El-Farigh area. He also confirmed the

hydraulic connection between the different aquifers in Wadi El-Natrun area. Using

43 vertical electrical soundings, Abd El-Gawad and Ammar [42] indicated that the

Pliocene aquifer is the main aquifer in Wadi El-Natrun area where the water-

bearing formation consists of sand layers with clay intercalations and the ground-

water exists under confined to semi-confined conditions. This aquifer has a maxi-

mum thickness that reaches 200 m which increases to the north and east. The depth

to this aquifer ranges between 2 and 24 m. Mansour [43] carried out 35 vertical

electrical soundings in the area north of El-Nubariya city and found that the main

aquifer is the Pleistocene aquifer where its thickness varies from 14 to 58 m which

increases in the east and southwest direction. This aquifer is composed mainly of

sand and in some localities of clayey sand or silty sand. The groundwater exists

under unconfined or semi-confined conditions. He also concluded that the salinity

of the groundwater varies from 600 ppm in the east and southeast and 3,900 ppm

(brackish type) in the south. Massoud et al. [44] executed VES and TEM data
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measurements at 24 stations along three profiles in El-Sadat city. They mentioned

that there are two aquifer systems in the area. The shallow Pleistocene aquifer

consists of sand and gravel saturated with freshwater and exhibits large thickness

varying from 171 to 218 m and depth range of 6–36 m. The deep Pliocene aquifer

is composed of clay and sand and shows low resistivity values. Sharaky et al. [1]

studied the hydrochemical characteristics of groundwater of western Nile Delta

aquifers. They found that the salinity content varies greatly from 430 mg/L (fresh-

water) to 24,407 mg/L (saline water) with an average of 2,705 mg/L (brackish

water). Freshwater is mainly concentrated in the central-eastern part, close to

Rosetta branch, indicating that the aquifer is mainly recharged by the infiltration

from irrigation network and excess of irrigation water through the upper clay layer.

The salinity increases gradually north- and westwards due to seawater intrusion and

mixing with the Miocene aquifer, respectively.

8 Hydrogeological Mapping Using VES and TEM

Techniques

Electrical resistivity and electromagnetic methods are well known in exploration

geophysics and commonly applied in near-surface applications. Electrical resistiv-

ity is one of the most useful techniques applied to groundwater studies because the

resistivity of rock is very sensitive to its water saturation. Similarly, EM techniques

have been particularly succeeded in groundwater exploration and in the mapping of

groundwater contamination and saltwater/freshwater interfaces [45–47].

The geoelectric and electromagnetic field surveys give knowledge about the

subsurface and structural geology of the studied area; an identification of geometry

and extent of the aquifer, some information about the groundwater quality, and a

good identification about the lithology of the subsurface formations. Therefore,

money, effort, and time can be saved through the reduction of the number of drilled

boreholes [48]. Also, a geoelectrical method is considered to be the most promising

and most suitable method for groundwater prospecting [49–51]. Although the

apparent resistivity values could be considered a direct criterion for the presence

or absence of groundwater, general information about water salinity could be also

detected, since these values are inversely proportional to the salinity factor [52].

Among the geoelectrical methods, the electromagnetic method (EM) became

commonly used for groundwater studies for several reasons.

1. The recent sophistication of instruments worldwide.

2. The field data acquisition is quicker compared to DC methods.

3. The method does not need large spreading like resistivity method and does not

need a large number of people for field work.

4. The method does not need direct contact with the earth because we use a loop of

wire on the surface of the earth, so if we have different conditions for working by

resistivity, we can easily use the electromagnetic method.
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Electromagnetic methods have been extensively developed and adapted over the

past three decades for the lateral and vertical mapping of resistivity variations

[53, 54]. The depth of investigation of an electromagnetic field depends upon its

frequency and the electrical conductivity of the medium, through which it is

propagating. The depth of penetration thus increases as both the frequency of the

electromagnetic field and the conductivity of the ground decrease.

8.1 Electrical Resistivity of Rocks

Resistivity is an extremely variable parameter not only from formation to formation

but even within a particular formation. There is no general correlation of the

lithology with resistivity [55]. However, the resistivity depends mainly on the

mineral composition, the water content, the salinity of the water and its distribution

in the pores, the porosity of rocks, the texture and structure of rocks, and the

presence of shale and clays [56–58]. The resistivity of common rocks, soil mate-

rials, and waters is shown in Fig. 8.

However, there are overlaps in the resistivity values of the different types of

rocks and soils. This overlap due to the resistivity is a function of the quality and

amount of water, porosity, and fractures in these rocks. The resistivity of the

freshwater varies from less than 10 to 100 Ω m depending on the salinity of this

water. Freshwater has much lower ion concentrations and lower conductivity. The

resistivity of the seawater is less than 1 Ω m due to the relatively high salt content.

This makes resistivity method an ideal technique for mapping the saline and

freshwater interface in coastal areas.

Fig. 8 Electrical resistivity of different rocks and materials [59]
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8.2 Data Collection and Processing

The geophysical field data used in the present work represented by a total of

93 VESes and 26 TEM stations were collected through several campaigns to

investigate aspects of groundwater resources in the survey area. Figure 9 presents

the methodological flowchart to find the groundwater aquifer. The VES field

measurements (Fig. 10) were carried out using direct current resistivity meter called

McOhm manufactured by the OYO Corporation, using Schlumberger array with

AB/2 ranging from 1.5 to 700 m. TEM measurements (Fig. 11) were made very

close to the VES’s sites where a simple coincident loop configuration, in which the

same loop transmits and receives signals, was employed [60]. The TEM instru-

mentation used for the survey is the SIROTEM MK-3 Conductivity meter, and the

conventional 50� 50 TEM confirmation was applied. In all sites, the measurements

were repeated up to five times. The best signal-to-noise data sets were chosen for

further processing and interpretation. The major components of SIROTEM MK3

are contained in a robust, portable console unit as shown in Fig. 12.

One-dimensional resistivity inversion was carried out using the IX1D software

from Interpex Ltd., which in this case solves the inversion using a ridge regression

method described by Inman [61]. IX1D is a 1D direct current (DC) resistivity,

induced polarization (IP), magnetotelluric (MT), and electromagnetic sounding

inversion program. It supports most DC resistivity arrays, including Wenner,

Schlumberger, dipole-dipole, pole-dipole, and pole-pole arrays. The RMS error is

calculated by summing the squares of the difference in the log of the apparent

resistivities. This result is divided by the number of data points, and the square root

is taken. The antilog of this result is taken, and 1.0 is subtracted from it. Then it is

multiplied by 100 to convert to percent. This method of calculating the error is used

because of the large dynamic range that can be present in these data. This ensures

that high apparent resistivity values do not dominate the calculated error, leaving

large errors in the low apparent resistivity values [62].

8.3 Interpretation of VES Data

At each VES station, the calculated apparent resistivities are plotted against AB/2 –

spacing on bi-logarithmic paper to construct the field curve for each station. The

field curves were interpreted both qualitatively and quantitatively. The qualitative

interpretation of the sounding curves involves the classification for the type of these

curves and their aerial distribution in these areas. So, the qualitative interpretation

can give an idea about the subsurface layers and their aerial distribution which will

help during the quantitative interpretation.
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Fig. 9 Methodological flowchart to identify the groundwater aquifer using geophysical investigations
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8.3.1 Qualitative Interpretation

Qualitative interpretation of the electrical resistivity data is used to give a general

view of the lateral and vertical variations of the electrical properties and to shed

some light on the geological and hydrogeological conditions of the area under

investigation. For the general shape of sounding curves, it has to mention that the

beginning of the field curves that represent the small AB/2 values reflects the

surface or near-surface variations, which is, in many cases, rapid and may confuse

the main objective of this interpretation. Therefore, the resistivity behavior at large

AB/2 values of the field curves is the prime importance in judging the homogeneity

or inhomogeneity of the subsurface layers.

The aerial distribution of the field curve types was constructed as shown in

Fig. 13. We can notice that the curve-type QHK is predominant in the western part

of the study area, whereas the curve-type HK characterizes the northern part of the

Fig. 10 Location map of the VES stations, boreholes, and selected profiles [38]
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area. Also, KQ and HKQ curve types dominate the eastern portion of the area.

Added, the southern part of the survey area can be constituted by the QH curve type.

Finally, KHK curve type characterizes the central part of the investigated area. As a

result of curve-type inspection, we can conclude that the area under investigation

may be affected by a group of normal faults that divided the study area into five

main divisions, which are the northern, eastern, western, southern, and central

divisions.

Iso-apparent resistivity contour maps are also constructed for different electrode

spacing to illustrate the resistivity distribution at successive levels penetrated by the

artificial electric current. Each map is prepared for a given electrode separation

AB/2, to illustrate the geological conditions prevailing within a horizon approxi-

mately parallel to the ground surface. Iso-apparent resistivity contour maps can

outline fault zones characterized by anomalies of considerable aerial extension

along a given direction and having maximum horizontal electric resistivity gradi-

ent. These maps also reveal the zones of relatively low electric resistivity values,

which may indicate areas of groundwater accumulations.

Fig. 11 Location map for TEM stations and boreholes in the study area [38]
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Five iso-apparent resistivity contour maps (Fig. 14) are selected and constructed

for the electrode separations (AB/2: 1.5, 10, 30, 100, and 400 m) to cover most of

the succession penetrated by the electric current. From the study of those maps, we

can conclude the following remarks:

1. Apparent resistivity contour map of the surface layer shows variable resistivity

values due to lithology heterogeneities and dryness and wetness conditions of

the silt, sand, and gravel that cover the surface of the study area.

2. The conspicuous lateral variations of the iso-apparent resistivities indicate

comparable lateral changes in the encountered types of rocks.

3. The comparison between the five iso-apparent resistivity contour maps reveals

that the resistivity values generally begin with high values for the smaller depth

of penetration and then decrease gradually by increasing the penetration depth.

4. The study of the iso-apparent resistivity contour maps shows that the eastern

region is characterized by high values and may be represented by sand and

gravels. Besides, it could be deduced that the areas located in the northern and

western parts (of moderated resistivity values) are saturated with shallow

groundwater. Added, the low resistivity values at the area around the lakes of

Wadi El-Natrun may be affected by the saltwater that comes from the lakes, or it

may be represented by clay deposits.

8.3.2 Quantitative Interpretation

The objective of 1D modeling of an apparent resistivity curve for certain DC

sounding array is to arrive, given ρa, at the best estimate of the 1D true resistivity

Fig. 12 The SIROTEM MK3 TEM conductivity meter
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profile versus depth ρz under the measurement location. This can be done either

through direct transformation or through iterative, curve fitting approaches or pro-

cedures that are of a least square nature [63]. The real meaning of quantitative

interpretation of the vertical sounding curves is to determine the true resistivities

and thicknesses of the different formations investigated at each station along the

studied sections. One-dimensional resistivity inversion was carried out in the

present study using the software IX1D.

The resistivity values of the VESes were constrained using the drilled boreholes

nearby and were correlated with the lithology of those boreholes. Figure 15 is a

good example of the correlation procedure where the VES 39 is correlated with

the borehole W6. The geoelectric section shows the slight difference from the

lithological section. During the quantitative interpretation, all available data were

used to construct the initial model. These data are including the geological and

hydrogeological information and the drilled boreholes in the area. Figures 16 and

Fig. 13 Distribution of the VES curve types in the study area [38]

Hydrogeophysical Investigations at El-Nubariya-Wadi El-Natrun Area. . . 255



17 show examples of the result of applying the 1D inversion on the measured VES

data in the study area. The VESes carried out in this area were used to construct

ten geoelectric cross sections (See Fig. 10 for the cross sections locations) for the

location of the sections. Four geoelectric cross sections are selected and shown in

Figs. 18, 19, 20, and 21.

The inspection of the geoelectric cross sections shows that the area of study is

divided into five geoelectric units as the following:

– The first geoelectric unit is characterized by relatively very low to very high

electric resistivity values ranged between 4 Ω m at VES 35 and 4,031 Ω m at

VES 30. The great differences in resistivity of this layer reflect the inhomoge-

neity of lithology, which corresponds to sand, silt, clay, gravel, and gravelly

sand. The low resistivity values are recorded in the area of salt marshes where a

layer of salt covers the surface.

Fig. 14 Iso-apparent resistivity maps at AB/2 ¼ 1.5, 10, 30, 100, and 400 m [38]
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– The second geoelectric layer shows relatively low resistivity values ranged

between 2 and 15 Ω m, which corresponds to clay deposits. The thickness of

this layer is ranging between 1 m at VES 40 and 44 m at VES 78. A lens of

clayey sand, sand, and gravely sand that corresponds to low to high resistivity

values 14–421 Ω m is found above this clay layer. This lens appears in cross

sections C–C0 and D–D0.
– Relatively moderate electric resistivity values ranged between 15 Ωm (VES 12)

and 75 Ω m (VES 53) characterize the third geoelectric unit constituting the

main aquifer in the area. The thickness of this unit is ranged between 13 m

(VES 6) and 83 m (VES 53) which corresponds to sand deposits.

– The fourth geoelectric unit is characterized by relatively low electric resistivity

values ranged between 1 Ω m (VES 5 and VES 35) and 20 Ω m (VES 54 and

VES 29) which corresponds to clay nature deposits.

– Uncompleted two geoelectric layers appear only in geoelectric cross section

B–B0. The first layer is recorded beneath VESes 49, 48, 47, 5, and 6. It has

relatively high resistivity values ranging from 147 to 275 Ω m, which reflects

gravelly sand deposits. The thickness of this layer varies from 14 m beneath

VES 6 and 32 m under VES 48, whereas the second geoelectric layer is

determined below VESes 49, 48, 47, and 6. This layer has relatively low

resistivity values varying from 1 to 11 Ω m which leads to clay nature deposits.

Fig. 15 Lithology log of well 6 and its corresponding geoelectric section [38]
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8.4 Interpretation of TEM Data

Quantitative interpretation of TEM data has been carried out automatically using

“Interpex IX1D software 2008.” The models of the number of layers that were

carried out from VESes insert as initial models to calculate the final models of TEM

data. Figure 22 represents an example of the quantitative interpretation of TEM

curves. The resistivity values of the TEM data were constrained using the drilled

boreholes nearby and were correlated with the lithology of these boreholes.

Figure 23 is an example of the correlation procedure where the station TEM 24 is

correlated with the borehole W57. During the quantitative interpretation, all avail-

able data were used to construct the initial model. These data include the geological

Fig. 18 Interpreted geoelectric cross section A–A0
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Fig. 19 Interpreted geoelectric cross section C–C0

Fig. 20 Interpreted geoelectric cross section E–E0
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and hydrogeological information, the geoelectric resistivity results, and the drilled

boreholes in the area. The TEM stations that were carried out in this area were used

to construct three geoelectric cross sections (Figs. 24, 25, and 26). The inspection of

these geoelectric cross section shows that the study area can be differentiated into

five geoelectric units according to their resistivity values:

– The first layer is a thin layer with resistivity range between 1 Ω m at (TEMes

8, 9, and 25) and 324 Ω m at (TEM 26). The great difference in the resistivity of

this layer reflects the inhomogeneity of the lithology, which corresponds to

sands, silts, clay, or gravels. The thickness of this layer ranges between 0.5

and 2.8 m.

– The second layer has relatively moderate to high resistivity values ranging

between 57 and 265 Ω m and represents gravelly sand layer. The thickness of

this layer ranges between 3.5 m at TEM 23 and 29 m at TEM 3.

– The third geoelectric layer has relatively low resistivity values ranging between

1 Ωm at TEM 17 and 27 Ωm at TEM 21 and is composed of clayey sand to clay

deposits. It may represent the Pleistocene aquifer. In cross section T3–T30

(Fig. 26), this layer can be divided into three sublayers: clay, clayey sand, and

clay deposits.

– The fourth geoelectric layer is represented by relatively moderate resistivity

values which varied from 15 to 59Ωm. These values reflect the presence of sand

and gravelly sand deposits that constitute the main Pliocene aquifer in the

investigated area. The thickness varies from 9 to 57 m.

Fig. 21 Interpreted geoelectric cross section H–H0
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– The fifth geoelectric layer has relatively low resistivity values ranging between

1 and 9 Ω m and is made up of clay. This layer is well correlated with boreholes

w6, w42, and w57.

9 Results and Discussions

The quantitative interpretation was performed through one-dimensional resistivity

inversion for both VES and TEM data using the software IX1D from Interpex Ltd.

As a result, ten cross sections (from VES) and three cross sections (from TEM)

were constructed and well correlated with the available boreholes. Two maps for

the depth to the main aquifer (Fig. 27) and its true resistivity (Fig. 28) are

established depending on the results of the quantitative interpretation of the VES

and TEM data. The main aquifer is determined at depth range varying from 6 near

El-Nubariya city to about 90 m at the southern parts of the investigated area where it

increases to the south and southeast directions. The true resistivity of the aquifer

ranges from 15 to 70Ωm. It decreases in the north and northwest direction, whereas

it increases in the central, southern, and northeastern parts. The highest value of the

true resistivity is recorded near Wadi El-Natrun city. A low value of resistivity can

be seen in the area inside of Wadi El-Natrun valley due to the influence of the

Fig. 25 Interpreted geoelectric cross section T2–T20
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saltwater of its lakes. This aquifer is composed of sand or gravelly sand. The aquifer

system in the area is divided into Pleistocene and Pliocene aquifers. The Pleistocene

aquifer is the shallower aquifer and composed of gravelly to clayey sand deposits.

The Pliocene aquifer is the main aquifer where it consists of sand to gravelly sand

deposits. In some localities, the Pliocene aquifer can be divided into two aquifers.

The quality of the groundwater can be determined depending on the results of the

geoelectric exploration represented by the true resistivity map (Fig. 28). A brackish

groundwater can be detected at shallow depths at the northern and northeastern

parts of the survey area, whereas relatively freshwater can be determined at the

southern and southeastern parts around Wadi El-Natrun city at deep depths. This

information should be taken into consideration during the process of drilling new

boreholes. The optimum area for drilling is the northeast of Wadi El-Natrun city.

The inferred faults from the geoelectric sections were traced and collected

(Fig. 28) to construct a structure map. This map shows the location and the throw

of the interpreted faults in the study area. A major fault passes parallel to the

northeastern edge ofWadi El-Natrun with a southwest throw. Also another fault can

be detected parallel to the southwestern edge of the valley with a throw to the

northeast direction. Three faults pass nearly perpendicular to Wadi El-Natrun axis

with throw almost to the east which can be seen on the structure map. It is worth to

Fig. 26 Interpreted geoelectric cross section T3–T30
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mention that Wadi El-Natrun depression and its lakes are structurally controlled by

set of parallel faults trending NW direction.

Saltwater of the lakes of Wadi El-Natrun causes a serious problem in the area.

That is why it is worthy to have a detailed investigation to delineate the extension of

the brackish water zone. Also, to the north of the study area, especially near

El-Nubariya city, a shallow clay layer at depth from 1.5 to 5 m causes a trapping

for the surface water; this causes a very severe problem for the crops in the area.

The results showed that TEM technique is more effective than DC resistivity

technique in conductive areas where it depicts more details of subsurface layers that

could not be detected by VES data, especially in the deep depths. Accordingly, it is

highly recommended to apply joint inversion for the available data sets, especially

VES and TEM data. Also, it is important to mention the necessity of performing 2D

inversion to confirm the fault structures inferred from 1D inversion of VES and

TEM data. This will be conducted in the future work of the authors.

10 Conclusions and Recommendations

The main goal of this chapter is to determine the groundwater aquifers in the West

Nile Delta area. From the precise inspection of the results of the VES and TEM data

interpretation, it could be concluded that the aquifer system in the area extending

Fig. 27 Depth map to the main aquifer in the study area [28]
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from Wadi El-Natrun city to El-Nubariya city along the Alexandria-Cairo desert

road is divided into Pleistocene and Pliocene aquifers. The Pleistocene aquifer is

the shallower aquifer and composed of gravelly to clayey sand deposits. The

Pliocene aquifer is the main aquifer where it consists of sand to gravelly sand

deposits. This aquifer can be detected at depth range between 6 m at the north part

near El-Nubariya city to a depth of 90 m at the southern parts. The groundwater of

the Pliocene aquifer can be described as a brackish groundwater at shallow depths

at the northern and northeastern parts of the survey area, whereas it can be

considered relatively freshwater at deep depths at the southern and southeastern

parts around Wadi El-Natrun city. Based on the structural map inferred from the 2D

geoelectric cross sections, it is worth to mention that Wadi El-Natrun depression is

structurally controlled by a set of parallel faults trending NW.

We found that DC resistivity technique is very appropriate in determining the

subsurface layers at shallow depths with a high resolution. On the other hand, TEM

technique is more effective than DC resistivity technique in detecting more details

of subsurface layers that could not be detected by VES method, especially in the

deep depths. Accordingly, it is highly recommended to apply TEM and DC

resistivity techniques together in groundwater studies.

In case of drilling new boreholes for drinking or agricultural purposes, we

recommend the area northeast of Wadi El-Natrun city. Also, the saltwater of the

lakes of Wadi El-Natrun causes a serious problem in the area. That is why it is

Fig. 28 True resistivity map of the main aquifer in the study area [38]
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worthy to have a detailed investigation to delineate the extension of the brackish

water zone. We also recommend installing a covered drainage system to overcome

the problem of trapping surface water near El-Nubariya city.
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Part V
Groundwater Contamination and

Degradation



Salinization and Origin of the Coastal

Shallow Groundwater Aquifer,

Northwestern Nile Delta, Egypt

Abbas M. Sharaky, Adel S. El Hassanein, Samir A. Atta,

and Karema M.A. Khallaf

Abstract Serious salinization problem is affecting the northern Nile Delta basin and

its groundwater aquifers. The hydrochemistry ofmajor ions (K+, Na+,Mg+, Ca2+, Cl�,
SO4

2�, HCO3
�, CO3

2�) and the trace elements (Fe, Mn, Zn, Pb, Cd, Cr, Cu, Ni) have

been used to constrain the hydrochemical characteristics, source, and salinization

processes of the shallow coastal aquifer, northwestern Nile Delta. Twenty groundwa-

ter wells, varying in depth from 17 to 40 m, had been examined and sampled to carry

out the physicochemical parameters and chemical compositions of the groundwater

and to obtain additional information on the possible contamination with major ele-

ments, trace elements (heavy metals), and nutrients (NH4
+, NO3

�, PO4
2�).

The hydrochemical data indicated that the groundwater of the coastal aquifer,

northwestern Nile Delta, is meteoric in origin and is mixed with marine water. The

coastal plain aquifer is recognized to be at high risk of increasing salinization. The

salinity of the groundwater as a total dissolved solid (TDS) ranges from 1,288 to

4,907 mg/l with an average of 3,155 mg/l. The electric conductivity (EC) of the

groundwater ranges from 1,900 to 9,790 μS/cm with an average of 4,620 μS/cm. It

is directly related to TDS and the geographical position of each well. The ground-

water is slightly alkaline with pH ranges from 7.01 to 8.2. The high salinity, pH, and

EC values support the conclusion of seawater intrusion.

The nutrient content such as nitrates is higher than the standard values, which

mainly resulted from rural sources. The concentrations of the trace elements are

lower than the standard values except for iron, manganese, and nickel. This ground-

water can be used for crop irrigation but must be treated before using for drinking.
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1 Introduction

There are several processes causing groundwater salinization. They include seawater

intrusion due to intense aquifer exploitation [1–6], interactions with deep saline

paleowaters, and water-rock interaction [7–12]. Other sources cause salinization are

the dissolution of evaporites [13–16], evaporation of freshwater, and pollution by

untreatedwastewater [3, 17]. Seawater intrusion and construction of the AswanHigh

Dam on the Nile River in 1971 may affect the water quality in the coastal aquifer.

The Nile Delta aquifer is the principal groundwater source in Egypt. The annual

rate of groundwater withdrawal from the Nile Valley and Delta aquifers increased

from 5.5 billion m3 in 2000 [18] to 6.13 billion m3 [19] and to more than 7 billion m3

in 2016 [20]. All these represent 12% of the annual renewable freshwater and 9% of

the annual consumed water in Egypt. The Nile Delta aquifer is mainly recharged by

infiltration from excess irrigation water and direct seepage from the Nile River,

irrigated channels, and insufficient rainfall that infiltrates through the upper clay

layer [21].

Overpumping is themost severe issue of the groundwater mainly in the Nile Delta

aquifers that is followed by salinization through saltwater intrusion. The Nile River,

the primary source of water in Egypt (55.5 billion m3, 97% of the annual renewable

freshwater), is insufficient to cover all the Egyptian demand of water of about

80 billion m3 in 2016 according to the Egyptian Ministry of Water Resources and

Irrigation [20]. There is a water deficit of about 23 billion m3. Therefore, ground-

water could provide a suitable source in addition to the Nile River.
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The coastal aquifer, northwestern Nile Delta, is characterized by the presence of

brackish water that endangers, often irreversibly, the future of water resources in

the area. The overpumping of the groundwater in the coastal aquifer has severely

degraded water quality due to seawater intrusions.

In general, the source of salinity in many coastal hydrogeologic systems can be

identified to be modern seawater intrusion into aquifers; such a single source is not

the case in many systems. Ancient marine intrusion, wind-driven sea spray and

marine aerosols deposited at the topsoil, effects of mobilized salts stored in the

unsaturated zone, evaporites, and local pollution may further contribute to salini-

zation of groundwater [22, 23].

The main objectives of this study are:

1. Determination whether the brackish water in the coastal aquifer is attributed to

seawater intrusion or it is just a paleo-formation water

2. Chemical analysis of pollutants and determination of the source of pollution

3. Hydrochemical characterizations of the groundwater

4. Evaluation of the groundwater suitability for different purposes

2 Local Geology and Hydrogeology

2.1 Description of the Study Area

The study area is located in the northwestern Nile Delta (see Fig. 1), just west of

Alexandria, and extends up to 50 km to the west. It is bounded from the north by the

Mediterranean coastline and from the south by approximately the latitude 30
�
47

0
N,

forming a parallel zone to the shoreline. The width of the study area ranges from

15 to 30 km, covering about 1,000 km2.

2.2 Geology

The coastal zone has received the attention of a number of researchers such as El

Fayoumy [24], El Shazly et al. [25], Gindi and Abd-Alla [26], Landis et al. [27],

Leaven [21], Nagy [28], Masria et al. [29], Philip [30], Salim [31], Sanad [32],

Shata [33], Swanberg et al. [34], Tarabees and El Qady [35], and Zaghloul et al.

[36, 37].

Geology of the Mediterranean coastal area consists primarily of various Tertiary

and Quaternary sedimentary deposits [25, 34]. The Quaternary beach deposits

cover the study area [26]. The coastal zone, the northwestern zone of the Nile

Delta is characterized by a series of parallel Pleistocene oolitic limestone ridges

[38]. They are mainly composed of white oolotic limestone separated by shallow

depressions (see Fig. 2). The width of the ridges decreases westward from Alexan-

dria city. They are marine in origin [40]. Six distinct ridges have been recognized.
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They are Harbour Island, Costal, Abu Sir, the Gebel Maruit, Khashm El-Eish, and

Alam El-Khadem ridges.

In the Nile Delta, the strata of hydrological importance belong mostly to the

Quaternary and to the Tertiary. Of these strata, the deltaic deposits that belong to

the Pleistocene constitute the bulk of the principal aquifer [41].

In the study area, water-bearing formation and strata of the hydrogeologic

interest are found both in the Quaternary and in the Pliocene [25]. These strata

have different lithological forms that include:

1. Alluvial beach sediments that are characterized by yellow color and fine to very

fine texture. The sediments are limy in composition. The fresh groundwater

floats on top of saltwater. The thickness of the freshwater zone is being con-

trolled by its height above sea level and the quality of rechargeable water that

enters sand dunes through direct infiltrate of rainfall or from surface runoff.

2. Alluvial deposits that are derived from the Miocene rocks, which include soil

composed of almost homogenous calcareous loam and concretionary gypsum.

3. Alexandria Formation that forms the coastal beach of the Mediterranean Sea. It

is composed of detrital limestone that is associated with calcareous clay soil.

These members are characterized by fine, medium to coarse texture and mostly

of light to gray colors. One of these varieties is composed of gypsum and clays

(calcareous gypsum with soluble salts) forming islands to the south of the

Mediterranean coast by about 10–12 km at Burg El Arab. These formations

form the bedrock of Alexandria City. In many places, the detrital limestones

100 km 

Alexandria 

Nile Delta 

N 

Mediterranean Sea 

EGYPT 

Fig. 1 Western Nile Delta from Google Earth on September 9, 2017. The square represents the

chemical distribution maps in this chapter
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possess indurated crust giving a brown compact rock with dark-gray surface

tarnish (thickness 0–60 m).

4. The Miocene-Pliocene rocks cover brown compact sandy limestone with some

gypsiferous limestones on top of small hills exposed to these small areas.

2.3 Hydrogeology

The Nile Delta aquifer consists of deltaic deposits ranging in average from 200 to

300 m thick. It is dominated by unconsolidated coarse sands and gravels with some

clay lenses. The Nile Delta aquifer rests on a thick Pliocene clay layer [42]. The

study area is classified as a semiarid zone. Winter precipitation varies from a year to

another with an annual average range from 100 to 200 mm at the Mediterranean

Sea [43].

In general, the coastal aquifers may be classified into four types [28]: (1) unconfined

(phreatic), (2) confined, (3) leaky aquifers (semi-pervious confining layers), and (4) lay-

ered aquifers (several aquifers separated by impervious layers). The saturated thickness

of the aquifer ranges from 40 to 60 m. The lithology ranges from sand-clay to sand-

gravel with increasing depth [44]. The aquifer mostly contains brackish water that has

been recharged annually by local rainfall and the Nile seepage water from Nasr and

Maryut canals. The main direction of the groundwater flow in the principal aquifer is to

the north toward the Mediterranean Sea. Farid [45] indicated that the brackish water in

the Nile Delta is marine in origin. Seawater intrusion takes place and extends inland

especially after the construction of theHighDamand the increase of demand for surface

and groundwater [28].

Alexandria

Study Area
EGYPT

10 km

EI-Omayid

Alexandria

Abu Mina basin

EI-Hammam

Coastal plain

Miocene table land

Paleosol

Colluvium

Calcrete

Last Interglacial
Beach Boulders

Cardium L.S.

Foramineferal L.S.

Molluscan L.S Aeolianites

Old rocky beach
Fossiliferous L.S.

Fig. 2 Parallel elongated ridge along the Mediterranean coast separated by depressions [39]
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In northern coastal areas of Egypt, groundwater aquifers are vulnerable to social

and economic development. Recently, water demand for drinking, agriculture,

tourism, and industry has increased.

Agriculture consumes the most significant amount of the available water in

Egypt, with its share exceeding 85% of the total demand for water [20]. Water

demand has been increased in Egypt during the last few decades due to fast

population growth from 26 to 93.4 million in 1968 and 2017, respectively [46],

new land reclamation, and urban and industrial development. The cultivated lands

increased by at least 30% from 1984 to 2017 (see Fig. 3).

3 Material and Methods

Groundwater samples were collected from 20 water wells of different depths cover-

ing the coastal plain zone, northwestern Nile Delta (see Fig. 4). The wells vary in

depths from 17 to 40m. The samples were collected in two-liter polyethylene bottles

in 2003. They were analyzed for chemical analyses of major cations and anions

following the standard methods for the examination of water as described by the

American Public Health Association [47], as well as the trace elements and nutrients

(ammonia, nitrate, and phosphate). The chemical analyses were carried out in the

Research Institute for Groundwater (RIGW) laboratories. The measurements of

physiochemical parameters (pH, EC) were carried out in the field using portable

instruments. The EC was also measured in the lab using an electric conductivity

meter model YSI 32, USA.

The pH was determined using pH meter model WTW-Multilane pH, Germany.

The concentrations of Na+ and K+ were measured using flame photometer model

410, England. Ca2+,Mg2+, Cl�, CO3
2�, andHCO3

�were determined using chemical

titration following the standard methods of the American Public Health Association

10 km 

2017 1984 

Fig. 3 Extension of cultivated lands (green) in the northwestern zone of the Nile Delta, from 1984

to 2017 (Google Earth)
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[47]. SO4
2� was measured by turbid metric method spectrophotometer model

Spectronic 21DMilton Roy, England. NO3
�was analyzed using cadmium reduction

method, NH4
+ using ammonia selective electrode method, and PO4

2� using plasma

method. The concentrations of trace elements (Fe, Mn, Zn, Pb, Cd, Cr, Cu, Ni) were

performed using atomic absorption flame spectrometric technique (GBC 908 AA).

The chemical data were displayed in graphical forms of the trilinear Piper [48] and

Sulin [49] diagrams to make a visual comparison for the composition of the different

water wells.

4 Results and Discussion

4.1 Hydrogen Ion Activity (pH)

The pH of the natural water is controlled by various possible reactions involving

the major ions, other nonionic solutes, solids, and gases associated with a

solution [50]. Streams in arid regions show pH values between 7 and 8 [51],

while rainfall water has values from 4 to 8 [52]. Seawater near the surface normally

shows a pH of 8.1 to 8.3. Soil water and playa-lake water in deserts may have pHs

of 9 or even higher [51]. The pH values of the coastal aquifer range from 7.01 to

8.20 with an average of 7.73 (see Table 1). They are slightly higher than those of the

surface water of the Nile River in Egypt, which shows an average pH of 7.5 at
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Aswan-Cairo [53] and 7.7 at Aswan-Sohag [54]. The pH shows indirect correlation

with Ca+ ions [R2 ¼ 0.42, (see Fig. 5)] due to releasing of HCO3
� ions from the

Pleistocene carbonate rocks.

4.2 Electric Conductivity (EC)

Electric conductivity (EC) measures water’s ability to conduct an electric current

and is directly related to the total dissolved salts (ions) in the water. The studied

well water samples show electrical conductivities in the range of 1,900–9,790 μS/
cm, with an average of 4,665 μS/cm (see Table 1). They show a reasonable spatial

variability in EC. The EC values are much higher than those of the surface Nile

water 289 μS/cm at Aswan-Sohag [54].

4.3 Salinity Content

The hydrochemical data of the coastal aquifer indicated that the TDS varies from

1,288 to 4,907 mg/l with an average of 3,155 mg/l (see Table 1). The TDS was

calculated from the sum of the concentrations of the major ions in the groundwater.

The coastal aquifer is considered as a shallow aquifer because the water table

ranges from 7 to 25 m [44]. The sources of water recharge are the local winter

rainfall (200 mm/year) and water seepage from Nile water. The salinity content

varies spatially all over the study area (see Fig. 6).

The variation of TDS is mainly affected by recharge rate from rainwater and

seepage water from canals, exploitation rate, aquifer-bearing strata and the geo-

graphic position of wells. The wells containing water of more than 2,000 mg/l are

mainly due to the aquifer-bearing strata. In the central area, the groundwater varies
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from freshwater (<1,000 mg/l) to brackish (2,000 mg/l) due to seepage from

Maryut canal that reduces the high saline water of the aquifer. This conclusion is

conformable with the results of El Shazly et al. [25] and Ministry of Irrigation,

Desert Irrigation Department [55]. The TDS are not apparently affected by changes

in water depths (see Fig. 7a) due to the shallowness of the wells.

4.4 Major Anions

4.4.1 Chloride (Cl�)

Chloride content in the well water samples shows a wide range of concentration,

ranging between 178 and 2,840 mg/l with an average of 1,015. A few samples have

chloride concentrations less than 500 mg/l, but most of the water wells have

relatively high chloride concentrations that are greater than 1,000 mg/l (see Fig. 8),

which are mostly attributed to well intakes from seawater intrusion and local sources

such as seepage from Maryut canal. Like TDS, low chloride content ranging from

200 to 500 mg/l occurs in the central area around the Maryut canal that recharges the

groundwater and dilutes the water aquifer. A significant correlation exists between

the chloride content and salinity (see Fig. 7b), indicating that the major part of the

salinity of the groundwater is due to halite. The majority of groundwater samples

Fig. 6 Distribution of salinity content in the coastal aquifer
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have Na/Cl ratios that are slightly lower than unity, indicating that some sodium is

lost through reverse ion exchange. This effect is more pronounced in the groundwa-

ters that have high Na-Cl content, in which Na/Cl ratio are close to 3:4. There is a
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linear positive correlation between Cl� and Na+ concentrations (R2 ¼ 0.45, see

Fig. 7c). A few samples show Na/Cl ratios that are slightly higher than unity,

indicating an additional source for Na+.

4.4.2 Sulfate (SO4
2�)

Sulfate content varies from 192 to 1,416 mg/l with an average of 824 mg/l. Most of

the water wells (southern and northwestern areas) are characterized by high sulfate

content (>1,000 mg/l, see Fig. 9). In the eastern area, the concentration of sulfate

content is less than 600 mg/l due to seepage fromMaryut canal and rainwater. Most

of the central area (around the Maryut canal) has sulfate content ranging from

600 to 1,000 mg/l due to seepage from Maryut canal, rainwater, and seepage from

excess irrigation water. Unlike chlorine, sulfate concentrations in groundwater have

a relatively less direct relationship with TDS (see Fig. 7d). The plot of Cl� versus

SO4
2� (see Fig. 7e) illustrates bimodal relationships. One group, about 75% of the

water wells, has good correlation suggesting that their accumulation in the ground-

water is a result of a common surface process (evapo-concentration or dissolution

of secondary anhydrite). The other small group has a lack of correlation between

sulfate and chloride ions, suggesting another source of sulfate resulted from the

water-rock interaction of gypsum associated with the Pleistocene sediments.

Fig. 8 The distribution of chloride content in the coastal aquifer
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4.4.3 Carbonate (CO3
2�) and Bicarbonate (HCO3

�)

Carbonate ions (CO3
2�) are not detected in the groundwater, while bicarbonates

range from 79 to 592 mg/l with an average of 285 mg/l. The bicarbonates are most

likely contributed to the groundwater by the dissolution of the carbonate fraction of

the Pleistocene sediments. Another source could be the dissolution that occurs

rapidly on initial infiltration because of soil-generated CO2, which dissociates to

carbonic acid, which influences the ability to infiltrate groundwater to dissolve

calcium carbonate [56]. The bicarbonates (HCO3
�) have lack correlation to K (see

Fig. 7f) and Na (see Fig. 7g). However, they show relatively more negative corre-

lation with K than Na, suggesting seawater intrusion. It is observed that Na is excess

over K, indicating that NaCl is the major source of Na, in addition to the greater

resistance of K minerals to weathering.

Fig. 9 Distribution of sulfate content in the coastal aquifer
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4.5 Major Cations

4.5.1 Sodium (Na+)

Sodium is one of the most abundant elements on earth. Its salts are highly soluble in

water. The igneous rocks are composed to the extent of 60% feldspars that are

aluminum silicate of alkaline earth metals. Albite is the pure sodium feldspar

(NaAlSi3O8); white anorthite is the pure calcium feldspar (CaAl2Si2O8). Albite

and anorthite are decomposed more easily than potassium feldspar. Albite dissolves

under the influence of CO2 to form a solution that is characterized by the solutes

HCO3
�, Na+, H4SiO4, and H+ [57].

NaAlSi3O8 þ CO2 þ H2O ¼ Naþ þ HCO3
� þ H2SO4

þ Al2Si2O5 OHð Þ4 kaoliniteð Þ
Feldspathiod is also an important source of Na. Evaporites such as halite (NaCl)

are the most important source of Na. The sodium content in groundwater is mainly

dependent on rock type of the aquifer.

The groundwater in the coastal aquifer is characterized by a relatively high concen-

tration of sodium ions (Na+) that change from 230 to 1,426 mg/l with an average of

761mg/l (see Table 1). Most of the aquifer has Na+ ranging from 500 to 1,000mg/l (see

Fig. 10), suggesting seawater intrusion. The groundwater containing Na+ higher than

1,000 mg/l is restricted to the eastern part of the aquifer (see Fig. 10) close to Maryut

Lake and other two wells. In the central area, the sodium content is less than 500 mg/l

due to seepage from Maryut canal that reduces the high saline water of the aquifer.

Like chloride, sodium content has a significant direct correlationwith TDS (R2¼ 0.79,

see Fig. 7h), indicating that themajor part of the salinity of the groundwater is due toNaCl.

The K+ content in the coastal aquifer varies from 8 to 32 mg/l with an average of

19.9 mg/l (see Table 1). It is higher than that of the surface Nile water (1.4 mg/l,

[53]) and the average of the world’s major rivers (1.4 mg/l; from [58]).

4.5.2 Potassium (K+)

The concentration of potassium in the coastal aquifer changes from 7 to 32 mg/l

with an average of 21 mg/l. The central part is relatively higher in K content than

the west of the coastal zone (see Fig. 11). The increasing of K in most of the coastal

wells is most probably due to rural contamination (fertilizers).

The relatively high potassium content in the groundwater of the coastal aquifer is

mainly due to the invasion of the seawater. The observed excess of Na+ over K+ is

caused principally by the inflow of NaCl brines derived from seawater. Calcium and

magnesium concentrations show a weak direct correlation (see Fig. 12a) mainly due

to carbonate weathering more than silicates. The majority of the groundwater

samples have a concentration of Ca2+ much higher than that of Mg2+. This may be

explained by the lack of ferromagnesian and abundance of carbonate minerals that
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are present within the rocks of the area, by ion exchange processes, and by the

precipitation of calcite. Similar to Ca2+, Mg2+ shows weak direct correlation with

TDS (see Fig. 12b), indicating that the salinity in the groundwater is mainly attrib-

uted to NaCl.

4.5.3 Magnesium (Mg2+)

Magnesium is common in natural water as Mg2+. Along with calcium, magnesium

is a primary contributor to water hardness. The solubility of magnesium carbonate

like that of calcium carbonate is increased in the presence of CO2. The presence of

sodium ions in solution may also help easily the dissolution of magnesium ions

from rocks [59].

In the coastal aquifer, the magnesium content ranges between 26 and 182 mg/l

with an average of 123 mg/l. Spatial distribution of magnesium ions shows that

most of the groundwater has more than 100 mg/l of Mg2+, indicating that magne-

sium ions are mostly marine in origin. The central area shows less magnesium

concentration due to seepage from irrigation channels (see Fig. 13). Mg2+ shows

weak direct correlation with TDS (R2 ¼ 0.034, see Fig. 12b), indicating that the

salinity in the groundwater is mainly attributed to NaCl.

Fig. 10 Distribution of sodium content in the coastal aquifer
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4.5.4 Calcium (Ca2+)

Calcium is present in all water as Ca2+ ions and is readily dissolved from rocks

enriched in calcium minerals such as carbonates (limestone) and sulfates (gypsum).

The salts of calcium together with those of magnesium are responsible for the

hardness of water.

In the present study, calcium ions range between 30 and 210mg/l with an average

of 124 mg/l. The majority values range from 100 to 200 mg/l. The concentration of

<20 mg/l >20 mg/l 
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Fig. 11 The distribution of potasium content in the coastal aquifer

y = 0.66x + 43.98

R
2
 = 0.27

0

50

100

150

200

250

0 50 100 150 200

C
a2

+
, 
m

g
/l

 

Mg 2+ , mg/l 

a 

TDS, mg/l 

M
g

2
+
, 
m

g
/l

 

y = 0.66x + 43.98

R
2
 = 0.27

y = 0.03x + 41.8

R
2
 = 0.27

0

50

100

150

200

250

0 1000 2000 3000 4000 5000 6000

Mg2+

Ca2+

Linear (Mg2+)

Linear (Ca2+)

b 

Fig. 12 X-Y diagrams of Ca2+, Mg2+, and TDS

290 A.M. Sharaky et al.



calcium is low in the central part (see Fig. 14) due to seepage of water from the

irrigation channel. Similar to Mg2+, the Ca2+ shows weak direct correlation with

TDS (R2 ¼ 0.274, see Fig. 12b), indicating that the salinity in the groundwater is

mainly attributed to NaCl. The concentration of calcium in coastal zone area is

relatively higher than that in the western Nile Delta aquifer (98 mg/l, [60]). The

presence of calcium content is related to the type of water-bearing strata in which

limestone is responsible for enriching the groundwater with calcium ions.

4.6 Nutrients

The term “nutrients” refers broadly to those chemical elements that are essential to

life, but more specifically to nitrogen and phosphorus in water pollution content.

Plants and animals are made up mostly of compounds of nitrogen (N) and phos-

phorus (P). These are the primary macronutrients. Many other elements are neces-

sary for growth, but in tiny amounts, and they are classified as micronutrients [61].

Nitrogen gets into the water in inorganic and organic forms. The primary inor-

ganic forms of N are ammonia (NH3), ammonium (NH4
+), nitrate (NO3

�), nitrite
(NO2

�), nitrous oxide (N2O), nitric oxide (NO), and inorganic nitrogen gas (N2).

Ammonia and ammonium salts are found in small quantities in rainwater. Organic

Fig. 13 Distribution of magnesium content in the coastal aquifer
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nitrogen (organic-N) is found in proteins, amino acids, urea, living or dead organisms

(i.e., algae and bacteria), and decaying plant material [62].

4.6.1 Ammonium (NH4
+)

Ammonium (NH4
+) is discharged into water bodies by some industrial processes (e.g.,

ammonia-based pulp and paper production) and also as a component of municipal or

community waste. The ammonium content in the coastal zone varies between 0.02 and

0.0 mg/l (see Table 2). According to theWorld Health Organization [63], the threshold

odor concentration of ammonia at alkaline pH is approximately 1.5 mg/l, and a taste

threshold of 35mg/l has been proposed for the ammonium cation. There is no published

maximum contaminant level (MCL) for ammonia that is “very toxic to fish and aquatic

life. Ammonia concentrations of 0.06mg/l can cause gill damage in fish, and 0.2 mg/l is

lethal to trout. Concentrations in excess of 0.1 mg/l suggest domestic or agricultural

sources of waste” [64].

4.6.2 Nitrate (NO3
�)

Nitrogen is a decaying organic matter; such compounds are decomposed bacterially to

gas ammonia (NH3), most of which is oxidized by soil bacteria to nitrate (NO3
�), the

Fig. 14 The distribution of calcium content in the coastal aquifer
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form of nitrogen that is most readily utilized by plants [65]. Nitrate in water is

undetectable without testing because it is colorless, odorless, and tasteless [66].

Large amounts of nitrates (fertilizers), owing to their solubility, are washed into

streams, rivers, lakes, and groundwater. Nitrate is the most stable oxidized form of

combined nitrogen in most environmental media. Most nitrogenous materials in

natural water tend to be converted to nitrates that may occur naturally in mineral

deposits (generally sodium or potassium nitrate), soils, seawater, freshwater sys-

tems, the atmosphere, and biota. Nitrate minerals include soda niter (NaNO3),

nitrocalcite (Ca(NO3)2 + nH2O), and nitroglauberite (6NaNO3�2Na2SO4 + 3H2O)

[67]. Lakes and other static water bodies usually have less than 1.0 mg/l of nitrate/

nitrogen. Levels of nitrate/nitrogen in groundwater may range up to 20 mg/l or

more, with higher levels characteristically occurring in shallow aquifers.

According to the World Health Organization [63], the recommended maximum

limit for drinking water is 10 mg/l (NO3
�-N). Water with a higher concentration of

nitrate represents a significant health risk. According to FAO [68], the guidelines

for nitrogen in irrigation water can be classified as follows:

(a) Water with less than 5 mg/l NO3
�-N (about 23 mg/l as NO3

�) is very good

water for irrigation and can be used without any restrictions.

(b) Water with nitrate (NO3
�-N) 5–30 mg/l (23–135 mg/l NO3

�) can be used for

irrigation but with slight to moderate restriction.

(c) Water with more than 30 mg/l NO3
�-N (>135 mg/l as NO3

�) is bad water.

Table 2 Nutrient content

(mg/l) in the groundwater the

coast aquifer

Sample no. NH4
+ PO4

2� NO3
�

1 0.05 3.0 3.0

2 0.02 3.0 3.0

3 0.04 2.0 4.0

4 0.03 2.0 2.0

5 0.02 2.5 4.0

6 0.02 0.16 6.0

7 0.05 0.18 5.0

8 0.02 3.0 2.0

9 0.04 3.0 2.5

10 0.03 2.0 2.0

11 0.02 2.0 4.0

12 0.02 2.5 3.4

13 0.05 0.16 2.4

14 0.02 0.11 7.0

15 0.04 0.12 4.0

16 0.03 2.0 2.5

17 0.02 2.2 3.0

18 0.02 3.0 4.0

19 0.06 3.0 2.5

20 0.03 3.0 4.1
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The nitrate content in the coastal zone area is very low (see Table 2) and varies

between 2 and 6 mg/l with an average of 3.2 mg/l (see Fig. 15). Nitrates (NO3
�) are

more abundant than ammonia ions (NH4
+). All the groundwater is suitable for

irrigation because nitrate is less than the permissible limits of guidelines.

4.6.3 Phosphate (PO4
2�
)

Phosphates are chemical compounds containing phosphorus that is a nonmetallic

element necessary for life. It is found in rock as inorganic phosphates.

During the natural process of weathering, the rocks gradually release the phos-

phorus as phosphate ions that are soluble in water. Phosphates exist in three forms:

orthophosphate, metaphosphate (or polyphosphate), and organically bound phos-

phate. These forms of phosphate occur in living and decaying plants and animal

remains, as free ions or weakly chemically bounded in aqueous systems, chemically

bounded to sediments and soils, or as mineralized compounds in soil, rocks, and

sediments [61].

Phosphate rock is enriched in phosphate minerals, most commonly those of the

apatite family with the general formula [Ca5(PO4,CO3)3(F,OH,Cl)]. About 90% of

phosphate mined is used to produce chemical fertilizers. Phosphate deposits can be

classified into three types:

Fig. 15 Distribution of nitrate content in the coastal aquifer
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1. Marine sedimentary phosphorites, where the phosphorus was chemically and

biologically precipitated as apatite group minerals in regions of reducing con-

dition of upwelling cold, nutrient-rich, and shallow marine water. It forms 76%

of world phosphate. The commercial phosphate rock should contain at least 20%

P2O5, e.g., phosphates in North Africa.

2. Igneous phosphate, where the phosphorus (apatite) is a primary component of

alkali carbonatite complexes such as Palabora mine, South Africa. This type

forms 23% of world phosphate.

3. Island phosphate (guano accumulations): Island phosphates have concentrated

excreted as guano on tropical islands. This type of phosphate forms 1% of

world phosphates. A minor amount of guano occurs in some coastal cavities of

Mozambique.

Sulfuric acid is used in the conversion of the phosphate rock to form superphos-

phate fertilizer. The organic phosphorus in drinking water was recommended by the

National Academy of Sciences and the National Academy of Engineering [69] to be

not >0.1 mg/l.

The concentration of phosphate ions in the groundwater of the coastal aquifer varies

between 0.1 and 3.0 mg/l (see Table 2). The aquifer is polluted by phosphate due to the

composition of the aquifer rocks and decomposition process and overuse of fertilizes.

The water is unsuitable for drinking water, but it can be used for irrigation if the other

solutes are suitable.

4.7 Origin of the Groundwater

According to Sulin’s classification system, 95% of the groundwater samples are

located in the lower quadrant of Sulin’s diagram (see Fig. 16).

They are characterized by Na-SO4 genetic water type, indicating meteoric water

that is mixed with seawater. The groundwater of well No. 20 is located in Na-HCO3,

indicating rainwater type that is not mainly affected by seawater. It is most probably

recent rainwater in an area where flushing process partially occurs and recharges the

groundwater. The groundwater of well No. 13 is located in Cl-Mg water type,

indicating recent marine water in Genesis. A Piper plot indicates that the groundwa-

ters vary from chloride-rich to sulfate-rich waters in the anions triangle, while they

are all located in the alkali (Na + K)-rich field (see Fig. 17). The diamond-shaped

field indicates that all the groundwater samples are located in the field of Na-K and

Cl-SO4 water type, supporting seawater intrusion to the freshwater in the coastal

aquifer.
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4.8 Trace Elements

The immediate source of trace elements “metals” in the groundwater is considered

to be secondary concentrations. Chemical analysis results of the trace elements (see

Table 3) indicate that most of the groundwaters are seriously contaminated with

iron and partially with zinc and nickel (see Fig. 18). The iron contaminant is most

probably produced from iron-oxide coating layers of quartz sand grains of the

Pleistocene sediments. The other trace elements (Zn, Pb, Cd, Cr, Cu) are much

lower than the maximum contaminant level (MCL), at the highest allowable

concentration of a contaminant in drinking water supplied by the US Environmental

Protection Agency [70].

Based on salinity and chemistry of the groundwater, the coastal aquifer water is

unsuitable for drinking due to its high salinity, nitrates, phosphates, andmetal content of

iron, manganese, and nickel.
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4.9 Water Evaluation and Suitability

The evaluation of groundwater for different purposes is very necessary, especially

when taking into consideration the expansion of reclamation areas that depend

mainly on the groundwater as a principal source. The following section deals with

the suitability of groundwater for different uses of a human. It can be classified as

follows:

Fig. 17 Piper diagram of major ion chemistry of groundwater samples in the coastal aquifer, northwest-

ern Nile Delta, showing the various groundwater types
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4.9.1 Suitability of Water for Drinking

Water for drinking and domestic uses should be colorless, odorless, clear, and free from

excessive dissolved solids as well as harm. The TDS content is more than the permis-

sible limits of WHO standards, WHO [72]. It is unsuitable for drinking. On the other

hand, the concentration of trace element in the groundwater of coastal the zone is

generally within the permissible limits for drinking except iron and manganese. Their

concentrations are higher than permissible limits due to the presence of gypsiferous

limestone at the top of small hills [25, 55]. This water should be treated prior to using it

by reverse osmosis method, aeration, sedimentation, filtration, pH adjustment, ozone or

potassium permanganate oxidation with precipitation/filtration, or other treatments.

4.9.2 Suitability of Groundwater for Irrigation

The agriculture expansion largely depends on the groundwater resources and its

quality. The present section deals with the suitability of the examined groundwater

from wells for the irrigation purposes and also the impact of groundwater quality on

the soil texture and salt tolerance of crops to recommend the measures to avoid any

harmful effect.
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Fig. 18 Quality of the groundwater in the coastal aquifer relative to the acceptable standard concen-

trations of trace elements in drinking water established by USEPA
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Classification of Groundwater Quality According to TDS

In the present work, the total dissolved salts (TDS inmg/l) is considered as a standard

for evaluating the water for irrigation and other purposes, the US Salinity Laboratory

[73] classification according to salt concentration is discussed as follows. The

groundwater samples are divided into two categories:

1. Very high saline water category ranges in TDS between 1,500 and 3,000 mg/l.

This type of water is not suitable for irrigation under ordinary conditions. The

soil must be permeable; drainage must be adequate; and very salt-tolerant crops

should be selected. The groundwater samples represented this category are 3, 8,

15, and 16.

2. Excessively high saline water includes >3,000 mg/l TDS. Therefore, this water

is undesirable for irrigation. Plants of high salt tolerance must be chosen, and

frequent leashing must be done to overcome the high salinity. The groundwater

samples represented this class are 1, 2, 4, 5, 6, 7, 9, 10, 11, 12, 13, 14, 17, 18,

19, and 20.

Sodium Adsorption Ratio (SAR)

Excessive amount of sodium ion affects the soil permeability and soil structure and

creates toxic condition for plants [74]. High sodium concentration leads to develop-

ment of alkaline soils that are difficult to take into agricultural production because of

the low infiltration capacity [75]. The classification of groundwater with respect to

SAR is a simple method of evaluating the danger of high sodium water in sodium-

adsorption ratio that is calculated by Richard [73].

SAR ¼ Naþ= Ca2þ þMg2þ
� �

=2
� �½

where Na+, Mg2+, and Ca2+ are expressed in meq/l of the respective ions.

In the coastal zone, most of the samples are located in S1 and S2 classes indicating

low tomedium sodium content (see Table 4). Thiswater can be used for irrigation.Also,

two water samples have high SAR values, which can be used for irrigation of sandy

soils. Two water samples have very high SAR, which cannot be used for irrigation.

Residual Sodium Carbonates (RSC)

Concentration of bicarbonate ions in irrigation water is considered as an important

factor, with regard to precipitation of calcium and magnesium in the soil, which

leads to an increase in the sodium hazard. The residual sodium carbonate (RSC)

was calculated by the following formula:
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RSC ¼ CO3
2� þ HCO3

�� �� Ca2þ þMg2þ
� �

where cations and anions are expressed in meq/l.

A negative RSC indicates that sodium buildup is unlikely since sufficient calcium

and magnesium are in excess of what can be precipitated as carbonate. A positive

RSC indicates that sodium buildup in the soil is possible. By applying RSC equation,

the results for all samples showed negative values, indicating a good class.

Quality of Groundwater According to Chloride Content

The chloride content is very important for the suitability of groundwater for irriga-

tion purposes. The chloride ion compared to other ions is very strongly absorbed by

plants. Most plants are very sensitive to chloride content. In this connection as the

chloride ions are toxic, they are not accepted, and certain plants have the ability to

accumulate chlorides even from water to a low chloride content that has no harmful

effect. In the present work, the chloride content is distributed to four classes:

Class 1: Water has chloride content from 0 to 200 mg/l. It is represented by well

No. 8.

Class 2: Water has chloride content from 200 to 500 mg/l. It is represented by well

Nos. 3, 15, and 16.

Class 3: Water has chloride content ranges between 500 and 1,000 mg/l. It is

represented by well Nos. 6, 12, 13, and 14.

Class 4: Water has chloride content>1,000 mg/l. It is represented by well Nos. 1, 2,

4, 5, 7, 9, 10, 11, 17, 18, 19, and 20.

Quality of Groundwater According to Trace Elements

The concentrations of trace elements in the groundwater of coastal zone area are

generally within the permissible limits for irrigation except for iron, manganese, and

nickel. To remove iron from the groundwater in the study area, aeration, sedimentation,

Table 4 The classification of groundwater according to SAR ratio [73]

Class SAR

Sodium

content Usage Well no.

S 1 0–10 Low Can be used for all soils 3, 6, 8, 11, 12,

13, 14, 15, 16

S 2 10–18 Medium Preferably used for coarse texture, soils of

good permeability

2, 4, 5, 7, 10,

17, 19

S 3 18–26 High Can produce harmful effects and good soil

management is essential

18, 20

S 4 26–100 Very high Not satisfactory for irrigation purposes 1, 9
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filtration, pH adjustment, and ozone or potassium permanganate oxidation with precip-

itation/filtration can be used separately or in combination.

5 Conclusions

The hydrochemical data indicated that the groundwater of the coastal aquifer, north-

western Nile Delta, is meteoric in origin (Nile River and local rainfall), which is mixed

with marine water due to seawater intrusion. The coastal aquifer is recognized to be at

high risk of increasing salinization. The groundwaters of the shallow coastal aquifer,

northern Nile Delta, are brackish (3,155mg/l). The salinity of the groundwater as a total

dissolved solids (TDS) ranges from 1,288 to 4,907 mg/l. A few samples show Na/Cl

ratios that are slightly higher than unity, indicating an additional source for Na+ that is

mostly silicate weathering. The groundwater is slightly alkaline with pH range from

7.01 to 8.2. The electric conductivity (EC) of the groundwater ranges from 1,900 to

9,790 μS/cm with an average of 4,620 μS/cm. It is mostly related to the geographical

position of each well.

The primary sources of excess salinization of the groundwater are (1) seawater

intrusions that provided mostly NaCl and some Mg and (2) aquifer rocks that contain

carbonates and gypsum,which providemostlyCa2+,HCO3
�, K+, someNa+, and SO4

2�.
Chloride (Cl�) and sulfate (SO4

2�) are the significant anions, while sodium (Na+) and

magnesium (Mg2+) are the primary cations. The concentration of the examined signif-

icant ions is higher than the maximum contaminant level (MCL), on the highest

allowable concentrations of a contaminant in drinking water, which are set by the US

Environmental Protection Agency. The nutrient content such as nitrates is also higher

than the standard values, which is mainly produced from rural sources.

The brackish groundwaters of the shallow coastal aquifer, northern Nile Delta,

are slightly alkaline (pH ¼ 7.73) and partially polluted with nitrates (7.4 mg/l) and

phosphates (0.24 mg/l). The groundwaters also contain an excess of some metals

(Fe, Mn, Ni) that are higher than the standard levels. Fortunately, the poisonous

metals such as Cd, Cr, and Pb are lower than the maximum contaminant levels. As a

result of the physiochemical characters of the groundwater, the coastal aquifer

(brackish water) is unsuitable for drinking purposes, but it may be used safely for

irrigation of some suitable crops.

6 Recommendations

Salinization of the coastal aquifer in the northwestern zone of the Nile Delta is the

result of concomitant processes related to both seawater intrusion and water-rock

interaction, in addition to overpumping from the groundwater aquifer that can

damage water quality through acceleration of seawater intrusion. The recommenda-

tion is to allow the groundwater users to balance supply and demand and to meet the
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future needs of farms, cities, and the environment. The balance between using

surface water from channels derived from the Nile and local groundwater is required

to prevent the groundwater from further degradation.

As demand for water increases, water managers and planners need to look widely

for ways to improve water management and augment water supplies such as rainfall

harvesting, water use efficiency, water recycling, and desalinated water for domestic

and industrial purposes.

The demand is hardening as a result of new governmental development projects

in conjunction with the private expansion in both agriculture and urbanization.

There is a definite need for detailed monitoring of the groundwater parameters to

ensure sustainable development of water resources.
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Soil Aquifer Treatment System Design

Equation for Organic Micropollutant

Removal

Ahmed M. Abdel Sattar, Hossein Bonakdari, Abdelazim Negm,

Bahram Gharabaghi, and Mohamed Elhakeem

Abstract Rapid population growth and mass migration from rural to urban centers

have contributed to a new era of water sacristy, and a significant drop in per capita

freshwater availability, resulting in the reuse of wastewater emerging as a viable

alternative. The reuse of wastewater after treatment using the soil aquifer treatment

(SAT) has recently gained popularity due to low operating/maintenance cost of the

method. However, the presence of organic micropollutants (OMPs) may present a

health risk if the SAT is not adequately designed to ensure required attenuation of the

OMPs. An important aspect of the design of the SAT system is the large degree of

natural variability in the OMP concentrations/loads in the wastewater and the uncer-

tainty associated with the current methods for calculation of the removal efficiency of
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the SAT for the OMPs. This study presents a novel model formore accurate prediction

of the removal efficiency of the SAT system for the OMPs and the fate of the OMPs

trapped within the vadose zone. A large data set is compiled covering a broad range of

aquifer conditions, and the SAT system parameters, including hydraulic loading rate

and dry/wet ratio. This study suggests that removal of OMPs in SAT systems is most

affected by biodegradation rate and soil saturated hydraulic conductivity, in addition

to dry to wet ratio. This conclusion is reached by the application of the developed

prediction model using data sets from the case study SAT systems in Egypt.

Keywords Extreme learning machine (ELM), Fivefold cross-validation,

Monte Carlo simulation (MCS), Organic micropollutants (OMPs), Soil aquifer

treatment (SAT)
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1 Introduction

SAT system is considered attractive unconventional water resources for Egypt,

which is suffering water sacristy. The usage of SAT can provide treatment for the

wastewater and recharge in groundwater aquifers. While guidelines are available

for the use of SAT system in Egypt for removal of nitrogen and organic matter, no

guidelines are available for the SAT removal potential of organic micropollutants.

This chapter discusses this issue and provides a prediction model for the OMP

removal in SAT systems and is based on the author’s work on soil aquifer treatment

system and analysis models [1–21].
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2 Soil Aquifer Treatment System

The increasing development of urbanization and population growth has been

caused by water resource pollution control and proper recharge of soil aquifer.

There is the possibility of organic micropollutants (OMPs) into the aquifer during

groundwater aquifer recharge. Organic micropollutants consist of toxic minerals

of endocrine disruptors, pharmaceutically active compounds, and personal care

product. The environmental and health risks are increased by entering of the

organic micropollutants into an aquifer soil. Therefore, the control and elimination

of organic micropollutants from soil aquifer treatment system are of paramount

importance to protect the aquifer from pollution. Because of the importance of

control and removal of organic micropollutants from water resources, many studies

have been conducted to remove these compounds. Drillia et al. [22] in an experi-

mental study removed six different pharmaceutical compounds from various soils

for municipal wastewater. Xu et al. [23] using the degradation and adsorption

removed the personal care products and pharmaceuticals in agricultural soils in

an experimental study. Maeng et al. [24] examined the OMP removal during bank

penetration and feeding and recovery of aquifers. Time and place of transfer were

provided to remove the active pharmaceutical ingredients. Yu et al. [25] studied

three different soil types to remove the five types of pharmaceuticals and personal

care products (PPCPs). Also, they studied the seasonal changes of organic micro-

pollutant compounds in sewage treatment plant (STP). Personal care products and

endocrine-disrupting were removed from the California wastewater.

Soil aquifer treatment (SAT) is a perfect option to artificial recharge of the

groundwater aquifer. On the other hand, there is likely the penetration of the

organic micropollutants (OMPs) into the soil aquifer during soil aquifer treatment

as well. Hence, OMP removal in SAT system is of considerable importance. In

Fig. 1, a schematic plan of soil aquifer treatment system at a sewage treatment

station has been shown.

Lin et al. [26] eliminated the heavy metals for soil aquifer treatment in a

wastewater treatment plant. Also, Fox et al. [27] in an experimental study analyzed

the organic carbon content in the soil aquifer treatment for the five different types of

Fig. 1 Schematic plan of

soil aquifer treatment

system at a sewage

treatment plant
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soil. Amy and Drewes [28] investigated the removal/transformation mechanism of

organic matter from wastewater stream through the soil aquifer treatment for

wastewater treatment plant. Then, Sharma et al. [29] analyzed the removal of

organic materials in wastewater during soil aquifer treatment system. Their results

showed that the redox conditions, input flow rate, and residence time are sufficient

for the removal of organic waste. Xu et al. [23] studied the characteristics and

behavior of dissolved organic matter on the soil aquifer treatment. It was also

showed that during soil aquifer treatment, 70% of the organic material is removed.

Also, Caballero [30] studied the SAT system as a pretreatment process to remove

organic micropollutant compounds from the wastewater stream. Sharma et al. [29]

analyzed the effects of horizontal roughing filtration, coagulation, and sedimenta-

tion during pretreatment operations on the mechanism of soil aquifer treatment. It

was showed that sedimentation and coagulation lead to less head loss and reduce

the clogging effects. Abel et al. [31] examined the effects of temperature and redox

conditions on the reduction of organic matter of wastewater on the soil columns and

SAT systems. Abel et al. [31] studied the organic matter reduction, pharmaceutical

compounds, and nitrogen in the soil aquifer treatment process in a laboratory model.

Onesios-Barry et al. [32] conducted an experimental study of the SAT system in the

removal of pharmaceuticals and personal care products (PPCPs) for different con-

centrations in wastewater treatment plants. Suzuki et al. [33] studied the mechanism

of the organic matter removal and disinfection by-product formation potential in the

higher layer of the soil aquifer treatment system in an experimental study.

3 Simulations of SAT Organic Micropollutant Removal

3.1 Model Setup

To capture the change in characteristics of OMPs during infiltration in the vadose

zone, Sattar [13] chose a 2D vertical section in the soil beneath the SAT pond.

Study domain dimensions were taken (10 m � 30 m). The upper boundary was

selected to be a variable flux boundary of width 5 m, to simulate the intermittent

water infiltration from a spreading basin, and lies in the center of the domain width.

The lower boundary is chosen as free drainage to allow flow passage below the

study domain. The OMP attenuation was simulated throughout 90 days from the

day of application of wastewater in the ponds. This time was considered sufficient

for OMP plume to infiltrate through soil layers and gets attenuated.

3.2 Attenuation of OMPs in SAT System

Using the average values of the SAT system parameters presented in Sattar [11],

HYDRUS simulations were carried to model the fate of OMPs in SAT system under
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effects of sorption and biodegradation, both individually and combined. Figure 2

shows the variation of OMP concentration along the depth of vadose zone captured

along the vertical centerline of the study domain. It was clear that the biodegrada-

tion process was more efficient in reducing the contaminant concentration than the

sorption process although the plume sizes for both simulations were almost the

same after 90 days. Moreover, it was noted that the OMP concentration at the

topsoil layer was higher, in case of considering both sorption and biodegradation

than in case of considering biodegradation only. The reason for this was attributed

to the effect of sorption which distributes the contaminant mass between the sorbed

phase and the liquid phase soon after the contaminant injection which explains the

lower concentration after day 86. On the other side, biodegradation process is only

active for the contaminant mass existing in the liquid phase which means that the

mass that is sorbed onto the soil is not available for biodegradation. This leads to

higher biodegradation rates in the case of biodegradation only than the case of

combined sorption and biodegradation.

4 Extreme Learning Machine

Various studies have been conducted concerning to the use of artificial intelligence

in performance evaluation of SAT system. Recently, Sattar [11] predicted the

organic micropollutant removal during soil aquifer treatment system by gene

expression programming model.

One of the most popular technique in data mining field is feedforward neural

network (FFNN) which is trained by a gradient-descent algorithm such as back-
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Fig. 2 Variation of OMPs along depth
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propagation (BP). The disadvantages of FFNN-BP which lead to the low perfor-

mance of this technique are imprecise learning rate and slow rate of convergence

and presence of local minima. Therefore, Huang et al. [34] introduced a new

algorithm for FFNN training based on single hidden layer feedforward neural

networks (SLFNs), namely, extreme learning machine (ELM). The ELM required

adjusting only activation function type and a number of hidden layers, while there

are several user-defined parameters such as adjustment of hidden layer biases

during execution of the algorithm and input weights. ELM compared to other

learning algorithms such as BP in the learning process perform very fast and present

appropriate performance in extended processing generation function. In this study,

the removal mechanism of organic micropollutants (OMPs) in soil aquifer treat-

ment (SAT) using extreme learning machine (ELM) method is modeled.

4.1 Architecture of ELM

Huang et al. [34] presented a new algorithm in terms of extreme learning machine

learning to train the single-layer feedforward neural network (SLFFNN) as it does

not require iterative tuning and has the ability to achieve global minima. The use of

ELM in training the SLFFNN leads to a significant reduction in training time

compared to the algorithms based on gradient-descent. Also, the use of active

ELM as training algorithm does not require additional parameters such as stopping

criterion and learning rate. Experimental observations by Huang et al. [34] showed

that the ELM has an excellent ability in universal approximation and useful

generalization. In an SLFFNN with random hidden nodes, at first, the input data

set and real actual output of the model [(X), (Y)] are determined. Subsequently, the

number of hidden nodes [K] and the type of activation function [g(∙)] are deter-

mined. Then, its weight and bias values are presented in random order [(W ), (b)].
Then, the hidden layers’ matrix [H] is determined, and then the weight of output as

analytic is calculated [β]. Input variables can be defined as the following matrix:

X ¼
X11 � � � X1j

⋮ � � � ⋮
Xn1 � � � Xnj

24 35
n�j

ð1Þ

where n and j are the numbers of samples and variables, respectively. Also, the

actual output is defined as follows:

Y ¼ Y1 � � � Yn½ �T ð2Þ
In the following, a positive integer value for hidden nodes (K ) and a differen-

tiable function for g(∙) should be defined. Thus, an input weight matrixW is created

randomly to make the connection between the input and hidden nodes:
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W ¼
W11 � � � W1k

⋮ � � � ⋮
Wj1 � � � Wjk

24 35
j�k

ð3Þ

Hidden layer matrix H by multiplying the input matrix X in the weight matrix

W is calculated as follows:

H ¼ XW ð4Þ
Hidden layer active matrix H with the function g(∙) leads to the hidden layer

output matrix:

H ¼ g Hð Þ ð5Þ
Output matrix of the hidden layer, Hout, and an input vector Ŷ by output layer

weight β are connected. ELM network output is calculated as follows:

Ŷ ¼ Houtβ ð6Þ
and

Hout
bβ � Y

��� ��� ¼ min
β

Houtβ � Yk k ð7Þ

The minimum norm to solve the least squares is calculated as follows:

β ¼ Hþ
outY ð8Þ

where Hþ
out calculated as follows is the Moore-Penrose generalized inverse of Hout:

Hþ
out ¼ HTH

� ��1
HT ð9Þ

4.2 Performance Evaluation Criteria

In this study, to investigate the accuracy of numerical models, statistical indices

root-mean-square error (RMSE), mean absolute percentage error (MARE), corre-

lation coefficient (R), BIAS, scatter index (SI), and ρ are used as follows:

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n0
Xn0
i¼1

T Predictedð Þi � T Observedð Þi
� �2vuut ð10Þ
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MARE ¼ 1

n0
Xn0
i¼1

T Predictedð Þi � T Observedð Þi
�� ��

T Observedð Þi

 !
ð11Þ

BIAS ¼ 1

n0
Xn0
i¼1

T Predictedð Þi � T Observedð Þi
� �

ð12Þ

R ¼
Pn0
i¼1

T Observedð Þi � �T Observedð Þ
� �

T Predictedð Þi � �T Predictedð Þ
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn0
i¼1

T Observedð Þi � T Observedð Þ
� �2Pn0

i¼1

T Predictedð Þi � �T Predictedð Þ
� �2s ð13Þ

SI ¼ RMSE
�T Observedð Þ

ð14Þ

ρ ¼ SI

1þ R
ð15Þ

where T(Observed)i is the observed values, T(Predicted)i the predicted values by the

numerical model, �T Observedð Þi the mean of observed values, and n0 the number of

observed data.

5 ELM Prediction of SAT Organic Micropollutant

Removal

Table 1 shows the parameters controlling the operation of a SAT system and the

removal of OMPs, while Table 2 illustrates the ranking of parameters according to

their contribution on the removal of OMPs in a SAT system [35]. It is observed that

three parameters had the highest ranking: first-order biodegradation rate, saturated

hydraulic conductivity, and dry to wet ratio. These high influential parameters have

been chosen as predictors for developing prediction models in Sattar [11] and in this

study. Using the 50,000 data sets simulated by Sattar [11], 25,000 (50%) were used

to develop the models, 12,500 (25%) were used to test the models, and 12,500

(25%) were used to validate the developed models.

To develop an OMP attenuation prediction model, the OMP plume mass,

normalized mass ratio, and zero concentration depth are addressed. The mass stored

in the contaminant plume can be calculated as:

Plume Mass ¼ V �
XN
i¼1

Ci ∙ θi ð16Þ

where N¼ the total number of 2D FEmesh nodes in the study domain, i¼ the index

of the node number, Ci ¼ contaminant concentration at node i, θi ¼ unsaturated

moisture content at node i, and V ¼ soil volume of each node.
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To assess the SAT system OMP removal efficiency, the normalized plume mass

has to be calculated, where a system with high removal efficiency would yield

smaller fractions of the normalized mass. The normalized plume mass can be

calculated as the ratio between the plume mass to the cumulative total injected

mass, with time.

Table 2 Ranking parameters controlling the fate and transport of OMPs in SAT system according

to their contribution in system output uncertainty [11]

Parameters classes Parameter

%

importance

0% concentration depth (depth under SAT pond

where OMPs are completely attenuated)

First-order biodegradation

rate, μ1 (day
�1)

48.80

Saturated hydraulic con-

ductivity, Ks (cm/day)

36.50

Dry to wet ratio, DWR 6.90

HLR/Ks 4.30

Plume mass (OMP mass stored in contaminant

plume)

First-order biodegradation

rate, μ1 (day
�1)

66.39

Initial concentration Cin

(μg/l)
13.33

Saturated hydraulic con-

ductivity, Ks (cm/day)

12.05

Dry to wet ratio, DWR 5.25

Plume normalized mass ratio (ratio of plume mass

and cumulative total injected mass)

First-order biodegradation

rate, μ1 (day
�1)

94.57

Dry to wet ratio, DWR 5.25

Table 1 Parameters controlling the fate and transport of OMPs in SAT system [11]

Parameter classes Parameter Min. Max. Avg.

Soil hydraulic Residual water content, θr (cm
3/cm3) 0.024 0.066 0.045

Saturated water content, θs (cm
3/cm3) 0.364 0.448 0.406

Saturated hydraulic conductivity, Ks (cm/day) 20 800 410

Van Genuchten parameter, α (1/cm) 0.0059 0.0514 0.0287

Van Genuchten parameter, n 1.34 3.54 2.44

OMP transport

and fate

Freundlich coefficient, Kf ((μg kg�1/μg l�1) η) 0.1 500 250.1

Freundlich exponent, n 0.40 1.6 1

First-order biodegradation rate, μ1 (day
�1) 0.01 0.85 0.43

Soil bulk density, ρb (gm/cm3) 1.35 1.85 1.6

Longitudinal dispersivity, αL (cm) 30 300 165

Ratio long./trans. dispersivity, αT/αL 0.05 0.1667 0.1084

Molecular diffusion, Dd (cm
2/day) 0.9 1.7 1.3

Operation HLR/Ks 0.05 0.12 0.085

HLR (cm/day) 1 95 48

Initial concentration, Cin (μg/l) 0.01 100 50.0

Dry to wet ratio, DWR 1 7 4
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To estimate the parameters of plume mass, normalized mass ratio and concen-

tration depth of 0% of the five parameters are presented in Table 3, as ELM model

inputs are used. Therefore, a total of 15 different models of ELM are introduced. It

should be noted that the Monte Carlo simulation (MCS) to determine the uncer-

tainty of plume mass, normalized mass ratio, and concentration depth of 0% with

1,000 realizations to generate random inputs of ELM models are used. Sattar [11]

stated that the plume mass for organic micropollutants in the soil, 90 days after the

SAT operation, is calculated as follows:

Plumemass ¼ 6:14K1:1
s C0μ

�1
1 DWR1=2 ð17Þ

Here, Ks is saturated hydraulic conductivity, C0 the amount of concentration, μ1
the rate of first-order biodegradation, and DWR the intermittent application of

wastewater in the soil aquifer treatment system. Also, to calculate the normalized

mass ratio, the following equation was used:

Mass ratio ¼ 0:00550μ
�1
1 DWR1=5 ð18Þ

The minimum depth under a SAT system required to remove more than 98%

contamination to the depth of 0% concentration is defined as follows:

Yzero ¼ 0:17eDWR0:5K�1
s μ�1=2

1 HLR1=2DWR�3=8K1=4
s ð19Þ

where HLR is the hydraulic loading rate.

5.1 Plume Mass

Plume mass parameter is calculated by Eq. (16). The results of ELMmodels 1–5 for

this parameter with GEP model provided by Sattar [11] were compared. In Table 4,

different statistical indices for ELM models 1–5 and Sattar [11] model in the

prediction of plume mass parameter are arranged. Also, scattering plots of the

models for plume mass are depicted in Fig. 3. The highest correlation coefficient

value for ELM 2 and ELM 5 models is calculated. The lowest of R value for ELM

4 equal to 0.964 is computed. The SI and ρ values for ELM 4 have been predicted,

0.811 and 0.413, respectively. ELM 5 among all ELM models has the highest

correlation coefficient value and the least amount of errors. For this model, the

Table 3 The quantities

needed for modeling the OMP

removal by ELM model

Parameter Maximum Minimum Average

Ks (cm/day) 800 20 410

μ1 (day
�1) 0.85 0.01 0.43

HLR (cm/day) 95 1 48

C0 (μg/l) 100 0.01 50.0

DWR 7 1 4
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BIAS value is predicted which is � 113,364. However, the MARE and the

correlation coefficient values for the Sattar [11] model have been calculated,

38.274 and 0.933, respectively.

5.2 Mass Ratio

In the following, the results of ELM models 1–5 to predict the mass ratio parameter

are evaluated. In Table 5, statistical index values to predict the mass ratio by ELM

models [11] are shown. Also, scatter plots for the model presented in Fig. 4 are

visible. Based on the results of ELM, the highest RMSE value has been predicted

for ELM 1 (RMSE¼ 0.019). For this model, the R statistical index is calculated to

equal to 0.974, while ELM 3 has the highest amount of correlation (R¼ 0.977) and

the lowest MARE value(MARE¼ 1.661). For ELM 3, BIAS and ρ parameter are

calculated, 0.0036 and 0.239, respectively. In contrast, GEP model introduced by

Sattar [11] has less correlation (R¼ 0.823). Hence, RMSE and MARE values for

the model [11] have been calculated, 0.521 and 341.867, respectively. Therefore,

ELM models to predict the mass ratio parameter have an acceptable accuracy.

5.3 Zero Concentration Depth

Also, the accuracy of ELM models 1–5 in the modeling of Yzero parameter is

examined (see Fig. 5). In Table 6, statistical indices calculated for ELM models

and GEP model proposed by Sattar [11] are shown. ELM 1 between the ELM

models has the least accuracy. For this model, RMSE and ρ values are calculated,

1.479 and 0.145, respectively. However, the value of correlation coefficient for

ELM 1 is estimated, 0.959. Also, ELM 5 predicts the Yzero parameter more

accurately compared to other ELM models. The parameters MARE, BIAS, and ρ
values for this model are predicted, 0.237, 0.00106, and 0.141, respectively.

However, the accuracy of the model [11] to predict Yzero parameter is less than

ELM models. In other words, the correlation coefficient value for the model is

Table 4 Statistical indices of ELM models 1–5 and [11] to predict the plume mass parameter

Plume mass

RMSE MARE R BIAS SI ρ

[11] 731,788.8 38.274 0.933 6,603.806 1.073 0.555

ELM 1 527,939.2 6.164 0.968 132,269.1 0.774 0.393

ELM 2 514,951.5 5.625 0.970 116,093.1 0.755 0.383

ELM 3 527,269.9 5.634 0.968 118,727.1 0.773 0.393

ELM 4 553,288 5.272 0.964 �120,723 0.811 0.413

ELM 5 508,715.7 5.473 0.970 �113,364 0.746 0.379
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0.944 [11]. Therefore, based on the analysis of simulation results, ELM model

estimates parameters plume mass, mass ratio, and Yzero with reasonable accuracy.

To analyze the results of ELM, the parameter discrepancy ratio (DR) as the ratio

of modeled values to measured values is introduced (DR¼ T(Predicted)/T(Observed))
[11]. The proximity of discrepancy ratio to 1 represents the proximity of predicted

Fig. 3 Scatter plot for prediction of plume mass parameter (a) Sattar [11–13] (b) ELM 1 (c) ELM

2 (d) ELM 3 (e) ELM 4 (f) ELM 5
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values to measured results. In Table 7, the values DRmax, DRmin, and DRave are the

maximum, minimum, and mean discrepancy ratio. For plume mass parameter, the

lowest DRave for ELM 4 is calculated, while the average of discrepancy ratio for the

model has been computed, 39.175 [11]. For ELM 3, the mass ratio parameter has

the lowest DRave value (DRave¼ 2.508). The DRmax and DRmin values for this table

model have been estimated, 335.291 and 0.0004, respectively. As can be seen, the

DRave for the proposed GEP model [11] has been obtained, 342.861. The lowest

DRave value to ELM models in prediction of Yzero parameter for ELM 5 is obtained

(DRave¼ 1.060). The DRmax and DRmin values for the model ELM 5 have been

calculated, 65.876 and 0.022, respectively. For model DRmax, DRmin and DRave

values are obtained, 109.803, 0.545 and 1.250, respectively [11]. Based on the

analysis results of discrepancy ratio parameter, results predicted by the model’s
ELM compared with GEP model introduced by Sattar [11] are closer to the

measured values.

6 SAT Site Selection in Egypt

SAT systems would be an attractive unconventional water resource in Egypt, which

is true, especially in rural communities. Egyptian researchers are keeping this in

mind. Recently, RIGW [36] published recommended characteristics of groundwa-

ter aquifer for a successful and efficient SAT operation and removal of organic

matter. These included an infiltration rate of more than 0.25 m/day, minimum depth

to groundwater of 5 m, high values of porosity, and saturated zone transmissivity,

and most importantly, the aquifer should not be flowing into the Nile River.

Recently, El Arabi et al. [37] have provided guidelines for the selection of potential

SAT sites in Egypt. The primary target for these guidelines was to ensure adequate

removal of nitrogen and biochemical oxygen demand (BOD) from treated waste-

water. However, the OMP removal criterion has not been considered in these

guidelines despite the ecological and health risks imposed by their presence in

Egyptian soils and native groundwater. Figure 6 shows the potential locations for

construction of SAT systems in Egypt [38]. It was found that the best sites existed

on the Western fringes of the Nile delta, W1 to W6, as shown in Fig. 6. SAT

Table 5 Statistical indices of ELM models 1–5 and [11] to predict mass ratio parameter

Mass ratio

RMSE MARE R BIAS SI ρ

[11] 0.521 341.867 0.823 0.213 13.821 78.084

ELM 1 0.019 5.848 0.974 0.0040 0.494 0.250

ELM 2 0.018 1.979 0.976 0.0039 0.488 0.247

ELM 3 0.018 1.661 0.977 0.0036 0.472 0.239

ELM 4 0.018 1.714 0.976 0.0038 0.480 0.243

ELM 5 0.018 1.807 0.977 0.0037 0.471 0.238
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Fig. 4 Scatter plots for prediction of mass ratio parameter (a) Sattar [11–13] (b) ELM 1 (c) ELM

2 (d) ELM 3 (e) ELM 4 (f) ELM 5
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Fig. 5 Scatter plot for prediction of Yzero parameter (a) Sattar [11–13] (b) ELM 1 (c) ELM 2 (d)

ELM 3 (e) ELM 4 (f) ELM 5
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systems in these areas would improve the quality of groundwater regarding reduc-

ing the salinity and would help treat more than 350 million m3/year of wastewater

produced from nearby treatment plants, I–V.

For the potential SAT sites in Egypt (as shown in Fig. 6), the average depth to

groundwater is contained in Table 8 [36, 39, 40]. Table 8 presents the results of

Sattar model study [11], and the model developed in this study for the zero

concentration depth, i.e., the depth at which the concentration of OMPs reaches

zero. The best locations for potential SAT system with the highest efficiency in

removal of OMPs are Wadi El Natrun, Sadat City, and Alexandria, respectively,

with an average removal efficiency of 90%. On the other hand, Rashed and Abu

Rawash had the shallowest groundwater table disabling vadose soil to completely

attenuate OMPs during wastewater infiltration, making these sites less favorable for

SAT system construction. With the availability of detailed hydrogeological inves-

tigations for the potential SAT site, the uncertainty in model predictions [41–45],

for OMP removal, can be significantly reduced, and the influence of SAT opera-

tional aspects can be studied.

Table 6 Statistical indices of ELM models 1–5 and [11] to predict the parameter Yzero

Yzero
RMSE MARE R BIAS SI ρ

[11] 1.748 0.325 0.944 0.16620 0.335 0.172

ELM 1 1.479 0.252 0.959 0.00115 0.283 0.145

ELM 2 1.457 0.243 0.961 0.00109 0.279 0.142

ELM 3 1.454 0.250 0.961 0.00053 0.278 0.142

ELM 4 1.477 0.245 0.959 0.00079 0.283 0.144

ELM 5 1.447 0.237 0.961 0.00106 0.277 0.141

Table 7 DRmax, DRmin, and DRave values for ELM models 1–5 and [11]

Plume mass Mass ratio Yzero

DRmax DRmin DRave DRmax DRmin DRave DRmax DRmin DRave

[11] 163,392.1 0.368 39.175 1,403,391 0.5618 342.861 109.803 0.545 1.250

ELM 1 2,108.627 0.0018 7.0281 483.6609 0.0037 2.765 104.356 0.032 1.073

ELM 2 4,098.162 0.003 6.490 1,045.368 0.0053 2.829 82.452 0.008 1.068

ELM 3 4,014.867 5.61E-05 6.495 335.291 0.0004 2.508 114.419 0.004 1.073

ELM 4 1,469.444 0.0005 6.133 537.4445 0.0017 2.575 63.755 0.003 1.062

ELM 5 2,311.012 0.006 6.335 822.4562 0.0010 2.652 65.876 0.022 1.060

322 A.M. Abdel Sattar et al.



7 Conclusions and Recommendations

One of the most important methods to remove organic micropollutants (OMPs) at

water and wastewater treatment plants is using the soil aquifer treatment (SAT). In

this study, the mechanism of organic micropollutant removal using extreme learn-

ing machine (ELM) method was evaluated. Therefore, five different ELMs for each

Fig. 6 Potential locations for construction of SAT systems in Egypt [38]

Table 8 Potential SAT system locations in Egyptian Western delta fringes and corresponding

OMP removal

SAT location Depth to groundwater table (m) Removal of OMP (% from studied range)

Abu Rawash 4–7 20�60

Alexandria 3–14 10–90

Sadat City 15–25 95–100

Wadi EL Natrun 0–30 0–100

Rashed 1–5 5–50
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of the parameters’ plume mass, mass ratio, and depth of concentration of 0% (Yzero)
were defined. Also, the results of extreme learning machine with results of gene

expression programming model provided by [11] were compared. Analysis of

numerical model results indicated the acceptable accuracy of ELM models in

prediction of the pollutant removal efficiency during the SAT operation. Moreover,

the model prediction accuracy of the optimum ELM model is assessed using the

statistical performance parameters, including MARE, correlation coefficient, and

scatter index, which were found to be 5.473, 0.970, and 0.746, respectively. Also,

the discrepancy ratio for the parameter Yzero by the best ELM model was calculated

to be 1.060.
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Investigation of Saltwater Intrusion

in Coastal Aquifers

Ismail Abd-Elaty, Hany F. Abd-Elhamid, and Abdelazim M. Negm

Abstract Groundwater is considered the main source of water in many coastal

areas. The increase of water demands increases the abstraction from aquifers which

has resulted in lowering water tables and caused saltwater intrusion. Coastal

aquifers lie within some of the most intensively exploited areas of the world.

Saltwater intrusion is one of the main causes of groundwater quality degradation

and a major challenge in the management of groundwater resources in coastal

regions. Saltwater intrusion causes an increase of salt concentration in groundwater

which places limitations on its uses. Excessive pumping always leads to a dramatic

increase in saltwater intrusion. In coastal aquifers, the hydraulic gradient exists

towards the sea which leads to flow of the excess freshwater to the sea. Seawater

intrusion is a special category of groundwater contamination that threatens the

health and possibly lives of the people living in coastal areas. The problems of

saltwater intrusion into groundwater had become a considerable concern in many

countries particularly in coastal areas. Seawater intrusion leads to the depletion of

groundwater resources and should be prevented or controlled to protect water

resources in coastal regions. The intrusion of saltwater in coastal aquifers has

been investigated by several methods including geophysical methods, geochemical

methods, experimental studies and mathematical models. This chapter presents a

brief history of saltwater intrusion in coastal aquifers. The Nile Delta aquifer is one

of the largest underground freshwater reservoirs in the world that attacked by

saltwater intrusion. Large amounts of freshwater were damaged by salinization.

Extensive studies were carried out to investigate saltwater intrusion in Nile Delta

aquifer using numerical and field studies. Most of these investigations revealed that

the seawater intrusion in the Nile Delta aquifer has extended to a distance of more
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than 100 km from the Mediterranean coast. The effect of climatic changes including

the rise in the sea level has a significant effect on the position of the transition zone,

and the groundwater quality would deteriorate in large areas of the Nile Delta

aquifer.

Keywords Coastal aquifers, Egypt, Groundwater, Modelling, Nile Delta,

Saltwater intrusion
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1 Introduction

Groundwater is considered the main sources of water in many coastal areas. The

increase of water demands increases the abstraction from aquifers which has resulted

in lowering water tables and caused saltwater intrusion. Saltwater intrusion is one of the

main causes of groundwater quality degradation and a major challenge in the manage-

ment of groundwater resources in coastal regions. Saltwater intrusion causes an increase

of salt concentration in groundwater which places limitations on its uses. Seawater

intrusion is a special category of groundwater contamination that threatens the health

and possibly lives of many people living in coastal areas. Therefore, efficient control of

seawater intrusion is very important to protect groundwater resources from depletion.

The problems of saltwater intrusion into groundwater have become a consider-

able concern in many countries with coastal areas. This chapter presents a brief

history of saltwater intrusion in coastal aquifers and also presents the traditional

methods that are applied to investigate saltwater intrusion in coastal aquifers around

the world. New methods to control saltwater intrusion in coastal aquifers are

presented and discussed in details; also the advantages and disadvantages of each

method were highlighted. Finally, investigation and control of saltwater intrusion in

Egypt, especially in the Nile Delta aquifer, are discussed. The possibility of

applying new methods to control saltwater intrusion in Egypt is presented.
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2 Saltwater Intrusion Problem Identification

Coastal zones are among the most densely populated areas in the world with over

70% of the world’s population. These regions face serious hydrological problems

such as scarcity of freshwater, contamination of groundwater and seawater intrusion.

The growing of global population and raising standards of living have increased

water demands and pumping from aquifers. Excessive pumping has led to a dramatic

increase in saltwater intrusion problems. In coastal aquifers, a hydraulic gradient

exists towards the sea which leads to flow of the excess freshwater to the sea. Owing

to the presence of seawater in the aquifer formation under the sea bottom, a zone of

contact is formed between the lighter freshwater flowing to the sea and the heavier,

underlying seawater (Fig. 1) [1]. Freshwater and seawater are miscible fluids, and

therefore the zone of contact between them takes the form of a transition zone caused

by hydrodynamic dispersion. Across this zone, the density of the mixed water varies

from that of freshwater to that of seawater. Under certain conditions, the width of this

zone is relatively small, when compared with the thickness of the aquifer so that the

boundary can be considered as a sharp interface that separates the two regions

occupied by the two fluids, in this case, the two fluids are assumed to be immiscible.

However, if the transition zone is wide, this assumption becomes invalid [1, 2].

Under natural undisturbed conditions in a coastal aquifer, freshwater flows to the

sea. By excessive pumping from a coastal aquifer, the water table or piezometric

surface could be lowered to the extent that the piezometric head in the freshwater

body becomes less than in the adjacent seawater wedge and the interface could start

to advance inland until a new equilibrium is reached. This phenomenon is called

seawater intrusion. As the interface advances, the transition zone widens. When the

interface reaches the inland pumping well, the well becomes contaminated. When
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Fig. 1 Saltwater/freshwater interfaces
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the pumping takes place in a well located above the interface, upconing towards the

pumping well could occur. Unless the rate of pumping is carefully controlled,

seawater will eventually enter the pumping wells, and the wells may be abandoned.

Seawater intrusion leads to the depletion of groundwater resources and should be

prevented or controlled to protect water resources in coastal regions [1].

3 Types and Causes of Saltwater Intrusion

Coastal aquifers lie within some of the most intensively exploited areas of the

world. If current levels of population growth and industrial development are not

controlled shortly, “the amount of groundwater use will increase dramatically, to

the point that the control of seawater intrusion becomes a major challenge to future

water resources management engineers. Saltwater intrusion is a serious problem in

the coastal regions all over the world. It may occur due to human activities and by

natural events such as climate change and sea level rise” [1, 2].

The main causes of saltwater intrusion include [3]:

1. Overabstraction of the aquifers

2. Seasonal changes in natural groundwater flow

3. Tidal effects

4. Barometric pressure

5. Seismic waves

6. Dispersion

7. Climate change – global warming and associated sea level rise

Overabstraction is considered one of the main causes of saltwater intrusion as

shown in Fig. 2. Some of the previous causes of saltwater intrusion are periodic

(e.g. seasonal changes in natural groundwater flow), some have short-term impli-

cations (tidal effects and barometric pressure), and others have long-term implica-

tions (climate changes and artificial influences). Salinization is one of the most

widespread forms of groundwater contamination in the world. Saltwater intrusion

poses a major limitation to the utilization of groundwater resources [1]. The

intrusion of seawater should be controlled to protect groundwater resources from

depletion. To take measures to control and prevent seawater intrusion and to get a

clear understanding of the relationship between the consumption of groundwater

and seawater intrusion, in-depth study either from the theoretical point of view or

from the numerical analysis and practical point of view is required.

The types of seawater intrusion can be summarized as:

1. Lateral intrusion of seawater into an aquifer adjacent to the sea

2. Downwards seepage from a saline surface waterway that overlies an aquifer

3. Upconing of deep saline seawater that is present within an aquifer

4. Alteration to natural barriers between seawater and an aquifer

5. Increasing groundwater abstraction
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4 Methods of Investigating Saltwater Intrusion

The analysis of salinization process in coastal regions requires information on both

geological and hydrochemical characteristics of aquifers. The intrusion of saltwater

in coastal aquifers has been investigated by several methods including:

1. Geophysical methods

2. Geochemical methods

3. Experimental studies

4. Mathematical models

These approaches attempted to ascertain the position of freshwater/saltwater

interface and predict changes in water levels and salinity. A brief description of the

methods that have been used is presented in the following sections [1].

4.1 Geophysical Investigations

Saltwater intrusion can be distinguished by the movement of water with high total

dissolved solids (TDS) content into freshwater. The degree of salinity varies in the

transition zone between freshwater and saline groundwater. The contour map of

TDS is one measure of salinity, and the location of the contour of TDS¼ 1,000 mg/l

marks the area under the influence of seawater intrusion. Geophysical methods

measure the spatial distribution of physical properties of the earth, such as bulk

Fig. 2 Overabstraction and saltwater intrusion (https://sweetscienceyspirit.wordpress.com/2014/

11/25/over-extraction-of-groundwater-and-its-consequences/)
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conductivity of seismic velocity. Several geophysical methods can be used for

hydrogeologic investigations such as [1, 2]:

1. Surface geophysical methods: electrical methods, such as DC resistivity, fre-

quency domain electromagnetic methods, airborne EM, loop-loop EM, time-

domain electromagnetic sounding and very low-frequency EM. Seismicmethods,

such as seismic refraction and seismic reflection. Ground penetrating radar

2. Borehole methods: electric logs, radiometric logs and integrated use of borehole

logs

3. Integrated geophysical surveys

Geophysical methods were used to investigate saltwater into different coastal

aquifers. Fitterman and Deszcz-Pan [4] used the airborne electromagnetic technique

for mapping saltwater intrusion in Everglades National Park, Florida. Ekwurzel et al.

[5] carried out a hydrogeologic investigation using isotopes to determine the source

of salinization in the Souss-Massa Basin, Morocco. Sherif et al. [6] presented field

investigations and measurements that revealed the nature and extent of the seawater

intrusion in the coastal aquifer of Wadi Ham, UAE. They presented a 3D geological

and true earth resistively modelling for the aquifer. They used the results of the earth

resistivity imaging surveys and chemical analyses of collected water samples to

obtain an empirical relationship between the inferred earth resistivity and the amount

of total dissolved solids.

4.2 Geochemical Investigations

The distinction of different salinization mechanisms is crucial to the evolution of

the origin, pathways, rates and future salinization of coastal aquifers. Several

geochemical criteria can be used to identify the origin of salinity in coastal aquifers

[1, 2]:

1. Cl concentration: the Cl concentration of 200 mg/l in groundwater is used as an

index of saltwater intrusion.

2. Cl/Br ratios: the bromide ion can be considered as a good indicator of saltwater

intrusion. The concentration of bromide in freshwater is less than 0.01 mg/l.

3. Na/Cl ratios.

4. Ca/Mg, Ca/(HCO3 + SO4) ratios.

5. O and H isotopes.

6. Boron isotopes.

Geochemical methods were used to investigate saltwater intrusion. Edet and

Okereke [7] examined the extent of seawater intrusion using vertical electrical

sounding and hydrochemical data into shallow aquifers beneath the coastal plains

of Southeastern Nigeria. Allen et al. [8] presented a multidisciplinary study involv-

ing hydrochemical sampling and borehole geophysics to study the nature and

occurrence of saline groundwater in the Gulf Islands, British Columbia, Canada.
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Sherif et al. [9] conducted a 2D earth resistivity survey in Wadi Ham, UAE, in the

area between Fujairah and Kalba to delineate the seawater intrusion. They used

monitoring wells to measure the horizontal and vertical variations in water salinity

and thus to improve the interpretation of earth resistivity imaging data. They used

the results of vertical electrical soundings and chemical analyses of collected water

samples to obtain an empirical relationship between the inferred earth resistivity

and the amount of total dissolved solids. This relationship was used along with the

true resistivity sections resulting from the inversion of 2D resistivity data to identify

three zones of water-bearing formation (fresh, brackish and saltwater zones) [1].

4.3 Experimental Studies

Some researchers presented experimental studies to investigate saltwater intrusion.

Koch and Starke [10] presented an experimental study using a Plexiglass for carrying

out 2D tracer experiment of macrodispersion in density-dependent flow within a

stochastic realization of a heterogeneous media. Van Meir et al. [11] developed in

situ laboratories where an integrated set of tools were developed for characterizing

the saltwater intrusion process in a hard rock aquifer with an appreciable level of

heterogeneity. The final goal of the geophysical and hydraulic investigations was to

derive 3D porosity and permeability models as input for the analysis of specific

saltwater intrusion experiments [1]. Chang and Clement [12] used a combination of

laboratory experiments and numerical simulations to study the impacts of changes in

groundwater flux, on saltwater intrusion process. Abd-Elaty [13] investigated the

effect of climate change and sea level rise on saltwater intrusion using a combination

of experimental and numerical models. The experimental model was carried out

using flow tank model, but SEAWAT code was used for numerical simulation.

4.4 Mathematical Models

Mathematical models help to understand the relevant processes that cause saltwater

intrusion in coastal aquifers [2]. A large number of analytical and numerical models

have been used to predict the location and movement of the saltwater/freshwater

interface. The numerical models can be categorized as sharp-interface models or

diffusive (dispersive) interface models. The first attempt to model seawater intrusion

was made by Ghyben [14] and Herzberg [15]. This simple model is known as Ghyben-

Herzberg model which assumes that saltwater and freshwater are immiscible and

separated by a sharp interface. Henry [16] presented numerical solutions of steady

saltwater intrusion based on the assumption of the sharp interface. This assumption

treats the interface between saltwater and freshwater as a sharp and well-defined

interface. However, in practice, the interface is not sharp, and the saltwater merges

gradually with the freshwater by the process of mechanical dispersion. The width of the
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dispersion zone depends on the characteristics of the aquifer and themovement of water

particles [1, 17]. The assumption of the sharp interface can be applied in some field

conditions to obtain a first approximation to the freshwater pattern if the transition zone

is relatively narrow. Otherwise, the dispersion process should be taken into account, and

the entrainment of saltwater by the moving freshwater is necessary to describe the

phenomena [1, 18, 19].

Extensive research is being carried out inmany parts of the world with the objectives

of understanding the mechanism of seawater intrusion and improving the methods to

control it in order to protect groundwater resources in coastal aquifers. The developed

numerical models are based on different concepts and can be categorized as [1]:

1. Sharp-interface or diffusive interface (density-dependent) models

2. Saturated or unsaturated flow models

3. Transient or steady flow models

4.4.1 Sharp-Interface or Diffusive Interface Models

Some mathematical models have been developed to simulate saltwater intrusion

based on sharp-interface assumption. Recently, researchers have been focusingmore

on diffusive interface (density-dependent) models which are more realistic [1].

Sharp-Interface Models

Modelling of seawater intrusion in coastal aquifers is not a new subject. The initial

model was developed independently by Ghyben [14] and Herzberg [15]. This

simple model is known as Ghyben-Herzberg model and is based on the hydrostatic

equilibrium between freshwater and saline water as shown in Fig. 3 and is described

by Ghyben-Herzberg equation as

hs ¼ ρf
ρs � ρf

� �
hf ð1Þ

where ρs is the saltwater density, ρf is the freshwater density, hs is the depth of

interface below mean sea level, hf is the height of the potentiometric surface above

the mean sea level.

According to Ghyben-Herzberg equation, if the saltwater density is 1,025 kg/m3

and freshwater density is 1,000 kg/m3, this gives hs ¼ 40hf.
Some mathematical and numerical models were developed to simulate saltwater

intrusion based on sharp-interface assumption. Sbai et al. [20] used the finite

element method for the prediction of saltwater intrusion under steady-state and

transient conditions based on a sharp-interface model assuming the freshwater and

saltwater to be immiscible. Bower et al. [21] presented an analytical model for

saltwater upconing in a leaky confined aquifer. The model assumed the existence of
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a sharp interface between freshwater and saltwater. Aharmouch and Larabi [22]

presented a numerical model, based on the sharp-interface assumption, to predict

the location, shape and extent of the interface that occurs in coastal aquifer due to

groundwater pumping. El Fleet and Baird [23] developed a 2D two-layer sharp-

interface model to predict the impact of overabstraction from the coastal aquifer on

saltwater intrusion and applied the model to the coastal aquifer in Tripoli, Libya.

Diffusive Interface Models

Saltwater and fresh groundwater are separated by either a sharp interface or a

transition zone. Hydrodynamic dispersion and diffusion tend to mix the two fluids

forming a transition zone at the interface as shown in Fig. 4. The transition zone

depends on the extent of seawater intrusion and aquifer properties. This transition

zone is a result of hydrodynamic dispersion of the dissolvedmatter and could bewide

or narrow according to the aquifer depth. Steady flow minimizes the transition zone

thickness, whereas pumping, recharge, tides and other excitations increase its thick-

ness. The thickness of transition zones could range from a few meters to several

kilometres in overpumped aquifers. The thickness of a transition zone depends on

[1, 24]: structure of the aquifer, extraction from the aquifer and the variability of

recharge, tides and climate change.

A number of mathematical models have been developed to simulate saltwater

intrusion based on diffusive interface. Cheng et al. [25] developed a 2D finite

element model for density-dependent flow and solute transport through saturated

and unsaturated soils. Sakr [26] presented a finite element model to simulate density-

dependent solute transport. He used the model to investigate the limitation of the

sharp-interface approach in coastal aquifers for both steady and unsteady states.
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Sea level

Fresh groundwater

Sharp interface
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Saline groundwater 

Sea

Fig. 3 Hydrostatic equilibrium between freshwater and saline water
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A numerical model to study density-dependent groundwater flow and solute

transport in unsaturated soil was developed by Jung et al. [27]. Gingerich and Voss

[28] expanded a cross-sectional 2D model developed by Voss [29] to 3D. The

developed model showed the effect of variable-density flow and solute transport on

groundwater flow, freshwater/saltwater zone and salinity distribution. Abarca et al.

[30] studied the effect of aquifer bottom topography on seawater intrusion, using a

three-dimensional density-dependent groundwater flow and transport model. Lecca

et al. [31] used a 3D density-dependent flow and contaminant transport code to

improve the understanding of groundwater degradation mechanism within the

complex hydrodynamic system in the coastal plain, Muravera, Italy. Doulgeris

and Zissis [32] developed a 3D finite element model for the simulation of saltwater

intrusion in coastal confined aquifers by considering the development of a transition

zone between freshwater and seawater and thus density-dependent flow and trans-

port. Shalabey et al. [33] presented a numerical model of advective and dispersive

saltwater transport below a partially penetrating pumping well. The numerical

solution included a solution of the coupled flow and solute transport equations.

4.4.2 Steady-State and Transient Flow Models

Numerous models have been presented to study coupled fluid flow and solute

transport in porous media. Several researchers assumed steady-state solution for

simplicity and avoided the transient simulation because of high computational

requirements. Bixio et al. [34] developed a fully coupled steady-state flow and solute

transport finite element model for the prediction of the maximum extent of saltwater

intrusion in a vertical section in the Venice aquifer, Italy. Liu et al. [35] presented a

2D finite volume model to simulate saltwater intrusion in coastal aquifers, the flow

Ground surface

Water Table

Sea level

Fresh groundwater

Transition zone

Saline groundwater

Sea

Fig. 4 Location of transition zone
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was considered transient, and the variability of fluid density was taken into account.

Bear et al. [36] developed a 3Dmodel using the finite element framework. Themodel

took into account the development of a transition zone and variation of fluid density

with time.

4.4.3 Saturated and Unsaturated Flow Models

Various models were developed to simulate solute transport in saturated soil. However,

fewmodels were developed to simulate solute transport in the unsaturated zone. Teatini

et al. [37] developed a finite element model for saturated flow and transport to simulate

saltwater intrusion in shallow confined aquifers. Cau et al. [38] developed a 3D model

supported byGIS to investigate the causes of saltwater intrusion, using coupled flow and

solute transport in saturated porousmedia. Themodelwas used to predict themovement

of the freshwater-saltwater mixing zone under different future scenarios [1]. Paniconi

et al. [39] developed a numerical model that treats density-dependent flow and miscible

salt transport. The developed model was used to investigate the occurrence of seawater

intrusion in the Korba plain in northern Tunisia.

4.4.4 Computer Codes Used to Simulate Saltwater Intrusion

A number of computer codes have been used to model coupled flow and solute

transport and saltwater intrusion in coastal aquifers. The common computer codes

used to investigate saltwater intrusion in coastal aquifers are presented below.

A 2D and 3D finite element code is called SUTRA. It can simulate density-

dependent groundwater flow with energy transport or solute transport [29]. This

code has been widely used to simulate variable-density groundwater flow. Narayan

et al. [40] used SUTRA to define the current and potential extent of saltwater

intrusion in the Burdekin delta aquifer under various pumping and recharge condi-

tions. Ojeda et al. [41] modelled the saline interface of the Yucatan peninsula

aquifer using SUTRA. The results showed that the interface position is very

sensitive to head changes. The SEWAT which is a combination of MODFLOW

and MT3DMS is designed to simulate 3D variable-density groundwater flow and

solute transport [42]. This code was used by some researchers to simulate different

cases of saltwater intrusion. Tiruneh and Motz [43] investigated the effect of sea

level rise on the freshwater-saltwater interface, using SEWAT. Lakfifi et al. [44]

applied SEWAT to study groundwater flow and saltwater intrusion in the coastal

aquifer of Chaouia in Morocco. Qahman and Larabi [45] used SEAWAT code for

simulating the spatial and temporal evolution of hydraulic heads and solute con-

centrations of groundwater in the Gaza aquifer (Palestine).

On the other hand, CODESA-3D is a 3D finite element model that can simulate

saltwater interface in saturated and variably saturated porous media by solving the

convective-dispersive transport equation. Barrocu et al. [46] used CODESA 3Dwith

GIS to study the migration of contaminant and the impact of land management using
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different groundwater abstraction schemes and artificial recharge in Sardinia, Italy.

Paniconi et al. [39] used CODESA-3D to investigate the occurrence of seawater

intrusion in the Korba plain in northern Tunisia. Also, SWIFT is a 3D code to

simulate groundwater flow, heat transfer and brine and radio nuclide transport in

porous and fracturedmedia [47, 48]. Ma et al. [49] used SWIFT to simulate saltwater

upconing and its effect on the salinity of the pumped water.

A 3D code to simulate density-dependent groundwater flow and solute transport

was developed and MOCDENS3D [50]. Oude Essink [51] used the code to model

the movement of freshwater, brackish and saline groundwater in coastal aquifers

including advection and dispersion. Barreto et al. [52] used a finite difference model

called SHARP to simulate groundwater flow in aquifers and established a relation-

ship between the pumping flow, the location of the wells, the number of the wells,

the drop of freshwater heads and the movement of the interface. Zhou et al. [53]

used a quasi-three-dimensional finite element to simulate the spatial and temporal

distribution of groundwater levels in the three-aquifer system. Mahesha [54] used a

quasi-three-dimensional finite element to examine the efficiency of a battery of

injection wells in controlling saltwater intrusion. Scholze et al. [55] used SHEMAT

code to simulate saltwater intrusion in the coastal aquifers of Metro Cebu. Some

other codes have been used to simulate saltwater intrusion in coastal aquifers [e.g.

FEFLOW, HST3D, FAST-C (2D/3D) and MOCDENSE] [3].

Recently, some computer codes have been used to model coupled flow and solute

transport and saltwater intrusion in coastal aquifers. Abd-Elaty et al. [56, 57] used

MODFLOW and SEAWAT to study the possible impacts of climatic change on

seawater intrusion in Nile Delta aquifer using SEAWAT and concluded that the

aquifer would be subjected to additional seawater intrusion. Abd-Elhamid et al. [58]

presented a numerical simulation of seawater intrusion inGaza aquifer using coupled

transient finite element model considering different scenarios of sea level rise and

overpumping using two models SEWAT and 2D-FEST.

5 Saltwater Intrusion in Egypt’s Coastal Aquifer

Groundwater represents the main source of freshwater in many countries around the

globe. This is typically true in arid and semiarid regions, where rainfall is scarce, random

and insignificant and surface water bodies are limited and sometimes absent. Because of

the high population density near shorelines and the tendency of people to live in and

develop the coastal regions, coastal aquifers are exposed to extensive groundwater

pumping. Egypt is located in the arid region and suffering from water scarcity

(Fig. 5). Egypt has a large hydrogeologic potential with many aquifers widely distrib-

uted throughout the country. Egypt is facing increasing water demanded due to rapid

population growth, urbanization and higher standards of living and by an agricultural

policy which emphasizes expanded production to feed the growing population.

With the growing population, Egypt currently became a water-stressed country,

and water is becoming a limiting factor for development. There are three dependent
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sources of water in Egypt: Nile water, groundwater and drainage water. The average

annual rainfall is around 150 mm. Due to the scarcity and randomness, rainfall does

not contribute to the water resources budget of the country. The water of the Nile

River represents the only renewable water resource in the country. The Egyptian

share from the Nile water, according to the international agreements, is limited to

55.5� 109m3 per year since 1959when the populationwas about 25million. The per

capita share of the renewable water is estimated at 650 m3/year. Currently, about

5.5 billion m3/year of groundwater is pumped from the different aquifers, 85% of

which originates from the Nile water and the rest is fossil water. About 5 billion m3/

year of agricultural drainage water is being reused, while about 12 billion m3 of

low-quality drainage water is expelled to the Mediterranean Sea and the northern

lakes [56, 57].

5.1 Major Aquifers in Egypt

The major groundwater system in Egypt consists of several aquifers as shown in

Fig. 6. These aquifers are (El-Arabi [59]):

Fig. 5 Location map of Egypt (http://www.123rf.com/stock-photo/egypt_map.html)
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1. The Nile aquifer system, assigned to the Quaternary and Late Tertiary, occupies

the Nile floodplain and desert fringes.

2. The Nubian Sandstone Aquifer System, assigned to the Paleozoic-Mesozoic,

occupies a large area in the Western Desert and parts of the Eastern Desert and

Sinai.

3. The Moghra aquifer system, assigned to the Lower Miocene, occupies mainly the

western edge of the Delta.

4. The coastal aquifer systems, assigned to the Quaternary and Late Tertiary, occupy
the northwestern and eastern coasts.

5. The karstified carbonate aquifer system, assigned to the Eocene and to the Upper
Cretaceous, predominates essentially in the north and middle parts of theWestern

Desert.

6. The fissured and weathered hard rock aquifer system, assigned to the Precam-

brian, predominates in the Eastern Desert and Sinai.

5.2 The Nile Delta Aquifer

The Nile Delta represents the most fertile land in Egypt. However, less than

two-thirds of its area is under cultivation. The uncultivated lands are found along

the sea to the north and in the vicinity of Delta fringes close to the desert. Irrigation is

mostly practiced by surface water through an intensive network of canals branching

out from the Nile River. The growth of population in the Nile Delta region alongwith

Fig. 6 The major aquifer system in Egypt [60]
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the increase in agricultural and industrial activities has imposed an increasing

demand for freshwater. This increase in demand in the Delta is covered by intensive

pumping of fresh groundwater, causing subsequent lowering of the piezometric head

and upsetting the dynamic balance between freshwater and saline water bodies in the

aquifer. Like any coastal aquifer, an extensive saltwater body has intruded the Nile

Delta aquifer forming the major constraint against aquifer exploitation.

The groundwater in the Nile Delta aquifer fills a vast underground bowl situated

between Cairo and the Mediterranean Sea. If it were not for the presence of a saline

body of seawater along the bottom of this bowl, the Nile Delta aquifer could be

easily exploited to the best interests of Egypt. Seepage from the Nile River, canals

and the surplus of irrigation water percolate downward, representing the main

source of aquifer recharge. It may also be recharged, nominally, by northward

flow from the Nile Valley aquifer. On the other hand, the aquifer loses some of its

freshwater to the Mediterranean Sea and the drainage system in the northern part of

the Delta.

The Nile Delta aquifer, Fig. 7, is among the largest underground freshwater reser-

voirs in theworld [61]. Previous investigations revealed that the seawater intrusion in the

Nile Delta aquifer has extended to a distance of more than 100 km from the Mediter-

ranean coast as shown in Fig. 8. This has left only a small triangular zone of freshwater,

extending about 40 km north of the apex of the Delta. The risks of the migration of the

seawater and possible upconing of lower quality groundwater in the deeper zones have

constraint the freshwater volumes that can be safely withdrawn.

The Nile Delta aquifer system forms an immense and complex groundwater

system. It is a leaky Pleistocene aquifer system overlain by a semi-pervious Holo-

cene aquitard (clay cap) and underlain by an impermeable Miocene aquiclude. The

clay cap (aquitard), being the main source through which aquifer recharge occurs, is

of great importance. Based on the thickness and vertical permeability of the upper

confining clay layer, the aquifer system is identified as confined, semi-confined or

phreatic. On the contrary, the aquiclude layer has no hydrologic importance, except

that it forms an impermeable bottom and defines the aquifer geometry. The bulk of

the Nile Delta aquifer consists of deltaic deposits 200–300 m thick in average. It is

dominated by unconsolidated coarse sand and gravel with occasional clay lenses.

The top boundary of the deltaic deposits, which acts as a cap for the aquifer, is a semi-

pervious clay and silt layer. The thickness of the upper clay cap increases uniformly

towards the Mediterranean Sea from about 5 m near Cairo and reaching about 70 m

near the shoreline. The clay cap is intermeshing with the aquifer near the shore.

The Nile Delta with its fringes area expands over an area of about 22,000 km2. It

lies between latitudes 30� 250 and 31� 300 North and longitudes 29� 500 and 30� 150

East. The Nile Delta has its apex about 20 km north of Cairo. The length of its base

at the Mediterranean Sea is about 245 km. The length of its right branch (Damietta)

is about 240 km and that of the left branch (Rosetta) is about 235 km (see Fig. 8).

Water flowing through the Damietta and Rosetta branches accounts for less than

half of the original total northward flow across the delta plain that is now captured

by artificial waterways comprising over 10,000 km of canals, usually only 2–3 km
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apart [64]. This huge surface water network interacts with the groundwater system

of the Nile Delta.

Horizontal and vertical dimensions of the Nile Delta aquifer were obtained using

deep oil borings and data from test bore holes [65]. The thickness of the Pleistocene

aquifer increases towards the Mediterranean Sea and decreases southward, almost

vanishing near ElManawat and partly separating theNile Delta aquifer from the Nile

Valley aquifer. South of Tanta in the transversal direction, the bottom boundary

forms a concave shape. The aquifer thickness decreases eastward and southward

with a maximum depth in the middle of the Delta. North of Tanta, the maximum

thickness of the aquifer shifts towards the east. The clay cap takes different profiles

along the shore of theMediterranean Sea. It is divided into two layers. The first layer

is the upper clay cap which acts as an aquitard, about 20 m thick, with low

permeability. The second layer is the lower clayey sand layer, a few metres thick,

with a higher permeability. The thickness of the upper clay cap (aquitard) and the

clayey sand layer are well defined at many locations in the Delta area. Their

thicknesses are mostly less than 20 m and 15 m, respectively, except in the vicinity

of the shoreline. No clay cap exists at the Delta fringes.

Fig. 7 Location map of the Nile Delta aquifer, Egypt [62]
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5.3 Investigation of Saltwater Intrusion in Egypt

The Nile Delta aquifer in Egypt is one of these aquifers which subject to sever

seawater intrusion from the Mediterranean Sea. The Nile Delta aquifer is among the

largest underground freshwater reservoirs in the world [66]. Water resources in the

Nile Delta region are threatened with a number of factors including overpopulation,

overpumping, land subsidence, coastal erosion and contamination due to anthropo-

genic activities and salinization due to seawater intrusion. All these factors are

responsible for making the water resources at the Nile Delta at risk and the manage-

ment of these resources a necessity.

Investigations of the Nile Delta aquifer have shown that saltwater intrusion has

been extended to a distance more than 100 km from the Mediterranean coast. The

alluvial graded sandy aquifer underlying the Delta contains a huge amount of water;

the amounts that can be safely withdrawn are governed by their present quality or

potential quality deterioration by seawater intrusion, saltwater upconing and/or

general contamination. A number of studies were conducted to simulate seawater

intrusion in the Nile Delta aquifer using different numerical techniques. Examples

of these studies include among others [67–73].

Fig. 8 A cross-section in the Delta region from north to south [63]
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Sherif and Al-Rashed [74] studied groundwater quality in the Northern parts of

theDelta. The study approved that the aquifer has been deteriorated considerably due

to the excessive pumping over the last few decades and any additional pumping

should be practiced in the Middle Delta and pumping from the Eastern and Western

parts should be reduced. Sherif and Hamza [75] developed a finite element model

(2D-FED) to simulate the effect of pumping brackish water from the transition zone

to restore the balance between freshwater and saline water in the coastal aquifer.

They considered dispersion and variable-density flow in the modelling processes.

They proposed different alternative solutions to use the abstracted saline water for

some purposes such as cooling, desalting, injection into deep wells, irrigation or

disposal to the sea. El-Arabi [76] used Visual MODFLOW to study the environmen-

tal impacts of new settlements on the groundwater. The model was used to simulate

the groundwater behaviour and the migration of the pollution plum under the

initiated industrial and agriculture activities. Morsy [77] used Visual MODFLOW

and solute transport model MT3D to evaluate the future potential quantitative and

qualitative impacts of the proposed national water policy on the aquifer system of the

Nile Delta. Hendy [78] used Visual MODFLOW to study groundwater management

at the north of Sharkia. The study indicated that increasing the abstraction rate will

lead to more saltwater intrusion. Sherif et al. [79] discussed the concept of the

equivalent freshwater head in successive horizontal simulations of seawater intru-

sion in Nile Delta using FEFLOW (a 3D finite element variable-density model).

Their results demonstrated that the location of the transition zone moves towards

land side as moving down with depth.

Abd-Elaty [13] carried out a numerical and experimental study for impacts of

climate change and sea level rise on the Nile Delta aquifer using MODFLOW and

SEAWAT. The study proved that increasing seawater level increased the intrusion of

saline water in the aquifer. Abd-Elaty et al. [56] studied the impact of climatic

change and sea level rise on saltwater intrusion in Nile Delta aquifer using SEAWAT

using VISUAL MODFLOW. The results showed that increasing sea level, decreas-

ing surface water and increasing extraction rate have a significant effect on ground-

water level, but the combination of these scenarios will have a very dangerous effect

on water resources in Nile Delta aquifer. Also, Abd-Elaty et al. [57] used 3D model

(SEAWAT) to study seawater intrusion in Nile Delta aquifer considering different

scenarios including the increase of sea level, decrease of the surface water system,

increase of the extraction rate and combination of the three scenarios. The results

showed that these changes could affect groundwater level and loss large quantity of

freshwater in the Nile Delta aquifer due to saltwater intrusion.

Recently, a limited number of studies were conducted for the environmental

management of groundwater resources in the Nile Delta region. They mainly

considered the impact of sea level rise. Mohamed [80] studied the global and local

factors affecting the rise of sea level and its impact on coastal regions and specifically

deltaic zones. He assessed the impact of such factors on northern coasts of Egypt

extending from Alexandria to El-Arish for the years 2020 and 2050. He used the

artificial neural network (ANN) to estimate the change in seawater level from

available data of tide gauges and weather stations in the vicinity of the northern
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Egyptian coasts. Nassar [81] conducted a numerical and experimental study to assess

the environmental impacts of abstracting brackish water for desalination purposes

and recharging the brine water through deep wells to control the seawater intrusion

into the Nile Delta aquifer. A number of design charts for abstraction and recharge

wells including discharge and recharge rates and locations and depths of pumping

and injection wells were presented. Saleh [82] developed a numerical model using

MODFLOW and MT3D to quantitatively and qualitatively assess the possible

impacts of the policies related to groundwater extraction and development activities

in the Nile Delta region. Sefelnasr and Sherif [73] studied the impacts of seawater

rise on seawater intrusion in the Nile Delta aquifer, Egypt; they used FEFLOW, a 3D

finite element variable-densitymodel. Negm et al. [83] usedMODFLOW to evaluate

the impact of irrigation canals covering on groundwater in the Nile Delta through

comparing the cases of covering and non-covering at AbuKebir city, Sharkia, Egypt.

The results proved that the covering process has an insignificant effect on ground-

water levels. The differences in groundwater level were 0.04 and 0.03 m as an

average value for the cases of maximum and minimum water levels consecutively.

Abd-Elhamid et al. [84] presented a coupled transient finite element model for

simulation of fluid flow and solute transport in saturated and unsaturated soils

(2D-FEST) and employed to study seawater intrusion in the Nile Delta aquifer.

The developed model was used to investigate the problem considering the possible

impacts of climate change. The results were compared with SEAWAT code, and

good agreement was obtained. Figures 9, 10 and 11 show a real view of ground-

water levels in Nile Delta aquifer; horizontal and vertical distributions of TDS in

Nile Delta aquifer were considered. Three scenarios were studied, rise in sea level, a

decline of the piezometric head at the land side due to excessive pumping and the

combination of sea level rise and decline of the piezometric head at the land side.

The results showed that the rise in the sea level has a significant effect on the

position of the transition zone. The third scenario represents the worst case under

which the groundwater quality would deteriorate in large areas of the Nile Delta

aquifer.

6 Summary and Conclusion

Most of the research that had been carried out to simulate saltwater intrusion in the

Nile Delta aquifer were reviewed in this chapter. This chapter discussed some

interesting topics including groundwater contamination, saltwater intrusion types

and causes and investigation and modelling of saltwater intrusion. It is concluded

that seawater intrusion represents a severe risk to groundwater resources in coastal

aquifers. It raises the water salinity to levels exceeding the acceptable drinking water

standards. Salinization of groundwater is considered one of the main pollutants in

coastal aquifers. The Nile Delta aquifer is among the largest underground freshwater

reservoirs in the world. Previous investigations revealed that the seawater intrusion
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Fig. 9 Areal view of groundwater levels in Nile Delta aquifer

Fig. 10 Horizontal distribution of TDS in Nile Delta aquifer
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in the Nile Delta aquifer has extended to a distance of more than 100 km from the

Mediterranean coast.

7 Recommendations

Several methods are available to investigate the control of saltwater intrusion into

the coastal aquifers. These methods should be tested using the numerical simulation

to decide its technical feasibility to apply to control the saltwater intrusion to the

Nile Delta aquifer. Also, a comprehensive feasibility studies should be conducted

before implementing any of the technically feasible methods.

References

1. Abd-Elhamid HF (2010) A simulation-optimization model to study the control of seawater

intrusion in coastal aquifers. Ph.D. Thesis, College of Engineering, Mathematics and Physical

Sciences, University of Exeter

2. Bear J (1979) Hydraulics of groundwater. McGraw-Hill, New York

3. Bear J, Cheng, AH, Sorek S, Quazar D, Herrera I (1999) Seawater intrusion in coastal aquifers,

concepts, methods and practices. Kluwer Academic, Dordrecht. ISBN 0-7923-5573-3

4. Fitterman DV, Deszcz-Pan M (2001) Saltwater intrusion in Everglades National Park, Florida

measured by airborn electromagnetic surveys. In: Proceeding of the 1st international confer-

ence and workshop on saltwater intrusion and coastal aquifers, monitoring, modelling, and

management

5. Ekwurzel B, Moran JE, Hudson GB, Bissani M, Blake R, Krimissa M, Mosleh N, Marah H,

Safsaf N, HsissouY, BouchaouM (2001)An isotopic investigation of salinity andwater sources

in the Souss-Massa Basin, Morocco. In: Proceeding of the 1st international conference and

workshop on saltwater intrusion and coastal aquifers, monitoring, modelling, and management

Fig. 11 Vertical distribution of TDS in Nile Delta aquifer

Investigation of Saltwater Intrusion in Coastal Aquifers 349



6. Sherif M, Kacimov A, Ebraheem A, AlMulla M (2010) Three-dimensional mapping of

seawater intrusion using geophysical methods. In: Proceedings of the world environmental

and water resources congress 2010

7. Edet AE, Okereke CS (2001) A regional study of saltwater intrusion in south eastern Nigeria

based on the analysis of geoelectrical and hydrochemical data. Environ Hydrol 40:1278–1289

8. Allen DM, Mastuo G, Suchy M, Abbey DG (2001) A multidisciplinary approach to studying

the nature and occurrence of saline groundwater in the gulf islands, British Columbia, Canada.

In: Proceeding of the 1st international conference and workshop on saltwater intrusion and

coastal aquifers, monitoring, modelling, and management

9. Sherif M, El Mahmoudi A, Garamoon H, Kacimov A, Akram S, Ebraheem A and Shetty A

(2005) Geoelectrical and hydrogeochemical studies for delineating seawater intrusion in the

outlet of Wadi Ham, UAE, Environtal Geology

10. Koch M, Starke B (2001) Experimental and numerical investigation of macrodispersion of

density-dependent flow and transport in stochastically heterogeneous media. In: Proceeding of

the 1st international conference and workshop on saltwater intrusion and coastal aquifers,

monitoring, modelling, and management

11. Van Meir N, Jaeggi D, Herfort M, Low S, Lods G, Pezard P, Gouze P (2004) Development of a

test site for the investigation of saltwater intrusion process in a karstified limestone aquifer

(Campos Mallorca, Spain). In: Proceeding of the 18th salt water intrusion meeting, Cartagena

12. Chang SW, Clement TP (2012) Experimental and numerical investigation of saltwater intru-

sion dynamics in flux-controlled groundwater systems. Water Resour Res J 48:1–10

13. Abd-Elaty IM (2014) Numerical and experimental study for simulating climatic changes

effects on Nile Delta aquifer. Ph.D. Thesis, Zagazig University

14. Ghyben BW (1889) Nota in verband met de voorgenomen put boring Nabij Amsterdam.

Tydscrift Van Het Koninkyky Institute Van Ingenieurs, The Hahue, p 21

15. Herzberg A (1901) Die wasserversorgung einnger nordsecbader. Journal Gasbeleuchtung

U. Wasservesurg, Jahrg 44, Munich, pp 815–819

16. Henry HR (1959) Sat intrusion into fresh-water aquifer. J Geophys Res 64:1911–1919

17. Cooper HH (1959) A hypothesis concerning the dynamic balance of fresh water and saltwater

in a coastal aquifer. J Geophys Res 64:461–467

18. Kohout FA (1960) Cyclic flow of fresh water in the Biscayne aquifer of southeastern Florida. J

Geophys Res 65:2133–2141

19. Kohout FA (1960) Flow pattern of fresh water and saltwater in the Biscayne aquifer of the

Miami, Florida. Int Assoc Sci Hydrol Publ 52:440–448

20. Sbai MA, Larabi A, De Smedt F (1998) Modelling saltwater intrusion by a 3-D sharp interface

finite element model. Trans Ecol Environ 17:1743–3541

21. Bower JW, Motez LH, Durden DW (1999) Analytical solution for the critical conditions of

saltwater upconing in a leaky artesian aquifer. J Hydrol 221:43–54

22. Aharmouch A, Larabi A (2001) Numerical modelling of saltwater interface upconing in

coastal aquifers. In: Proceeding of the 1st international conference and workshop on saltwater

intrusion and coastal aquifers, monitoring, modelling, and management

23. El Fleet M, Baird J (2001) The development and application of groundwater models to

simulate the behaviour of groundwater resources in the Tripoli aquifer, Libya. In: Proceeding

of the 1st international conference and workshop on saltwater intrusion and coastal aquifers,

monitoring, modelling, and management

24. Todd DK (1974) Salt-water intrusion and its control. Water technology/resources. J AmWater

Works Assoc 66(3):180–187

25. Cheng J, Strobl RO, Yeh G, Lin H, Choi W (1998) Modelling of 2D density-dependant flow

and transport in the subsurface. J Hydrol Eng 3(4):248–257

26. Sakr SA (1999) Validity of a sharp-interface model in a confined coastal aquifer. Hydrol J

7:155–160

350 I. Abd-Elaty et al.



27. Jung B, Kim J, Chang H (2002) Finite element modeling of density-dependent groundwater

flow and solute transport in the unsaturated layered coastal aquifer system. In: Proceeding of

the 17th salt water intrusion meeting, Delft

28. Gingerich SB, Voss CI (2002) Three-dimensional variable-density flow simulation of coastal

aquifer in southern Oahu, Hawaii, USA. In: Proceeding of the 17th salt water intrusion meeting,

Delft

29. Voss CI (1984) SUTRA, a finite element simulation for saturated-unsaturated fluid density-

dependant groundwater flow with energy transport or chemically reactive single species solute

transport. U S Geol Surv Water Resour Invest Rep 84:4369:409

30. Abarca E, Carrera J, Voss CI, Sanchez-Vila X (2002) Effect of aquifer bottom morphology on

seawater intrusion. In: Proceeding of the 17th salt water intrusion meeting, Delft

31. Lecca G, Cau P, Ardau F (2004) Modelling study of the seawater intrusion in the muravera coastal

plain (SE Sardinia, Italy). In: Proceeding of the 18th salt water intrusion meeting, Cartagena

32. Doulgeris C, Zissis T (2005) Simulation of seawater intrusion in three-dimensional confined

aquifers. Geophys Res 7:02780

33. Shalabey ME, Kashyap D, Sharma A (2006) Numerical model of saltwater intrusion transport

toward a pumping well. J Hydrol Eng (ASCI) 11(4):306–318

34. Bixio A, Putti M, Tosi L, Carbognin L, Gambolati G (1998) Finite element modelling of

saltwater in the Venice aquifer system. Trans Ecol Environ 17:1743–3541

35. Liu F, Turner I, Anh V (2001) A finite volume unstructured mesh method for modelling

saltwater intrusion into aquifer systems. In: Proceeding of the 1st international conference and

workshop on saltwater intrusion and coastal aquifers, monitoring, modelling, and management

36. Bear J, Zhou Q, Bensabat J (2001) Three dimensional simulation of seawater intrusion in

heterogeneous aquifers, with application to the coastal aquifer of Israel. In: Proceeding of the

1st international conference and workshop on saltwater intrusion and coastal aquifers, mon-

itoring, modelling, and management

37. Teatini P, Gambolati G, GonellaM, BrunoneM, FerranteM,Marconi S (2001)Modelling seawater

intrusion in the protorecanati, Italy. In: Proceeding of the 1st international conference andworkshop

on saltwater intrusion and coastal aquifers, monitoring, modelling, and management

38. Cau P, Lecca G, Muscas L, Barrocu G, Uras G (2002) Seawater intrusion in the plain of

Oristano (Sardinia, Italy). In: Proceeding of the 17th salt water intrusion meeting, Delft

39. Paniconi C, Khlaifi I, Lecca G, Giacomelli A, Tarhouni J (2001) A modelling study of seawater

intrusion in the Korba plain, Tunisia. Phys Chem Earth B 26(4):345–351

40. Narayan KA, Schleeberger C, Charlesworth PB, Bristow KL (2002) Modelling saltwater

intrusion in the lower Burdekin Delta north Queensland, Australia. In: Denver Annual Meet-

ing, The Geological Society of America (GSA)

41. Ojeda CG, Gallardo P, Hita LG, Arteaga LM (2004) Saline interface of the Yucatan peninsula

aquifer. In: Proceeding of the 18th salt water intrusion meeting, Cartagena

42. Zheng C, Wang PP (1999) MT3DMS, a modular three-dimensional multi-species transport

model for advection, dispersion and chemical reactions of contamination and user’s guide.

US. AERDCC, Report SERDP-99-1

43. Tiruneh ND, Motz LH (2004) Three dimensional modelling of saltwater intrusion coupled

with the impact of climate changes and pumping. In: Proceeding of World Water Congress

44. Lakfifi L, Larabi A, Bzioui M, Benbiba M, Lahmouri A (2004) Regional model for seawater

intrusion in the chaouia coastal aquifer (Morocco). In: Proceeding of the 18th salt water intrusion

meeting, Cartagena

45. Qahman K, Larabi A (2004) Three dimensional numerical models of seawater intrusion in

Gaza aquifer, Palatine. In: Proceeding of the 18th salt water intrusion meeting, Cartagena

46. Barrocu G, Cau P, Muscas L, Soddu S, Uras G (2004) Predicting groundwater salinity changes

in the coastal aquifer of Arborea (central-western Sardinia). In: Proceeding of the 18th salt water

intrusion meeting, Cartagena

47. Ward DS, Benegar J (1998) Data input guide for SWIFT-98, version 2.57. HIS Geotrans, Inc.,

Sterling, VA

Investigation of Saltwater Intrusion in Coastal Aquifers 351



48. Ward DS (1991) Data input for SWIFT/386, version 2.5. Geotrans Technical Report, Sterling,

VA

49. Ma Tain S, Sophocleous M, Yu Y, Buddemeier RW (1997) Modelling saltwater upconing in a

freshwater aquifer south-central Kansas. J Hydrol 201:120–137

50. Oude Essink GH (1998) MOC3D adapted to simulate 3-D density-dependant groundwater

flow. In: Proceeding of MODFLOW-98 conference, pp 291–303, Golden, CO

51. Oude Essink GH (2001) Saltwater intrusion in 3D large-scale aquifers: a Dutch case. Phys

Chem Earth B 26:337–344

52. Barreto J, Nuno MA, Haie N (2001) Modelling of rural usage of groundwater subject to

saltwater intrusion. In: Proceeding of the 1st international conference and workshop on saltwa-

ter intrusion and coastal aquifers, monitoring, modelling, and management, (Morocco)

53. Zhou X, Chen M, Liang C (2003) Optimal schemes of groundwater exploitation for prevention

of seawater intrusion in the Leizhou Peninsula in southern China. Environ Geol 43:978–985

54. Mahesha A (1996) Control of seawater intrusion through injection-extraction well system. J

Irrig Drain Eng (ASCE) 122:314–317

55. Scholze O, Hillmer G, Schneider W (2002) Protection of the groundwater resources of

Metropolis CEBU (Philippines) in consideration of saltwater intrusion into the coastal aquifer.

In: Proceeding of the 17th salt water intrusion meeting, Delft

56. Abd-Elaty IM, Abd-Elhamid HF, Fahmy MR, Abdelaal GM (2014) Investigation of some

potential parameters and its impacts on saltwater intrusion in Nile Delta aquifer. J Eng Sci 42

(4):931–955

57. Abd-Elaty IM, Abd-Elhamid HF, Fahmy MR, Abdelaal GM (2014) Study of impact climate

change and other on groundwater system in Nile Delta aquifer. Egypt J Eng Sci Technol 17

(4):2061–2079

58. Abd-Elhamid HF, Javadi AA, Qahman K (2015) Impact of over-pumping and sea level rise on

seawater intrusion in Gaza aquifer. J Water Clim Chang 6(4):891–902

59. El-Arabi N (2012) Environmental management of groundwater in Egypt via artificial recharge

extending the practice to soil aquifer treatment (SAT). Int J Environ Sustain 1(3):66–82. ISSN

1927-9566

60. RIGW (Research Institute for Groundwater) (1999) Environmental management of ground-

water resources in Egypt. Final report

61. SherifMM, SinghVP, Amer AM (1990) A note on saltwater intrusion in coastal aquifers.Water

Resour Manag 4:123–134

62. MWRI (2013) Adaptation to climate change in the Nile Delta through integrated coastal zone

management. Ministry of Water Resources and Irrigation

63. RIGW (Research Institute for Groundwater) (1980) Project of safe yield study for groundwater

aquifers in the Nile Delta and Upper Egypt. Part 1. Ministry of Irrigation, Academy of Science

Research and Technology, and Organization of Atomic Energy, Egypt

64. Kashef A (1976)Control of saltwater intrusion by recharge wells. J IrrigDrainDiv 102:445–456

65. Farid MS (1980) Nile Delta groundwater study. M.Sc. Thesis, Faculty of Engineering, Cairo

University

66. Sherif MM, Singh VP (1999) Effects of climate change on sea water intrusion in coastal aquifers.

Hydrol Process J 13:1277–1287

67. Farid MS (1985) Management of groundwater system in the Nile Delta. Ph.D. Thesis, Cairo

University

68. Sherif MM, Singh VP, Amer AM (1988) A two-dimensional finite element model for disper-

sion (2D-FED) in coastal aquifers. J Hydrol 103:11–36

69. Darwish MM (1994) Effect of probable hydrological changes on the Nile Delta aquifer system.

Ph.D. Thesis, Faculty of Engineering, Cairo University, Cairo

70. Amer A, Sherif MM (1996) An integrated study for seawater intrusion in the Nile Delta aquifer.

Working Paper for SRP. NWRC-MPWWR, Cairo

352 I. Abd-Elaty et al.



71. Amer A, Farid MS (1981) About sea water intrusion phenomenon in the Nile Delta aquifer. In:

Proceedings of the international workshop on management of the Nile Delta groundwater aquifer.

CU/Mit, Cairo

72. Sherif MM, Singh VP (1997) Groundwater development and sustainability in the Nile Delta

aquifer. Final Report, Binational Fulbright Commission, Egypt

73. Sefelnasr A, Sherif MM (2014) Impacts of seawater rise on seawater intrusion in the Nile Delta

aquifer, Egypt. J Groundwater 52(2):264–276

74. Sherif MM, Al-Rashed MF (2001) Vertical and horizontal simulation of seawater intrusion in the

Nile Delta Aquifer. In: Proceeding of the 1st international conference and workshop on saltwater

intrusion and coastal aquifers, monitoring, modelling, and management

75. Sherif MM, Hamza KI (2001) Mitigation of seawater intrusion by pumping brackish water. J

Transp Porous Media 43(1):29–44

76. El-Arabi M (2007) Environmental impact of new settlements in groundwater in a region in the

Nile Delta. M.Sc. Thesis, Faculty of Engineering, Zagazig University

77. MorsyWS (2009) Environmental management to groundwater resources for Nile Delta region.

Ph.D. Thesis, Faculty of Engineering, Cairo University

78. HendyM (2012) Study groundwater management at the north of Sharkia Directorate’s Zagazig
University. M.Sc. Thesis, Faculty of Engineering, Zagazig University

79. Sherif MM, Sefelnasr A, Javad A (2012) Incorporating the concept of equivalent freshwater

head in successive horizontal simulations of seawater intrusion in the Nile Delta aquifer. Egypt

J. Hydrol 465:186–198

80. Mohamed MA (2004) Seawater level variation and its estimation along the Northern Egyptian

coasts using Artificial Neural Network model. Ph.D. Thesis, Alexandria University

81. Nassar MK (2004) Design and management of discharge and recharge well field for coastal

desalination plants. M.Sc. Thesis, Cairo University

82. Saleh WS (2009) Environmental management of groundwater resources in the Nile Delta region.

Ph.D. Thesis, Cairo University

83. Abdel Azim S, Negm AM, Abd-elhamid HF, Abdelaal GM, Nassar M (2015) The impact of

irrigation canals covering on groundwater in the Nile Delta, a case study: Abu Kebier city, Sharkia,

Egypt. Int Water Technol J 5(3):222–234

84. Abd-Elhamid HF, Javadi AA, Abdelaty IM, SherifMM (2016) Simulation of seawater intrusion

in the Nile Delta aquifer under the conditions of climate change. J Hydrol Res 47(5):1–14

Investigation of Saltwater Intrusion in Coastal Aquifers 353



Control of Saltwater Intrusion in Coastal

Aquifers

Hany F. Abd-Elhamid, Ismail Abd-Elaty, and Abdelazim M. Negm

Abstract Seawater intrusion occurs in many coastal and deltaic areas around the

world. When saltwater travels inland to production wells, underground water sup-

plies become useless. Intrusion of saltwater is the most common contamination

occurrence in coastal aquifers. A number of several methods have been used to

control seawater intrusion to protect groundwater reserves in coastal aquifers.

Extensive research has been carried out to investigate saltwater intrusion in coastal

aquifers. Although some research has been done to investigate saltwater intrusion,

however, only a limited amount of work has concentrated on the control of saltwater

intrusion to protect groundwater resources in coastal areas which represent the most

densely populated areas in the world, where 70% of the world’s population live. The
coastal aquifers’management requires careful planning of withdrawal strategies for

control of saltwater intrusion. Therefore, efficient control of seawater intrusion is

very important to protect groundwater resources from depletion. New methods to

control saltwater intrusion in coastal aquifers are presented and discussed in details;

also the advantages and disadvantages of each method were highlighted. Finally,

control of saltwater intrusion in Egypt, especially in the Nile Delta aquifer, is

discussed. The possibility of applying new methods to control saltwater intrusion

in Egypt is presented.

Keywords Coastal aquifers, Control, Egypt, Modeling, Nile Delta, Saltwater

intrusion
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1 Introduction

Seawater intrusion is often a major constraint to optimal use of fresh groundwater

from coastal aquifers. Excessive groundwater abstraction to meet growing demands

from an increasing coastal population and the expected rise in mean sea level from

global warming will cause seawater to encroach farther inland and threaten the

available groundwater supply. Seawater intrusion occurs in many coastal and

deltaic areas around the world. When saltwater travels inland to production wells,

underground water supplies become useless. In agriculture, this could cause soil

salinity problems resulting to poor crop yields and the substitution of more salt-

tolerant crops over indigenous crops [1].

The contaminated aquifer is sometimes abandoned resulting in the loss of a

precious groundwater resource. Thus, present-day and future water supply engi-

neers and managers face the challenges of optimal exploitation of fresh groundwa-

ter and the control of seawater intrusion [2]. There are different types of pollutants

that can be found in groundwater, such as nitrate, heavy metals, and saltwater.

Intrusion of saltwater is the most common contamination occurrence in coastal

aquifers [3]. Intrusion of saltwater occurs when saltwater displaces freshwater in an

aquifer. The phenomenon can occur in deep aquifers with the advance of saline

waters of geologic origin, in shallow aquifers from surface waste discharge, and in

coastal aquifers from the invasion of seawater [4].

New methods to control saltwater intrusion in coastal aquifers are presented and

discussed in details; also the advantages and disadvantages of each method were

highlighted. Finally, investigation and control of saltwater intrusion in Egypt,

especially in the Nile Delta aquifer, are discussed. The possibility of applying

new methods to control saltwater intrusion in Egypt is presented.
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2 Saltwater Intrusion Control Methods

A number of methods had been adopted to control seawater intrusion to protect

groundwater reserves in coastal aquifers. Todd [5] presented various methods of

preventing seawater from contaminating groundwater sources including:

1. Reduction of pumping rates

2. Relocation of pumping wells

3. Use of subsurface barriers

4. Natural recharge

5. Artificial recharge

6. Abstraction of saline water

7. Combination techniques

A number of numerical models had been developed and used to help in under-

standing the relevant process that causes saltwater intrusion in coastal aquifers and

identify suitable methods of control. Extensive research has been carried out to

investigate saltwater intrusion in coastal aquifers. However, only limited amount of

research has been directed to study the control of saltwater intrusion. The following

sections present the traditional methods that have been used to control saltwater

intrusion in different locations. Also, the advantages and disadvantages of each one

are discussed [6].

2.1 Reduction of Pumping Rates

The natural balance between freshwater and saltwater in coastal aquifers is dis-

turbed by abstraction and other human activities that lower groundwater levels,

reduce the amount of fresh groundwater flowing to the sea, and ultimately cause

saltwater to intrude coastal aquifer. Increasing pumping rate is considered the main

cause of saltwater intrusion along the coasts. Other parameters that cause saltwater

intrusion have smaller impact in comparison with pumping. Population growth in

coastal areas has increased water demand which has in turn resulted in increase in

abstraction from aquifers. The reduction of pumping rates aims to achieve the

sustainable yield and use other water resources to supply adequate water demand.

This can be achieved by a number of measures including:

1. Increase in public awareness of the necessity of water to save water

2. Reduction of losses from the water transportation and distribution systems

3. Reduction of water requirement in irrigation by changing the crop pattern and

using new methods for irrigation such as drip irrigation, canal lining, etc.

4. Recycling of water for industrial uses, after appropriate treatment

5. Reuse of treated wastewater in cooling and irrigation and recharge of groundwater

6. Desalination of seawater
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A number of models have been developed to control saltwater intrusion by

reducing pumping rates from the aquifer or using optimization models to optimize

the abstraction and control the intrusion of saline water. Zhou et al. [7] used a quasi-

three-dimensional finite element model to simulate the spatial and temporal distri-

bution of groundwater levels. The objective of the model was to maximize the total

groundwater pumping from the confined aquifer and control saltwater intrusion by

relocating the wells. Amaziane et al. [8] coupled the boundary element method and

a genetic algorithm for the optimization of pumping rates to prevent saltwater

intrusion. Qahman and Larabi [9] investigated the problem of extensive saltwater

intrusion in Gaza aquifer, Palestine, using the SEWAT code. Different scenarios

were considered to predict the extension of saltwater intrusion with different

pumping rates over the time.

Advantages Reduction of abstraction rates and use of other water resources help to

increase the volume of freshwater which retards the intrusion of saltwater.

Disadvantages Control of saltwater intrusion using this method has some limita-

tions. The control of abstraction rates cannot be fully achieved especially from

private stakeholders. Also the alternatives proposed for facing the shortage of water

and the increased demands may be very costly, especially when freshwater is not

available and requires transportation. Desalination of seawater as an alternative has

some limitations; it is still expensive, is a source of pollution, and requires a large

area of land. The treated wastewater is also costly. Furthermore, this can only be a

temporary solution because it does not prevent saltwater intrusion but it attempts to

reduce it; but with the population growth and increasing demands, the problem will

not be controlled [6].

2.2 Relocation of Pumping Wells

Changing the location of pumping wells by moving the wells to more inland

positions aims to raise the groundwater level and maintain the groundwater storage.

This is because in the inland direction, the thickness of the freshwater lens increases

and the risk of upconing of saltwater decreases accordingly. Hong et al. [10]

developed an optimal pumping model to evaluate optimal groundwater withdrawal

and the optimal location of pumping wells in steady-state condition while mini-

mizing adverse effects such as water quality in the pumping well, drawdown,

saltwater intrusion, and upconing. The study involved experimental verification

of the optimal pumping model to develop sustainable water resources in the coastal

areas. Ojeda et al. [11] modeled the saline interface of the Yucatan Peninsula

aquifer using SUTRA assuming an equivalent porous medium with laminar flow

and two-dimensional flow. The models showed that the interface position is very

sensitive to head changes, and a simple groundwater abstraction scheme was

presented which was based on the well depth and the distance from the coast.

Sherif and Hamza [12] used two models to simulate the problem of saltwater
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intrusion in the Nile Delta aquifer in Egypt in the vertical and horizontal directions.

The two models were 2D-FED and SUTRA. The 2D-FED model was employed to

simulate the current condition and predict the effect of the seawater level rise in the

Mediterranean Sea under the condition of global warming. SUTRA was used to

define the best location of additional groundwater pumping wells from the Nile

Delta aquifer and to assess the effect of various pumping scenarios on the intrusion

process.

Advantages Moving pumping wells further inland helps to decrease the occurrence

of upconing of saltwater [6].

Disadvantages Control of saltwater intrusion by this method is costly and may face

some obstructions such as buildings or the size of the aquifer may not allow such

movement. It is also a temporary solution and does not prevent the intrusion of

saline water into aquifers.

2.3 Subsurface Barriers

This method involves establishment of a subsurface barrier to reduce the perme-

ability of the aquifer to prevent the inflow of seawater into the basin. Construction

of barriers could be achieved using sheet piling, cement grout, or chemical grout.

Figure 1 shows a sketch of a subsurface barrier to control saltwater intrusion.

Barsi [13] developed two methods for optimal design of subsurface barriers to

control seawater intrusion through the development of implicit and explicit

simulation-optimization models. The main objective was to find the optimal design

of subsurface barrier to minimize the total construction cost through the selection of

the width and location of the barrier. James et al. [14] developed a process for

selectively plugging permeable strata with microbial biofilm. These biofilm barriers

can aid the prevention of saltwater intrusion by reducing the subsurface hydraulic

Saline groundwater 

Sea 

Subsurface barrier

Fresh groundwater 

Fig. 1 Sketch of a subsurface barrier
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conductivity. The main advantage offered by the biofilm barrier technology is that

biofilm barrier construction can be achieved without excavation and therefore will

be economic. Harne et al. [15] presented a 2-D subsurface transport model of

saltwater considering the soil to be homogenous and isotropic under the influence

of constant seepage velocity. They used the finite difference method to solve the

transport equation. The model examined the efficiency of subsurface barrier to

control saltwater intrusion.

Advantages Using subsurface barriers helps to reduce the intrusion of saline water.

Disadvantages Control of saltwater intrusion using subsurface barriers could be

costly in terms of construction, operation, maintenance, and monitoring. It is also

not efficient for deep aquifers [6].

2.4 Natural Recharge

This method aims to feed aquifers with additional surface water by constructing

dams and weirs to prevent the runoff from flowing to the sea. This method can also

be used for flood protection. The retained water infiltrates into the soil and increases

the volume of groundwater storage. Figure 2 shows a sketch of the natural recharge

process.

This method could be efficient for unconfined aquifers, but it could take a long

time to recharge the aquifer depending on its properties. Ru et al. [16] used a quasi-

three-dimensional model to simulate the movement of the interface between sea-

water and freshwater and evaluate the effect of constructing a dam to protect

groundwater resources. The function of the subsurface dam was to collect the

rainfall water and recharge the aquifer to increase the groundwater storage and

retard saltwater intrusion. Bajjali [17] applied geostatistical techniques of GPI,

IDW with GIS, to examine the effect of recharge dam on groundwater quality.

The infiltrated water below the dam increases the aquifer storage of freshwater and

pushes the saline water toward the sea.

Advantages This method helps to prevent the runoff to flow directly to the sea and

uses it to increase the groundwater storage in the aquifer and prevent the intrusion

of saline water.

Disadvantages Natural recharge depends on the soil properties and requires high

permeability soil. Depending on the soil permeability, the recharge process could

take a long time. The cost of construction of dams and weirs and their maintenance

is very high. This solution is unsuitable for confined and deep aquifers.
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2.5 Artificial Recharge

Artificial recharge aims to increase the groundwater levels, using surface spread for

unconfined aquifers and recharge wells for confined aquifers. The potential sources

of water for injection may be from surface water, pumped groundwater, treated

wastewater, desalinated seawater, or desalted brackish water. Surface water can be

taken from rivers or canals through pipelines. Figure 3 shows a sketch of a recharge

well.

A number of researchers used this method to control saltwater intrusion in

coastal aquifers. Narayan et al. [18] used SUTRA to define the current and potential

extent of saltwater intrusion in the Burdekin Delta aquifer under various pumping

and recharge conditions. The results addressed the effects of seasonal variation in

pumping rate and artificial and natural recharge rates on the dynamic of saltwater

intrusion. Papadopoulou et al. [19] developed a 3-D finite element-finite difference

groundwater flow simulation model. The extension of the saltwater front along the

coastal zone was calculated only hydraulically because his model did not consider

diffusion due to different densities of saltwater and freshwater. Artificial recharge

was presented using different scenarios including different well locations and

different injection rates. The source of water used for recharge was the effluent of

the wastewater treatment plant of the industrial zone after tertiary treatment.

Mahesha [20] studied the effect of battery of injection wells on seawater intrusion

in confined coastal aquifers. He used a quasi-three-dimensional areal finite element

model considering a sharp interface. He studied various conditions by changing the

well spacing and intensity and duration of freshwater injection. He concluded that

spacing between wells, injection rate, and duration of injection control the repulsion

of the saline wedge.Mahesha [21] presented steady-state solutions for themovement

of the freshwater/seawater interface due to a series of injection wells in a confined

aquifer using a sharp interface finite element model. The model was used to perform

parametric studies on the effect of location of the series of injection wells, spacing of

Recharge 

Saline groundwater 

Fresh groundwater 
Sea 

Dam

Fig. 2 Sketch of the natural recharge process
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the wells, and freshwater injection rate on the seawater intrusion. It was found that

reduction of seawater intrusion (of up to 60–90%) could be achieved through proper

selection of injection rate and spacing between the wells. Also, he studied the effect

of double series of injection wells and compared it with the single series. He found

that a double series performs slightly better than single series. Also, it was found that

the staggered system of wells in the series is slightly better than the straight well

system for long spacing. Vandenbohede et al. [22] presented a simulation model to

study sustainable water management using artificial recharge of freshwater in the

dunes of the western Belgian coastal plain by two recharge ponds. The recharged

water was produced from secondary-treated wastewater effluent by the combination

of ultrafiltration and reverse osmosis.

Advantages Artificial recharge helps to increase the groundwater storage in the

aquifer and prevent the intrusion of saline water.

Disadvantages The artificial recharge has been discussed in many papers as a

solution to control saltwater intrusion. However, some of these models ignored

the source of freshwater especially in the areas that suffer from scarcity of water.

On the other hand, the cost of freshwater in cases where it is not available in these

areas and transported from other places has not been taken into consideration.

Using desalinated seawater is costly and could be a source of pollution. The treated

wastewater was used in many areas for recharge to control saltwater intrusion. This

technique is often costly and ineffective in the areas where excessive groundwater

pumping occurs [23], [18]. Treated wastewater affects the aquifer properties and

requires at least 1 year before abstraction from the aquifer. At present there is a

growing opposition against artificial recharge by infiltration at the land surface,

because it occupies a large area.

Abstraction well

Saline groundwater 

Sea 

Recharge well

Fresh groundwater 

Fig. 3 Sketch of recharge and abstraction wells
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2.6 Abstraction of Saline Water

This method of control aims to reduce the volume of saltwater by extracting

brackish water from the aquifer and returning to the sea. Figure 3 shows a sketch

of an abstraction well. Johnson and Spery [24] presented different methods to

control saltwater intrusion in different states in the USA. In California they

extracted saline water and desalinated it using RO treatment process. The treated

water was blended with untreated groundwater to produce water suitable for

domestic delivery. In Los Angeles, injection wells were used to protect the coastal

aquifers from saltwater intrusion. Potable and highly treated wastewater was

injected into the wells. Maimone and Fitzgerald [25] applied three-dimensional

groundwater flow models, dual-phase sharp interface intrusion model, radial

upconing model, and single-phase contaminant transport model to develop a coastal

aquifer management plan. Two techniques were used: the development of new well

locations further inland and use of RO treatment for desalinating brackish water and

using it for domestic purposes. Sherif and Kacimov [26] suggested pumping

brackish water, encountered between the freshwater and saline water bodies, to

reduce the extension of seawater intrusion. They used SUTRA to examine different

pumping scenarios in the vertical view, and the equiconcentration lines and velocity

vectors were identified for the different cases. They concluded that seawater

intrusion problems could be controlled through proper pumping of saline ground-

water from the coastal zone.

Kacimov et al. [27] investigated seawater intrusion in coastal unconfined aqui-

fers of Oman, experimentally, analytically, and numerically. Water table elevation,

capillary fringe, moisture distribution, and EC were observed and measured in a

pilot site Al-Hail, Oman. Laboratory measurements of conductivity and capillary

rise were conducted in repacked columns in the laboratory. Evaporation from a

shallow horizontal water table to a dry soil surface was modeled by HYDRUS2D.

An analytical Dupuit-Forchheimer model was developed for the planar part of the

catchment with explicit expressions for the water table, sharp interface, and stored

volume of freshwater. SUTRA code is used to study a variable density flow in a

leaky aquifer with line sinks modeling freshwater withdrawal and evaporation.

Both analytical and numerical models proved that pumping of saline groundwater

from coastal aquifers would mitigate the migration of seawater into the aquifer and

would contribute to the enhancement of the groundwater quality that is consistent

with the findings of Sherif and Hamza [12].

Advantages Abstraction of saline water decreases the volume of saline water in the

aquifer and protects pumping wells from upconing.

Disadvantages The main problem in abstraction of brackish water is the disposal

of the saline water. Many researchers have attempted to solve this problem, but it is

still a subject of current research. Brackish water is suitable only for certain types of

crops, and using it in cooling may cause corrosion to the systems. The disposal of

brackish water into the sea could affect the marine life in these areas, fishing, and
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tourism activities. Another problem is that increasing abstraction of saline water

could, in some cases, increase the intrusion of saltwater [6].

2.7 Combination Techniques

Combination between two or more of the above methods can help to eliminate the

disadvantages of these methods and give better control of saltwater intrusion. Zhou

et al. [7] and Hong et al. [10] used a combination of reduction in pumping rates and

relocation of pumping wells to control saltwater intrusion. Maimone and Fitzgerald

[25] used the development of new well locations further inland and use of RO

treatment for desalinating brackish water and using it for domestic consumption to

reduce the abstraction from the aquifer. Narayan et al. [18], Paniconi et al. [28], and

Barrocu et al. [29] used reduction of pumping rates and recharge of freshwater to

the aquifer. Johnson et al. [30] used a combination of three techniques: subsurface

barriers, reduction of abstraction rates, and recharge of freshwater. Fitzgerald

et al. [31] used change of well locations, reduction of pumping rates, and recharge

of freshwater.

The combination of freshwater’s injection and extraction of saline water can

reduce the volume of saltwater and increase the volume of freshwater. Only few

models have been developed for this technique. Mahesha [32] studied the control of

seawater intrusion by a series of abstraction wells for saline water alone and also in

combination with freshwater injection wells in a confined aquifer using a vertically

integrated two-dimensional sharp interface model under steady-state conditions. It

was found that the combination of injection wells with extraction wells produced

excellent results to the individual cases for larger well spacing and small rates of

injection. Rastogi et al. [33] developed a two-dimensional steady-state numerical

model to study seawater intrusion problem involved. The model was used to

investigate the efficiency of seawater control measures involving two scenarios:

(1) freshwater recharge and (2) combination of freshwater recharge and saltwater

discharge wells. The study found that depth, location, and head of recharge wells

are important parameters that can control saltwater intrusion. The model confirmed

that combined recharge and discharge system is more effective in controlling

seawater intrusion.

Tanapol et al. [34] studied the effectiveness of controlling methods in unconfined

aquifers by using scaled-down physical models. The investigated methods included

freshwater injection, saltwater extraction, and subsurface barrier. They concluded

that freshwater injection is more favorable than the saltwater extraction and sub-

surface barrier method. A freshwater injection rate of about 10% of the usage rate

can effectively push the interface toward the shoreline and maintain the water

quality in the vicinity of pumping wells. Acostaa and Donadoa [35] conducted a

laboratory scale simulation of seawater hydraulic barriers in confined coastal

aquifers considering the effects of stratification. The best hydraulic barrier perfor-

mance was observed in the extreme point of wedge, where 17.8% of intrusion

reduction, in homogeneous media, and 78.9% in stratified media were observed.
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The highest reduction of seawater intrusion was achieved with the highest injection

rate. Stratification affected the performance of the hydraulic barrier. Smaller injec-

tion rates were necessary to reduce seawater intrusion in stratified medium.

3 New Methodologies to Control Saltwater Intrusion

Coupling of flow and solute transport models with optimization techniques to

address important groundwater quality management problems has started early

1980s. The motivation for the development of simulation-optimization (S/O)

approach for the control of saltwater intrusion is the enormous cost of groundwater

remediation. The S/O approach has been shown to be capable of reducing the

remediation costs of contaminated land in several real-world applications [36]. The

S/O approach can be used efficiently in groundwater remediation system design

and in other groundwater quality management problems including saltwater intru-

sion control. The S/O approach is interesting because it can both account for the

complex behavior of a groundwater flow system and identify the best management

strategy to achieve a given set of prescribed constraints [37].

3.1 Simulation-Optimization Models

Simulation models have been applied for the management of groundwater

resources seeking for optimal management strategy by trial-and-error. This has

proved to be time-consuming and laborious. In addition, the results obtained may

not be optimal. The main reason for this is the inability of this approach to consider

important physical and operational restrictions. To accommodate these restrictions,

coupling of the simulation model with a management model is the generally

adopted procedure. For groundwater systems, combined simulation and manage-

ment models may adequately predict the behavior of the system and provide the

best solution for problems such as planning of long-term water supply or preventing

seawater intrusion. A relatively small number of studies have concentrated on the

control of saltwater intrusion linking simulation with optimization models to

effectively determine the optimal solution for control of seawater intrusion [37].

3.1.1 Simulation Models

Modeling of fluid flow and solute transport for a site involves development of a

mathematical model of the site system being studied and to use this model to predict

the value of hydraulic heads and salt concentrations at points of interest at different

times. Numerical simulation of seawater intrusion, assuming that mixing occurs at

the transition zone between seawater and freshwater, involves the solution of the

partial differential equations representing the conservation of mass for the variable

density fluid (flow equations) and for the dissolved solute (transport equation). The
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numerical solution of coupled fluid flow and solute transport is based on solving the

governing equations with the boundary and initial conditions by the iterative

solution scheme. Recently, a number of simulation codes were developed and

capable of simulating saltwater intrusion such as SEAWAT and SUTRA [37].

3.1.2 Optimization Models

The optimization problem can be solved through trial-and-error adjustment or

through a formal optimization technique. Numerical simulation models can be

used to examine a limited number of design options by trial-and-error. Due to the

simplicity of the trial-and-error method, it is widely used. However, testing and

checking hundreds to thousands of trial solutions is tedious and cannot guarantee

that the optimal solution has been identified. On the other hand, the optimization

technique can be used to search for the optimal solution in a wide search space of

design variables and, equally important, to prove whether a particular management

scenario or remedial alternative is feasible in terms of meeting the management

objective and satisfying all the constraints [37].

Optimization model can be defined in terms of an objective function and a set of

constraints. Groundwater management problem includes two sets of variables:

decision variables and state variables. Decision variables are the variables that are

used to define different alternative decisions, such as pumping or injection rate of a

well, well location, and well depth. Decision variables can be managed in the

calculation process to identify the optimal management policy or strategy. State

variables are the variables that describe the flow and transport conditions of an

aquifer, such as head and salt concentrations, which are the dependent variables in

flow and transport equations. In a coupled S/Omodel, simulation components update

the state variables, and optimization components determine optimal values of deci-

sion variables [36]. Optimization models are widely used in groundwater planning

and management. In recent years, a number of simulation models have been com-

bined with optimization techniques to address groundwater management problems.

The complex behavior of the groundwater system and identification of the best

management strategy under consideration of the management objectives and con-

straints can be achieved easily by the combined simulation and optimization model-

ing processes. In the last two decades, genetic algorithms (GAs) have received

increased attention from academic and industrial communities for dealing with a

wide range of optimization problems.

3.2 Genetic Algorithm (GA)

GA is an optimization technique based on the process of biological evolution. GA

was first introduced by Holland [38] and followed by Goldberg [39], Davis [40],

Michalewicz [41], Mckinney and Lin [42], and Haupt and Haupt [43] among others.

GAs are a family of combinatorial methods that search for solutions of complex
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problems using an analogy between optimization and natural selection. GA mimics

biological evolution based on the Darwinist theory of survival of the fittest, where

the strongest offspring in a generation are more likely to survive and reproduce. The

GA method starts with randomly generating an initial set of solutions, called the

initial population. Each member of this population represents a possible solution of

the problem, encoded as a chromosome. A chromosome is a string of symbols,

usually a binary bit string. The population of chromosomes evolves through a cycle

that involves selection, crossover, and mutation. Each cycle is referred to as a

generation. After many generations, the population will contain chromosomes that

represent near optimal solutions to the problem. GA was applied to a wide variety

of problems in engineering including groundwater management, water resources,

and seawater intrusion. An overview to the application of GA in these fields is

presented in the following sections [36].

GA has been applied to a number of groundwater management problems. A

number of researchers incorporated groundwater simulation models with GA to

solve groundwater management problems such as maximizing extraction from an

aquifer, minimizing the cost of water supply, and minimizing the cost of aquifer

remediation and pump-and-treat. Among the researchers who applied GA to

groundwater management problems are Mckinn and Lin [44], Rogers and Dowla

[45], El Harrouni et al. [46], and Aly and Peralta [47]. Recently, GA has been used

to identify cost-effective solutions for pump-and-treat groundwater remediation

design. In the field of water resource management, GA has been applied to a variety

of problems such as calibration of rainfall-runoff models and pipe network systems

and operation of reservoir systems. A number of researches applied GA for

calibration of rainfall-runoff models (e.g., [48–50]). A large number of applications

in pipe network optimization using GA were presented by Murphy et al. [51] and

Farmani et al. [52, 53].

On the other hand, development and application of optimization techniques in

association with saltwater intrusion considering density-dependent flow are rela-

tively recent and very few. Das and Datta [54, 55] presented a multi-objective

management model. The objectives were to maximize pumping from the freshwater

zone and minimize pumping from the saline zone in order to control saltwater

intrusion. The nonlinear finite difference of the density-dependent miscible flow

and salt transport model for seawater intrusion in coastal aquifers was embedded

within constraints of the management model. Das and Datta [56] developed a

nonlinear optimization method for minimizing total sustainable yield from specific

location of the aquifer while satisfying salinity constraints. Gurdu et al. [57] devel-

oped a management model to maximize the total pumping rate from wells consid-

ering saltwater intrusion into the aquifer. They used SUTRA code for groundwater

simulation and the general algebraic modeling system code to execute the optimi-

zation model.

Gordon et al. [58] developed a model for optimal management of a regional

aquifer under salinization. The source of salinization was from irrigation water

percolating over some part of the aquifer, influx of saline water from faults in the

aquifer bottom, and inflow from laterally adjacent saline water bodies. The
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objectives of management were to maximize the total amount of water pumped for

use and to minimize the total amount of salt extracted with the water. The simula-

tion model used a finite element formulation for the flow and a streamline upwind

Petrov-Galerkin formulation for the transport. The model computed the gradient of

the state variables (heads and concentrations) with respect to the decision variables

(pumping rates at wells). The gradients were then used in a Bundle-Trust

non-smooth optimization procedure to achieve an improved solution. Rao and

Rao [59] presented S/O approach to control saltwater intrusion through a series of

extraction wells. They used SEAWAT code to simulate saltwater intrusion and the

simulated annealing algorithm for solving the optimization problem. Two objective

functions were considered: first to maximize groundwater pumpage for beneficial

purposes and second to minimize the pumping in extraction wells which were used

to extract saline water and dispose to the sea.

Javadi et al. [60] presented the development and application of a simulation-

optimization model to control seawater intrusion in coastal aquifers using different

management scenarios: abstraction of brackish water, recharge of freshwater, and

combination of abstraction and recharge. The model was based on the integration of

a genetic algorithm optimization technique and a coupled transient density-

dependent finite element model. The developed model was applied to analyze the

control of seawater intrusion in a hypothetical confined coastal aquifer. The effi-

ciencies of the three management scenarios are examined and compared. The

results showed that combination of abstraction and recharge wells is significantly

better than using abstraction wells or recharge wells alone as it gives the least cost

and least salt concentration in the aquifer. The results from the study would be

useful in designing the system of abstraction/recharge wells to control seawater

intrusion in coastal aquifers and can be applied in areas where there is a risk of

seawater intrusion.

3.3 Examples of NewMethods to Control Saltwater Intrusion

The new methodologies used to control saltwater intrusion in different locations of

the world are present in this section.

3.3.1 Abstraction of Saline Water and Recharge Using Surface Ponds

This method includes a combination of using surface ponds to recharge the aquifer

and abstraction of saline water near the shoreline. Javadia et al. [61] presented a

new method for optimal control of seawater intrusion. The method was based on a

combination of abstraction of saline water near shoreline and recharge of aquifer

using surface ponds as shown in Fig. 4. The source of water for the surface pond

could be treated wastewater or excess of desalinated brackish water (if any), etc.

The variable density flow and solute transport model, SUTRA, is integrated with a

genetic algorithm optimization tool in order to investigate the efficacy of different
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scenarios of the seawater intrusion control in an unconfined costal aquifer. The

locations of the pond and the abstraction well in relation to the shoreline, depth of

abstraction well, and the rates of abstraction and recharge are considered as the

main decision variables of the optimization model, which aims to minimize the

costs of construction and operation of the abstraction wells and recharge ponds as

well as the salt concentrations in the aquifer. The results indicated that the com-

bined system is better than using abstraction alone in controlling seawater intrusion

as it gave the least cost and least salinity in the aquifer.

3.3.2 Abstraction, Desalination, and Recharge (ADR)

A new methodology ADR (abstraction, desalination, and recharge) to control

saltwater intrusion in coastal aquifers was presented by [6]. Figure 5 shows a sketch

of the new methodology (ADR). ADRmethodology consists of three steps: abstrac-

tion of brackish water from the saline zone using abstraction wells, desalination of

the abstracted brackish, and recharge of the treated water using recharge wells into

the aquifers. This method is a combination of two techniques: abstraction of saline

water and recharge of freshwater in addition to desalination of abstracted water and

treatment to be ready for recharge or domestic use. It has the advantages of the

following three steps:

1. Abstraction of brackish water to reduce the saline water volume in the aquifer

and reduce the intrusion of saltwater.

2. Desalination of abstracted brackish water using RO treatment process to produce

freshwater from brackish water for recharge. This step is very important to

produce freshwater in the areas where freshwater is scarce. The advantages of

RO as a desalination method are discussed in details in the next section.

Fig. 4 Schematic sketch for abstraction of saline water and recharge using surface ponds
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3. Recharge of treated water to increase the fresh groundwater volume to prevent

the intrusion of saltwater.

The combination of abstraction and recharge techniques is considered one of the

most efficient methods to control saltwater intrusion. It increases the volume of

fresh groundwater and decreases the volume of saltwater. This method is capable of

retarding saltwater intrusion. It also has lower energy consumption, lower cost, and

lower environmental impact. ADR can be used to increase the water resources in

coastal regions by increasing the abstraction of saline water and desalination. The

excess reclaimed water can be used directly for different purposes or injected into

the aquifer to increase the groundwater storage [6].

Abd-Elhamid and Javadi [62] presented a cost-effective method to control

seawater intrusion in coastal aquifers. The methodology (ADR) includes abstrac-

tion of saline water and recharge to the aquifer after desalination. A coupled

transient density-dependent finite element model was developed by for simulation

of fluid flow and solute transport and used to simulate seawater intrusion. The

simulation model was integrated with an optimization model to examine three

scenarios to control seawater intrusion including abstraction, recharge, and a

combination system, ADR. A comparison between the combined system (ADR)

and the individual abstraction or recharge system was made in terms of total cost

and total salt concentration in the aquifer and the amount of repulsion of seawater

achieved. The results showed “that the proposed ADR system performs signifi-

cantly better than using abstraction or recharge wells alone as it gives the least cost

and least salt concentration in the aquifer. ADR is considered an effective tool to

control seawater intrusion and can be applied in areas where there is a risk of

seawater intrusion” [62].
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Fig. 5 Schematic sketch for abstraction, desalination, and recharge (ADR)
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3.3.3 Treatment, Recharge, Abstraction, and Desalination (TRAD)

This new methodology to control saltwater intrusion was based on a combination of

abstraction and recharge techniques. The methodology can help to solve saltwater

intrusion problem and take into consideration different parameters such as physical

constraints, practical aspects, economical aspects, and environmental impacts. The

proposed methodology, (TRAD), includes a combination of Treatment of wastewa-

ter and Recharge to the aquifer, Abstraction of brackish water from the aquifer, and

Desalination. The abstracted saline water will be desalinated and used to meet a part

of the demand for water or used as a source of freshwater to recharge the aquifer to

control saltwater intrusion. Figure 6 shows a sketch of the new methodology

(TRAD).
The main benefits of the (TRAD) methodology are to return the mixing zone (the

interface between fresh groundwater and saline water) into the original status and to

reach the dynamic balance between fresh- and saline groundwater through two

processes of (A) abstraction of brackish groundwater to reduce the volume of saline

water and (R) recharge of the aquifer by treated wastewater to increase the volume

of fresh groundwater. The abstraction and recharge processes help to push saline

water toward the sea. The desalination of brackish water (D) aims to produce

freshwater from the brackish water and use it for different purposes such as

domestic, irrigation, and industry. Desalination of seawater has a lot of problems

such as high cost, high pollution (mainly carbon emission), large area of land that is

required for plants, and disposal of the brine. “Desalinating brackish water is an

efficient alternative to seawater desalination, because the salinity of brackish water

is less than one-third of that of seawater. Therefore, brackish water can be desali-

nated at a significantly lower cost than sea water” [63]. Several methods can be used

for desalination, but RO has been selected as a method for desalting brackish water,

Fig. 6 Schematic sketch for TRAD method
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because it has many advantages; it requires simpler equipment, low energy, and low

cost. The treatment of waste water (T) aims to overcome the scarcity of water in

these areas and also to prevent the disposal of wastewater into seas and rivers.

Overall, the methodology has lower cost and lower environmental impacts. It can

be used to increase the water resources by increasing the abstraction of brackish

water and desalination. The excess treated wastewater may be used directly for

different purposes. The abstraction rates of the main aquifer can be increased to

provide more freshwater and prevent loss of water that flows to the sea.

Javadia et al. [64] presented the results of an investigation on the efficiencies

of different management scenarios for controlling saltwater intrusion using a

simulation-optimization approach. A new methodology was proposed to control

SWI in coastal aquifers. The proposed method was based on a combination of

abstraction of saline water near shoreline, desalination of the abstracted water for

domestic consumption, and recharge of the aquifer by deep injection of the treated

wastewater to ensure the sustainability of the aquifer. The efficiency of the

proposed method was investigated in terms of water quality and capital and

maintenance costs in comparison with other scenarios of groundwater manage-

ment. A multi-objective genetic algorithm-based evolutionary optimization model

was integrated with the numerical simulation model to search for optimal solution

of each scenario of SWI control. The main objective was to minimize both the

total cost of management process and the total salinity in aquifer. The results

indicated that the TRAD method is efficient in controlling SWI as it offers the

least cost and least salinity in the aquifer.

4 Control of Saltwater Intrusion in Egypt

“Saltwater intrusion in a coastal aquifer is a highly complex and nonlinear process.

The management of coastal aquifers requires careful planning of withdrawal

strategies for control and remediation of saltwater intrusion.” A number of

researches have been carried out to simulate saltwater intrusion in the Nile Delta

aquifer. However, a limited number of studies were conducted to control saltwater

intrusion into the aquifer and protect the groundwater storage. Sherif and Singh [65]

examined different scenarios for an additional pumping of 2.3 billion m3/year from

the Nile Delta aquifer. It was concluded that additional pumping practices should be

located in the middle Delta to decelerate and minimize the intrusion of saline water.

Gaamea [66] examined the use of scavenger wells to control saltwater intrusion in

the Nile Delta aquifer. He used SUTRA code to generalize and simplify the use of

scavenger wells as individual wells or in the shape of the field. Nasar [67] presented

the environmental impact assessment of abstracting brackish water for desalination

and recharging the brine water through deep wells to control the seawater intrusion

into the Nile Delta aquifer. Designed charts for abstraction and recharge wells

including discharge and recharge rates and locations and depths of pumping and

injection wells were presented.
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Abd-Elhamid [68] used SEAWAT code to study groundwater flow and seawater

intrusion in the EasternNileDelta (END) aquifer. The distribution of saltwater intrusion

in the END aquifer is shown in Fig. 7a which is considered the base case. A vertical

cross section is taken in themiddle of the aquifer from the top to the bottom. The vertical

cross section (Fig. 7b) showed that the intrusion length of equiconcentration line

35 reached 75.75 km from shoreline. However, equiconcentration line 1 intruded to a

distance of 90.25 km from shoreline. Different scenarios of climate change were

considered including sea level rise, increasing abstraction, decreasing recharge, and

combination of these scenarios. The results showed that decreasing recharge has a

significant effect on seawater intrusion. However, the combinations of these scenarios

resulted in harm intrusion and lose large quantity of groundwater. Also, the soil salinity

increasedwhich decreased the agricultural production. The results of different scenarios

are presented in Table 1.

Different scenarios were employed to control seawater intrusion in the END

aquifer including decreasing abstraction, increasing recharge, abstraction of brack-

ish water, and combination of these scenarios. The results of the different scenarios

of seawater intrusion control are shown in Fig. 8a–d and summarized in Table 1.

4.1 Application of New Methods to Control Saltwater
Intrusion in Egypt

Groundwater is an important source for drinking, agriculture, and industry in Egypt.

But pollution leads to lose large quantity of water and increase the gap between

available and demand. Saltwater intrusion in the Nile Delta aquifer threatens

billions of cubic meters of freshwater that are available for different purposes.

According to the literature a limited number of studies have been carried out to

control saltwater intrusion in the Nile Delta aquifer. The control of saltwater

intrusion is very important to protect the available water resources and increase

the national income through using this water in the development in agriculture and

industry. The key to control saltwater intrusion is to maintain a proper balance

between water being pumped from the aquifer and water recharged to the aquifer.

Not all the solutions are economically feasible because they are considered long-

term solutions, and the time to reach the state of dynamic equilibrium between

freshwater and brackish water may takes tens of years [69].

From the literature, a number of control methods can be applied in Egypt. The

selection of the method is very important and should consider environmental,

social, and economical issues. The most suitable methods that can be applied to

control saltwater intrusion in the Nile Delta are:

1. Optimization of abstraction rates

2. Pump and treat (P&T)

3. Recharge and abstraction (R&A)
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These three techniques have been applied in different locations of the world

(e.g., Gaza, Florida, USA, India). These three methods are capable of preventing

the intrusion of saltwater into the Nile Delta aquifer, but the cost of applying these

techniques may be high and may have some environmental and social impacts. The

use of linked simulation-optimization models to assess these techniques should be

Table 1 Results of different scenarios to investigate and control SWI in the Eastern Nile Delta

aquifer

Case Scenario

Scenario

description

Intrusion length (km)

Equiconcentration

line 35

Equiconcentration

line 1

Base case Current

situation

75.75 90.25

Different scenarios of

investigating SWI due

to climate change

1 SLR 100 cm 77.00 90.75

2 Increasing

abstraction

rate 100%

79.60 91.50

3 Decreasing

recharge

100%

85.25 95.40

4 Combination

of 1, 2, and 3

99.40 110.25

SLR 100 cm

Increasing

abstraction

rate 100%

Decreasing

recharge

100%

Different scenarios of

controlling SWI

1 Decreasing

abstraction

50%

69.95 88.40

2 Increasing

recharge 50%

70.75 88.00

3 Abstracting

brackish

water 50%

61.00 87.80

4 Combination

of 1, 2, and 3

59.80 85.90

Decreasing

abstraction

50%

Increasing

recharge

50%

Abstracting

brackish

water 50%
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Fig. 8 Vertical distribution of TDS in the END aquifer due to different scenarios of SWI control

(a) Scenario 1, (b) Scenario 2, (c) Scenario 3, and (d) Scenario 4
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considered. S/O models can help to optimize the abstraction from the aquifer and

minimize the intrusion of saltwater. Pump and treat (P&T) can help to remediate the

aquifer and provide a new source of freshwater. Recharge and abstraction (R&A)

technique can help to prevent the intrusion of saltwater by keeping a proper balance

between water being pumped from the aquifer and water recharged to the aquifer

considering social, economical, and environmental issues.

4.1.1 Optimization of Abstraction Rates

Increasing pumping rate is considered the main cause of saltwater intrusion along

the coasts because the natural balance between freshwater and saltwater in coastal

aquifers is disturbed by abstraction which lowers groundwater levels, reduces the

amount of fresh groundwater flowing to the sea, and ultimately causes saltwater to

intrude coastal aquifer. The traditional method of reducing abstraction rates to

control the intrusion of saline water was applied in different areas using simulation

models (e.g., Sherif and Singh [65] , Scholze et al. [70], and Zhou et al. [7]).

But linked simulation-optimization models were recently applied to maximize

the abstraction and control the intrusion of saline water. Bhattacharjya and Datta

[71] used an artificial neural network as a simulator for flow and solute transport in

coastal aquifer to predict salt concentrations of the pumped water. A linked

simulation-optimization model was formulated to link the trained ANN with a

GA-based optimization model to solve saltwater management problems. The

objective of the management model was to maximize the permissible optimal

abstraction of groundwater from the coastal aquifer for beneficial use while

maintaining salt concentration in the pumped water under specific permissible

limits. Qahman and Larabi [9] investigated the problem of extensive saltwater

intrusion in Gaza aquifer, Palestine, using the SEWAT code linked with an opti-

mization model. Different scenarios were considered to predict the extension of

saltwater intrusion with different pumping rates over the time. Dokou et al. [72]

presented a simulation-optimization model to manage saltwater intrusion in two

unconfined coastal aquifers in Crete, Greece. The optimization model seeks to

maximize groundwater withdrawal rates while maintaining the saltwater intrusion.

A combination of a groundwater flow model (MODFLOW) with simple algorithm

(GWM) was employed. The results showed that under the current pumping strat-

egies, the saltwater intrusion front will continue to move inland, posing a serious

threat to the groundwater quality of these regions. In both case studies, significant

reductions in pumping are required to retract the saltwater intrusion front closer to

the shoreline.

For Egypt, this technique should be considered with the other methods of con-

trolling saltwater intrusion because using any control method with increasing

abstraction rate is ineffective. Application of optimization techniques linked to

simulation models to assess the efficiency of this method in controlling saltwater

intrusion can help to avoid the limitations of the traditional method of reduction of

abstraction rates and use of other water resources. The optimal management of
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abstraction from the Nile Delta aquifer has become necessary to protect the aquifer

from depletion.

4.1.2 Pump and Treat (P&T)

Optimization models are widely used in groundwater remediation. Recently, a

number of researchers incorporated groundwater simulation models with GA to

minimize the cost of aquifer remediation and pump-and-treat. Among the researchers

who applied GA to groundwater management problems are Rogers and Dowla [45]

and Aly and Peralta [47]. Mckinn and Lin [44] applied a GA to groundwater resource

management and pump-and-treat system design. Johnson and Rogers [73] used GA

and neural network to select the optimal well locations and pumping rates in a

remediation design problem. Zheng and Wang [74] applied GA to pump-and-treat

system design optimization under field conditions. Recently, GA has been used to

identify cost-effective solutions for pump-and-treat groundwater remediation design.

Some researchers have applied GA to solve groundwater pollution remediation

problems (e.g., [75–77]).

For Egypt, this technique can be applied for remediation of aquifers contami-

nated by saltwater intrusion and/or other types of contaminants. The polluted water

can be pumped, treated, and used for different proposes. GA can be linked with

simulation models to minimize the cost of aquifer remediation and pump-and-treat.

This technique can provide a new source of freshwater from polluted water to face

the increased demands.

4.1.3 Recharge and Abstraction (R&A)

Combination techniques can help to eliminate the limitations of using individual

methods and give better control of saltwater intrusion. Combination of recharge of

freshwater and extraction of saline water can reduce the volume of saltwater and

increase the volume of freshwater which help to control saltwater intrusion. A

number of models have been used to assess the control saltwater intrusion using

R&A (e.g., [33–35, 78]). Recently, linked S/O models were applied to maximize

the abstraction and minimize the recharge to control the intrusion of saline (e.g.,

[59, 60]).

Three new forms of the recharge and abstraction (R&A) have been used to assess

the control of saltwater intrusion using linked simulation-optimization models:

(a) Abstraction of saline water and recharge using surface ponds

(b) Abstraction, desalination, and recharge (ADR)

(c) Treatment, recharge, abstraction, and desalination (TRAD)

The developed models to assess the efficiency of these methods to control SWI

were discussed above and the possibility of application to Egypt is discussed below.
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Application of Abstraction of Saline Water and Recharge Using Surface

Ponds to Egypt

This method is based on a combination of abstraction of saline water near shoreline

and recharge freshwater to the aquifer using surface ponds. This method was

presented by Javadia et al. [61]. The study presented the integration between a

simulation model SUTRA and a genetic algorithm optimization tool in order to

investigate the efficacy of abstraction of saline water and recharge using surface

ponds. The results indicated that the combined system is better than using abstrac-

tion alone in controlling seawater intrusion as it gave the least cost and least salinity

in the aquifer. For Egypt, this technique can be used to control saltwater intrusion in

locations where freshwater for recharge is available. The source of freshwater could

be treated wastewater or excess desalinated brackish water (if any). Also, storm

water can be collected and used for recharging the aquifer. The abstracted saline

water could be desalinated and used for different purposes.

Application of Abstraction, Desalination, and Recharge (ADR) to Egypt

The methodology ADR (abstraction, desalination, and recharge) includes abstrac-

tion of saline water and recharge to the aquifer after desalination. Abd-Elhamid and

Javadi [62] presented the integration between coupled transient density-dependent

finite element model and an optimization model to examine the efficiency of ADR

to control saltwater intrusion. A comparison between the combined system (ADR)

and the individual abstraction or recharge system was made in terms of total cost

and total salt concentration in the aquifer and the amount of repulsion of seawater

achieved. The results showed that ADR system performs significantly better than

using abstraction or recharge wells alone as it gives the least cost and least salt

concentration in the aquifer. For Egypt, this technique can be used to control

saltwater intrusion in locations where the width of the transition zone is small to

reduce the cost of transporting the desalinated brackish water and use for recharge.

Application of Treatment, Recharge, Abstraction, and Desalination (TRAD)

to Egypt

These methods is based on a combination of abstraction of saline water near

shoreline, desalination of the abstracted water for different purposes, and

recharging the aquifer by deep injection of the treated wastewater. Javadia

et al. [64] presented the integration between SUTRA code and a genetic algorithm

optimization tool in order to investigate the efficacy of (TRAD) method to control

saltwater intrusion. The results indicated that the TRAD method is efficient in

controlling saltwater intrusion in coastal aquifer as it offers the least cost and least

salinity in the aquifer. For Egypt, the application of this technique to control

saltwater intrusion could be useful as the width of the transition zone reaches
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some kilometers. This technique does not depend on the distance between recharge

wells and abstraction wells because the treated wastewater is used for recharge and

the abstracted saline water is desalinated and used for different uses.

For Egypt, these three techniques can be applied and tested using linked

simulation-optimization models to assess the efficiency of these methods in con-

trolling saltwater intrusion. Optimization of abstraction rates from the Nile Delta

aquifer should be implemented to protect the aquifer from saltwater intrusion.

Remediation of the aquifer from different types of pollutants and saltwater intrusion

using pump and treat method could be useful. Combination of recharge of fresh-

water and abstraction (R&A) of saline water can be applied to reduce the volume of

saltwater and increase the volume of freshwater which help to control saltwater

intrusion. These methods overcome two main problems in Egypt:

1. The source of freshwater for recharges can be addressed using treated waste-

water or collect the storm water in a drainage system and inject to the aquifer

will retard the intrusion of saline water and protect the coastal area from flash

flood such as in the case of Alexandria city in 2015.

2. The disposal of abstracted saline water can be addressed using desalination and

use the desalinated water for different purposes or for recharge. The desalination

problems including energy and brine disposal can be addressed using renewable

energy such as solar energy with new techniques of desalination such as reverse

osmoses (RO) or forward osmosis (FA). Brine can be used to produce salt or

used for certain types of crops or fish.

Protection of groundwater resources in Egypt has become an essential issue due

to the increased gap between demands and available resources. The optimal man-

agement of the Nile Delta aquifer has become essential to protect the aquifer from

depletion under the new circumstances such as:

1. Population growth

2. Climate change and sea level rise

3. New reclamation projects

4. Reducing recharge due to new structures on the Nile River and associated

increase in abstraction rates from the aquifer.

5 Summary, Conclusion, and Recommendation

This chapter gave a background of different control methods that can be applied in

different locations where saltwater intrusion is found. Excessive groundwater

abstraction to meet growing demands due to increasing population and the expected

rise in mean sea level due to global warming will increase seawater and threaten the

available groundwater supply. The methods used to control saltwater intrusion in

coastal aquifers were presented in this chapter. Also, the new methods that could be

applied to control saltwater intrusion in coastal aquifers in Egypt, especially in the
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Nile Delta aquifer, were presented. Saltwater intrusion in costal aquifer must be

controlled to protect freshwater. It is recommended to secure the needed financial

support to apply the suitable technique to control saltwater intrusion in the coastal

aquifer (Nile Delta aquifer) to protect groundwater in these aquifers. Also, moni-

toring of the performance of implemented techniques is very important.
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Use of One-Dimensional Subsurface
Temperature Profiles to Characterize
the Groundwater Flow System
in the Northwestern Part of the Nile Delta,
Egypt

Zenhom El-Said Salem and Osman M. Osman

Abstract The temperature-depth profiles of 47 boreholes were investigated to
characterize the groundwater flow system in the northwestern part of the Nile
Delta, Egypt (hereafter referred to as the study area). A vertical subsurface thermal
system was used for the investigation.

The groundwater was recharged in the reclaimed area located in the southwestern
direction of the study area, where high subsurface temperatures were recorded. The
discharge regions were located in the old agricultural lands (northern and northeast-
ern areas) and were characterized by low subsurface temperatures compared with
those in the recharge area. This abnormal thermal system was attributed to contrasts
in the surface air temperature, where higher values were recorded in the recharge
area (Wadi El-Natrun station; annual average temperature 23.15�C) and lower
values were detected in the old agricultural lands (Damanhour station; annual
average temperature 20.37�C). Regardless of this unusual framework, the geother-
mal gradient was low in the recharge territory (average 0.0198�C/m) and high in the
discharge area (average 0.0343�C/m).

The effect of irrigation canals on the thermal system was detected from the
constructed vertical two-dimensional (2D) cross-sections, where the gaining streams
were underlined by a warm zone, while the losing streams were underlined by a
cooler zone. Vertical groundwater fluxes in the study area were assessed from a
comparison between measured and simulated one-dimensional (1D) temperature
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profiles. All temperature profiles related to wells in the Wadi El-Natrun station area
were of the recharge type, with groundwater flux (U) values ranging from 0.3 to
1.5 m/year, except for well 21, which was the discharge type (U range �0.1 to
�0.5 m/year). The temperature profiles related to Damanhour station were of the
discharge type (U range �0.1 to �1.5 m/year), except for wells 22, 47, and
39, which were the recharge type (U range 0.1 to 0.5 m/year).

We concluded that the geothermal gradient is superior to the thermal system for
following the groundwater stream framework in regions such as those we examined.

Keywords Northwestern Nile Delta, Groundwater flow system, Subsurface thermal
regime, Landuse change, One dimensional thermal modeling
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1 Introduction

It is known that water table data alone are not sufficient for calibrating groundwater
flow models, and assessments of groundwater flux, as well as information on solute
development and heat flow, are required for model adjustment [1]. Subsurface heat
exchange occurs everywhere on Earth, at higher rates in some areas than in others.
Geothermal heat is considered to be a good tracer for various geologic processes; the
best example of these processes is the groundwater flow system [2], in which
temperature profiles can be utilized to gauge the recharge and discharge rates of
groundwater, the effects of surface warming, the groundwater-surface water rela-
tionship, the hydraulic conductivity of the stream base layer, and basin
penetrability [1].

Stallman [3] was one of the early specialists who investigated the potential
for utilizing subsurface temperature to estimate groundwater velocity and aquifer
hydraulic conductivity. The pioneering hypothetical work of Suzuki [4], Stallman
[5], and Bredehoeft and Papadopulos [6] demonstrated that the subsurface temper-
ature could be utilized to analyze one-dimensional (1D) heat transfer in order to
estimate groundwater velocity. The augmentation of this kind of investigation to
assess groundwater upward and downward movement rates, interaction with surface
water, and flow in fractures, as well as the impact of surface warming, is considered
here in relation to the temperature-depth profile.
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The utilization of subsurface temperature at the basin scale was spearheaded by
Cartwright [7], who utilized the Bredehoeft and Papadopulos [6] model to estimate
the velocity of groundwater upward movement in the Illinois Basin. Domenico
and Palciauskas [8] introduced a 2D analytical solution regarding heat transfer in
a vertical cross-section of a basin. Subsequent utilization of analytical solutions
in regard to sedimentary basins was essentially made by Japanese investigators,
including Sakura [9], Inagaki and Taniguchi [10], Taniguchi [11, 12], and Dapaah-
Siakwan and Kayane [13]. Numerous specialists became interested in the investi-
gation of numerical solutions for coupled groundwater and heat transfer models in two
and three dimensions. The best monograph on heat transfer in a groundwater basin
was published in 1989 and distributed by the American Geophysical Union [14].

Taniguchi et al. [15] reported that surface temperatures in Tokyo had increased by
0.025�C/year in the past 100 years, and they computed vertical groundwater flux by
comparing their temperature profiles with those measured by Dapaah-Siakwan and
Kayane [13]. Ferguson and Woodbury [16] further developed the model crafted by
Taniguchi et al. [15] by utilizing a numerical model to include measured ground
surface temperature (GST) at the upper boundary of the model. Different scientists in
Japan explored the subjective impact of surface warming on temperature profiles,
e.g., Sakura et al. [17]. Salem et al. [18, 19] inferred that current temperature profiles
measured in the Nagaoka region were influenced by surface warming to a depth of
60 m. Related work explored the impact of land use on subsurface temperatures [20–
23]. Investigations the consequences of surface warming on groundwater are limited
to date; however, future investigations will be valuable in determining the potential
impact of worldwide warming on water resources [24].

Changes in climatic conditions, particularly surface warming, influence the
subsurface temperature, and have been recorded as inversions in subsurface temper-
ature profiles [25]. Human activities affect the thermal conditions of the shallow
subsurface under urbanized areas and create what is called subsurface urban heat
islands. These islands have been detected in various regions around the world; for
example, underneath Osaka, Japan [26]; Albuquerque, New Mexico, United States
[27]; Winnipeg, Canada [28]; urban areas in England [29, 30]; and some urban areas
in Germany [31, 32].

All these investigations dealing with the relationship between the subsurface
temperature and the groundwater flow system assume that the temperature profile
in a well is illustrative of the temperature in the relevant aquifer. In open and
screened boreholes, differences in water levels of a regional scale flow system that
interface with a well create vertical flow inside the borehole [33]. These differences
in hydraulic heads are attributed to nearby flow conditions: downward flow in
recharge zones and upward flow in discharge zones. The resulting vertical flow
within the borehole significantly disturbs the temperature profile [34, 35].

Gravity-driven groundwater flow is associated with a forced convective heat flow
and produces cooling and a low geothermal gradient under groundwater recharge
regions, an undisturbed thermal system and gradient underneath horizontal ground-
water flow domains, and higher temperatures and gradients underneath groundwater
discharge zones [15]. Such a framework could be regarded as a typical subsurface
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heat framework caused by the groundwater stream. In the area of the present study,
an abnormal thermal regime was recognized, where the recharge area had a higher
groundwater temperature than that of the discharge area. Accordingly, the purpose of
this study was to explain this thermal system and use it to clarify the regional
groundwater flow system in the area.

Studies dealing with the relation between subsurface temperature and ground-
water flow systems in Egypt have been performed recently. Salem and Osman [36] and
Salem and El Bayumy [37] modeled the vertical 2D groundwater flow and heat
transport to estimate vertical groundwater flow velocities in the northwestern part of
the Nile Delta (present study area) and the east Wadi El-Natrun region, respectively.
They concluded that permeability was the controlling parameter for the groundwater
flow system. Salem et al. [38] and Salem [39] used temperature-depth profiles to depict
the groundwater stream framework in the middle Nile Delta and at Wadi El-Assiuty in
the Nile Valley, respectively. Also, borehole temperatures were used to show the
surface water-groundwater interaction [40]. Salem [41] used the subsurface thermal
regime to investigate the paleo-groundwater flow system in Al Kufra basin, Libya, as a
case study for an arid area.

One of the principal national concerns of Egyptian governments during the past
five decades has been the reclaiming of Egyptian deserts, especially the desert
located in the west Nile Delta. Numerous horticultural land improvement projects
have been undertaken in the west Nile Delta, depending on the surface water and
groundwater. Since these improvement practices have an impact on groundwater
quantity, quality, and flow system, the present study relied on the usage of borehole
temperatures to trace groundwater stream lines and to assess groundwater vertical
flux rates in the study region.

2 Study Area

The study area is located in the northwestern part of the Nile Delta (Fig. 1a, b) and is
bounded by latitudes 30� 300 and 31� 000 N and longitudes 30� 000 and 30� 300 E. In
this area, the eastern part of the El-Nubaria canal is categorized as belonging to old
agricultural land (young alluvial plain). The western El-Nubaria canal area belongs
to the old alluvial plain and is one of the desert areas recently reclaimed for
agricultural purposes (see Fig. 2). Many canals and drains were recently constructed
for irrigation purposes (see Fig. 3). These waterways play important roles in
groundwater recharge and discharge, water level changes, flow direction, and
water quality. A connection between these surface water streams and the shallow
groundwater is assumed because these canals and drains were constructed through
the Quaternary sediments of the present aquifer. The principal irrigation canals in the
investigated area are the El-Nubaria, Ferhash, El-Hager El-Nasr, El-Bustan, and
El-Bustan extension canals.
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3 Hydrogeology

The western Nile Delta area has been the subject of previous intensive hydro-
geological, hydrogeochemical, and geophysical studies. Among these studies is
the work of Saad [43], who stated that the groundwater flow direction in the area
is from northeast to southwest, and the transmissivity of the Pleistocene aquifer is
0.615–0.897 m2/min. El Fayoumy [44] reported that Quaternary sediments represent
the soil cover and constitute the main aquifer, which is mostly clastic with dominant
sand facies. He added that the subsurface sedimentary section in the western Delta is
about 4,000 m thick, and rests upon the basement complex, with a complicated
structure system and many unconformity surfaces. The Desert Institute, in an
internal report [45], stated that the groundwater level in the entire area increased
by about 2.5–3 m from March 1972 to March 1973. Before the reclamation projects
began, the groundwater seeped from the El-Nubaria canal to the west, but since the
construction of the pumping stations, the groundwater has been flowing towards the
El-Nubaria canal, where it acts as a drain.

Mabrouk [46] used an electrical resistivity technique to determine the successive
layers and their thicknesses between Wadi El-Natrun and the El-Nasr canal area. He
noted that the geologic succession consisted of three main layers – a surface layer of
aeolian sand, loam, and sandy gravel – and two subsurface layers, consisting of
deltaic deposits (thickness 90–347 m) and an impervious clay bed. El Ghazawi [47]

Fig. 2 Maps indicate land use change where the desert land shown in (a) (1984) was completely
reclaimed by agricultural activities in 2012 (b). Modified from [42]
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proved that the El Galaa and El-Nubaria faults were the most important factors
influencing the groundwater conditions in the area. Abdel Baki [48] stated that the
recharge in the area arose from two sources, the groundwater inflow and the water
infiltrated from irrigation, and he found that the groundwater depth varied widely,
from a few meters close to the Delta to about 60 m near the Cairo-Alexandria desert
road. Abdel Baki [48], Ismail [49], and Gomaa [50] noted that the water-bearing
formations in the western Nile Delta were Recent, Pleistocene, Pliocene, Miocene,
and Oligocene aquifers. Gomaa [50] showed that all the western Nile Delta reser-
voirs were recharged from the Nile Delta Quaternary reservoir.

Abdel Baki [48] and Diab and Dahab [51] stated that the Rosetta branch of the
Nile and the El Rayah, El Behiri, and El Rayah El Nasseri canals cut through sands,
and these authors noted that these canals have a direct connection with the Quater-
nary aquifer and play an important role in the water regime of the area. El Sheikh
[52] mentioned that the general groundwater flow north of Wadi El-Natrun is from
the south and southeast to the direction of the Wadi El-Natrun depression. He added

Fig. 3 Surface water irrigation system in the study area
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that the Nile Delta reservoir is the most important recharging source for the southern
part of the area, as well as being an important source of seepage from the surface
water system. Embaby [53] noted that if irrigation systems and management were
to be improved, soil surface and groundwater salinization would be reduced.
He suggested installing an artificial drainage system to avoid the problem of
waterlogging. The groundwater in the Quaternary aquifer generally exists in a free
water table condition. The depth of the fresh water body, which lies under a saline
water body, decreases toward the west of the area.

Based on a geoelectric resistivity technique, Nawar [54] found that the depth to
the fresh water-bearing zone increased from the southwest towards the northeast in
the Nile Delta area. The resistivity of the fresh water bearing-zone also increased
from the southwest towards the northeast. He added that the general groundwater
flow was from the southern parts (recharge area) to the northern and northeastern
(discharge) parts of the Nile Delta area. Fouad and Zhi [55] stated that because of the
direct hydraulic contact between surface water bodies and the Nile Delta aquifer, any
change in the flow and water table would affect the groundwater levels and the
regional water balance, owing to surface water/groundwater interaction and the
complex flow system. They found that the highest water levels in the northwestern
parts of the area were due to the thinness of the aquifer. The total amount of
groundwater taken for irrigation is larger than the groundwater recharge, and this
factor, will, in the long term, undermine the capacity and sustainability of the
aquifer, and will lead to saltwater intrusion.

Abdel-Raouf and Abdel-Galil [56] have stated that the thickness of the Pleisto-
cene aquifer is 200 m in the central parts and increases toward the north, reaching
350 m, while the thickness decreases toward the south, thinning out in the Wadi
El-Natrun area. The saltwater intrusion increases toward the northern and southern
portions owing to seawater intrusion and the shallowness of the Miocene aquifer. El
Arabi and Morsy [57] have stated that the regional flow direction in the Nile Delta
area is from south to north. In areas with high recharge from local reclamation water
conveyors in old reclamation projects that use surface water, groundwater mounds
exist owing to the downward seepage of excess irrigation water and leakage from
irrigation.

Salem et al. [58] investigated the hydrogeochemical changes accompanying
reclamation processes in the small Abu Mina basin, which is part of the western
Nile Delta region. These authors compared the groundwater data in pre-reclamation
(1974) and post-reclamation (2008) periods, and found that the groundwater seemed
to have been subjected to many changes: a rise in water level, modification of the
flow system, improvement of water quality, and the addition of new salts through
dissolution processes.

Salem and El Bayumy [59] studied the groundwater aquifer in the area east of
Wadi El-Natrun and they stated that

The studied groundwater flows from the east and north directions where the surface water
sources are located to the west and south directions. Wadi El-Natrun is a natural discharge
area for the groundwater and the hydraulic gradient increases gradually from east to west
which could be related to topographic and fault effects. Water table change between 1960
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and 2010 showed a drawdown of groundwater levels reached about 25 m mainly in the
southern part of the region. Seepage from the irrigation channel and excess uses of surface
irrigation water at the northern part of the area lead to water level rise about 5 m to the east
and 10 m to the west. In the southern part, to avoid wells drying and aquifer depletion, it is
recommended to regulate the pumping rate of the current wells and construct surface channel
network to minimize groundwater pumping.

As mentioned by Salem and Osman [36, 42], the groundwater in the investigated
region is contained in sediments of the Quaternary (Recent and Pleistocene), Neo-
gene (Pliocene and Miocene), and Oligocene ages (Fig. 1b, c). The main aquifer in
the area is the Pleistocene aquifer, where its thickness increases to the east and
northeast, reaching 300 m in the northeastern part (see Fig. 1a). The sediments of the
Holocene age are located in the western part of the area and are composed of recently
formed aeolian sand conglomerations (4- to 10-m-thick) with intercalations of
calcareous deposits (Fig. 4b). The Pleistocene aquifer includes Nile gravels and
sands with thin clay intercalations (Fig. 1b, c). The underlying sediments of this
aquifer are clay-rich Pliocene and Miocene sediments.

The Quaternary aquifer is unconfined in the western part of the El-Nubaria Canal,
while it is semi-confined in the eastern part, owing to the effect of the clay cover of
the young alluvial plain where the old cultivated land is located (Fig. 1c). The main
groundwater recharge source of the present aquifer is seepage from the constructed
canal and drain network [48]. According to Salem and Osman [36], the water table
changes from 2 mbsl in the northern parts (Abu El Matameer zone) up to a level of
27 mbsl in the southwestern direction (north of Wadi El-Natrun) (Fig. 4). The
groundwater mainly flows from the southwestern corner to the northern and north-
eastern directions. Local groundwater flow was noted in the southern part. An extra
groundwater flow to Wadi El-Natrun in the southwestern course was also discerned.

Salem and Osman [60] studied the freshwater and saltwater interaction in the
study area using a geoelectrical survey, and they stated that “two zones of ground-
water quality were delineated: the slightly freshwater zone in the southern part, with
resistivity range of 15–90 Ω m, and the brackish water to saltwater zone, with a very
low resistivity of <2 Ω m in the northwestern parts. In addition to tracing the
freshwater-seawater contact zone, these authors detected three geoelectric layers.
The surface layer was composed of sand, clay, and silt. Its resistivity ranged from
5 to 512Ω, and the thickness varied from 1 to 25 m. The aquifer layer was composed
of sand with intercalations of clay, with resistivity ranging from 15 to 90 Ω and
thickness ranging from 25 to 120 m. The clay layer resistivity ranged from 2 to 15 Ω
and thickness ranged from 2 to 69 m”.

Abdelhameed et al. [61] investigated the sedimentological characteristics of the
Quaternary aquifer in the study area and they stated that “the majority of the samples
are medium to coarse clayey sand, moderately sorted and coarse skewed. This may
support the multi-directional depositional currents. Wind action influences skin of
the sediments. The samples lie within the field of river processes. Mineralogical
analysis by X-ray diffractometry revealed that smectite is the most abundant clay
mineral, followed by kaolinite, whereas illite is the less abundant clay mineral. The
essential carbonate minerals are calcite and dolomite whereas non-carbonate min-
erals include quartz, feldspar, and hematite.”
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4 Methodology

A flow-chart illustrating the methodology of the present work is shown in Fig. 5.
During 2010, the temperature was measured in 47 boreholes, at 5 to 10 m depth
intervals, (Fig. 6), using thermistor thermometers, which have an accuracy of 0.1�C.
Well screens (average length 20 m) were placed at the bases of the wells. The
borehole depths ranged from 22 to 200 m (usually 80–120 m) and their average
diameter was 20 cm. The wells used were encased, and were drilled at least 1 year
before the temperature logging was performed. It is assumed that groundwater
temperature in the boreholes is the same as the temperature of the aquifer around
the well, where a physical temperature balance occurs between the well water

Fig. 4 Spatial distribution map of hydraulic heads in the study area. Modified from [42]
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temperature and the formation temperature. The measured borehole temperatures
were plotted, and were classified as the Damanhour group and the Wadi El-Natrun
group, and then 2D cross-sections were created parallel or perpendicular to the flow
direction. Then 1D modeling was performed according to the methods mentioned by
Carslaw and Jaeger [62] and Taniguchi et al. [15, 23]. The groundwater vertical
velocity was then estimated and spatially plotted on the map of the area. The data
used in this work were used by Salem and Osman [36] to model the subsurface
thermal regime in the study area in two dimensions.

5 Climate

The climate in Egypt is dry, characterized by a hot summer and a short warm winter.
Damanhour and Wadi El-Natrun are the two accessible stations in the climate
investigation range, and their geographical positions are shown in Fig. 6. Changes
in the mean annual air temperature with time are presented in Fig. 7. The annual
average air temperatures at Wadi El-Natrun station and Damanhour station are

1D temperature modeling and comparison 

between the measured and observed 

profiles

Field work includes groundwater level 

and borehole temperature measuring 

Presenting the temperature as1D profiles 

and 2D cross-section

Vertical groundwater flux estimation

Data Interpretation

Conclusion and recommendations

Fig. 5 Flow-chart
illustrating the working
steps of the current study.
1D one-dimensional
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23.15�C and 20.37�C, respectively. During the 14 years before we carried out our
study, the annual recorded air temperatures had a warming pattern at the Damanhour
station and a cooling pattern at the Wadi El-Natrun station. The warming pattern
detected at Damanhour station could be attributed to a general worldwide environ-
mental change. The cooling pattern at Wadi El-Natrun station could be related to the
effect of agricultural reclamation in the desert part of the western Nile Delta during
the past few decades [36, 37, 59]. The estimated mean annual surface air temperature
changes are 0.044�C/year in the Damanhour area and 0.03�C/year in the Wadi
El-Natrun area.

Fig. 6 Borehole location map. The yellow color background represents the recently reclaimed
desert land and the green color represents the old cultivated land. Wadi El-Natrun and Damanhour
stations are plotted. The brown lines indicate the locations of the hydraulic heads and temperature
cross-sections
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6 Results

6.1 One-Dimensional Temperature Profiles

The measured borehole temperature profiles were classified into two groups (Figs. 8
and 9) according to the locations of the wells (Fig. 6) and the groundwater flow
system (Fig. 4), The wells in the first group are located in the reclaimed western
desert area (El-Nubaria canal) where the recharge area is located. The wells in the
second group are in the old developed terrain of the eastern El-Nubaria trench, where
the groundwater mostly discharges. In general, the measured temperatures in the
second group were lower than those in the first group. In contrast to the second group
of wells, the first group had a lower geothermal gradient, ranging from 0.0145 (well
29) to 0.0326�C/m (well 21), with an average value of 0.0198�C/m. The geothermal
gradient in the second group ranged from 0.016 (well 47) to 0.049�C/m (well 38),
with an average of 0.0343�C/m.

Groundwater flow causes a forced convective heat flow that brings down tem-
peratures underneath the main groundwater recharge region, with an undisturbed
thermal pattern underneath regions of horizontal groundwater flow, and warming
underneath the groundwater discharge regions. Accordingly, the present information
points to an abnormal temperature framework, where the recharge area profiles had
higher temperatures (first group) than those in the discharge zone (second group).

Fig. 7 Surface air temperature changes in the study area. Modified from [36, 37]
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This unusual subsurface thermal framework could be identified by the differences in
the average annual air temperatures, with the temperature in the recently reclaimed
desert land being higher (23.15�C at Wadi El-Natrun station) than that in the old
horticultural land (20.37�C at Damanhour station). The geothermal gradient is
considered to be the principal thermal parameter for distinguishing between the
recharge and the discharge zones, and the present geothermal gradient of the
recharge zone was lower than that of the discharge zone, as mentioned before.

Fig. 8 Temperature depth profiles representing the subsurface temperatures in the newly reclaimed
desert land
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6.2 Vertical Two-Dimensional Subsurface Temperature
Distribution

Seven vertical 2D subsurface temperature distributions were selected (Fig. 6). Three
cross-sections were matched with the groundwater flow direction (southwest-
northeast), while four cross-sections were perpendicular or parallel to the ground-
water flow direction (southeast-northwest).

Fig. 9 Temperature depth profiles representing the subsurface temperatures in the old agricultural
lands
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6.2.1 Southwest-Northeast Cross-Sections

The vertical 2D distribution of the hydraulic heads along cross-section AA’
(Fig. 10a) indicates that the groundwater flow is from southwest to northeast, with
the existence of a general local recharge area at the site of well 1 and a local
discharge area at the site of well 11. The temperature distributions along the same
section (Fig. 10b) show high temperatures in the recharge area compared with those

Fig. 10 Vertical 2D hydraulic heads (a) and subsurface temperature (b) distributions along the
cross-section AA’. Temperature values are in �C and the vertical lines indicate the boreholes
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in the discharge area. High temperatures were encountered in the local discharge area
at the site of well 11, while low temperatures were noted in the local recharge area at
the site of well 1.

As shown in Fig. 11a, there are two main flow systems; one towards the
southwest to the Wadi El-Natrun direction, and the other trending to the northeastern

Fig. 11 Vertical 2D hydraulic heads (a) and subsurface temperature (b) distributions along the
cross-section BB’. Modified from [36]. Temperature values are in �C and the vertical lines indicate
the boreholes
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direction, which has two local recharge areas at well sites 49 and 32 and two local
discharge areas at well sites 30 and 38. Figure 11b shows the vertical 2D temperature
distribution along the cross-section BB. The water discharged to the Wadi El-Natrun
direction has a higher temperature than that of the recharge area. Isotherms are
deeper along the regional flow system from the southwest to the northeast. Isotherms
show higher values in the local discharge areas under the El-Nubaria and Ferhash
canals and lower values in the local recharge areas under the El-Bustan and El-Hager
canals. This means that, in these locations, the El-Nubaria and Ferhash canals are
gaining streams, while the El-Bustan and El-Hager canals are losing streams.

Along the CC’ cross-section, the hydraulic heads are high in the southwestern
direction, owing to the higher topography, and they are decreased in the northeast,
where the lowlands are located (Fig. 12b). Only one flow system from southwest to
northeast is noted. Higher isothermal line values are recognized in the recharge area,
while horizontal isothermal lines are noted in the northeastern direction between well
sites 41 and 39 (Fig. 12b). Such horizontal isotherms indicate almost no flow
conditions, a condition which may be caused by seawater intrusion. However, the
El-Nubaria canal at this location acts as a losing stream, and the cooling effect of the
seeped water from this canal is recorded in the area of well site 47.

6.2.2 Southeast-Northwest Cross-Sections

The cross-section DD’ (Fig. 13a) shows the vertical 2D distribution of the hydraulic
heads. Hydraulic heads are high in the southwestern direction and decrease to the
southeast toward the lowlands. The vertical 2D temperature distributions along the
cross-section DD’ (Fig. 13b) show a cooling effect on the subsurface temperature
owing to groundwater seepage from the El-Bustan extension and El-Nasr canals.
Hydraulic heads are high in the northwest of the cross-section EE’ owing to the
location of the main recharge area and water seepage from the El-Nasr canal
(Fig. 14a). The water table elevation decreases in a southeastern direction with a
high local value at well site 44. Low isothermal line values were recorded in the
northwest in the proposed recharge area, whereas higher values were seen in the
southeast, owing to groundwater discharge (Fig. 14b).

The vertical 2D distribution of the hydraulic heads along the FF’ cross-section
(Fig. 15a) shows higher values of the hydraulic heads at well site 47 and a decrease
toward well site 5. The higher water table might be related to the effect of the
El-Nubaria canal and irrigation processes. The Subsurface temperature has low
values under the area of higher hydraulic heads (Fig. 15b) owing to the recharge
effect. Higher temperature isotherms are encountered in the southeastern parts,
where the discharge process occurs (at well sites 5 and 28).

A local discharge area was noted in the cross-section GG’ between well sites
39 and 38, and higher potentiometric surface values were noted to the east, while low
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values were recorded to the west (Fig. 16a). In general, subsurface temperatures had
lower values where the hydraulic heads had higher values (well site 34) and the
subsurface temperatures had higher values where the hydraulic heads had low values
(well site 37) (Fig. 16b). Local cooling and warming effects, owing to local recharge
and discharge at well sites 41 and 39, and well site 34, respectively, were noted. The

Fig. 12 Vertical 2D hydraulic heads (a) and subsurface temperature (b) distributions along the
cross-section CC’. Temperature values are in �C and the vertical lines indicate the boreholes
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abrupt change in subsurface temperatures between well sites 34 and 38 could be
related to a fault effect [37].

Fig. 13 Vertical 2D hydraulic heads (a) and subsurface temperature (b) distributions along the
cross-section DD’. Temperature values are in �C and the vertical lines indicate the boreholes
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6.2.3 Model Calculations

To analyze the temperature-depth profiles with heat advection owing to groundwater
flow, subsurface temperatures have been calculated using different vertical

Fig. 14 Vertical 2D hydraulic heads (a) and subsurface temperature (b) distributions along the
cross-section EE’. Temperature values are in �C and the vertical lines indicate the boreholes
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groundwater fluxes. Carslaw and Jaeger [62] calculated the temperature using a 1D
heat conduction–advection equation under the condition of a linear increase in
surface temperature, as shown in Eq. (1):

Fig. 15 Vertical 2D hydraulic heads (a) and subsurface temperature (b) distributions along the
cross-section FF’. Temperature values are in �C and the vertical lines indicate the boreholes
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T z; tð Þ ¼ To þ TG z� Utð Þ þ bþ TGUð Þ=2Uf g
� zþ Utð ÞeUz=αerfc zþ Utð Þ=2 αtð Þ1=2

n oh

þ Ut � zð Þerfc z� Utð Þ=2 αtð Þ1=2
n oi ð1Þ

where b is the rate of the surface temperature increase, t is the time after the semi-
equilibrium condition [15, 23], To is the surface temperature, TG is the general

Fig. 16 Vertical 2D hydraulic heads (a) and subsurface temperature (b) distributions along the
cross-section GG’. Temperature values are in �C and the vertical lines indicate the boreholes
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geothermal gradient, and U ¼ υcoρo/cρ, in which υ is the vertical groundwater flux,
coρo is the heat capacity of the water, and cρ is the heat capacity of the aquifer, α is
the thermal diffusivity of the aquifer, and erfc is the complementary error function.
The modeling is limited to semi-infinite layers with only vertical conduction and
convection, and vertical groundwater flux is assumed to be constant with depth.

Land use has an effect on surface air temperature. Therefore, we modeled
borehole temperatures under reclaimed desert land and old cultivated land under
different surface air temperatures and geothermal gradients. The boreholes in the
reclaimed desert belong to Wadi El-Natrun station, and those of the old cultivated
land belong to Damanhour station.

TG values were 0.0198 and 0.0343�C/m for the Wadi El-Natrun and Damanhour
stations, respectively, and To values were 24.0 and 20.37�C for these two stations,
respectively. For the whole area, the thermal diffusivity (α) was 6� 10�7 m2/s. For a
t value of 50 years, the b values for Wadi El-Natrun and Damanhour were�0.03 and
0.044, respectively. Therefore, the modeled profiles of Wadi El-Natrun show a near
surface cooling pattern, while those of Damanhor exhibit a near surface warming
pattern. Temperature-depth profiles were computed using the above equation for
different vertical groundwater flux values (U ), according to Taniguchi et al. [63].

Evaluation of the vertical groundwater flux using the measured temperature
profiles was done in relation to the nearest meteorological station. Wadi El-Natrun
station climatic data were used for modeling the temperature profiles measured in the
newly reclaimed desert, and those of Damanhour station were used for the profiles
measured in the old agricultural land. A comparison between the modeled and
observed profiles is shown in Figs. 17a–d and 18a–d.

There were 26 temperature profiles related to the Wadi El-Natrun station. All
these profiles were of the recharge type, except for one profile of the discharge type
(well 21) (Fig. 17a–d). The recharge (downward groundwater flux) rates varied
among recharge wells (Fig. 18a–d). The rates were 1.0–1.5 m/year in wells 11, 15,
24, 23, 25, 29, 50, 52, and 54; 0.5–1 m/year in wells 2, 6, 7, 8, 10, 12, 16, 18, 19, 20,
28, 43, 51, and 53; and 0.3–0.5 m/year in wells 44 and 14. The discharge (upward
groundwater flux) rate in well 21 was �0.1 to �0.5 m/year (Fig. 19). It was noted
that most of the wells showed cross-cutting of the modeled profiles in their shallower
zones (Fig. 17a–d). This feature may be related to irrigation with groundwater,
which is warmer than the surface water. The maximum recharge rate of the ground-
water was 1.5 m/day, owing to water seepage from the irrigation canals, as the wells
were mostly located in the area between the branches of the El-Bustan Canal
(Fig. 19), where the land surface is covered by accumulations of sand deposits
[64]. The minimum recharge value of the wells located in the reclaimed desert was
0.3 m/day, which was attributed to local geology or to a thin aquifer, as seen with
well 14, which is located close to Wadi El-Natrun, where the Quaternary aquifer has
its minimum thickness and rests on Pliocene clay-rich sediments.

In contrast to the profiles of the Wadi El Natrun station, the 21 temperature
profiles of Damanhour station were mostly of the discharge type (Fig. 18a–d). The
discharge rates varied among the wells. The rates were�0.1 to�1.5 m/year in wells
3, 4, 5, 9, 31, and 38; �0.5 to �1.0 m/year in wells 33, 36, and 37; and �0.1
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to�0.5 m/year in wells 32, 34, 35, 40, 42, and 49 (Fig. 19). A lower discharge rate of
these profiles was recognized in the deeper zones and the rates increased to higher
values in the shallower zones. As the discharge area is located near the Medi-
terranean Sea coast, such a vertical change in the discharge rate might be attributed to
a low-salinity shallow water zone which lies over the seawater intrusion-related

Fig. 17 Comparison between the modeled 1D and the measured temperature-depth profiles for the
newly reclaimed desert land. The modeled profiles show cooling trend due to present decrease in the
surface air temperature at Wadi El-Natrun station as a result of agricultural reclamation activities
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groundwater zone. These findings are consistent with the findings of geochemical and
geophysical studies of the groundwater aquifer in the study area carried out by Osman
[65]. Of note, the change from recharge type in the deeper zone for well 55 (up to 0.3 m/
year) to a discharge type in the shallower zone (up to�0.5 m/year) could also be related
to seawater intrusion. The maximum discharge rate (�1.5 m/year) was recognized
around the southern part of the El-Nubaria Canal close to the region of contact between
the old and the new agricultural lands (Fig. 19). The latter discharge process would
make the southern part of El-Nubaria canal a gaining stream. The wells that had the

Fig. 17 (continued)
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minimum discharge rate (�0.1 m/day) are mostly located to the east of the
El-Nubaria Canal (Fig. 19). Therefore, the reduction in the discharge rate of these
wells could be related to eastward seepage from the El-Nubaria Canal. The temper-
ature profiles in wells 22, 47, and 39 indicate that the recharge occurs either from
irrigation processes or water seepage from the irrigation canals, with a variable rate
ranging from 0.1 to 0.5 m/year. Well number 41 is considered to have an
intermediate-type profile.

Fig. 17 (continued)
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7 Discussion and Conclusions

In regard to the relationship between subsurface temperature distribution and the
groundwater stream framework, we consider the area we investigated to show an
abnormal thermal system. We analyzed land use and the groundwater stream
framework, on the one hand, and the subsurface thermal regime (in light of 1D

Fig. 17 (continued)
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Fig. 18 Comparison between the modeled 1D and the measured temperature-depth profiles for the
old agricultural land. The modeled profiles show warming trend due to recent increase in the surface
air temperature as shown in Damanhour station
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profiles, and vertical 2D thermal framework), on the other hand.. The subsurface
temperatures in the reclaimed desert areas, where the recharge territory was found,
were higher than those in the discharge region in the old agrarian land. This

Fig. 18 (continued)
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abnormal thermal system was ascribed to the surface air temperature, where the
reclaimed deserts have a higher average annual temperature (23.15�C at Wadi
El-Natrun station) than that experienced in the old agricultural terrains (20.37�C at
Damanhour station). In contrast to this abnormal thermal regime, the geothermal

Fig. 18 (continued)
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gradient showed normal values; in the recharge areas it had low values
(0.0145–0.0326�C/m; average, 0.0198�C/m), while in the discharge areas higher
values were encountered (0.016–0.049�C/m; average, 0.0343�C/m). For this reason,
the geothermal gradient is superior to the thermal system for following the ground-
water stream framework in regions such as those we examined.

Fig. 18 (continued)
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The connection between groundwater and surface water is obviously recognized
from the subsurface temperature distribution. A warm zone is formed under a
gaining stream because of upward movement of the groundwater, and a cool zone
exists around a losing stream because of leakage descending from the surface water.
The El-Nubaria canal is a gaining stream in its southern part, but a losing stream in
its northern part. The El-Hager canal is viewed as a losing stream along its entire

Fig. 19 Spatial distribution of the groundwater flux rates based on the data derived from Figs. 17
and 18
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course. Water intrusion from the El-Bustan canal influences the groundwater
temperatures, creating a subsurface zone of low temperatures, in contrast to the
temperatures of the environs.

In this study, model 1D temperature profiles were compared with observed
profiles. The recharge flow flux varied among the recharge profiles, ranging from
0.3 to 1.5 m/year in the main recharge area to the south and southwestern directions.
Seepage from the irrigation canals (El-Nubaria and El-Hager) in the northwestern
part of the study area produced a downward groundwater flux that ranged from 0.1 to
0.5 m/year. The groundwater discharge flux was also variable; in the main discharge
area to the north and the northeastern direction it ranged from �0.1 to �1.5 m/year.
On the other hand, the groundwater discharge rate toward Wadi El-Natrun was�0.1
to �0.5 m/year.

Seawater intrusion probably affected the thermal regime in the discharge area to
the northern part of the study area. This opinion is based on the occurrence of a
colder temperature zone in the northern parts of the area and a downward reduction
in the discharge rate of the temperature profiles.

8 Recommendations

Determination of subsurface temperatures is a good method for tracing a ground-
water flow system; this method can also be used for the quantitative determination of
recharge and discharge rates, as well as for assessments of the spatial circulation of
groundwater in an aquifer. Therefore, we recommend that borehole temperature be
used widely in Egypt to help in solving some complicated groundwater problems.
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Use of Geoelectrical Resistivity to Delineate

the Seawater Intrusion in the Northwestern

Part of the Nile Delta, Egypt

Zenhom E. Salem and Osman M. Osman

Abstract Mapping of the boundaries between freshwater and saltwater was help-

ful in surface resistivity surveys because of the high electric conductivity of

saltwater relative to freshwater. A total of 30 electrical soundings were measured

to configurate the seawater intrusion. Accordingly, two zones of groundwater

quality were delineated: the slightly freshwater zone in the southern part, with

resistivity range of 15–90 Ω m, and the brackish water to saltwater zone, with a

very low resistivity of <2 Ω m in the northwestern parts. In addition to tracing

the freshwater-seawater contact zone, three geoelectric layers were detected. The

surface layer composed of sand, clay, and silt. Its resistivity ranges from 5 to 512Ω,
and the thickness varies from 1 to 25 m. The aquifer layer is composed of sand with

intercalations of clay with resistivity ranging from 15 to 90 Ωm and thickness from

25 to 120 m. The clay layer resistivity ranges from 2 to 15 Ω m and thickness from

2 to 69 m.

Keywords Geoelectrical resistivity, Northwestern Nile Delta, Quaternary aquifer,

Seawater intrusion
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1 Introduction

Coastal regions are of incredible ecological, economic, and social importance.

Hence, the execution of reasonable observing and insurance activities is basic for

their safeguarding and for guaranteeing future utilization of this asset [1]. Post [2]

has characterized the coastal aquifers as the subsurface reciprocals of seaside zones

where mainland new groundwater and seawater meet. Seaside fields are frequently

polluted by saltwaters, and the procedure related to the marine water entering an

aquifer is for the most part called seawater intrusion. Seawater intrusion becomes a

severe problem in arid and semiarid regions where the groundwater constitutes the

main freshwater resource. Mixing of only 3% seawater with freshwater in a coastal

aquifer would render the freshwater resource unsuitable for human consumption

[3, 4]. Seawater intrusion is regarded as a natural process that might be accelerated

or retarded by external factors such as the increase or decrease in the groundwater

pumping, irrigation system, recharge rates, land use, and possible seawater rise due

to the impact of global warming [3]. Diverse methodologies have been received to

evaluate seawater intrusion. For instance, many studies including Wilson et al. [5],

Diab and Saleh [6], Sherif et al. [7–9], Diab et al. [10], Petalas and Diamantis [11],

Sherif [12], Polemio et al. [13], Petalas and Lambrakis [14], Somay and Gemici

[15], Salem et al. [16], Salem and El-horiny [17], Sefelnasr and Sherif [18], and

Salem and Osman [19] have utilized geochemical strategies in view of modeling

technique, stable isotopes, and hydrochemical data to evaluate the seawater

intrusion.

Werner et al. [20] stated that the field of coastal hydrogeology, considered as a

subdiscipline of hydrogeology, spans seawater intrusion, submarine groundwater

discharge (SGD), beach-scale hydrology, sub-seafloor hydrogeology, and studies

on geological time scales involving coastline geomorphology. Despite this, coastal

aquifer hydrodynamics and seawater intrusion remain challenging to measure and

quantify, commonly used models and field data are difficult to reconcile, and

predictions of future coastal aquifer functioning are relatively uncertain across

both regional and local (individual well) scales. The extent of seawater intrusion

into the fresh groundwater is affected by subsurface geology, hydraulic gradient,

rate of groundwater recharge, and groundwater pumping amounts [21]. Investigat-

ing the geometry of seawater intrusion extent, utilization of data from geological

research, groundwater geochemistry, well drilling, and exploitation boreholes are

used. These strategies are costly and tedious, keeping their utilization on an
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expansive scale. Interestingly, geophysical measurements can give a more afford-

able approach to enhance the information of an arrangement of boreholes [22]. Geo-

physical prospecting strategies can give corresponding information that empower

geological correlations, even in areas where there are no information from bore-

holes. Indirect geophysical strategies (like electrical resistivity tomography (ERT)

and VES survey) create continuous information throughout a given profile. It helps

in understanding spatial relations between fresh and seawater which normally

coincide in beach front aquifers [23].

Recently, geophysical methods (especially the direct current resistivity) are

considered as major tools for solving the complicated hydrogeological and envi-

ronmental problems especially in the coastal areas, e.g., Steeples [24], Lapenna

et al. [25], Pantelis et al. [26], Chianese and Lapenna [27], and Naudet et al. [28].

Electrical resistivity method was used by many authors around the world to

characterize the coastal areas; among them are Urish and Frohlich [29], Ebraheem

et al. [30], Kruse et al. [31], Nowroozi et al. [32], Abdul Nassir et al. [33], Balia

et al. [34], Choudhury and Saha [35], Batayneh [36], Bauer et al. [37] Khalil [38],

Sherif et al. [39], Koukadaki et al. [40], Cimino et al. [41], Satriani et al. [1], and

Fadili et al. [42].

In addition to surface contaminants [43], the groundwater quality in the Nile

Delta is affected mainly by seawater intrusion [30, 44–47]. In the last decades, a

common problem of Nile Delta sandy aquifer is the degradation of the groundwater

quality due to seawater intrusion from the north and excessive pumping in relation

to average natural recharge [48]. A detailed review of seawater intrusion in the

Nile Delta groundwater system and the basis for assessing impacts due to climate

changes and water resources development was discussed in Mabrouk et al. [49].

The encountered recent studies that used electrical resistivity to delineate the

seawater-freshwater relationship in the northern part of the Nile delta are Attwa

et al. [50], Mohamed [51], Salem et al. [3], and Tarabees and El-Qady [52]. The

subsurface thermal regime was also used to trace the seawater intrusion in the Nile

Delta [16, 53].

The purpose of this chapter is to present a detailed vertical electrical sounding

survey in the proposed area of the Nile Delta aquifer to delineate and follow the

seawater intrusion of the study area located in the northwestern part of the Nile

Delta (Fig. 1). The interpretation includes the correlation of these similar or nearly

similar parameters to illustrate the vertical, horizontal, and lateral extent of the

seawater intrusion as well as the subsurface geologic structural configuration. This

study supplies the decision maker with information for groundwater management

strategy.

2 Description of the Study Area

The west of the Nile Delta represents one of the largest groundwater provinces

in northern Egypt. Groundwater occurrence and distribution are governed by the

geographic location, the sedimentary sequence, the geologic structure, and the
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physiographic features. The study of groundwater is very important to detect the

flow direction and saltwater intrusion as well as to ensure its quality for several

purposes. The area is located to the west of the Nile Delta in northern Egypt

(Fig. 1). It is bounded geographically by latitudes 30� 300 and 31� 000 N and

longitudes 30� 000 and 30� 300 E. The study area is characterized by many human

activities such as agricultural, industrial, and desert land reclamation. The recla-

mation processes are increased in the past decades, so the land uses are changed

[54]. Over the years, agricultural areas have begun to move from the fertile soils of

the Nile River to the east [19]. While most fields are irrigated by water from the

Nile, high water tables have allowed the use of groundwater to support additional

vegetable crops.

The sedimentary succession in the western Nile Delta reached up to 4 km in

thickness and ranged in age from Triassic to Quaternary. The surface deposits of the

West Nile Delta (Fig. 1b) are of Oligocene, Miocene, Pliocene, and Quaternary

ages. The Oligocene rocks are portrayed by ferruginous sandstone and sands and

sometimes gravels. These deposits are covered by some dissected basaltic sheet

and located in the southern part of the West Nile Delta (Fig. 1b). Miocene deposits

(Moghra Formation, Moghra aquifer) are up to 200 m in thickness and made out of

shallow marine intercalations. Sediments are unconformably overlain the Miocene

deposits. The Pliocene is portrayed by estuarine clayey facies at the base and fluvio-

marine and shallow marine white limestones at the top in Wadi El Natrun and its

districts (Fig. 1b).

The Quaternary pink deposits of sandy, thick, and pebbly sand with conglom-

erates cover the Pliocene deposits. The Pleistocene ruddy sand, silt, and gravels are

on a very basic level scattered west of Rosetta branch and north and east of Wadi El

Natrun. Windblown sand sheets and longitudinal slopes (NNW–SSE) are found in

the swamp scopes of Wadi El Natrun and in the Wadi El Farigh lowlands. Lagoonal

deposits are created from the trademark pools of Wadi El Natrun. Deltaic gravels

and sands in the eastern part of Wadi El Natrun gradually decrease in thickness

from 300 m at Rosetta branch to few meters thickness north of Wadi El Natrun

[55]. The Pleistocene aquifer is the main aquifer that covers the range between the

Rosetta branch and the eastern part of Wadi El Natrun. This aquifer is mostly

unconfined but under semi-confined conditions at northern El Nubaria canal.

The hydraulic conductivity of the Quaternary aquifer in the examined region

ranges from 30 up to 77 m/day [56–58]. As indicated by Osman [59], most of the

Pleistocene deposits in the investigation region are of river depositional environ-

ment with multidirectional sedimentation environment. These deposits are poorly

sorted, and the mean grain estimate ranges from medium pebbles to medium sand

with average size that of extremely coarse sand. The Holocene aquifer is made out

of present-day sand gatherings of aeolian sandy stores with calcareous intercala-

tions from 4 m to around 10 m thickness. It is situated in the lowland regions of

Wadi El Natrun (Fig. 1b).

The surface geology of the area (Fig. 2) shows that, in the south, there are

stabilized dunes and sand sheets, while Wadi deposits (sand and gravels) cover the

central part around Nubaria canal. In the northern part, the surface is covered by
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neo-Nile silt and clay. The structural map of the area compiled by different authors

is shown in Fig. 2. Major faults with downthrown sides due east have been

delineated along the western margin of the Nile Delta. These faults have led,

among other geologic features, to the facing of the highly permeable Pleistocene

gravel of the Nile Delta opposite to older impermeable sediments to the west. This

situation accelerates the subsurface westward flow of Nile water to the older

sediments [60]. Two subsurface faults in the area were detected by El Ghazawi

[61] comprising El Galala fault (F7) with downthrown to east and displacement

Fig. 2 Geomorphologic and structural map of the study area

430 Z.E. Salem and O.M. Osman



reaches about 65 m and El Nubaria fault (F8) with downthrown also to east (Fig. 2).

They are related to clysmic system during Neogene times. However, the rapid

vertical and lateral facies changes of the Quaternary sediments hide this displace-

ment. On the other hand, four probably subsurface faults (F3, F4, F5, and F6) have

been detected with downthrown to the Nile Delta [62]. They greatly affect the

thickness of the Pleistocene aquifer.

Wadi El Natrun anticlinal structure trends E 35� W and extends for about 60 km

from El Ralat depression in the north to Beni Salama depression in the south [63]. It

is a symmetrical structure affected by parallel and diagonal faults, among them F1

and F2 that led to the formation of the central main depression (Fig. 2). Unconfor-

mities are recognized in the area between the Quaternary deposits and Pliocene

deposits, where Wadi El Natrun Formation (early Pliocene) is covered directly by

Quaternary clastics, and El Hagif Formation is absent (late Pliocene) [61].

Saad [64] stated that the groundwater flow direction in this area is from NE to

SW and the transmissivity of the Pleistocene aquifer is 0.615–0.897 m2/min. The

water level all over the area was increased by about 2.5–3 m from March 1972 to

March 1973. Before reclamation projects, the groundwater seeps from El Nubaria

canal to the west, but after constructing the pumping stations, the groundwater

flows toward El Nubaria canal, where it acts as a drain (The Desert Institute in its

internal report [65]). Abdel Baki [66] stated that the recharge in the area is from two

sources: the groundwater inflow and the infiltrated water from irrigation and the

groundwater depth vary widely from a few meters close to the Delta to about 60 m

near the Cairo-Alexandria desert road. Recently, groundwater flow system during

2010 was constructed by Salem and Osman [19, 53]. It was found that the water

table height differs from �2 m in the northern sites to more than +27 m above sea

level in the southwestern direction (Fig. 3). The general groundwater flow is from

south to northern and northeastern directions. The main recharge area is seen in the

southern part of the territory. The groundwater likewise streams toward Wadi El

Natrun in the southwestern parts. They also stated that the piezometric level

difference between 1966 and 2010 revealed an increase of the water table reaching

up to 30 m in the southwestern part of the area which might have occurred due to

irrigation processes and seepage from the canal systems.

3 Methodology

The two basic electrical properties of the rocks are electrical resistivity and polar-

ization. The polarization refers to a substance that exhibits a charge separation in an

electric current. The resistivity of rock depends on many factors, including rock

type, the conductivity of pores and nature of the fluid, and metallic content of the

solid matrix. The rock resistivity is roughly equal to the resistivity of the pore fluids

divided by the fraction porosity [67]. The resistivities of the common rocks and

minerals are shown in Fig. 4. This work was done in three steps: data acquisition

(field work), data processing, and data interpretation.
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Fig. 3 Groundwater flow system in the study area (after [19])

Fig. 4 Electrical properties of the common rocks and minerals [68]
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3.1 Data Acquisition (Field Work)

The geoelectric survey of this work is executed by ELERIC-T SYSCAL-R2 (Fig. 5).

In this work, the electrical resistivity survey was carried out in the form of vertical

electrical sounding (VES), using Schlumberger 4-electrode array. Thirty-two vertical

electrical soundings were measured in the study area. The VES locations were

planned on topographic map for the study area (scale 1:50,000) and projected in the

field by GPS instrument. The sounding points and geoelectrical cross sections were

distributed to cover the area (Fig. 6). Some VES stations were located beside wells or

boreholes to correlate the measured resistivity data with known geologic and litho-

logic successions. The current electrode spreading (AB/2) starts with 1–1,000 m,

while the potential electrode spreading (MN/2) starts with 0.25–25 m to obtain a

measurable potential difference. This electrode separation is sufficient to reach

the required depth that fulfills the main aim of the study given the geologic and

hydrogeologic information.

3.2 Data Processing

The SYSCAL R2 computes and displays the apparent resistivity automatically

for the most common electrode arrays (Schlumberger and Wenner sounding and

profiling, gradient, dipole-dipole, etc.) in the field, i.e., it has automatic processing

software. Data interpretation can be made qualitatively and quantitatively. The

qualitative interpretation gives initial information about layer numbers, resistivity,

direction, and homogeneity degree. The quantitative interpretation determines

Fig. 5 The used Earth resistivity instruments (ELERIC-T, SYSCAL R2)
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geoelectrical layers, true depth, thickness, and resistivity of each layer. The geo-

physical boundaries may cross over different lithologies and may not coincide with

lithologic boundaries or geologic formation boundaries.

3.3 Data Interpretation

There are many computer programs commonly used in quantitative interpretation.

In this work, a program called IPI2win, version 2.0 [69], was used. The obtained

lithology (thickness, type) data from the nearby wells was used as a preliminary 1D

Fig. 6 Location map of the soundings (VESs) and geoelectrical cross-section distribution in

the area
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model for regularizing the process of the fitting error minimization. An important

advantage of this program is the concept of interpreting a profile, where its points

are treated as a unity representing the geological structure of the survey area as a

whole, rather than a set of independent objects dealt with separately.

According to geologic information and nearby wells lithology to the VES

stations, a good starting model for each one is used during the inverse modeling

operation by using IPI2win software. The fixing option in this program is used to fix

some parameters of the model to not be free during the inverse modeling process.

By this way, all the available layer thickness which obtained from some wells are

introduced as a ground truth. Also, reliable geoelectric cross sections are constructed

by reinterpretation of some VES according to the results obtained from interpretation

of the neighbored ones. The final model which is calculated by using this program

is given in the appendix. Also, the interpreted layer parameters in the form of true

resistivities and thicknesses of the surface geoelectric layers of these soundings are

listed in Table 1. The aquifer depth, aquifer thickness, and water table are shown in

Table 2.

4 Results and Discussion

4.1 Resistivity Spectrum

There are many VESs carried out beside drilled wells in the area to calibrate its

resistivity results with those of well lithology. These calibrations reveal a good

matching of the interpreted resistivities with the lithology layers (Fig. 7) and give a

good resistivity spectrum for the area. The electric resistivity of sediments depends on

lithology, clay and water contents, as well as salinity [21]. Therefore, the resistivity

spectrum shows a wide range of resistivity values. So, there is an importance to

correlate the wells lithology with the VES values to ensure the final results. The

resistivity spectrum of this work is shown in Table 3.

4.2 Geoelectrical Cross Sections

There are 11 cross sections at different locations and directions; they are constructed

from the deduced layer parameters. These include six lateral cross sections in an

east-west direction containing five VES points and five traverse cross sections in a

north-south direction having six VES points. The main purpose of these cross

sections is clarifying two-dimensional pictures for the subsurface layer distributions

(depth, thickness, lithology, aquifer extension, and seawater intrusion limitation).

These cross sections mainly consist of four layers. They are surface, sand (fine sand

with intercalations of clay, medium to coarse sand), clay layers (clay and sandy

clay), and brackish water to saltwater.
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4.2.1 Cross-Section Aa

This cross section passes at the southern part of the area from east to west and

includes five VES stations (1, 7, 13, 19, and 25). The geoelectric horizons (Fig. 8)

are (from top to bottom):

1. The surface layer: its resistivity ranges from 16 (VES no.7) to 307 Ω m (VES

no.19). It consists of sand, calcareous sand, and shale. Its thickness varies from

10 to 25 m.

Table 2 The hydrogeological parameters of the Pleistocene aquifer of the study area

No.

Water

level

Water

table

Aquifer

depth

Brackish

water depth

Aquifer

thickness

Aquifer

resistivity

Average

surface

resistivity

1 �24 6 24 18 17

2 �31.9 5.1 31.9 15 6

3 �2.8 27.2 2.8 15 40

4 �1.9 17.1 1.9 15 10

5 �1.5 �1.5 1.5 8

6 0.5 �2.5 0.5 44 44 15

7 �13.4 26.6 13.4 15 23

8 �21 10 21 50

9 �2.5 22.5 2.5 117 114.5 21 100

10 �1.7 10.3 1.7 26 43

11 �0.4 �3.4 0.4 60 59.6 33

12 �0.3 �3.3 0.3 38 37.7 10

13 �13 23 13 28 17

14 �6.7 21.3 6.7 24 260

15 �3.3 17.7 3.3 20 110

16 �1 5 1 32 25

17 �0.5 �2.5 0.5 84 83.5 15 16

18 �1 �3.5 1 40 39 10

19 �19.5 10.5 19.5 21 122

20 �24.1 2.9 24.1 24 228

21 �12 6 12 26 115

22 �1.6 4.4 1.6 24 26

23 �1.2 �3.2 1.2 88 87 23 16

24 �1 �5 1 58 57 28

25 �21.7 10.3 21.7 25 160

26 �14.5 6.5 14.5 40 70

27 �4 6 4 25 55

28 �4.9 �0.9 4.9 52 25

29 �2.7 0.3 2.7 30 76

30 �1.2 1.8 1.2 60 7
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2. Aquifer layers: resistivity ranges from 15 to 28 Ω m and it consists of fine sand

with intercalations of clay. The thickness varies from 60 m (VES no. 19) to 90 m

(VES no. 13).

3. Clay layers: resistivity varies from 4 to 6Ωm (VES no.19, 7, respectively). They

are composed of clay at the base of VES no. 13, 19 and 25 and sandy clay

between the surface and fine sand in VES no. 1 and 7.

4.2.2 Cross-Section Bb

It also extends from east to west and lies in the southern part of the area (Fig. 9).

This cross section contains five VESs (2, 8, 14, 20, and 26). Interpretation of cross-

Table 3 Resistivity spectrum results of the detected layers in the study area

No. Phase Lithology type (Ω m)

1 Surface layers (dry) Sand, clay, gravels, . . . etc. 10–500

2, 3 Saturated zone Medium to coarse sand 30–90

Clayey sand 15–30

Sandy clay 5–15

Clay 2–10

4 Brackish water to saltwater zone <2

Fig. 8 Geoelectric cross section along profile Aa (W-E) in the study area
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section VESs is mainly constrained by the geologic information from the drilled

well close to sounding no. 14; the layers of this section are:

1. The surface layer: its resistivity ranges from 10 to 512 Ω m (VES 2 and 14) with

a variable thickness ranging from 10 to18 m (VES 20 and 8).

2. Aquifer layers: resistivity ranges from 15 to 50 Ω m (VES 2 and 26), and the

thickness varies from 60 m to unknown value (VES 14 and 26). These layers are

composed of fine sand with clay intercalations and medium to coarse sand.

3. Clay layers: their resistivities vary from 3 to 8 Ω m (VES no. 2 and 4). They are

composed of clay at the base (VES no. 2 and 14, 20) and sandy clay between

surface and fine sand (VES no. 2 and 20) with thickness ranging between 25 m

and 40 m (VES no. 2 and 20).

4.2.3 Cross-Section Cc

The geoelectric cross section along this profile contains five soundings; they are

3, 9, 15, 21, and 27 (Fig. 10). This section lies at the southern central part of the

area. It extends from west to east and consists of the following geoelectric horizons:

1. The surface layer: Its resistivity ranges from 10 to 261 Ω m (VES 3 and 21),

while the thickness varies from 2.6 to 6.3 m (VES 9 and 21).

2. The aquifer layers: With resistivity ranging from 15 to 26 Ω m (VES 3 and 21).

The thickness ranged from 60 to 120 m (VES 3 and 21) and is composed of fine

sand with clay intercalations.

Fig. 9 Geoelectric cross section along profile Bb (W-E) in the study area
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3. The clay layer: Its resistivity ranges from 5 to 9.3 Ω m (VES 3, 9, 15 to 21, 27).

The thickness varies from 37.5 m (VES 9) to unknown value at the rest of the

cross section.

4. The brackish water to saltwater intrusion zone: Its resistivity in the range of

1 Ω m and depth � 90 m (VES 9) and to be expected in VES no. 3 and

15 (Fig. 10).

4.2.4 Cross-Section Dd

This cross section is parallel to the previous cross section and lies in the north-

central part extending from west to east. It contains five soundings; they are 4, 10,

16, 22, and 29. It includes the following geoelectric layers (Fig. 11):

1. The surface layer: its resistivity ranges from 6 to 71 Ω m (VES no. 22), and

thickness varies from 2.5 to 7 m (VES 22 and 16).

2. The aquifer layers: can be differentiated into two zones:

(a) Fine sand with clay intercalations: at the top with resistivity ranging from

15 to 20 Ω m (VES 4 and 28). The thickness varies from 25 to 30 m (VES

10 and 16).

(b) Medium to coarse sand: at the base with resistivity ranging from 30 to 83Ωm

(VES no. 22 and 28). Its thickness varies from 36 to 61m (VES no. 10 and 28).

Fig. 10 Geoelectric cross section along profile Cc (W-E) in the study area
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3. The clay layer: with resistivity ranging from 2 to 14 Ω m (VES 4 and 22), and

thickness varies from 45 m (VES 4) to unknown value in the others. It is

composed of sandy clay and clay.

4.2.5 Cross-Section Ee

This cross section includes five VES stations (5, 11, 17, 23, and 29). It extends from

the west to the east and lies to the north and parallel to the previous cross sections.

This cross section (Fig. 12) consists of the following layers:

1. The surface layer: with resistivity ranging from 8 to 142Ωm (VES 5 and 29) and

thickness from 1 to 3.5 m (VES 11 and 17).

2. The aquifer layers: the resistivity ranges from 15 to 44 Ω m (VES 17 and 29).

The thickness varied from 30 to 75 m (VES 15 and 29) and is composed of fine

sand with clay intercalations and medium to coarse sand.

3. The clay layer: its resistivity ranges from 5 to 12 Ω m (VES 11 and 23). The

thickness varies from 52 to 69 m (VES 5 and 11).

4. The brackish water to saltwater intrusion zone: the resistivity is less than 2 Ω m

(VES 5, 11, 17, 23). Its depth ranges from �47 to �100 m (VES 5 and 23).

Fig. 11 Geoelectric cross section along profile Dd (W-E) in the study area
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4.2.6 Cross-Section Ff

This cross section lies in the most northern part of the area and extends from west to

east direction parallel to the previous cross sections. It includes five VES stations

(6, 12, 18, 24, and 30). The sedimentary succession is (Fig. 13) as follows:

1. The surface layer: Its resistivity ranges from 6 to 28 Ω m (VES 12 and 24). The

thickness varies from 1 to 2.5 m (VES 12 and 30).

2. The aquifer layers: Resistivity is 60 Ω m and thickness is 67 m (VES 30). They

are composed of medium to coarse sand.

3. The clay layer: Its resistivity is 2 Ω m (VES 6, 12, 18), and the thickness varies

from 30 to 35 m (VES 6, 12).

4. The brackish water to saltwater intrusion zone: Its resistivity is less than 2 Ω m

(all cross-section VES). The depth ranges from �35 to �57 m (VES 6, 18).

4.2.7 Cross-Section Gg

This cross section lies in the western part of the area and extends in NS direction. It

includes six VES stations; they are 1, 2, 3, 4, 5, and 6. The geoelectric layers

(Fig. 14) are the following:

1. The surface layer: Its resistivity ranges from 2 to 68 Ω m (VES 2 and 3), and

thickness from 2 to 14 m (VES 6 and 2).

Fig. 12 Geoelectric cross section along profile Ee (W-E) in the study area
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Fig. 13 Geoelectric cross section along profile Ff (W-E) in the study area

Fig. 14 Geoelectric cross section along profile Gg (N-S) in the study area
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2. The aquifer layers: The resistivity ranges from 15 to 21 Ω m (VES 1, 2, 3, 4,

and 1) and the thickness from 29 to 80 m (VES 4 and 2). The aquifer is composed

of fine sand with clay intercalations.

3. The clay layer: Its resistivity ranges from 5 to 10 Ω m (VES 2, 3, 4, and 5) and

thickness from 23 to 52 m (VES 1 and 5). It is composed of sandy clay and clay

layers (at the base of the cross section).

4. The brackish water to saltwater intrusion zone: Its resistivity is less than 2 Ω m,

and depth is �37 m (VES 1).

4.2.8 Cross-Section Hh

This cross section lies in the central western part of the area and extends in NS

direction. It includes six VES stations; they are 7, 8, 9, 10, 11, and 12 and extend

parallel to the previous one. The geoelectric layers (Fig. 15) are the following:

1. The surface layer: Its resistivity value ranges from 10 to 131 Ω m (VES

12 and 9), and the thickness ranges from 1 to 18 m (VES 12 and 8).

2. The aquifer layers: Resistivity ranges from 15 to 34Ωm (VES 9 and 10), and the

thickness varies from 61 to 77 m (VES 10 and 9). They are composed of fine

sand with clay intercalations and medium to coarse sand.

Fig. 15 Geoelectric cross section along profile Hh (N-S) in the study area
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3. The clay layer: Its resistivity ranges from 2 to 8 Ω m (VES 12 and 10), and the

thickness varies from 25 to 69 m (VES 7 and 11). It is composed of sandy clay

layers at the top and clay layers at the base of the section.

4. The brackish water to the saltwater zone: Its resistivity is less than 2 Ω m (VES

9, 11, 12), and the depth varies from �37 to �90 m b.s.l (VES 12 and 9).

4.2.9 Cross-Section Ii

This cross section lies in the middle part of the area and extends in NS direction. It

includes six stations; they are 13, 14, 15, 16, 17, and 18. The geoelectric layers of

this section (Fig. 16) are the following:

1. The surface layer: Its resistivity ranges from 10 to 510Ωm (VES 18 and 14), and

the thickness varies from 2 to 14 m (VES 18 and 14).

2. The aquifer layers: The resistivity ranges from 15 to 46 Ωm (VES 17, 16), while

the thickness varies from 30 to 90 m (VES 17 and 16). They are composed of fine

sand with clay intercalations and medium to coarse sand (VES 16).

3. The clay layers: With resistivity ranges from 2 to 8 Ω m (VES 14 and 18) and

thickness from 8 to 40 m (VES 18 and 14). They are composed of sandy clay and

clay layers (base of the section).

4. The brackish water to saltwater intrusion zone: Its resistivity is less than 2 Ω m

(VES 17 and18).

Fig. 16 Geoelectric cross section along profile Ii (S-N) in the study area
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4.2.10 Cross-Section Jj

This cross section lies in the central eastern part of the area and extends in NS

direction. It includes six VES stations; they are 19, 20, 21, 22, 23, and 24. The

geoelectric layers of this section (Fig. 17) are the following:

1. The surface layer: Its resistivity ranges from 6 to 307 Ωm (VES 22 and 19), and

the thickness ranges from 1 to 13 m (VES 24 and 19).

2. The aquifer layers: The resistivity ranges from 17 to 30 Ω m (VES 22). Its

thickness ranges from 40 to 120 m (VES 23 and 21). They are composed of fine

sand with clay intercalations and medium to coarse sand.

3. The clay layer: Its resistivity ranges from 4 to 14 Ω m (VES 19 and 22). The

thickness of this layer ranged from 35 to 40 m (VES 24 and 20) and is composed

of sandy clay and clay beds.

4. The brackish water to saltwater intrusion zone: Its resistivity is less than 2 Ω m

(VES 23, 24).

4.2.11 Cross-Section Kk

This cross section lies in the eastern part of the area and extends in NS direction. It

includes six VES stations; they are 25, 26, 27, 28, 29, and 30. The geoelectric layers

of this section (Fig. 18) are the following:

Fig. 17 Geoelectric cross section along profile Jj (S-N) in the study area
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1. The surface layer: Its resistivity ranges from 7 to 296 Ωm (VES 30 and 25) with

thickness varying from 2 to 21.5 m (VES 30 and 25).

2. The aquifer layers: The resistivity ranges from 16 to 83 Ω m (VES 29 and 28).

The thickness varies from 65 m to unknown value (VES 27 and 25, 26). They are

composed of medium to coarse sand and fine sand with clay intercalations.

3. The clay layer: Its resistivity ranges from 3 to 14 Ω m (VES 30 and 28), and the

thickness varies from 2 to 50 m (VES 30 and 27). It is composed of sandy clay

and clay layers.

4.3 Geoelectrical Maps

Several isoparametric maps have been constructed to illustrate the lateral variations

of the geoelectrical data all over the area. The following are the description and

interpretation of these maps:

4.3.1 The Surface Layer

This layer represents the recent deposits, deltaic deposits, stabilized dunes, and

neo-Nile deposits. It exhibits a wide resistivity value ranging in average from 20 up

Fig. 18 Geoelectric cross section along profile Kk (S-N) in the study area
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to 240 Ω m. The true resistivity geoelectric map of this upper layer (Fig. 19) shows

that the maximum value (240Ωm) is toward the southeast of the area, reflecting the

low salinity of sand dunes. On the other hand, the minimum value (20 Ω m) is

recorded toward the northwestern parts of the area, due to the soil type (clay

materials) that characterized by high salinity value. The thickness distribution

map of the surface deposits (Fig. 20) shows an average thickness ranging from

less than 1 m to more than 30 m. The maximum value (30 m) is toward the

southwestern parts of the area, while the minimum value (1 m) is recorded in the

north and northwestern parts of the area.

4.3.2 The Aquifer Layers

These layers are water saturated and composed of medium to coarse sand, gravel,

and fine sand with clay intercalation. The layers exhibit a resistivity range from

260

N

240

220

200

180

160

140

120

100

80

60

40

20

0

0

120

120

120

120

160

160

200

80

80

40

40

8080

4040

40

40

5 10 km

30.75∞

31∞

30∞ 30.5∞30.25∞
30.5∞

C.l. 20 Ohm.m

Fig. 19 The average surface layer resistivity of the area as deduced from resistivity electrical

method

450 Z.E. Salem and O.M. Osman



15 to 60Ωm all over the area (Fig. 21). The minimum resistivity value is toward the

northwestern parts, indicating seawater intrusion in this direction, while the max-

imum resistivity value is noted at the eastern parts toward the freshening water

recharge from surface canals (as El Hager, Ferhash, El Nubaria). The aquifer

thickness (Fig. 22) ranges from 40 up to 150 m. The minimum thickness is 40 m

at the northwestern parts due to the effect of seawater intrusion. The maximum

thickness (150 m) is recorded in the central part, and the aquifer thickness is

increased toward the southeastern parts. It must be noted that the resistivity method

applied here seldom reach more than 150 m.

4.3.3 The Seawater Intrusion Limitations

In the present study, the resistivity of the brackish water to saltwater zone is less

than 2Ωm as deduced from resistivity method. The seawater intrusion depth ranges
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from 40 to 150 m b.s.l (Fig. 23). The minimum depth reaches about 40 m in the

northwestern parts of the area due to seawater intrusion. The maximum depth

(150 m) is recorded toward the central parts. The applied resistivity method did

not reach the seawater intrusion zone in the south and southeastern portions of the

area.

4.4 3D Resistivity Model

The interpreted true resistivities and thicknesses at all sounding points are interpo-

lated to construct the 3D model. The interpreted parameter was used to visualize the

area in the form of 3D and 2D slices by using commercial Rockwork Software [70]

to build solid geophysical models for the area in 3D of the dataset.

The model (Fig. 24a, b) illustrates the location of high resistivity zone in the

southern and eastern directions with an average of 30–90 Ω m. Cutoff model is
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constructed for this resistivity zone to show only the thickness and depths of this

zone which would be interpreted as the groundwater aquifer of the study area. It

shows resistivity range from about 30–90 Ω at a depth range from the land surface

(at the northwestern portions) and extends to nearly 30 m (at the southern portions)

of the study area.

2D slices in the E-W and N-S directions of the resulted 3D model (Fig. 24c, d)

were carried out to understand the lateral and vertical extension of the aquifer in the

study area. It must be emphasized that the scale relations and orientations of the X,

Y, and Z axes are changed for a better perspective view of the variation. The S-N

slices show linear high resistivity in the south that decreases to north direction

reflecting seawater intrusion trend. The east-west slices show that the main trend of

high resistivity zone is toward the east direction.

The horizontal slices (Fig. 24e) reflect the high resistivity zone in the shallow

depths at the southern part of the area as a result to dry surface layer. This value is

decreased with depth until reaching the low resistivity zone of the brackish water.

Finally, the resistivity cutoff (Fig. 24f) illustrates the aquifer of the study area in 3D

direction. It shows that the great thickness is at the southeastern portions which

decrease to the northwestern direction toward the seawater intrusion trend.
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5 Conclusions

The resistivity data revealed four geoelectrical layers, they are:

1. The surface layer: This is composed of sand, clay, and silt. Its resistivity ranges

from 5 to 512 Ω, and the thickness varies from 1 to 25 m.

2. The aquifer layer: Is composed of sand (fine sand with intercalations of clay and

medium to coarse sand). Its resistivity ranges from 15 to 90 Ω m and thickness

from 25 to 120 m.

3. The clay layer: Its resistivity ranges from 2 to 15 Ω m and thickness from 2 to

69 m.

4. The brackish water to saltwater intrusion zone: Its resistivity is nearly 1Ωm, and

its depth ranges from �35 in the northwest to �100 m in the south.
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The resistivity of the aquifer layer is increased toward the south and east

directions where both the freshwater quality and thickness are increased. In

contrast, the resistivity of the aquifer layer is decreased toward the northwest (the

Mediterranean Sea direction) due to the effect of seawater intrusion.

Fig. 24 3D presentation of the resistivity distribution, (a, b) resistivity solid diagram, (c) west-

east slices, (d) south-north slices, (e) horizontal slices, and (f) resistivity cutoff diagram

Use of Geoelectrical Resistivity to Delineate the Seawater Intrusion in. . . 455



6 Recommendations

Geoelectrical resistivity was successful for imaging the seawater-freshwater rela-

tionship and classifying the aquifer lithology in the target area. Therefore, the

results of this work are recommended to be used by the decision makers for

groundwater management planning in the study area.
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Turkey. Water Air Soil Pollut 201:55–74

16. Salem ZE, Gaame OM, Hassan TM (2008) Using temperature logs and hydrochemistry as

indicators for seawater intrusion and flow lines of groundwater in the Quaternary aquifer,

Nile Delta, Egypt. In: Proceeding of the 5th international symposium on geophysics, Tanta,

pp 25–38

17. Salem ZE, El-Horiny MM (2014) Hydrogeochemical evaluation of calcareous eolianite

aquifer with saline soil in a semiarid area. Environ Sci Pollut Res 21:8294–8314

18. Sefelnasr A, Sherif MM (2014) Impacts of seawater rise on seawater intrusion in the Nile Delta

aquifer, Egypt. Ground Water 52:264–276

19. Salem ZE, Osman OM (2017) Use of major ions to evaluate the hydrogeochemistry of

groundwater influenced by reclamation and seawater intrusion, West Nile Delta, Egypt.

Environ Sci Pollut Res 24:3675–3704. https://doi.org/10.1007/s11356-016-8056-4

20. Werner AD, Bakker M, Post VEA, Vandenbohede A, Lu C, Ataie-Ashtiani B, Simmons CT,

Barry DA (2013) Seawater intrusion processes, investigation and management: recent

advances and future challenges. Adv Water Resour 51:3–26

21. Choudhury K, Saha DK, Chakraborty P (2001) Geophysical study for saline water intrusion in

a coastal alluvial terrain. J Appl Geophys 46:189–200

22. Maillet GM, Rizzo E, Revil A, Vella C (2005) High resolution electrical resistivity tomogra-

phy (ERT) in a transition zone environment: application for detailed internal architecture and
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Integrated Subsurface Thermal Regime
and Hydrogeochemical Data to Delineate
the Groundwater Flow System
and Seawater Intrusion in the Middle Nile
Delta, Egypt

Zenhom E. Salem, Osama M. Gaame, and Taher M. Hassan

Abstract Several aquifers around the world are situated in the coastal zones and
influenced by seawater intrusion. The development of populace in coastal territories
and the conjugate increment in human, farming, and industrial activities have forced
an increase in the needs for freshwater. The Quaternary aquifer in the Nile Delta
is among the biggest groundwater aquifers in the world. Along its northern side,
the aquifer is highly affected by the Mediterranean Sea. Because of the inordinate
pumping in the course of the most recent couple of decades, the groundwater quality
in the northern parts of the Nile Delta has been decreased extensively. Therefore, this
chapter aims to trace the groundwater flow system and seawater intrusion in the study
area using the multi-tracing technique. The integration between borehole tempera-
tures and groundwater chemistry was good to conduct the aim of this study. Borehole
temperature was measured in eight boreholes, and the groundwater was sampled from
the same wells but sometimes from the shallow and deep zones. Tala well located to
the south of the study area indicated the recharged fresh groundwater with downward
flux of 0.8 m/year. The fresh groundwater started to discharge from south Tanta City
till southKafr ElsheikhCity where the calculated upward fluxeswere�0.1 to�0.5,�
0.35, and�0.23m/year for Kafelarab, Nawag, and Elkarada wells. Hydrochemically,
the groundwater in the area northern Kafr Elsheikh City is highly affected by seawater
intrusion, and the measured temperature profiles are of discharge type, and their
calculated upward fluxes were �0.6, �1.2, and �2.8 m/year for Kafr Mesaaed,
Elhadady, and Motobes wells, respectively.

In comparison, temperature profile (Motobes well) affected by seawater intrusion
has higher upward flux, while the freshwater recharge-type profile (Tala well) has
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lower downward flux. Hydrochemically, the seawater intrusion highly affected the
wells from ElKarada wells to Motobes wells (northern Kafr Elsheikh City) and close
to the Mediterranean Sea. Two types of saline water were recognized. The shallow
groundwater is highly affected by seawater intrusion (TDS around 20 g/l), and the
deeper groundwater is of hypersaline characters (80 g/l). These two types of saline
water could deteriorate the groundwater quality in the Nile Delta in case of
unresponsible severe pumping rates.

Keywords Groundwater flow system, Hydrogeochemistry, Nile Delta, Seawater
intrusion, Subsurface temperature
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1 Introduction

There are three inquiries in hydrogeological research: (1) Where is the recharge area?
(2) Where is the discharge area? (3)What is the pattern of the groundwater circulation in
deep and shallow zones? Accordingly, the groundwater flow in vertical and horizontal
directions could be classified “local” and “regional” groundwater framework (e.g., [1–
3]). Local flow is restricted inside a single basin surrounded by topographic highs and
vertically circulates in the shallow subsurface. Regionalflow system is notmostly limited
to a single basin and groundwater circulated to deeper zones. There are three techniques
used to indicate the groundwater stream in a wide territory: measuring liquid potential,
numerical modeling, and utilization of tracers. Six types of tracers were used for the
groundwater investigation: colorimetry, photometry, mass spectrograph, electric conduc-
tivity, hydrochemistry, and temperature [4].

Seawater intrusion and submarine groundwater discharge (SGD) are commonly
expected in coastal areas. Seawater intrusion (Fig. 1) is of fundamental interest for
researcher and groundwater users in every coastal aquifer around the world. The
seawater intrusion is a vital issue in arid and semiarid areas where the groundwater
constitutes the major freshwater resources. About 3% of seawater mix with the
freshwater in a coastal aquifer would render the freshwater unacceptable for
human utilization. That is why the coastal aquifer groundwater should be intensively
studied to keep up the dynamic freshwater-seawater interaction. The issue of salt-
water/new water interface exists in Nile Delta because of overpumping for water
system and seaside nature of its aquifer. Sherif et al. [5, 6], Amer and Sherif [7],
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Sherif and Singh [8], Sherif [9], and Sherif and Singh [10] used different techniques
to study the seawater intrusion issue in the Nile Delta aquifer; however, none of them
utilized subsurface thermal regime.

The SGD considers the water output from a basin-scale hydrological cycle that
represents an input into the ocean. SGD nearshore scale (Fig. 2) is the embayment or
inner continental shelf scale operationally defined as extending 10 m to 10 km offshore
and to depths of about 5–50 m below the seafloor, including the first confined or semi-
confined portion of a submarine flow system. The shallowest submarine confining unit
[11] permits primarily topographically driven the regional flow of fresh or brackish water
offshore beneath the nearshore zone and sometimes entirely beneath lagoons, shallow
estuaries, embayments, and barrier islands [12].

The next larger scale is that of the entire continental shelf (Fig. 3), which may
include multiple confined aquifer systems extending below the first confined aquifer
to depths of 500 m or more below the seafloor and to the outer continental shelf
edges, submarine canyon incisions, and even the continental slope, especially during
sea-level low stands. The primary process driving flow at this scale is usually
geothermal convection, which produces seawater recirculation through the shelf
[13–16]. Sediment compaction and associated dewatering, as well as brine-related
processes, are also important in some settings [17]. It could be argued that there is
actually more known about the occurrence of submarine groundwater systems at the
shelf scale, including relict-reduced salinity groundwater than is known about
intermediate embayment-scale submarine aquifer systems in some settings.

Cartwright [18] and Sakura [19] utilized subsurface temperature information to
investigate the groundwater stream in a basin. Mostly, the typical geothermal gradient
of a subsurface system is influenced by groundwater stream and changes in surface
temperature. A hypothetical analysis of a distorted temperature field by geographically

Sea Level
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Groundwater
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Fresh WaterSalt Water
Salt-W

ater Interface

Fig. 1 Illustrates the seawater intrusion in the continental fresh groundwater
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forced groundwater stream was introduced by Domenico and Palciauskas [20]. Their
outcome demonstrates that groundwater temperature increments with depth affected by
both thermal conduction and surface warming conditions. A temperature-depth profile
without groundwater stream, for the most part, has a consistent slope with depth (Fig. 4a)
and stratified thermal system (Fig. 4b) in the 2D cross section. At a similar height, the
subsurface temperature in the recharge zone is brought down under the state of ground-
water stream than under no stream condition. In the discharge zone, the temperature is
higher with groundwater stream than under no stream conditions (Fig. 4c, d). The impact
of groundwater flow and surface warming on subsurface temperature is delineated in
Fig. 1e, f.

The chemical characteristics of the groundwater are mostly settled in the unsat-
urated zone. In contrast, less intense geochemical evolution occurs in the saturated
zone, and changes take after dynamic changes in water quality toward regions of
discharge. These procedures are time dependent and the chemical changes and,
additionally, isotopic varieties might be utilized to give data on water stream
pathways [22]. Utilizing multi-following strategy, Salem et al. [23, 24] prevailing
to decide the connection between the groundwater and Shinano River in Nagaoka
territory, Japan. In the present work, temperature and water chemistry were utilized
for following the groundwater stream framework and seawater intrusion in the Nile
Delta. Flow analysis is essentially in light of the idea of various leveled groundwater
stream frameworks [2, 3].

Fig. 2 Schematic diagram of the embayment or inner shelf scale of submarine groundwater flow
and discharge showing submarine flow of low-salinity water in the first confined aquifer and the
zone of offshore discharge beyond the edge of the submarine confining unit [11]
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2 Hydrogeology of the Nile Delta

In ancient times, the Nile River at Cairo formed a wide estuary that has been occupied
by river deposits to frame the current fruitful delta of 250-km-wide base at the
Mediterranean coast and around 160 km from Cairo (south) to sea coast (north).
Seven branches of the Nile ran through the delta, but humans and nature have closed
five of them [25]. The only two remaining channels are Rosetta, whose mouth is
located just east of Alexandria, and Damietta, whose mouth is located at the northeast
tip of the Delta. The other five mouths, which have been proven both historically and
geologically to have existed [25].

The level of the lands of the delta runs between 17 m amsl at the southern limit
and less than 1 m amsl at the northern parts [26]. The rice is cultivated every year in
around 420,000 ha in the Nile Delta [27]. It is incorporated into summer trimming
design, which additionally incorporates cotton and maize as principle summer crops
in 2 or 3 years’ harvest turn. As rice cultivations use a huge quantity of water, it
widely recharges the groundwater contrasted with alternate crops. In the northern
territories, the rice is intensively cultivated compared to the other regions (Fig. 5).
These regions are required to have hydrogeological characters not the same as
alternate less rice developed regions as will be mentioned later.

Fig. 3 Schematic diagram of the continental shelf scale of submarine groundwater phenomena
showing the variable position of the fresh-saline interface in multiple confined aquifers on the shelf,
the variable widths of the mixed zone at the interface, the flow of saline water inward from the
exposed edges of confined aquifers, and the upward movement of saline groundwater induced by
geothermal heating at depth [11]
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“The Nile Delta is one of the oldest intensely cultivated areas on earth. It is very
heavily populated, with population densities up to 1,600 inhabitants per square
kilometer” [25]. Current increments in the populace, together with upgraded ways
of life and additionally the restricted freshwater sources in the Nile Delta, have made
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Fig. 4 Schematic diagrams of the groundwater flow system and subsurface thermal regime under
the condition of (a) and (b) no groundwater flow, (c) and (d) regional groundwater flow, and (e) and
(f) regional groundwater flow with surface warming. Note: T, To, and t are subsurface temperature,
constant surface temperature, and time, respectively [21]
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a more prominent request on water resources, requiring enhanced groundwater
administration. Any new groundwater improvement in the Nile Delta should con-
sider the potential outcomes of seawater intrusion and guarantee satisfactory control,
with the counteractive action of saline intrusion being seen as perfect. Up till now,
various groundwater investigations chiefly centered on seawater intrusion on the
upper 100 m of the groundwater framework and expected salinities not surpassing
that of Mediterranean water. There was no information on groundwater in the deeper
parts of the Quaternary Nile Delta aquifer (depth up to 1,000 m). Recent studies
gathered salinity estimations and found an across-the-board event of “hypersaline”
groundwater: groundwater with salinities to a great extent surpassing that of seawa-
ter at depth higher than 400 m [28, 29]. This hypersaline groundwater incredibly
influences the groundwater flow system and the new water capability of the aquifer.
Engelen et al. [30] investigated the causes of the hypersaline groundwater and its
transport system. They considered all the applicable salinization forms in the Nile
Delta aquifer, over a time space of up to 2.5 million years, which is the time traverse
in which the aquifer got deposited.

Several research works dealing with the hydrogeology and hydrogeochemistry of
the Nile Delta aquifer were done covering the period from 1959 to 2017, among

Fig. 5 Areal distribution of the rice cultivated lands in the Nile Delta (Modified after [27])
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them: Zaghloul [31], El-Fayoumy [32], Shata [33], Anon [34], El-Dairy [35],
El-Hefny et al. [36], Sallouma [37], Hamza et al. [38], Kotb [39], Mousa [40],
Mousa [41], El-Shamy and Greish [42], Ezz and Deen [43], Sollouma and Gomaa
[44], Salem et al. [29], Salem [45], Atwia [46], Shabaan [47], Frihy and Lawrence
[48], El Banna [49, 50], El Banna and Frihy [51], El Banna and Frihy [52], El-Asmar
and Hereher [53], Elewa et al. [54], Mabrouk et al. [55] and Shehata and El-Sabrouty
[56], Salem et al. [57], Salem and El Bayumy [58, 59], Salem et al. [60], Salem and
Osman [61–63], and Salem et al. [64–66].

The Nile Delta aquifer system is considered to be a leaky aquifer in the southern
and middle parts and a free aquifer in the western and eastern borders, where the
thickness of the top Holocene deposits reaches its minimum value. In the northern
parts, the top Holocene deposits strongly retard upward discharge from the Plio-
Pleistocene aquifer; therefore, the aquifer becomes of a confined type. The existing
aquifer, in the study area, belongs to the main Nile Delta aquifer system. It is mainly
formed of the Pleistocene graded sand and gravel, changing to fine sand intercalated
with clay lenses. This aquifer is a semi-confined one. The thickness of the semi-
confining layer is generally between 0 and 20 m and increases reaching a thickness
of 70 m at the northern part of the Nile Delta. There are not too many studies with
estimations of the hydraulic parameters for the overlying clay layer in literature.
Farid [67] reported that its vertical hydraulic conductivity is at 0.0025 m/day, while
Leaven [68] reported it at 0.0484 m/day. With slightly lower values, Wolf [69]
reported it as 0.0011 m/day, and Arlt [70] at 0.0046 m/day. On the other hand, Sherif
et al. [71] reported the vertical hydraulic conductivity to be about 0.67 m/day.
Recently, Salem et al. [64] studied the petrophysical and the hydrogeological
properties of this clay layer (Bilqas Formation) in the central part of the middle
Nile Delta. They stated that “Bilqas Formation ranges in thickness from 3 m in the
southwest direction to 31 m in the northeast direction. The shale content and porosity
ranges are 54% to 97% and 21% to 55%, respectively. This layer has low values of
permeability (16 � 10�9 to 78 � 10�9 mD) and hydraulic conductivity (<2 � 10�9

cm/s). The water salinity of this layer ranges from 200 to 1,600 mg/l.”
The Nile Delta Quaternary aquifer (Mit Ghamr Formation) is the main source of

groundwater in the Nile Delta area [72]. It covers the whole Nile Delta. Its thickness
varies from 200 m in the southern parts to 1,000 m in the northern parts [73] (Fig. 6).
It constitutes variable proportions of sands, clays, and gravels with lateral variation
and variable thickness. From those sections, the hydrogeological setting of the Nile
Delta classified into one water-bearing zone (Quaternary) which involves confining
thin beds (clay beds) that could prevent intrusion of seawater (Fig. 6). Dahab [75]
estimated the hydraulic parameters of the aquifers. Transmissivity reaches its mini-
mum values in the southwestern area, where it ranges between 2,000 and 3,000 m2/
day. It reaches its maximum values in the middle and southeastern parts, where it
ranges between 15,000 and 9,000 m2/day. Hydraulic conductivity values range
between 60 and 70 m/day in the southwestern and northern parts. In the middle
and southeastern parts, it reaches its maximum values, between 100 and 180 m/day.
Effective porosity over the whole area ranges between 12 and 19%, which indicates
that the aquifer is mainly composed of coarse sand and gravel. Recently, Salem et al.
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[64] studied the petrophysical and the hydrogeological properties of this Quaternary
aquifer (Mit Ghamr Formation) in the central part of the middle Nile Delta. They
stated that “in Mit Ghamr Formation, average shale content ranges from 4.5 to 22%.
Numbers of scattered clay lenses are detected in different places with high intensity in
the northeastern direction. Porosity ranges from 19 to 39%. High permeability values
are recorded in this formation and ranged from 0.1 � 10�2 to 8.7 � 10�2 mD. The
water salinity average values in this aquifer range from 220 mg to 2,100 mg/l. The
calculated hydraulic conductivity values for this formation are of range 5.082 � 10�10

to 2.134 � 10�8 cm/s. In this layer, the increase in the shale content, the increase

Fig. 6 Locations and details of north-south hydrogeological cross sections in the Nile Delta area
[60, 74]
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in porosity, decrease in the permeability and hydraulic conductivity, as well as the
increase in salinity, are to the northern and northeastern directions.”

The depth to the groundwater table in this aquifer ranges between 1–2 m in the
north, 3–4 m in the middle, and 5 m in the south. Different estimated depths to
groundwater table that have been reported by RIGW [76] and Morsy [77]. Direction
of groundwater movement is northward to the sea. The irrigation and drainage
networks are the main sources of groundwater recharge. The Rosetta branch, the
Mediterranean Sea, coastal lakes, and pumped water used for irrigation, industrial,
and domestic purposes are the main discharge forms.

3 Methodology

Flowchart illustrates the methodology of this work is shown in Fig. 7. Field work of this
study includes groundwater sampling and borehole temperature measurement. The
measured temperature-depth profiles were classified, and the subsurface temperature
was modeled using 1D modeling techniques. The modeled and measured profiles were
compared to estimate the vertical groundwater flux. The collected water samples were
subjected to hydrochemical analysis and then graphically presented on Piper and Stiff
diagrams. The results of subsurface temperature and hydrogeochemistry were integrated
to get a complete image about the seawater-freshwater interaction. After that, conclusion
and recommendationwerewritten. Subsurface thermalmeasurements generally aremade
in the observation wells that are assumed to be in equilibrated thermal state between the
water and the surrounding solid material. The Borehole temperature measurement

Use of the Piper diagrams and 

Stiff diagrams to identify the 

hydrochemical types and the 

hydrogeochemical processes

1D temperature modeling and 

comparison between the measured 

and observed profiles

Field work includes groundwater sampling and 

borehole temperature measuring 

Presenting the temperature as1D 

profiles and 2D cross-section

Conducting hydrochemical 

analysis

Vertical groundwater flux 

estimation

Integrating the temperature 

and the hydrochemical data

Conclusion and 

recommendations

Fig. 7 Flowchart illustrates the methodology of the current study

470 Z. E. Salem et al.



technique was discussed in detail in Salem and El Bayumy [59]. Temperature measure-
ments in this study were carried out in eight observation wells (Tala 2, Kafr Elarab
2,Nawag, Elkarada 2, AbuMesaaed, Elhadady,Motobes 1, andMotobes 2) (Fig. 8). The
equipment used for themeasurementswas a digital thermistor thermometer (resolution of
0.1�C) attached to a cable of 500m length. Datawere recorded from thewater table to the
bottom of the borehole.

Water samples for chemical analysis were collected from all the observation wells
(Tala 1 and 2, Kafr Elarab 1 and 2, Nawag, Elkarada 1 and 2, Abu Mesaaed,
Elhadady, and Motobes 1 and 2) and two pumping wells in Qutor as well as
seawater. The water table, electrical conductivity, TDS, as well as pH were measured
in situ. All the chemical analysis of anions and cations were made in central
laboratories of National Water Research Centre, Cairo. The hydrochemical analysis
procedures were discussed in detail in Salem et al. [60]. Well, location map and the
listed hydrochemical analysis are shown in Fig. 8 and Table 1. This chapter is a
modified and updated version of Salem et al. [29], where 1D temperature modeling
was added and data presentation and interpretation were updated.

Fig. 8 Wells location map [29]
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4 Result and Discussion

The two most illustrative parameters were utilized to be specific, temperature and
hydrochemistry. The first of these tools gives data about vertical, rising, and down-
ward flows. The second gives data about the arrangement of the water influenced,
which thus gives data about the “palaeoprocesses,” the existence of salts in the
medium, and the water origin.

4.1 Subsurface Thermal Regime

4.1.1 One-Dimensional Temperature Profiles

The vertical well logs demonstrate the thermal properties of the aquifers and enable
separation of segments with generally contrasting advancements, as far as the
presences or non-presence of warm water or streams of an alternate origin [78]. Tem-
perature logs of groundwater additionally enabled the evaluation of the aquifer to be
separated point by point, as for the presence of hot or cold water streams.

Regarding the temperature profiles of the present study (Fig. 9), they can be classified
into two groups. The first group characterizes the area southern Kafr Elsheikh City, and
the second group includes the wells located northern Kafr Elsheikh City. Based on the
shape of the profiles, the first group includes recharge- and discharge-type profiles (Tala
and Kafrelarab wells, respectively). This means in the study area, the fresh groundwater
in theNileDelta starts toflow southern Tanta City upward. The reason could be related to
the existence of denser seawater in deeper zones which forced the light, fresh ground-
water to flow upward. Kafr Elarab, Nawag, and Elkarada temperature logs have higher
temperatures compared to Tala and Kafrelarab logs which indicate that the groundwater
continues to discharge northward. The latter three profiles also have higher temperatures
in the shallower zones; as these wells located in a cultivated land out of the urban effect
so, such warm zones might be related to upward movement of the warm freshwater and
its movement laterally northward in the shallow zones.

The second group of wells characterizes the northern part of Kafr Elsheikh City
where Kafr Mesaaed, Elhadady, and Motobes wells (shallow and deep) are located.
It has no significant profile type, but it seems different compared to the first group.
Elhadady well and the shallow Rasheed well have warm water in their topmost parts.
It also means that a discharge of the groundwater took place in the subsurface into
the sea northward. For the same depth in the four wells, Kafr Mesaaed well has the
lowest temperatures compared to the other three wells. This means that north Kafr
Elsheikh City could be another recharge area different from the main recharge area
of the Nile Delta aquifer. The later phenomenon happened due to excessive irrigation
of highly cultivated rice fields in the northern part of the Nile Delta (Fig. 5). Motobes
wells (shallow and deep) show different behavior in the shallow zone (Fig. 9). As the
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two wells lie close to the shoreline, this temperature difference could be related to the
presence of two active groundwater flow systems one deeper and the other shallow.

The measured temperature profiles show three important observations as criteria
for seawater intrusion in the Nile Delta. These observations are (1) although the
horizontal distance between Nawag and Elkarada is about 30 km, their profiles met
each other at a depth of 45 m below the surface; (2) in the same way, the distance
between Kafrelarab well and Motobes wells is about 85 km, but the temperature
difference at deep zones is less than 1�C; and (3) the profiles of Motobes and
Elhadady wells are expected to meet each other at about 90 m below surface.
These obtained three observations reflect an inland encroachment of seawater
which is probably reached Nawag area in the deeper zones (northern Tanta City).
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Fig. 9 The measured temperature-depth profiles [29]
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4.1.2 Temperature Cross Section

The vertical two-dimensional temperature distributions can be studied from com-
bining the vertical logs of temperature made in different piezometers over the study
area to show the spatial behavior of subsurface temperature along the fresh and
saline groundwater flow direction from south to north (Fig. 10). As shown from the
isothermal lines, Nile Delta basin in this study could be classified as mentioned
before into two main areas: the area to the south of Kafr Elsheikh City and that
northern Kafr Elsheikh City. The southern area shows the regional flow in the delta
basin, where the freshwater is recharged south Tala, and it discharges starting from
Kafrelarab well (south Tanta City) and flowing laterally in the shallow zones till Kafr
Elsheikh (Elkarada wells). The northern area shows a local flow system where the
water has recharged in the area lying south of Kafr Mesaaed well, and it discharges
in the northern part, where Elhadady and Motobes wells are located. The recharge
source of the groundwater in the latter area is expected to be related to agriculture
and human activities (Fig. 5). Seawater intrusion could also be seen from Fig. 10
where the isothermal lines are nearly horizontal in the deep zones between Motobes
and Nawag.

4.1.3 Model Calculations

To investigate the one-dimensional temperature profiles affected by groundwater
flow, the estimation of subsurface temperature in the investigation region has been
made utilizing distinctive vertical groundwater fluxes. Carslaw and Jaeger [79] got the
mathematical solution for the subsurface temperature utilizing one-dimensional heat

Fig. 10 South-north cross section shows the subsurface thermal regime of the study area. Ground-
water flow system is also indicated by the white arrows [29]
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conduction-advection equation under the state of linear increment in surface temper-
ature as presented in Eq. 1:

T z;tð Þ¼ToþTG z�Utð Þþ bþTGUð Þ=2Uf g
� zþUtð ÞeUz=αerfc zþUtð Þ=2 αtð Þ1=2

n o
þ Ut�zð Þerfc z�Utð Þ=2 αtð Þ1=2

n oh i

ð1Þ
where b is the rate of the surface temperature increment; t is the time after semi-
equilibrium condition [21]; To is the surface temperature; TG is the general geother-
mal gradient; U ¼ υcoρo/cρ in which υ is the vertical groundwater flux, coρo is the
heat capacity of the water, and cρ is the heat capacity of the aquifer; α is the heat
diffusivity of the aquifer; and erfc is the correlative error function. The modeling is
restricted for semi-infinite layers with just vertical conduction and convection, and
vertical groundwater flux is thought to be consistent with depth.

Setting TG is 0.19, 0.29, and 0.15�C/m for Tala and Kafrelarab; Nawag, Elkarada,
and Kafr Mesaaed; and Motobes (shallow and deep) wells, respectively. To values is
20.4�C for all wells. The utilized warm diffusivity (α) is 6 � 10�7 m2/s. For t meets
50 years, the utilized estimation of b is 0.05�C. In this manner, Salem and Osman
[61] studied the change in the surface air temperature in the Nile Delta and detected
warming trend in Damanhour weather station. Temperature depth profiles are
modeled utilizing the above condition for various estimations of vertical groundwa-
ter motion (U ) following Taniguchi et al. [21]. The comparisons between the
modeled and the observed profiles are shown in Fig. 11a–c.

Recharge-type (downward groundwater flux) profile is only detected in Tala well
(Fig. 11a) with U value equals 0.8 m/year. The other wells showed a discharge type
(upward groundwater flux)with varying rates:�0.1 to�0.5,�0.35,�0.23,�0.6,�1.2,
and �2.8 m/year for Kafelarab, Nawag, Elkarada, Kafr Mesaaed, Elhadady, and
Motobes wells, respectively, as shown in Fig. 11a–c. These estimates indicate that
fresh groundwater starts to move vertical upward southern Tanta City. The most danger-
ous recorded phenomenon is that seawater intrusion upward flux recorded in Motobes
wells is higher than the downward recharge flux calculated in Tala well. Two observa-
tions were detected from this model. These observations include (1) the geothermal
gradient decreases in the areas influenced by seawater intrusion like Motobes wells, and
(2) recognized temperature profiles curvature in the shallow zones in most of the wells
cannot be modeled by the current model because the groundwater flow is complicated in
the shallow zones to be solved by this simple model.

4.2 Hydrogeochemistry

The hydrochemical compositions of the collected samples are variable (Table 1). In
all groundwater samples, EC and TDS are increased with depth and from south to
north. Deeper freshwater in Tala 2 and Kafrelarab 2 wells have higher EC and TDS
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Fig. 11 Binary diagram shows the comparison between the modeled and the measured temperature
profile. Groundwater flux (U) values are either positive or negative indicating the downward or the upward
movement, respectively
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compared to the shallow wells of the same areas. This phenomenon could be related
to long time of water-rock interaction in deeper zones compared to the shallow ones.
TDS increases from Nawag to Motobes wells in lateral and vertical directions. The
most recognized fact is that groundwater of Motobes 1 (shallow) has TDS around
20,000 mg/l, while Motobes 2 (deep) has TDS value around 80,000 mg/l. That
means the Nile Delta groundwater close to the Mediterranean Sea is affected by
seawater intrusion in the shallow zones but is of brine hypersaline origin in the
deeper zones. Shallow well values of pH are also variables ranging from 5.87 in
Motobes 1 to 10.71 in Elkarada 1. According to Inskeep and Bloom [80] and
Herman and Lorah [81], high pH values are related to calcite precipitation which
occurs at pH > 8 and PCO2 < 0.1 atom. The mechanism of precipitation reaction is
shown in Eq. 2:

Ca2þ þ HCO3
� þ OH� ! CaCO3 þ H2O ð2Þ

This reaction could happen in Kafrelarab and Nawag which contain the very low
Ca2+ and HCO3

� concentrations in contrast to Tala and Qutor. Presences of nitrates
in groundwater usually indicate an infiltration of water as a result of agricultural and
human activities. Groundwater from the area south Nawag has very low nitrate
concentrations which means that clay layer of Bilqas Formation and the irrigation
system do not lead to an excess of nitrate to reach groundwater. The wells located
northern Kafr Elsheikh City have high nitrate concentration marking a great contri-
bution from the irrigation system where those areas are highly cultivated with rice as
shown in Fig. 5.

Two main chemical types are recognized in Piper diagram (Fig. 12). The first type
is the freshwater samples from Tala wells (1 and 2), and the second type is represented
as seawater type including seawater sample, Kafr Mesaaed, Elhadady, and Motobes
(1 and 2) wells. The later samples are shifted up from the seawater sample in the
direction of seawater intrusion proving primary salinity characters. Elkarada samples
(1 and 2) show a little downward shift from the seawater sample as a result of a little
replacement of Ca by Na forming NaHCO3-type water due to receiving calcium
bicarbonate-rich water by surface infiltration. Although, Kafrelarab (1 and 2) and
Nawag wells are freshwater but shifted toward seawater type. This could be related to
loosing Ca and carbonates as calcite precipitation due to higher pH values. Qutor
samples (1 and 2), on the other hand, are located toward seawater intrusion type as a
result of ion exchange between Na of seawater with Ca and Mg from the aquifer
material.

To be able to understand the interaction between seawater intrusion and freshwater
in Nile Delta aquifer, ion exchange processes should be explained. Appelo and
Postma [82] explained the ion exchange processes. The infiltrated freshwater is
dominant by Ca2+ and HCO3

� ions. Cation exchangers in the aquifer, therefore,
havemostly Ca2+ ions absorbed on the surfaces. In the intruded seawater, Na+ andCl�

are the dominant ions, and the sediment in contact with seawater will have absorbed
Na+ for the large part. When seawater intrudes in a coastal freshwater aquifer, an
exchange of cations takes place according to Eq. 3:
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Naþ þ 1=2 Ca-X2 ! Na-Xþ 1=2 Caþ2 ð3Þ
where X indicates the soil exchanger. Sodium is taken by the exchanger and Ca2+

released. The water type then changes fromNaCl into a CaCl2 water type. The reverse
process takes place with freshening, i.e., when freshwater flushes a salt water aquifer.
Where Ca2+ is taken up from water in return for Na+ with a NaHCO3 water type as a
result. Water chemistry can thus indicate upcoming of seawater or, conversely, that
saltwater is flushed by freshwater. These two processes could happen completely or
partially.

Figure 13 showed the vertical two-dimensional distribution of water chemistry
along the south-north direction using Stiff diagrams. Regardless of the ionic con-
centrations, the present groundwater could be classified into three main types. The
first one is recorded as Ca-Mg (HCO3)2 freshwater type in Tala wells. The second
type has NaCl composition and including all the rest of the wells except Qutor wells.
The third hydrochemical type encountered in Qutor wells is of CaCl2 in well
1 (at shallow depths) and MgCl2 type in well 2 (at deeper depths). The minor details
of Stiff diagrams reflect the hydrochemical processes that happened in the Quater-
nary aquifer along the flow path as follows:

1. Kafrelarab and Nawag waters are freshwater of NaCl type; this may happen as a
result of calcite precipitation during upward movement of calcium carbonate type
in Tala due to an increase of pH.
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Fig. 12 Piper diagram illustrates the hydrochemical processes [29]
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2. Compared to the Motobes 1 which shows a typical seawater type, Kafr Mesaaed,
Elhadady, and Motobes 2 glasses of water have a relative increase in Ca2+ and
lower concentration of Na+ than Cl� indicating seawater intrusion as mentioned
by Appelo and Postma [82]. In the other hand, Elkarada samples show a relative
increase in HCO3

�, and Na+ is slightly greater than Cl�. This could be related to
freshwater infiltration from cultivated land.

3. In the same way, composition of Qutor groundwater (MgCl2 type in deeper zones
and CaCl2 in shallow zones) could be explained as an indicator for seawater
intrusion, and it might be located in the intermediate zone between the regional
fresh groundwater and the intruded seawater in the Quaternary aquifer of the Nile
Delta.

5 Conclusions

The integrated tracer technique between subsurface temperature andwater chemistrywas a
good technique for tracing the groundwater flow system and seawater in the Nile Delta
Quaternary aquifer. Two flow systemswere detected: one is regional, and the other is local,
and both of them are affected by seawater intrusion. The regional one is recharged south
Tala and discharges northward in the area fromKafrelarab (south Tanta City) till ElKarada
(south Kafr Elsheik City. The shape of the temperature profiles reflects a recharge type in

Fig. 13 Stiff diagram shows the difference in the chemical types of the collected samples. (1) and
(2) indicate the shallow and the deep groundwater at each site. (a) is south–north cross section and
illustrates the average depth of the screens where the groundwater was sampled; color of the screen
dots is the same of the related stiff diagrams
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Tala and discharge type inKafrelarab, and the shape of the isothermal lines indicates a deep
warm water flows upward to the shallow zones. Water chemistry is supporting this idea
where the recharge area is characterized byCaHCO3water type in Tala. Suchwater type is
indicating an inland recharged freshwater. The discharge area of the system is characterized
by NaCl type which is the most common water type due to calcite precipitation during
upward flowing due to the change in pH. Recharge-type profile detected in Tala well has a
groundwaterflux (U) value equals 0.8m/year. The other wells in this regional groundwater
flow system showed a discharge type (upward groundwater flux) with varied U values:
�0.1 to �0.5, �0.35, and �0.23 in Kafelarab, Nawag, and Elkarada wells, respectively.
These estimates indicate that fresh groundwater starts to move vertically upward southern
Tanta City.

Very low concentrations of nitrates in the groundwater of Tala and Kafrelarab and
Nawag wells provide another evidence for being the water in the area south Nawag is
contributed by deep circulating water. The shallow zones between Kafrelarab and
Elkarada show a warming behavior as indicated from the temperature profiles. As
those wells are not located in the urban areas, therefore, this thermal regime could be
related to an upward and northward groundwater discharge.

The local flow system is identified from the cooling of the isothermal lines that are
recognized in the area from north Kafr Elsheik till Motobes. This system is isolated
from the regional one. The maximum depth of this local system is about 140 m in
Kafr Mesaaed and 90 m in Elhadady. The recorded excess in nitrate concentrations
indicates the agricultural and human surface activities. The temperature profiles
measured in the area of this local system are of discharge value with upward flux
(U ) equals �0.6, �1.2, and �2.8 m/year for Kafr Mesaaed, Elhadady, and Motobes
wells, respectively.

The subsurface thermal regime and the hydrogeochemical data in the study area
gave an image about the spatial extend of seawater intrusion in the Nile Delta. The
estimated criteria for seawater intrusion from the subsurface temperature are as
follows:

1. The low-temperature difference between deep wells of Kafrelarab and Motobes
wells in the deeper zones despite the long distance between them indicates nearly
static seawater in the mentioned area.

2. The intersections between the temperature profiles. For example, Nawag and
Elkarada profiles intersect at 45 m deep; Kafr Mesaaed and Elhadady profiles met
Motobes profiles at 140 m and 90 m deep, respectively.

3. The nearly horizontal isothermal lines under most of the studied area in the deeper
zones (till Nawag).

4. The low thermal gradient noticed in Motobes wells which located close to the
Mediterranean Sea compared to other wells.

The abovementioned thermal criteria indicate the existence of a nearly static
water body deeper in south Kafr Elsheikh City and shallower northern Kafr Elsheikh
City which might be seawater intrusion.

Recognized hydrogeochemical criteria indicating seawater intrusion in the study
area are as follows:
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1. Groundwater in Qutor wells has both CaCl2 and MgCl2 water types, in the
shallow and deeper zones, respectively. This indicates the existence of an inter-
mediate zone between seawater and freshwater under Qutor area. This estimation
is limited to 100 m depth which is the maximum depth of Qutor wells.

2. Seawater intrusion was also indicated from the partial ion exchange observed as a
relative increase in Ca2+ and fewer Na+ than Cl� as in Kafr Mesaaed and Elhadady
wells.

3. In contrast to the regional groundwater flow system of the southern part and the
local flow system in the northern part, Elkarada samples show a relative increase
of HCO3

� and higher Na+ compared to Cl�. Such feature indicates partial ion
exchange during freshwater propagation into the seawater. In another meaning,
the groundwater under Elkarada is originally seawater mixed with a little of
infiltrated freshwater.

Finally, the most dangerous information given from this research is that the
groundwater in the Nile Delta is not affected only by seawater intrusion but also
affected by hypersaline brine water inland propagation. The seawater affects the
upper 200–250 m, but the hypersaline water was indicated in Motobes well which is
of 420 m depth. The upward seawater intrusion flux rates in Motobes wells was
2.8 m/year which is much higher than the groundwater recharge flux at Tala well
which was 0.8 m/day.

6 Recommendations

Governmental regulation of the pumping process from the Quaternary Nile Delta
aquifer is urgently needed as the groundwater is not just facing the pollution from
surface human activities and seawater intrusion but also suffers from the deeper
hypersaline brine groundwater inland propagation. Integration between subsurface
thermal and hydrogeochemical data is a good tool in recognition of the groundwater
flow system and seawater intrusion.
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Part VIII
Groundwater Modelling



Integrated Groundwater Modeling

for Simulation of Saltwater Intrusion

in the Nile Delta Aquifer, Egypt

Asaad M. Armanuos and Abdelazim Negm

Abstract Groundwater in the Nile Delta aquifer is considered one of the most

important water resources of Egypt. In the last 30 years, the abstraction rates from

groundwater wells in the Nile Delta increased dramatically. The Nile Delta region

is considered very vulnerable to the sea level rise in the Mediterranean Sea due to

climate change. The main objective of this study is to build an integrated 3D

groundwater model of the Nile Delta aquifer to simulate the saltwater intrusion

under different climate change scenarios using the MODFLOW and SEAWAT

programs with the actual irrigation canal network in the Nile Delta region. Also, it

proposed different scenarios for management and control of saltwater intrusion in

the Nile Delta aquifer. Google Earth Pro software was used to estimate the bank

levels and top width of the irrigation canals within the Nile Delta region. The spatial

and temporal variation of groundwater recharge from rainfall in the Nile Delta

aquifer was estimated by using WetSpass hydrological model. ENVI software was

used to come up with land use classification based on available land cover images of

the Nile Delta for 1972, 1984, 1990, 2000, and 2009. The WetSpass model was

calibrated by comparing the simulated groundwater recharge with the calculated

one by using the water balance equation method. The results indicated close

agreement in groundwater recharge between the two methods’ outputs. The

WetSpass model was then applied in respect of 1970, 1980, 1990, and 2010 for

the purpose of validation. The SEAWAT program was used to build an integrated

groundwater model for the Nile Delta aquifer to simulate the saltwater intrusion
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where three scenarios are proposed: sea level rise, decreasing the south ground-

water head due to additional groundwater pumping and combination of the two

scenarios previously mentioned. The third scenario (combination between sea level

rise and decreasing the groundwater head due to additional pumping) is the worst

scenario. Finally, seven scenarios based on the built model results were proposed

through decreasing the pumping discharges for management and control of saltwa-

ter intrusion in the Nile Delta aquifer. Reduction of the pumping discharges from all

areas of the Nile Delta has a significant impact more than regional reduction and

redistribution of pumping discharges in order to control the saltwater intrusion.

Keywords Integrated model, Nile Delta aquifer, Saltwater intrusion, SEAWAT
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1 Introduction

Groundwater in coastal aquifers represents an important source of freshwater in

many areas around the world especially in arid and semiarid areas, where the

rainfall is scarce and the surface freshwater bodies are limited. In arid and semiarid

regions, the development and the urbanization of coastal zones are exploiting the

groundwater resources [1]. In coastal aquifers, the excessive groundwater pumping

has a significant impact on a saltwater intrusion as the freshwater flux toward the sea

decreases and causes the saltwater to intrude inland into the coastal aquifer [1].

The Nile Delta aquifer is one of these coastal aquifers which are vulnerable to the
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saltwater intrusion from theMediterranean Sea. Figure 1 shows the location map of the

Nile Delta aquifer, Egypt.

Over the last 30 years, the Nile Delta aquifer has subjected to severe groundwa-

ter pumping so a relatively large dispersion zone is encountered between the

freshwater in the Nile Delta aquifer and the intruded saltwater from the Mediterra-

nean Sea. Climate change also accelerates the degree of saltwater intrusion in the

Nile Delta aquifer. Sea level rise has a significant impact on saltwater intrusion in

the Nile Delta aquifer. Building an integrated groundwater model of the Nile Delta

aquifer needs input data of a long-term groundwater recharge from rainfall and

irrigation canal network for accurate representation and simulation. Integrated

groundwater modeling of the Nile Delta is essential for assessing the effect of

climate change (sea level rise and hydrological conditions) and the related impacts

of increasing development on the management of groundwater resources of the Nile

Delta aquifer to quantify the variations of groundwater level, Nile Delta water

budget, and groundwater salinity conditions.

2 Saltwater Intrusion in the Nile Delta Aquifer

Anon [2] determined the sharp interface between freshwater and saltwater in the

Nile Delta aquifer by using electrical logging method. The saltwater interface

extended to about potentiometric contour +10.00 m. Farid [3] presented a new

model by modifying AQUIFEM-1 model in the two dimensions to handle the

seawater intrusion problem in the Nile Delta aquifer as a movable interface. The

constructed model was applied to the Nile Delta aquifer to determine the shape and

position of the interface and consequently the toe point under different withdrawal

conditions. The present pumping from the Nile Delta aquifer was assumed to

change to be double, triple, and zero, having a recharge of the same amount. Kashef

[4] presented a method to determine the toe of the saltwater wedge across the Nile

Delta and parts of its extensions in the Eastern and Western Deserts. He indicated

that the saltwater intrudes deep in the Nile Delta aquifer to about 130 km from the

Mediterranean Sea
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u
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Ismailia canal

Nile River

Fig. 1 Location map of the Nile Delta aquifer, Egypt
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Mediterranean Sea approximately near El Bagour city. Sherif et al. [5] employed a

two-dimensional finite element model (2D-FED) for dispersion in coastal aquifers

to predict the concentration distribution and the flow pattern in the aquifer. The

equi-concentration line 1,000 ppm intruded at the aquifer bottom to 106 km at the

south of Tanta city and near to equipotential line +12.00 above the sea level. RIGW/

IWACO [6] mentioned that the interface between saltwater and freshwater is

actively moving inland into the Nile Delta aquifer and seawater intrusion advanced

to the aquifer at Tanta city. Other authors believed that the flow of saltwater

intrusion in the aquifer has reached the steady state. Soliman et al. [7] studied the

groundwater flow and the solute transport in porous media using developed finite

element model. The model was applied to Ruehen region in Germany and the

eastern part of the Nile Delta aquifer to simulate the saltwater intrusion. The equi-

concentration line 1,000 ppm reached Ismailia city in the Nile Delta aquifer. Sherif

and Sighn [8] simulated the saltwater intrusion in the Nile Delta aquifer using

SUTRA model in the aerial view considering the pumping discharges in each

governorate. The equi-concentration of 1,000 ppm intruded through the aquifer at

a distance of 41 km, and the equi-concentration line of 35,000 ppm intruded inland

to a distance of 84 km. Sherif and Al-Rashed [9] presented a vertical simulation of

the seawater intrusion by using a two-dimensional finite element model (2D-FED).

The model was used to identify the dispersion zone and the flow pattern in the Nile

Delta aquifer using the density-dependent approach. The equi-concentration line

35,000 ppm (seawater) intruded into the Nile Delta aquifer to a distance of 63.0 km

from the seashore measured at the bottom boundary, and the equi-concentration line

1,000 ppm advanced into the aquifer to a distance of 108.0 km. There was a flux

from the freshwater to the saltwater through the upper semi-previous layer with a

depth of at least 22.0 km. RIGW [10] introduced the contour maps of groundwater

salinity in the Nile Delta aquifer in the period between the years 1960 and 2000.

RIGW concluded from the maps that the groundwater salinity in the Nile Delta

aquifer was affected by the development activities. The groundwater salinity

increased from 1980 to 1990, and the iso-salinity line of 1,000 ppm moved

southward showing more saline water intrusion. Sherif et al. [11] used a 3D finite

element variable density model (FEFLOW) to study the saltwater intrusion in the

Nile Delta aquifer in a horizontal view. The concept of the equivalent freshwater

head was studied in a two-dimensional real vertical simulation. The horizontal

simulation was conducted with four horizontal sections located at different levels

(100, 200, 300, and 400 m), assigning an appropriate pressure head to identify

the depth of the horizontal section. The results showed that at a depth of 100 m, the

seawater migrated a few kilometers inland, and at a depth of 200 m, the transition

zone moved further inland to reach Tanta city. At a depth of 300 m, the seawater

advanced to Mansoura, and at a depth of 400 m, the entire active area of the domain

is occupied by seawater. Abdelaty et al. [12] used a three-dimensional model

(SEAWAT) to study the seawater intrusion in the Nile Delta aquifer. The available

data of salinity concentrations in different wells in the year 2008 was used

according to RIGW. The results indicated that equi-concentration 35,000 ppm

moved inland by a distance of 63.75 km from the shoreline in cross section in the
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middle of the delta, and the equi-concentration line 1,000 ppm intruded inland the

aquifer and reached 93.75 km from the shoreline of the Mediterranean Sea.

Abd-Elhamid et al. [13] conducted a coupled transient (2D–FEST) finite element

model in order to simulate the fluid flow and the solute transport in both saturated

and unsaturated zone for studying the saltwater intrusion in the Nile Delta aquifer

under the impacts of climate change. The results of the model indicated that the

isoline 35 intruded inland into the Nile Delta aquifer by a distance of about 64 km

from the shoreline, while the isoline 1 moved inland into the aquifer at a distance of

112 km at a cross section in the central part of the Nile Delta. Nofal et al. [14] used

the three-dimensional finite difference model SEAWAT to simulate the saltwater

intrusion in the Nile Delta aquifer with considering the available heterogeneity data

and the variation of groundwater density values in the recent drilled boreholes. The

model results showed that the appreciable agreement is related to the flow fluxes

and piezometric head. The saltwater intrusion in the Nile Delta aquifer was

delineated by the model. Wassef and Schüttrumpf [15] built a three-dimensional

finite element model in the western area of the Nile Delta by using FEFLOW

software to study the saltwater intrusion under different climate change scenarios.

The results showed that by the year 2100, it is expected that the interface of the

seawater will reach a maximum of about 43 km according to RCP 2.6 scenario,

while it is expected to reach 57 km according to RCP 8.5 scenario. The groundwater

overexploitation will cause an increase in the salinity concentration to about

5,000 mg/L. Mazi et al. [16] based on the results of site-specific vulnerability

assessments concluded that the Nile Delta aquifer was expected to threaten by the

advance of saltwater intrusion. A 10% decline of the groundwater head will lead to

advancement of seawater intrusion by about 5–8 km, and a 20% decline may lead

the Nile Delta aquifer to its tipping point with a complete aquifer intrusion.

2.1 Effect of Excessive Groundwater Pumping on Saltwater
Intrusion in the Nile Delta Aquifer

Sherif [17] used SUTRA model to examine the effect of pumping activities in the

Nile Delta aquifer on the saltwater intrusion and determine the best sites for

pumping in six different scenarios. The Nile Delta was divided into three zones

according to pumping activities: the middle, eastern, and western zones. When the

same amounts of water were pumped from the eastern and western Nile Delta, a

considerable reduction of saltwater intrusion was founded in the middle Delta. The

withdrawal from the middle Delta only reduces the saltwater intrusion in the Nile

Delta with specific reduction in the eastern side. Where an additional pumping was

increased in the middle Delta, the concentration line 35,000 advanced inland into

the Nile Delta aquifer. Sherif [18] used the SUTRA model to simulate the saltwater

intrusion in the Nile Delta aquifer on the horizontal direction to assess the effect of

various pumping scenarios on the saltwater intrusion process. It is recommended
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that any additional pumping should be practiced in the middle of the Delta to

decrease the adverse impacts and the redistribution of pumping activities, and land

use for agricultural practices in the Nile Delta may help mitigate the intrusion

migration. Sheriff [19] investigated the effect of land use on the seawater intrusion;

additional scenarios for rice cultivation were considered in the northern and south-

ern parts of the Nile Delta. The results showed for all scenarios that any additional

pumping should be practiced from the middle of the delta and decrease in the

eastern and western parts. The rice cultivation in the southern part would reduce the

saltwater intrusion because the clay layer in it is more permeable and thinner, so he

recommended increasing the rice cultivation in the southern area of the Nile Delta.

Abdelaty et al. [12] used the (SEAWAT) model to study the effect of pumping

activities on seawater intrusion in the Nile Delta aquifer. Three different scenarios

of increasing pumping activities were considered to the model by 25, 50, and 100%.

The results showed that the increase of pumping by 25, 50, and 100% caused the

equi-concentration 35,000 ppm at a section in the middle of the Delta to intrude

inland to distances of 63.75, 66.5 and 65.75 km, respectively. On the other hand, the

equi-concentration 1,000 ppm moved inland into the aquifer to distances of 98.25,

101.25, and 107.75 km, respectively, at the same cross section. Kashef [4] and

Anon [2] stated that the water supply and industry consume about 1.6 � 109 m3/

year from the groundwater in the Nile Delta aquifer system, and survey from the

Egyptian ministry of irrigation demonstrated that the total amount of extraction due

to irrigation is 0.82 km3/h and the total volume according to irrigation and water

supply and industrial equals to 2.42 km3/h. Dahab [20] stated that the total annual

abstraction from the groundwater in the Nile Delta due to irrigation and domestic

pumping equals to 2.123 � 109 m3/year at 1993. RIGW in Egypt monitored the

pumping activities at each governorate in the Nile Delta. According to the extrac-

tion well inventory in 1992, the total volume of extraction was about 1.92� 109 m3/

year. El Gharbia governorate recorded the maximum number of extraction wells

that equals to 3,391 followed by Sharkia and Menoufia governorates recording

1953 and 1719, respectively [21]. RIGW also carried the abstraction well inventory

for the Nile Delta region for the years 1995, 1997, and 2002. Information sheets are

uploaded to calculate the amount of extraction in the year 2008. The total volume

rate of extraction from the Nile Delta was 3.03 � 109 m3/year and 4.90 � 109 m3/

year for the years 1992 and 2008, respectively [22]. Serag El Din [23] mentioned

that the upward flow of groundwater to upper clay layer due to saltwater intrusion is

about 3 � 103 m3/year and the recharge to groundwater in the Nile Delta is almost

three times as much as the upward loss. The total annual abstraction from the Nile

Delta aquifer increased dramatically from 1.6� 109 m3 in the year 1981 to 2.6� 10
9 m3 in 1991 and increased slightly to 3.2 � 109 m3 in 1997 and to 3.5 � 109 m3 in

2003. It can be observed that a dramatic increase occurred in the total abstraction

since 2003 to 2010 and arrived 4.5 � 109 m3/year with 0.2 � 109 m3/year increase

[24]. The distribution of abstraction wells in the Nile Delta was collected by RIGW

and was shown in Abdelaty et al. [12]. A huge number of extraction wells are

concentrated in the central and southern parts of the Nile Delta in El Gharbia and El

Monufia governorates. In the eastern part, they are concentrated in El Dakahlia, El
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Sharqia, and El Qalyubia governorates and in El Beheira governorate in the western

part of the Nile Delta. El-Arabi [25] mentioned that groundwater in the Nile Delta

aquifer system and desert fringes is not a resource in itself as it is replenished from

the Nile River by seepage from canals and deep percolation from irrigation appli-

cation. About 4.6 � 109 m3 is the total abstraction from the Nile Delta and its

fringes, and 0.5� 109 m3 is abstracted only from the desert aquifers and the coastal

areas. The total annual groundwater abstraction in the year 2015 from the Nile

Delta is expected to increase considerably to reach 11.4 � 109 m3. This increase is

due to the relative importance of groundwater in the national water resources

management. Abd-Elhamid et al. [13] used a coupled transient (2D–FEST) finite

element model to simulate the saltwater intrusion in the Nile Delta aquifer under

excessive groundwater pumping. The results showed that a 100 cm decrease in the

piezometric head due to the excessive groundwater pumping will lead to additional

saltwater intrusion in the Nile Delta aquifer with about 8 km. Also, the combination

of sea level rise by 100 cm and piezometric head decreasing by 100 cm will lead to

an additional saltwater intrusion of about 15 km.

2.2 Effect of Sea Level Rise on Saltwater Intrusion
in the Nile Delta Aquifer

Sherif and Sighn [8] studied the effect of climate change on seawater intrusion in

two coastal aquifers, Nile Delta aquifer in Egypt and Madras aquifer in India. A

numerical model was used to investigate the effect of sea level rise by 0.2 and 0.5 m

on the saltwater intrusion. The results indicated that a rise of 0.5 m in the sea level

of Mediterranean Sea would cause additional intrusion of 9.0 km in the Nile Delta.

On the other hand, Madras aquifer will cause additional intrusion of 0.4 km when

the Bay of Bengal rises with the same value. It was concluded that Nile Delta

aquifer is more endangered than Madras aquifer under the condition of climate

change and sea level rise. Sherif [17] studied the effect of sea level rise on the

saltwater intrusion in the Nile Delta aquifer in the vertical direction by using

2D-FED model. The rise of the water level of the Mediterranean Sea by 0.2 m

and no change in piezometric head lead the concentration line 1,000 ppm to

advance slightly into the aquifer, and the concentration 35,000 ppm advanced

inland by 2.5 km. In the case of 0.5 m rise, the concentration line 35,000 intruded

further inland the aquifer by 1.5 km and the concentration line 1,000 ppm advanced

inland by a distance of 9.0 km. Sherif et al. [11] used the 2D-FEDmodel to simulate

the saltwater intrusion in the Nile Delta aquifer on the vertical direction to assess

the effect of sea level rise due to global warming. A 20 cm rise in the seawater level

of the Mediterranean Sea caused the equi-concentration line 35,000 ppm intruded

inland to a distance of 2.0 km. A 50 cm rise in the seawater level of the
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Mediterranean Sea causes about 4.5 km inland intrusion of equi-concentration line

35,000 ppm. Nofal et al. [14] used a numerical solute transport model (MODFLOW

and SEAWAT) to simulate the impact of saltwater and freshwater interface behav-

ior in the Nile Delta aquifer with different scenarios of sea level rise. The effect of

three values of sea level rise 0.2, 0.5, and 1.0 m on groundwater heads and salinity

distribution was evaluated. It was concluded that the sea level rise affects the

aquifer to a certain limit. Also, that groundwater heads after 30 years will increase

ranging from 0.0 to 0.5 m according to the increase in sea level rise. On the other

hand, the groundwater salinity will be marked southward at a distance of 7.0 km

from the sea. Abdelaty et al. [12] used a three-dimensional model (SEAWAT) to

study the seawater intrusion in the Nile Delta aquifer considering the increase of sea

level rise. Three different scenarios of sea level rise were considered 0.25, 0.5, and

1.0 m to the model. The results showed that an increase of sea level by 0.25, 0.5, and

1.0 m would lead the equi-concentration 35,000 ppm at the section in the middle of

the Delta to intrude inland into the Nile Delta aquifer to distances of about 66.75,

67.0, and 67.75 km, respectively. On the other hand, the increase of sea level by

0.25, 0.50, and 1.0 m will cause the equi-concentration 1,000 ppm to move to a

distance of 97.75, 96.25, and 97.0 km, respectively, at the same cross section.

Abd-Elhamid et al. [13] used a coupled transient (2D–FEST) finite element model

to simulate the saltwater intrusion in the Nile Delta aquifer under the impacts of

climate change. The results showed that a rise of 100 cm in the water level of the

Mediterranean Sea would lead to an additional saltwater intrusion into the Nile

Delta aquifer with about 10 km.

3 Groundwater Recharge in the Nile Delta Aquifer

The main sources of groundwater recharge in the Nile Delta aquifer are recharge

from the Nile River, seepage from irrigation canals and drains, excessive irrigation

water, and groundwater recharge from rainfall.

3.1 Groundwater Recharge from Rainfall

Building an integrated groundwater model of the Nile Delta aquifer needs input

data related to long-term groundwater recharge for accurate representation and

simulation. Integrated groundwater modeling of the Nile Delta is essential for

assessing the effect of climate change (the rise in sea level and hydrological

conditions). Also, it helps in assessing the related impacts of increasing develop-

ment in terms of managing the groundwater resources of the Nile Delta aquifer to

quantify the variations of groundwater level, its water budget, and groundwater

salinity conditions [24]. Infiltration recharges the Nile Delta aquifer from a network

of irrigation canals, excess irrigation water, and precipitation that percolates
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through the upper clay layer contributing to the groundwater recharge [8]. Ground-

water recharge from rainfall in the Nile Delta occurs only during the winter months.

It is an important mechanism in the coastal zones, especially in the Mediterranean

coastal aquifer where coastal dunes overlay the aquifer [22, 26]. Sherif and Sighn

[8], Sefelnasr and Sherif [27], and Abdelaty et al. [12] built a groundwater model of

the Nile Delta for studying saltwater intrusion and the impact of climatic changes

on water resources in the Nile Delta aquifer. Mabrouk et al. [24] stated that the

rainfall recharge in the Nile Delta is neglected in most groundwater modeling

studies.

3.2 Groundwater Recharge from Excessive Irrigation Water

The main source of recharge in the Nile Delta aquifer is the percolation from

agriculture and infiltration from irrigation and drainage networks canals. Recharge

varies according to hydrogeological conditions. The pattern of infiltration/drainage

may be reversed according to the season [28]. Shamrukh et al. [29] reported that the

agricultural recharge to the Quaternary aquifer ranged between 0.8 and 1.1 mm/day

for old lands and between 1.9 and 2.1 mm/day for the reclaimed area. DRI [30]

reported the average percolation to the Quaternary aquifer in the Nile Delta at about

0.8 mm/day. Warner et al. [31] reported that the percolation rate in the central and

southern parts of the Nile Delta ranges between 0.25 and 0.8 mm/day. The perco-

lation rate depends on the type of soil and irrigation and drainage practices. This

value increases in the desert areas to the west for furrow irrigation from 1.0 to

1.5 mm/day and decreases to values range from 0.1 to 0.5 mm/day for drip and

sprinkler irrigation. The percolation rates in the Eastern parts of the Nile Delta

ranged between 0.2 and 5 mm/day in the large reclamation projects [24, 32]. El

Ramly [33] mentioned that the groundwater aquifer system in the Nile Delta is

recharged from deep percolation of subsurface drainage water and seepage from the

main irrigation canals crossing the Nile Delta region. The average rate of recharge

to groundwater from the excess irrigation water varies from 0.25 to 1.1 mm/day.

Morsy [22] reported that the rate of drainage surplus equals to 0.25 mm/day at the

northern part of the Nile Delta, 1 mm/day in the middle part, and 1.1 mm/day in the

southern part of the Delta. These values decrease in the old lands to equal 0.29 and

0.5 mm/day in the eastern and western parts of the Nile Delta, respectively. In the

newly reclaimed lands in the western deserts, drainage surplus rate ranges from

0.87 to 3.2 mm/day.

3.3 Groundwater Recharge from Irrigation Canals Network

Another significant influence on the recharge of the main aquifer comes from the

water levels in the irrigation canals. These water levels are also a significant factor
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in groundwater modeling, because they influence the surface water-groundwater

interaction. According to Mabrouk et al. [24], most modeling studies were repre-

sented with a constant average water level value along the canals (e.g., [34]). On the

other hand, water levels of the canals vary from 1 month to another and throughout

different sectors of the canals, which needs to be taken into account for more

accurate representation of the interactions between the aquifer and the surface

water in the delta. The delta receives 35 � 109 m3/year of surface water from the

Nile for irrigation, industry, and water supply. This recharges the aquifer through

the infiltration of excess irrigation water through seepage from an extensive net of

canals and drains [2, 4]. Previous studies considered in their account the ground-

water recharge from 10 canals for simulation of the saltwater intrusion in the Nile

Delta aquifer despite the actual irrigation canal network consisting of more than

200 canals.

4 Water Budget of the Nile Delta Aquifer

Kashef [4] reported that the total annual abstraction from the Nile Delta aquifer

equals to 2.42 km3/year and the balance between the inputs and outputs equals to

3.98 km3/year; this value represented the future water surplus for the future

development. Kashef [4] mentioned that the balance which is about 3.98 km3/

year is approximately assumed correct and indicated the annual gain to the Nile

Delta aquifer. Kashef [4] concluded that if this value is repeated annually, a

detrimental situation will develop, leading to waterlogging. On the other hand,

if the total amount of abstraction increased more than the present level, the

waterlogging would be reduced, leading to better land production, while the danger

of an increase in saltwater would develop. Dahab [20] concluded that the difference

between the inputs and outputs of the Nile Delta aquifer system equals to

+2,813.984 million m3/year; this value is lost through downward infiltration from

main drains and excess irrigation water.

5 Data Limiting About Irrigation Canal Networks

in the Nile Delta Region

The Nile Delta canals receive about 35.5 billion m3 of surface water annually,

which is used for agriculture, industrial activities, and water supply. The intensive

irrigation canal networks recharge the aquifer in two ways: infiltration of excess

irrigation water and seepage from canals and drains [2, 4]. The main source of

recharge to the Nile Delta aquifer is percolation from agriculture and infiltration

from irrigation and drainage network canals [28]. Mabrouk et al. [24] stated that the

water levels of the irrigation canals have a significant influence on the groundwater
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recharge of the Nile Delta aquifer system. The major portion of annual overall

groundwater recharge of Nile Delta aquifer is provided by the direct seepage from

the Nile River, the huge network of irrigation canals, and the excess irrigation water

[4]. In that study, water budget concept was applied, despite the lack of irrigation

canal bed and bank levels, to estimate recharge from irrigation canals and irrigation

water, which was about 6.4 km3/year. The annual seepage of surface water to

groundwater system in the Nile Delta aquifer was estimated to equal to 2.5 km3/

year [20]. The effect of freshwater recharge on seawater intrusion in the Nile Delta

aquifer is also observed in the upper layer around the Nile River and its branches

[11]. The seawater intruded toward the Nile Delta aquifer with the decrease of water

levels of canals [12]. However, those previous studies considered groundwater

recharge based on up to ten canals in groundwater modeling despite the high

density of irrigation network in Nile Delta region that consists of more than

200 canals [35]. There was obviously a shortage in the data of bed and water levels

of the Nile Delta canals, although this data of bed, bank level, and bed slope is

necessary for more accurate representation and simulation of groundwater model-

ing to understand the interaction between surface water and groundwater in the Nile

Delta aquifer system. Determination of water level in canals requires information of

bank levels which are not available for irrigation canal network of the Nile Delta in

the previous studies. Nowadays, many different tools are available to estimate

upper canal width and bank levels of rivers. Ssegane and Tollner [36] used Google

Earth to derive elevations in the Nzoia basin (Kenya) and to calculate the differ-

ences between Google Earth and GPS. It could be concluded that there was a

shortage of bank level, water level, and upper canal width data for irrigation canal

network in the Nile Delta, while it was needed for building an integrated ground-

water modeling of the Nile Delta aquifer and accurate simulation of the interaction

between surface water and groundwater.

6 Estimation of Groundwater Recharge from Rainfall

in the Nile Delta Aquifer

Armanuos and Negm [37] described the variations between the values of WetSpass

input parameter which represents the Nile Delta region and the default values in the

model. An extensive sensitivity analysis is required for accurate determination of

the WetSpass input parameters based on the crop pattern in the Nile Delta region.

Armanuos et al. [38] used WetSpass hydrological model to estimate groundwater

recharge from rainfall for the years 1970, 1980, 1990, 1991, 2000, and 2010. ENVI

software was used to generate the land use/land cover maps for the Nile Delta. The

input data for WetSpass model was collected from the Nile Delta region which

includes topography, soil map, land use, groundwater level, rainfall, wind speed,

temperature, and evapotranspiration. The simulated values of groundwater recharge

by WetSpass model were compared to the estimated values by using the water
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balance model in calibration process for 25 points for the years 1991 and 2000. The

following subsections describe the analysis of WetSpass input data.

6.1 Data Analysis

6.1.1 Topography

Figure 2 shows the topography map of the Nile Delta according to EGSA (Egyptian

General Survey and Mining) [39]. In the central part of the Nile Delta, the land level

ranges between 18 m + MSL at the south near Cairo city and decreases toward the

Mediterranean Sea in the north to be less than 1.0 m. In the eastern part, the level of

the Delta land ranges between less than 1.0 m + MSL in the northern border near

Port Said and increases toward the south to reach 35.0 m + MSL near Ismailia

Canal. It increases in the southeast of the Nile Delta to reach 112.0 m + MSL. In the

western part of the Nile Delta, the land level ranges between 112 m + MSL at the

south and decreases toward the north near the Mediterranean border to be less than

1.0 m, except Wadi El Natrun area where the land level decreases to 15 m �MSL.

6.1.2 Land Use

Rapid imbalance changes were observed among the five land cover classes (urban,

desert, water, fish farms, and agricultural land). Figure 3 shows the classification of

land use in the Nile Delta for 1972 and 2009. The percentage of agriculture land

increases gradually from 51% in 1972 to 68% in 2009. The temporal data for the

five images consists of four Landsat scenes, which were mosaicked to cover the

entire Nile Delta. A support vector machine (SVM), which is a supervised classi-

fication algorithm, was implemented to produce classification maps in a thematic

form. A total number of 1,319 points, obtained by the ENVI software, was used as

training points, which were randomly generated under the ArcGIS environment for

each image. Another 750 points were selected as validation points for accuracy

assessment. Table 1 shows the percentage of training, validation points, and

accuracy assessment for each class. The overall accuracy of land classification

was 88.83%. Reclaimed land areas were observed in the southwestern part of the

Nile Delta. For desert land, it decreases gradually from 33% in 1972 to 12% in

2009. Urban land increases from 6.5% in 1972 to 14% in 2009, as shown in Fig. 4.

6.1.3 Soil

According to the distribution of the soil map of the Nile Delta region [41, 42], the most

common type of soil in the ND is Nile silt and clay distributed in the central part. Sand

dunes are observed in the northern border near the Mediterranean Sea. Coarse sand
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and gravel, mixed with clay, are observed in the southeast and southwest parts. Desert

soil crust is found in northern-west parts and in the border of Manzala and Borolus

Fig. 3 Land use/land cover changes in the Nile Delta region, Armanuos et al. [38, 40]. (a) 1972,

(b) 2009

Table 1 Total number of the training, validation points, and accuracy assessment per class for the

five images

Class name

Total number

of the training

points

Training

points

percentage

per class

Total number

of the

validation

points

Validation

points

percentage per

class

Assessment

accuracy

percentage

Agriculture 972 63.69 400 53.33 100

Water 128 9.70 100 13.33 100

Fish farms 65 4.93 50 6.67 75

Urban 67 5.08 100 13.33 71.16

Desert 87 16.60 100 13.33 98
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lakes in the north. Sabkha deposit soil type is observed in the northern part of ND near

the north border, as shown in Fig. 5.

6.1.4 Groundwater Level

In 1974, in the central part and the eastern part, the groundwater levels range

between 18.0 m amsl at the southern border and 0 m at the northern border, while

in the northwestern part, it increases to reach 18 amsl. On the other hand, it

decreases to 18.0 m bmsl in the southwestern part of the Nile Delta. In 1980, the

groundwater level ranges between 16.0 m amsl near Cairo city at the south and

decreases toward the north to 0.0 m amsl. The groundwater level increases toward

the west to reach 14 amsl, while it is still below the mean sea level by 15.0 m in the

Fig. 4 Land use/land cover class percentage in the Nile Delta region at 1972, 1984, 1990, 2000,

and 2009. (a) 1972, (b) 1984, (c) 1990, (d) 2000, (e) 2009
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southwest. The groundwater level increased slightly in the year 1990 to reach

18.0 m amsl in the south and also increased in the northern-west part to reach

about 25.0 m amsl. In 1992, the groundwater level decreased slightly to about

16 amsl near Cairo and 20+ MSL in the west and remained at 15 bmsl in the

southwest. In the year 2000, it decreases again to reach 15 amsl near the south

border, while it remained at still the same level in the west and in the southwest. The

groundwater level remained at 15 amsl in the south border and also at 15 bmsl in the

southwest, while it increased to 30.0 m amsl in the northwestern part of the Nile

Delta, as shown in Fig. 6. The depth to groundwater level in the Nile Delta ranges

from 1 to 5 m in the central part and increased to 50 m in the south. In the eastern

part, it ranges from 1 to 3 m in the north and increased in the south, reaching 100 m,

while in the western part, it ranges from 1 to 5 m, increased in the central part to

15 m, and reached more than 50 m in the south. The depth to groundwater level is

higher than the root depth in the Nile Delta region; the available near maps were

used to present the selected studied years.

6.1.5 Rainfall

The amount of rainfall in Alexandria fluctuated through the period at around 198.3

as an average value. Minimum rainfall values were 7 mm and 55 mm in 1999 where

maximum values equaled to 165 and 410 mm observed in 1991 for Cairo and

Alexandria, respectively. Rainfall in the Nile Delta increased from the south near

Cairo toward the northern areas near the Mediterranean border at Alexandria.

Rainfall in 1970 increased from 16.7 mm at Cairo to 192.9 mm at Alexandria.

Since 1970–1980, rainfall decreased slightly below the average values. In 1980,

rainfall increased in Alexandria to 195.5 mm and decreased to 10.5 mm in Cairo.

Since 1980–1990, rainfall slightly exceeds the average values. Minimum rainfall

was 15 mm in Cairo, and it increased toward the north to 189 mm. Since

1990–2000, rainfall fluctuated around the average values where the maximum

rainfall is recorded in 1991. In 2000, it reached 17 and 200 mm in Cairo and

Fig. 5 Soil map in the Nile Delta
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Alexandria, respectively. From 2000 to 2010, the rainfall was near the average

value reaching 20 and 225 mm in Alexandria and Cairo, respectively. Based on an

analysis of rainfall, 6 years were selected to present the rainfall distribution in the

Nile Delta, as shown in Fig. 7.

Fig. 6 Groundwater level in the Nile Delta aquifer. (a) 1974, (b) 1980, (c) 1990, (d) 1992,

(e) 2002, (f) 2008
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6.1.6 Temperature

It is observed from Fig. 8a–f that temperature ranged from 13 to 17.2�C in the Nile

Delta through the study period. The distribution of temperature recorded minimum

values in the north in Alexandria; Egypt increased toward the east in Port Said and

reached maximum values in Cairo in the south part of the Nile Delta. In 1970 and

1980, it ranged from 13.5 to 16.33�C and in 1990 ranged from 13.0 to 14.67�C. It
recorded an increase in the year 2000 to reach maximum values in Cairo about

17.2�Cwhile still in a range from 14.2 to 16�C in 1991 and 2010, as shown in Fig. 8.

6.1.7 Potential Evapotranspiration

It can be observed from the spatial and temporal distribution of potential evapo-

transpiration that PET ranged from 97.8 and 121.5 mm in the winter season, as

shown in Fig. 9a–e. The potential evapotranspiration values were observed in

Alexandria where minimum temperature was recorded, increasing to the east in

Port Said and reaching maximum values toward the south in Cairo where maximum

temperature was observed. Figure 9 presents the PET values in Alexandria, Port

Said, and Cairo from 1970 to 2010. It ranged from 113.3 to 117.3 mm in 1970. It

increased slightly in 1980 where maximum value was observed in Cairo about

121.5 mm. From 1990 to 2010, it ranged from 97.8 to 113.5 mm, while the

minimum value of PET was observed in Alexandria.

6.1.8 Wind Speed

It can be observed from Fig. 10a–f that the wind speed ranged from 3 to 5.5 m/s in

the Nile Delta through the study period. The distribution of wind speed recorded

minimum values in Cairo, increased toward the north in Alexandria, and reached

maximum values in Port Said in the northeastern part of the Nile Delta. In 1970, it

ranged from 3.72 to 5.5 m/s and decreased slightly in 1980 and 1990 ranging from

3.63 to 5.25 m/s. It recorded an increase in the year 2000 to reach maximum values

in Port Said about 5.5 m/s while still in a range from 3 to 5 m/s in 1991 and 2010, as

shown in Fig. 10.

Values of groundwater recharge from rainfall ranged from 0.0 to 304 mm in the

winter season in the year 1991, which equates to about 0.0–74% from the values of

precipitation. Low values of groundwater recharge were observed in the eastern,

northeastern, and southern areas in the Nile Delta at Gharbia, Ismailia, Kafr El

Sheikh, and Port Said. The values of groundwater recharge increased toward the

western areas of Beheira and Baltim cities. High values of recharge were observed

in the northwestern part of Alexandria city, which ranged from 0.0 to 99 mm

(49.5%) for 1970 and 1980. The groundwater recharge values decreased in 1990
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to reach a maximum of 89 mm (44.5%). Groundwater recharge increased in 2000

and 2010 to reach a maximum of 134 mm (59.6%), as shown in Fig. 11.

Fig. 7 Annual rainfall (mm) in the Nile Delta. (a) 1970, (b) 1980, (c) 1990, (d) 1991, (e) 2000,

(f) 2010
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7 Estimation of Top Width and Bank Levels of Irrigation

Canal Network in the Nile Delta Region

Armanuos et al. [40] used Google Earth Pro software based on the available

Landsat imagery of Nile Delta to estimate the ban level and top width of irrigation

canal network in the Nile Delta region. The method is first applied to Damietta

Fig. 8 Average winter temperature (�C) in the Nile Delta. (a) 1970, (b) 1980, (c) 1990, (d) 1991,
(e) 2000, (f) 2010
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branch where the estimated values for bank level and top width for Damietta branch

are compared with the measured values by the Hydraulics Research Institute (HRI)

of Egypt [43]. The results confirmed that the difference between the measured and

estimated values of bank level for Damietta branch ranged from 0.01 to 0.80 m

[40]. The R2 values of bank level and top width for Damietta branch showed a

strong correlation between the estimated and measured values. The method was

applied to all irrigation canal network in the Nile Delta region. The application

results of the proposed method are very useful for accurate groundwater simulation

Fig. 9 Potential evapotranspiration in the Nile Delta mm/winter season. (a) 1970, (b) 1980, (c)

1990, (d) 1991, (e) 2000, (f) 2010
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of the Nile Delta aquifer and interaction between surface water and groundwater in

the Nile Delta aquifer. Tables 2, 3, and 4 summarize the bank level, length, and top

width of irrigation canals in central, eastern, and western parts of the Nile Delta

region, respectively.

Fig. 10 Average winter wind speed (m/s) in the Nile Delta. (a) 1970, (b) 1980, (c) 1990, (d) 1991,

(e) 2000, (f) 2010
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8 Building Integrated Groundwater Model of the Nile

Delta Aquifer

Nile Delta aquifer is considered to be among the largest underground freshwater

reservoirs all over the world [9]. The Nile Delta region is about 25,000 km2, located

between latitudes 30�05 and 31�30/N and longitudes 29�50 and 32�15/E in the

northern area of Egypt [44]. The Nile Delta is the bounded by the Mediterranean

Sea in the north, by the Nile River in the south, by Suez and Ismailia canals in the

east, and by El Nobaria canal in the west [44]. In the Nile Delta region, the Nile

River is divided into nine large canals. Its main branches are Rosetta and Damietta

branches. Rosetta branch is located in the west with a length of about 239 km,

whereas Damietta branch is located in the east and about 245 km in length

[4]. The groundwater system in the Nile Delta aquifer is a complex system. The

Nile Delta Quaternary aquifer is a semi-confined aquifer; a clay layer covers its top

[3, 45]. The aquifer thickness ranges from 200 m in the south and increases to the

Fig. 11 Groundwater recharge from rainfall in the Nile Delta region for the years 1991 and 2010,

Armanuos et al. [38]. (a) 1991, (b) 2010
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Table 2 Bank level, length, and top width of irrigation canals (central Nile Delta)

Name of canals Bank level + MSL Length (km) Top width (m)

Central Nile Delta

Abou Ghalib canal 2.4, 1.5 3.8 9.9

Abou Halal canal 3.8, 2.2 8.6 9.5

Abou Ismail canal 1.7, 0.0 6.0 8.8

Aisha canal 10.5, 6.6 14.0 7.0

Amr Beek canal 10, 7.3 24.0 11.8

Aremion canal 6.6, 5.2 8.3 13.8

Atf canal 14.2, 12.0 32.2 34.1

Bagoria canal 16.6, 2.0 173 36

Bahe Semela 11.0, 8.0 14.0 7.0

Bahr El Samar El Ayman 4.0, 3.2 15.0 9.8

Bahr Assei canal 10.4, 6.8 21 17

Bahr Basondia 5.7, 4.0 36.0 26

Bahr Bemam 12, 7.5 20.0 12.9

Bahr El Bashma 6.6, 3.8 14.0 21.4

Bahr El Batahla canal 4.0, 0.0 25.0 11.0

Bahr El Bonwat 4.0, 1.2 25.0 16.6

Bahr El Malah 7.4, 4.0 33.0 11.5

Bahr Hafeir Shab El Dein 8.3, 3.0 29.8 36.0

Bahr Loktei 7.0, 5.4 15.0 12.1

Bahr Nashret 8.5, 6.0 20.0 20.4

Bahr Nemra 6.8, 4.9 20.0 20.4

Bahr Seief 10.6, 7.5 20.0 12.8

Bahr Shebin 7.2, 7.0 16.8 49

Bahr Shershaba 10.0, 8.0 9.0 9.0

Bahr Tiro 7.1, 2.0 65.0 43

Balkena canal 7.4, 4.5 12.0 7.7

Baseis canal 7.8, 1.0 19.0 15.4

Bashbesh canal 5.6, 4.5 5.3 8.03

Beshara canal 3.6, 2.4 5.3 14.8

Canal Mareis el Gamal 6.0, 2.5 12.5 12.5

Damat canal 8.0, 7.0 7.50 10.3

Deiama canal 3.8, 2.6 6.0 9.5

Dia el kom canal 13.8, 11.5 6.5 6.8

Draz canal 3.0, 2.0 3.50 5.2

Ebraheem El Gendi canal 12.3, 11.2 11.0 5.1

Ebshan canal 3.6, 2.5 13.0 5.5

Ebto canal 5.0, 1.5 16.0 8.3

El Aalaf canal 4.4, 4.0 9.0 7.7

El Amreia canal 7.4, 5.3 10.0 9.8

El Bahr El Sehediei 5.5, 3.0 22.8 24.6

El Baradehi canal 8.4, 6.6 6.0 3.3

El Bashawat canal 5.0, 3.0 10.0 11.0

El Betanonia canal 3.5, 1.7 26.0 9.0

(continued)
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Table 2 (continued)

Name of canals Bank level + MSL Length (km) Top width (m)

El Daramallei canal 1.5, 1.0 10.0 13.3

El Darfeil canal 2.5, 1.0 10.0 12.8

El Doon canal 2.1, 1.2 18.5 16.4

El Eslah canal 5.0, 2.0 15.0 21.1

El Farameli canal 3.0, 1.3 6.0 11.3

El Fazrei canal 13.0, 10.0 12.0 7.53

El Gafria canal 11, 7.5 20.0 12.8

El Galban canal 5.5, 1.0 12.0 10.0

El Gamoos canal 14.5, 12.2 10.0 7.0

El Ganeim canal 10, 9.0 5.8 4.3

El Halwanei canal 5.0, 1.0 19.50 12.4

El Henawei canal 4.8, 3.0 12.0 10.0

El Hessa canal 4.5, 3.0 7.3 6.30

El Hosha canal 4.6, 2.8 8.2 8.4

El Kadei canal 10.6, 7.8 6.0 5.0

El Kaleig canal 5.0, 1.0 17.5 15.5

El Kaleig El Abassei 8.0, 5.2 7.8 19.3

El Karadwa canal 3.5, 2.5 9.0 9.7

El Khaial canal 5.0, 0.0 11 13.3

El Khawaled canal 4.0, 1.5 9.0 3.0

El Sawakei canal 8.2, 3.5 10.00 7.80

El Serbawia canal 15.5, 10.2 31.6 16.0

El Sharkia canal 3.5, 3.0 5.0 7.50

El Sharkwa canal 3.1, 2.3 12.50 15.8

El Shawamei canal 4.2, 2.3 15.0 7.50

El Shiek Ahmed canal 2.5, 1.0 6.50 9.10

El Taiefa canal 6.3, 2.3 12.0 18.14

El Tebia canal 7.0, 6.0 11.0 11.7

El Teien canal 3.0, 2.0 7.00 11.9

El Wastanei canal 3.4, 2.0 11.00 10.50

El Zawia canal 9.1, 2.5 27.0 43

Fawwa canal 3.0, �1.0 7.00 8.10

Ganabiat Shobra Ell Namla 10.5, 8.0 12.00 9.00

Kabreit canal 3.0, 2.0 11.00 15.3

Kafr Seliman canal 3.4, 1.5 7.30 8.20

Kafr Tanbadei canal 14.8, 10.5 16.00 8.00

Ketah El Zalat canal 3.4, 1.5 6.50 9.90

Ketai canal 11, 8.0 14.00 8.30

Kom El Farahein canal 4.8, 2.8 5.00 10.36

Kotor canal 7.5, 6.0 8.00 6.90

Mansour canal 5.4, 2.5 8.00 4.50

Meit El Serag canal 6.0, 5.0 12.00 13.80

Mit Yazeid canal 9.5, 1.5 71.50 46.6

Moftah canal 3.0, 2.0 10.00 8.80

(continued)
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Table 2 (continued)

Name of canals Bank level + MSL Length (km) Top width (m)

Moharam canal 2.0, 1.3 3.00 6.70

Mounof canal 16.0, 11.0 36.0 29.52

Nasha canal 8.0, 5.0 11.8 13.80

Nesheel canal 6.0, 5.0 13.00 8.40

New senhour canal 6.0, 3.7 7.00 7.30

Om Ameik canal 11.0, 9.5 13.50 18.16

Om Kaleifa canal 12.5, 10.0 15.00 7.50

Om Sherief canal 15.8, 13.7 10.00 6.30

Qwesena canal 12.0, 10.0 13.00 10.70

Raes el Kalieg canal 4.0, 2.5 9.00 11.80

Sahel El Garaber canal 10.2, 8.0 13.50 5.10

Salmon canal 11, 5.5 16.00 12.50

Samdar el baharei canal 15.0, 9.5 21.00 6.90

Samed canal 4.6, 3.3 8.00 9.0

Samool canal 9.4, 5.2 14.00 6.90

Sandioon canal 2.3, 1.0 2.60 10.80

Sandseic canal 7.0, 4.0 10.00 5.80

Seleem canal 12.2, 12 5.00 3.80

Senara canal 5.5, 5.0 14.00 9.10

Shakeib canal 4.3, 3.0 6.00 4.30

Shalma canal 7.0, 2.5 9.00 17.0

Shemei canal 5.2, 4.0 8.00 8.00

Sheshna canal 9.0, 7.0 13.00 6.60

Shobrareic canal 8.9, 7.8 4.00 4.00

Tanta canal 16.0, 5.0 96.50 21.0

Yuosseif afandei canal 5.0, 1.0 15.00 18.79

Zeil El Kaseed canal 5.5, 1.0 22.00 10.20

El Kodrat canal 12.5, 12.0 13.0 6.9

El Konaisa canal 5.0, 3.5 9.30 11.8

El Kordei canal 5.9, 5.0 7.00 10.1

El Manaifa canal 5.8, 2.8 15.0 19.3

El Marbat canal 2.4, 0.0 15.0 9.0

El Mestalia canal 3.6, 2.0 8.00 9.5

El Monshaa canal 2.0, 1.5 10.00 11.5

El Mostafa canal 6.8, 4.8 15.00 11.8

El Nafqa canal 3.2, 2.2 7.9 19.7

El Nagar canal 18.0, 13.1 32.0 12.5

El Nasher canal 9.5, 7.4 3.8 7.80

El Nehnaeia canal 5.0, 1.0 10.0 14.4

El Neshrein canal 5.0, 4.2 10.0 9.5

El Nile canal 5.4, 2.0 25.0 21.6

El Ramla canal 6.5, 3.6 12.0 8.1

El Salab canal 3.2, 1.0 13.0 18.0

El Salmia canal 4.5, 1.5 3.0 9.7

El Samda canal 1.5, �1.5 5.0 9.0
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north to reach 1,000 m [21]. The upper clay layer acts as an aquitard in the south and

ranges from 5 to 25 m in thickness, while in the north, its thickness increases to

reach more than 50 m acting as an aquiclude [46]. In 2000 and 2010, groundwater

recharge from rainfall in the Nile Delta aquifer ranged between 0.0 and 134 mm in

the winter at Cairo and Alexandria, respectively [38].The average rate of percola-

tion to the Nile Delta Quaternary aquifer is 0.8 mm/day DRI [30]. The percolation

rate depends on the soil type, irrigation, and drainage systems [31]. It ranges from

0.25 to 0.8 mm/day in the central and southern part of the delta. The maximum rates

are from 1.0 to 1.5 mm/day found in the western desert areas where furrow

irrigation is used. The minimum rates are from 0.1 to 0.5 mm/day observed in

Table 3 Bank level, length, and top width of irrigation canals (eastern Nile Delta)

Name of canals Bank level + MSL Length (km) Top width (m)

Bahr Mois canal 16.0, 1.6 133.0 25.0

Bahr Sageir 8.5, 1.3 65.0 35.0

Bahr Tanah canal 9.6, 3.5 60.0 14.50

Boaheia canal 12.8, 6.0 50.0 21.50

El Raiah El Twafiq 20.5, 2.0 160.0 49.0

Ismalia canal 19.0, 7.0 130.0 67.0

Salehia canal 13.4, 7.5 55.0 18.0

Sayedia canal 12, 6.5 60.0 18.0

Sharkawia canal 19.0, 10.0 50.0 43.0

Wadei canal 10.4, 1.5 80.0 65.10

Table 4 Bank level, length, and top width of irrigation canals (western Nile Delta)

Name of canals Bank level + MSL Length (km) Top width (m)

Abou Deiab El Aahla canal 9.6, 4.2 32.0 18.50

Bloktor canal 3.4, �1.5 10.0 11.00

Canal project naser 3.4, �2.0 11.50 19.00

East Kahnat canal 8.6, 5.0 44.0 38.0

El Farwania canal 5.8, �1.5 25.0 9.00

El Kanobia canal 3.5, 2.0 15.0 16.50

El Nobaria canal 11, 3.0 110.0 79.0

El Qanawia canal 3.0, �2.0 17.00 7.50

El Rahiah El Naserie 19.0, 3.0 83.50 52.3

El Raiah El Beheriei 19.0, 12.5 80.00 87.0

Fareash canal 7.5, 1.0 41.50 16.0

Hagar canal 6.5, �1.5 74.30 28.0

Hamed meneis canal 4.5, �2.0 14.00 9.30

Mahmoudia canal 6.5, 1.3 55.00 41.0

Rosetta branch 16. 6, 1.5 235.0 180

Sahel Balmoon canal 9.0, 3.0 74.00 20.0

Sahel Morcous canal 10.0, 5.0 83.50 35.0

West Roshedila canal 7.4, 4.0 40.00 22.10
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drip and sprinkler system regions [32]. The names and directions of the irrigation

canal networks in the eastern and western parts of the Nile Delta were identified

based on Roest [47], and those in the central part of the Nile Delta were identified

based on maps from the National Water Research Center (NWRC), MWRI [35],

and NWRP [48].

The Nile Delta aquifer has been extensively studied by many geological, hydro-

chemical, and hydrological researchers for different purposes. These researches

identified the characteristics of groundwater aquifer in the Nile Delta [24]. Table 5

shows the vertical and horizontal hydraulic conductivity values of the top clay layer

estimated by different studies [57]. Table 6 summarizes the estimations of hydraulic

parameters of Quaternary aquifer by various studies. Different values of the

hydraulic conductivity and storage coefficient of the Nile Delta aquifer were

reported by Farid [3] and Armanuos et al. [57]. The hydraulic conductivity of the

Nile Delta aquifer increases toward the south and west directions. An effective

porosity that equals to 0.3 is considered to represent the aquifer medium. The

storage coefficient and transmissivity values were estimated by RIGW [26] to be

2.5 � 10�3 and 5,000 m/day, respectively. The longitudinal dispersivity and the

transverse dispersivity values for the Nile Delta were estimated to be 100 m and

10 m, respectively, while the value of diffusion coefficient (D*) equals to 10�4 m2/

day [5]. The depth from the ground surface to the groundwater head level in the Nile

Delta aquifer increases from the north toward the south. It varies between 1 and 2 m

in the northern area, increases to range between 3 and 4 m at the middle part, and

reaches the maximum value of 5 m at southern parts [10, 22]. RIGW in Egypt

Table 5 The hydraulic properties of the top clay layer in the Nile Delta

Study Kh (m/day) Kv (m/day)

Farid [3] 0.2160 0.0025

Farid [49] – 0.05

Anon [2] – 0.0025

RIGW/IWACO [50] 0.2505 0.0484

Wolf [51] 0.1037 0.0011

Sherif et al. [5] – 0.05

Warner et al. [31] 0.2160 0.0073

RIGW [21] 0.05–0.5 0.0025

Dahab [20] – 0.01–10.0

Arlt [52] 0.3800 0.0046

Sherif [19] – 0.0025

Sakr and Mabrouk [53] 10.0 0.15–16

El-Arabi [54] 0.1–0.25 0.01–0.025

Fadlelmawla and Dawoud [55] – 0.05–0.1

Sherif et al. [11] – 0.0005–0.005

Abdelaty et al. [12] 0.1–0.25 0.01–0.025

Nofal et al. [14] 0.05–0.5 0.0025

Morsy and El-Fakharany [56] 0.1–0.25 0.01–0.025
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carried the inventory of the abstraction wells from the Nile Delta region for the

years 1992, 1995, 1997, 2002, and 2008. The total abstraction from the groundwater

system in the Nile Delta aquifer at 2008 equals to 3.48 � 109 m3/year [12].

A three-dimensional model was built for the Nile Delta aquifer by using

MODFLOW software. The governing equations of the groundwater flow are

derived from a mathematical combination between the water balance equation

Table 6 The hydraulic parameters of the Quaternary aquifer

Study K (m/day) T (m2/day)

S (storage

coefficient)

Effective

porosity (%)

RIGW [21] 35–100 15,000–75,000 10�4–10�3 –

UNDP [58] 55–103 20,000–103,000 10�4–10�3 –

Anon [2] 100 – – –

Farid [3] 112 72,000 2.53 � 10�3 32–35

Zaghloul [59] 119 – 10�4–10�3 20–28

Shahien [60] 50 2,500–25,900 10�5–10�4 23–25

Laeven [61] 150 10,350–59,800 – –

Shahin [62] 35 – – –

RIGW/IWACO [50] 35–75 25,000 – –

Mabrook et al. [63] 72–108 – 0.72 � 10�4

�2.3 � 10�4
21–30

Sollouma and

Gomaa [64]

23–65 – – –

Shata and El Fayoumy

[65]

86 71,800 1.1 � 10�3 –

Bahr [66] 75 1.1 � 10�3 18

Dahab [20] 50–240 3,000–15,000 9.0 � 10�4

�1 � 10�1
11.5–19

RIGW/IWACO [6]

Southern ND 50–100 5,000–25, 000 – 25–30

Northern ND Less than

50

– – More than 30

Sherif [17] 70–100 – – 12–19

Sherif and

Al-Rashed [9]

100 – 10�4–10�3 30

Sherif [19] 100 – 10�4–10�3 30

El-Arabi [54] 5–100 – 5 � 10�4

�1 � 10�3
20–60

El Tahlawi [67] 35–75 500–25,000 – –

Sherif et al. [11] 36–240 2000–15,000 – 25–40

Morsy and

El-Fakharany [56]

20–55 – 2.35 � 10�3 25

Abdelaty et al. [12] 5–100 – 5 � 10�4

�1 � 10�3
20–60

Mazi et al. [16] 100–120 – – –

Elshinnawy et al. [68] 23.0–180.0 – – –
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and Darcy’s law [69]. The MODFLOW model describes groundwater flow in a

nonhomogeneous isotropic medium according to the following equation [70, 71]:

d

dx
Kxx

dh

dx

� �
þ d

dy
Kyy

dh

dy

� �
þ d

dz
Kzz

dh

dz

� �
�W ¼ Ss

dh

dt
ð1Þ

where Kxx, Kyy, and Kzz are values of hydraulic conductivity in x, y, and z directions
(LT�1), h is the piezometric head (L), W is a volumetric flux per unit volume of

aquifer representing sources and/or sinks of water (T�1), Ss is the specific storage of
the porous material (L�1), and t is the time (T).

SEAWAT program [72] is used to simulate saltwater intrusion for the barrier

wall and freshwater injection experiments. SEAWAT program combines both

MODFLOW and MT3DMS. The program is used to solve the coupled groundwater

flow and solute transport equations. SEAWAT performs the variable density ground-

water flow calculations. SEAWAT code was widely tested by solving various bench-

mark problems including Simpson and Clement [73, 74] problems. In the variable-

density flow (VDF) process of SEAWAT program, the well-established MODFLOW

is used as familiar tool to solve the equations of variable density groundwater flow

system by the meaning of finite-difference method (FDM) [75]. In the current study,

the equations of solute transport which related to the Integrated MT3DMS Transport

(IMT) process were solved by using MT3DMS, and the following variable-density

groundwater flow equation was solved by VDF process in SEAWAT program [75]:

∇ ρ� μo
μ
� ko ∇� ho þ

ρ� ρf
ρf

�∇Z

 !" #

¼ ρ� SS,O
∂ho
∂t

þ θ � ∂ρ
∂C

� �
∂C
∂t

� �
� ρs � q0s ð2Þ

The IMT process in SEAWAT program solved the following solute transport

equation [75]:

1þ ρb � k k
d

θ

� �
∂ θ � Cð Þ

∂t
¼ ∇ θD�∇CK

� ��∇ q� CK
� �� q0s � CK

S

� � ð3Þ

where ρf is the density of fluid [ML�3]; ρs is the saline groundwater density [ML�3];

μo is the fresh groundwater dynamic viscosity [ML�1 T�1]; μ is the saline ground-

water dynamic viscosity [LT�1]; k is the hydraulic conductivity [L]; h is the hydraulic
head [L]; S is the specific storage [L�1]; T is the time [T]; θ is the porosity; C is the

concentration of salt, a source or a sink of fluid with density [ML�3]; q0s is a source or
a sink of fluid with density [ML�3]; ρb is the bulk density [ML�3]; k k

d is the

distribution coefficient of the species [L3 M�1]; D is the hydrodynamic dispersion

coefficient [L2 T�1]; q is the specific discharge [LT�1]; and CK
S is the source or sink

concentration of species k [ML�3].
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The 3D model of the Nile Delta aquifer was built by grid system consisting of

292 columns and 190 rows with cell dimension of 1.0 � 1.0 km with variation in

depth from 1,000 m at the shoreline of the Mediterranean Sea in the north to 200 m

in the south. Figure 12 shows the model boundary condition and the canal distri-

bution of the Nile Delta aquifer model [57]. The built model is divided into

11 layers; the upper clay layer is represented by layer number one; the following

layers from two to eleven represent the quaternary layer. The thickness of the upper

clay layer is 25 m in the south and increases towards the north to reach about 50 m.

The thickness of the quaternary aquifer is 200 m near Cairo in the southern part of

the Nile Delta and increases toward the Mediterranean Sea to reach about 1,000 m.

The groundwater flow in the Nile Delta aquifer is from the south to the north toward

the Mediterranean Sea with an average value of hydraulic gradient about 11.0 cm/

km, and the gradient is mild in the northern area about 7.0 cm/km.

Figure 13a–c shows the three vertical cross sections 1–1, 2–2, and 3–3 in the Nile

Delta model, respectively. Based on the literature, the south boundary condition of

the Nile Delta model defined a constant head that equals to 16.96 amsl [12, 22]. The

upper boundary condition in the north defined a zero value along the shoreline of

the Mediterranean Sea. The east boundary is left as free where the Suez Canal. In

the southeast, the model is bounded by Ismailia canal where the water level starts by

16.17 amsl in the south and ends by 7.01 amsl in the east. In the southwest, the

model is bounded by El Rayah, El Behery, and El Nubaria canals where the water

level in the field starts by 16.00 m amsl in the south and ends by 0.50 m amsl in the

Point D

1

3

3

1

2

Point B Point C

Point D

Point A

2

Boundary of the study area

Irrigation canals

Fig. 12 Model geometry and discretization
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north. The four main lakes of the Nile Delta are Maryut, Idku, Burullus, and

Manzala and were assigned to the model as a constant head, as they are directly

connected to the Mediterranean Sea. The river package in the MODFLOW was

used to assign the hydraulic properties of Damietta and Rosetta branches and also

El Rayah and the main canals of the model. The hydraulic properties of the river

package in MODFLOW include river stage level, bottom level, riverbed vertical

hydraulic conductivity, and vertical hydraulic conductance. The drain package in

the MODFLOW was used to simulate the main drains of the Nile Delta. Morsy [22]

reported the water level of El Rayah, main canals, and drains that were used as an

input to the model. The bank level and top width for irrigation canals network

which were estimated by Armanuos et al. [40] were used in building the model.
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Fig. 13 Vertical cross sections in the Nile Delta aquifer model: 1–1, 2–2 and 3–3. (a) cross section

1–1, (b) cross section 2–2, (c) cross section 3–3
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The groundwater recharge from excess irrigation water depends on the soil type,

irrigation, and drainage practices assigned to the model based on reported values by

Morsy [22]. The concentration boundary conditions are defined to the model

domain as 40,000 mg/L in the north domain (the shoreline of the Mediterranean

Sea) and 35,000 mg/L to the east boundary domain (along with the coastal line of

the Suez Canal), as shown in Fig. 14. The initial groundwater concentration is set to

be zero mg/L. The annual extraction rate per governorate in the Nile Delta region in

the year 2008 was assigned to the model, where the total volume rate of extraction

from the total studied area of the Nile Delta was 2.78 � 108 m3/year in the year

2008 [22]. The freeboard between the bank level and water level in irrigation canals

according to the Egyptian code of water resources and irrigation works equals to

0.5, 0.75, and 1.0 m for distributed, branch, and main canals consequently [76].

In the calibration process, the model was run many times to minimize the

difference between the measured hydraulic head by RIGW in 2008 and the simu-

lated head by the model. A 60 distributed observation wells have been selected in

the study area for the calibration process until the maximum difference between the

measured and simulated hydraulic head level became 0.60 m. For model validation,

the observed hydraulic heads were compared to the simulated ones for other

60 records. The RMSE between the observed and simulated groundwater head

was constant for different values of horizontal hydraulic conductivity of the first

clay layer. The difference in value between the vertical and horizontal hydraulic

conductivity equals to 10%. The calibrated values of the vertical hydraulic con-

ductivity of the first layer vary between 0.01 and 0.025 m/day. The values of the

calibrated horizontal hydraulic conductivity of the second layer vary from 50 to

240 m/day. Figure 15a, b presents the observed and simulated groundwater levels.

The comparison between the observed and simulated groundwater levels for

60 records from different observation wells by RIGW in 2008 [22] was shown in

40,000 mg/l

35,000 mg/l

Fig. 14 Concentration boundaries in the Nile Delta model
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Fig. 16a. The correlation factor R2 and RMSE between the observed and simulated

groundwater levels were 0.9844 and 0.60 m, respectively [57]. Figure 16b shows

the comparison between the observed and simulated groundwater levels for other

60 well records were chosen for model validation. The correlation coefficient R2

between the simulated and observed head equals to 0.981, and the RMSE equals to

0.60 m [57].

SEAWAT program based on variable density modeling approach was used to

recognize the dispersion zone between the freshwater and saltwater in the Nile

Fig. 15 Groundwater head in the Nile Delta aquifer 2008, (a) Observed groundwater level, Morsy

[22] and (b) Simulated groundwater level
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Delta aquifer. Total dissolved solids distribution in the Nile Delta aquifer was

identified in horizontal views and vertical cross sections. Three vertical cross

sections were identified with depth range varying from the south portion (landside)

to the northern part (shoreline) [77]. As explained previously and shown in

Fig. 13a–c, cross sections (1–1), (3–3), and (6–6) are located in the western part,

middle part, and eastern part of the Nile Delta, respectively. Consecutively, these

cross sections have depths of 240, 200, and 200 m at the south portion (landside)

and of 900 m in the northern part (shoreline). As illustrated in Fig. 13a–c, the

lengths of cross sections (1–1), (2–2), and (3–3) are 70 km, 150 km, and 120 km,

respectively. The validation process of the current model considered the year 2008

as a base case.

9 Simulation of Saltwater Intrusion in the Nile Delta

Aquifer

For the base case, at cross section 1, the concentration line 35,000 mg/L intruded

inland at a distance of about 40.00 km from the shoreline, and the concentration line

1,000 mg/L intruded inland at a distance of 66.00 km from the shoreline where the

width of the transition zone equals to 26.00 km [77] as shown in Fig. 17a. At cross

section 2, the concentration line 35,000 mg/L intruded inland at a distance of about

56.00 km from the shoreline, and the concentration line 1,000 mg/L intruded inland

at a distance of 105.00 km from the shoreline where the width of the transition zone

equals to 49.00 km [77] as shown in Fig. 17b. At cross section 3, the concentration

line 35,000 mg/L intruded inland at a distance of about 75.00 km from the

shoreline, and the concentration line 1,000 mg/L intruded inland at a distance of

100.00 km from the shoreline. In cross section 3, the width of the transition zone

between the concentration line 35,000 mg/L (front of the saltwater) and the

concentration line 1,000 mg/L (front of the freshwater) equals to 25.00 km [77]

18

16

14

12

10

8

6

4

2

0

S
im

u
la

te
d

 h
ea

d
 (

m
)

18

16

14

12

10

8

6

4

2

0

S
im

u
la

te
d

 h
ea

d
 (

m
)

0 2 4 6 8 10 12 14 16 18
Observed head (m)

0 2 4 6 8 10 12 14 16 18
Observed head (m)

R2=0.9771R2=0.9763

a b

Fig. 16 Relationships between observed and simulated groundwater levels for (a) Calibration and

(b) Validation process

Integrated Groundwater Modeling for Simulation of Saltwater Intrusion. . . 523



–867

–660

–550

–440

–330

–220

–110

11

–838

–660

–550

–440

–330

–220

–110

14

–884

–720

–600

–480

–360

–240

–120

40

0 30000 60000 90000 120000 150000 188180

0 30000 60000 90000 120000 150000 188180

0 30000 60000 90000 120000 150000 188180

0
10

00
10

00
0

20
00

0
30

00
0

34
50

0
35

00
0

40
00

0

S
al

t [
m

g/
L]

0
10

00
10

00
0

20
00

0
30

00
0

34
50

0
35

00
0

40
00

0

S
al

t [
m

g/
L]

0
10

00
10

00
0

20
00

0
30

00
0

34
50

0
35

00
0

40
00

0

S
al

t [
m

g/
L]

a

b

c
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as shown in Fig. 17c. IPCC predicts that in the year 2100, the global warming will

cause a rise in sea water level between 0.11 and 0.88 m [78, 79]. In scenario 1, the

SEAWAT model was used to simulate the effect of sea level rise by 100 cm on the

saltwater intrusion in the Nile Delta aquifer in the year 2100. The total annual

groundwater abstraction from the Nile Delta aquifer has increased dramatically

during the last 30 years. The Research Institute for Groundwater (RIGW) in Egypt

reported its increase from 1.6 � 109 m3/year in 1980 to 3.5 � 109 m3/year in 2003

and reached 4.6 � 109 m3/year in 2010 [24, 34]. It is expected that the annual

abstraction rate will exceed 0.20 � 109 m3 per year [24]. In scenario 2, the

SEAWAT model was used to predict the saltwater intrusion in the Nile Delta

aquifer under additional groundwater pumping where the groundwater table in

the upper boundary declined by 100 cm in the year 2100. In scenario 3, the

SEAWAT model was run to study the saltwater intrusion in the Nile Delta aquifer

under the combination of the first and second scenarios.

9.1 Impact of Sea Level Rise on Saltwater Intrusion
in the Nile Delta Aquifer

The current model was run for different climate change scenarios including sea

level rise, the decline of groundwater head in the lower boundary due to additional

groundwater pumping and the combining between sea level rise and groundwater

head decline. In scenario 1, the model was used to study the effect of sea level rise

on saltwater intrusion in the Nile Delta aquifer by 100 cm after 100 years. Increas-

ing the sea level by 100 cm caused the concentration line 35,000 mg/L to intrude

inland to distances of 44.65 km, 60.25 km, and 82.20 km in cross sections 1–1, 2–2

and 3–3 consequentially. Also, the concentration line 1,000 mg/L intruded inland

into the aquifer to distances of 68.84 km, 108.2 km, and 106.5 km from the

shoreline in cross sections 1–1, 2–2, and 3–3, respectively, as shown in Fig. 18.

The concentration line 35,000 mg/L advanced inland into the aquifer by a distance

of 8.2 km with sea level rise by 100 cm compared with the base case on 2008. The

concentration line 1,000 mg/L advanced inland into the Nile Delta aquifer by a

distance of 6.5 km compared with the base case with sea level rise by 100 cm [77].

9.2 Impact of Decreasing Head Due to Additional Pumping
on Saltwater Intrusion in the Nile Delta Aquifer

In scenario 2, the model was used to predict the saltwater intrusion in the Nile Delta

aquifer under additional groundwater pumping where the groundwater head in the

south boundary declined by 100 cm after 100 years. Declining the groundwater

head by 100 cm leads the concentration line 35,000 mg/L to intrude inland to
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Fig. 18 Vertical distribution of salt concentration in the Nile Delta aquifer at SLR by 100 cm.

(a) Sec 1–1: West, (b) Sec 2–2: Central, (c) Sec 3–3: East
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distances of 44.27 km, 58.74 km, and 80.75 km in cross sections 1–1, 2–2, and 3–3

consequentially. Also, the concentration line 1,000 mg/L intruded inland the aqui-

fer to distances of 68.02 km, 106.4 km, and 105.5 km in cross sections 1–1, 2–2, and

3–3, respectively, from the shoreline, as shown in Fig. 19. The concentration line

35,000 mg/L advanced inland into the aquifer by a distance of 6.75 km with

decreasing the boundary head due to additional groundwater pumping by 100 cm,

while the concentration line 1,000 mg/L advanced inland into the aquifer by a

distance of 5.5 km compared with the base case [77].
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Fig. 19 Vertical distribution of salt concentration in the Nile Delta aquifer at decreasing head by

100 cm. (a) Sec 1–1: West, (b) Sec 2–2: Central, (c) Sec 3–3: East
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9.3 Impact of Combining Between Sea Level Rise
and Decreasing Groundwater Head

In scenario 3, the model was run to study the saltwater intrusion in the Nile Delta

aquifer under the combination of the first and second scenarios, sea level rise by

100 cm and groundwater head decline by 100 cm after 100 cm. Increasing sea level

by 100 cm and declining the groundwater head by 100 cm caused the concentration

line 35,000 mg/L to intrude inland to distances of 44.64 km, 60.50 km, and

84.20 km in cross sections 1–1, 2–2, and 3–3 consequentially. Also, the concentra-

tion line 1,000 mg/L intruded inland the aquifer to distances of 69.00 km, 109.8 km,

and 107.0 km in cross sections 1–1, 2–2, and 3–3, respectively, from the shoreline,

as shown in Fig. 20. The concentration line 35,000 mg/L advanced inland into the

aquifer by a distance of 10.20 km with combining sea level rise by 100 cm with

decreasing boundary head due to additional groundwater pumping by 100 cm,

while the concentration line 1,000 mg/L intruded inland into the aquifer by a

distance of 7.0 km compared with the base case [77].

Including the actual irrigation canal networks in the current model of the Nile

Delta aquifer using SEAWAT code causes the saltwater to intrude inland into the

aquifer to distances quite less than the results got by Sherif and Al-Rashed [9],

Abdelaty et al. [12], and Abd-Elhamid et al. [13]. The comparison is considered at

the same cross sections due to different climate change scenarios including sea

level rise and decreasing the groundwater head at the bottom boundary. As all

previous studies had ignored the actual irrigation canal networks in the simulation

of saltwater intrusion of the Nile Delta aquifer using different codes 2D-FED,

2D-FEST, and SEAWAT, the corresponding groundwater recharge could be less

than the actual one, which is included in the current model [77].

10 Management of Pumping Discharges to Control

Saltwater Intrusion in the Nile Delta Aquifer

Table 7 describes the studied scenarios to select the best pumping scenarios to

control saltwater intrusion in the Nile Delta aquifer. The first scenario represents the

reduction of pumping from all areas of the Nile Delta region. The second, third, and

fourth scenarios represent the reduction of pumping discharges from western,

central, and eastern parts only in the Nile Delta, respectively. The fifth, sixth, and

seventh introduce the reduction of pumping discharges from western, middle, and

eastern parts of the Nile Delta only and increase in the other parts [77]; see Table 9.

Seven pumping scenarios were introduced to select the best scenario to control

the saltwater intrusion in the Nile Delta aquifer. Table 8 represents the results of

saltwater intrusion lengths for scenario 1. Scenario 1 represents decreasing the

pumping discharges in all areas of the Nile Delta by 10, 20, 30, 40, and 50%.

Reduction of the pumping discharges from 10 to 50% leads to retreat the saltwater
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lines from 32.2 to 31.33 km measured from the shoreline, while the freshwater line

retreated from 56.15 to 55.29 km in the western part of the Nile Delta. In the middle

part of the Nile Delta, the saltwater and freshwater lines are expected to retreat to

53.01 and 93.01 km if the pumping discharges reduced by 50%, respectively. In the

eastern part, the saltwater and freshwater lines retreated from 72.57 and 99.0 km to
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Fig. 20 Vertical distribution of salt concentration in the Nile Delta aquifer at SLR by 100 cm and

decreasing head by 100 cm. (a) Sec 1–1: West, (b) Sec 2–2: Central, (c) Sec 3–3: East
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54.05 and 94.12 km with reduction of the pumping discharges to 10 and 50%,

respectively.

Table 9 shows the results of saltwater intrusion lengths in western, middle, and

eastern parts of the Nile Delta in case of scenario 2. Scenario 2 represents decreas-

ing the pumping discharges in the western area of the Nile Delta by 10, 20, 30, 40,

and 50%. Reduction of the pumping discharges in the western part of the Nile Delta

only has a significant impact observed only in the western area. In the western area,

the saltwater and freshwater lines retreated to 34.2 km and 57.00 km with decreas-

ing the pumping rates by 50% compared with 44.51 and 68.00 km consequentially

without controlling method.

Table 10 shows the results of saltwater intrusion lengths in western, middle, and

eastern parts of the Nile Delta in case of scenario 3. Scenario 3 represents decreas-

ing the pumping discharges in the middle area of the Nile Delta by 10, 20, 30, 40,

and 50%. Decreasing the pumping discharges in the middle part of the Nile Delta

leads to retreat the saltwater intrusion in the Nile Delta. However, its impact is less

than the impact of the first scenario on retreat of the saltwater and freshwater lines

toward the sea.

The intruded lengths of saltwater and freshwater for scenario 4 are shown in

Table 11. Scenario 4 represents decreasing the pumping discharges in the eastern

area of the Nile Delta by 10, 20, 30, 40, and 50%. Reduction of the pumping

discharges in the eastern area of the Nile Delta only leads to retreat the saltwater and

freshwater lines in all the areas of the Nile Delta. The impact of this scenario is

significant only in the eastern parts, while its impacts are very limited in other areas

compared with first scenarios.

Table 7 Scenarios of decreasing pumping discharges to control saltwater intrusion in the Nile

Delta aquifer

Scenario Definition

S-1 Decreasing the pumping discharges in all areas of the Nile Delta by 10, 20, 30, 40,

and 50%

S-2 Decreasing the pumping discharges in the western area of the Nile Delta by 10, 20,

30, 40, and 50%

S-3 Decreasing the pumping discharges in the middle area of the Nile Delta by 10, 20,

30, 40, and 50%

S-4 Decreasing the pumping discharges in the eastern area of the Nile Delta by 10, 20,

30, 40, and 50%

S-5 Decreasing the pumping discharges in the western area of the Nile Delta by 10, 20,

30, 40, and 50% and increasing the pumping discharges in middle and eastern area by

5, 10, 15, 20, and 25%

S-6 Decreasing the pumping discharges in the middle area of the Nile Delta by 10, 20,

30, 40, and 50% and increasing the pumping discharges in the western and eastern

area by 5, 10, 15, 20, and 25%

S-7 Decreasing the pumping discharges in the eastern area of the Nile Delta by 10, 20,

30, 40, and 50% and increasing the pumping discharges in the western and middle

area by 5, 10, 15, 20, and 25%
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Table 12 shows the results of saltwater intrusion lengths in western, middle, and

eastern parts of the Nile Delta in case of scenario 5. Scenario 5 represents decreas-

ing the pumping discharges in the western area of the Nile Delta by 10, 20, 30, 40,

and 50% and increasing the pumping discharges in middle and eastern areas by

5, 10, 15, 20, and 25%. Reduction of pumping discharges in the western part and

increasing the pumping discharges on middle and eastern parts lead to retreat of the

saltwater and freshwater lines in the western parts. On the other hand, the freshwa-

ter and the saltwater intruded more inland into the Nile Delta aquifer in the middle

and eastern areas.

The intruded lengths of saltwater and freshwater for scenario 6 are shown in

Table 13. Scenario 6 represents decreasing the pumping discharges in the middle

area of the Nile Delta by 10, 20, 30, 40, and 50% and increasing the pumping

discharges in the western and eastern areas by 5, 10, 15, 20, and 25%. Reduction of

pumping discharges rates in the middle part of the Nile Delta only and increasing

the pumping on the other parts lead to retreat of the saltwater and freshwater lines

only in the middle parts, while scenario 6 indicated that the saltwater intruded more

inland into the Nile Delta aquifer.

Table 14 shows the results of saltwater intrusion lengths in western, middle, and

eastern part of the Nile Delta in case of scenario 7. Scenario 7 represents decreasing

the pumping discharges in the eastern area of the Nile Delta by 10, 20, 30, 40, and

50% and increasing the pumping discharges in the western and middle areas by

5, 10, 15, 20, and 25%. Reduction of pumping scenarios in the eastern part only of

the Nile Delta and increasing the pumping discharges on the other area lead to

retreat of the saltwater only in the eastern area. On the other hand, the saltwater

intruded more on the other parts of the Nile Delta.

11 Conclusion

This chapter presented an assessment of land use/land cover changes in the Nile

Delta region using ENVI software. Moreover, it discussed the estimation of ground-

water recharge from rainfall in the Nile Delta aquifer using WetSpass model. Also,

building an integrated 3D groundwater model for the Nile Delta aquifer using

MODFLOW and simulation of the saltwater intrusion using SEAWAT code are

combined with the Nile Delta aquifer model. Different climate change scenarios

including sea level rise, decreasing groundwater head due to additional groundwater

pumping, and combination of the first and the second scenarios are simulated. On the

other hand, seven scenarios were tested by SEAWAT code for management of

pumping discharges to control saltwater intrusion in the Nile Delta region. The

results of theWetSpass hydrological model for 1991 indicated that the minimum and

maximum recharge values were, respectively, 0.0 and 304 mm and were 0.0 and

134 mm for 2000. The WetSpass model results indicate a good agreement with the

manually calculated values by using the water balance equation. The results from

groundwater recharge confirmed that the different amounts of rainfall cause a large

Integrated Groundwater Modeling for Simulation of Saltwater Intrusion. . . 535
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variation in recharge, while the modeling trend results were similar to the trend of

observed rainfall values. The different soil classes in the Nile Delta were shown to

cause a large variation in groundwater recharge. High values of recharge were

observed in the northern part related to the combination of the sand soil type and

the high amount of rainfall. The difference between the estimated and measured

bank level for Damietta branch varied from 0.01 to 0.80 m for bank level. The

RMSE and R2 values of top width and bank level for Damietta branch showed a

fairly good correlation between the estimated and measured values. A good and

consistent agreement was found regarding the TDS distribution and the intruded

length of saltwater between the current model using SEAWAT code and previous

studies. The results of saltwater intrusion problem in the Nile Delta aquifer showed

that the concentration line 35,000 mg/L intruded inland into the aquifer to a distance

ranging from 40.0 to 74.0 km measured at the aquifer bottom boundary from the

shoreline, while the concentration line 1,000 mg/L intruded inland into the aquifer to

a distance ranging from 60.0 to 100.0 km measured at the aquifer bottom boundary

from the shoreline. The results of the current model showed that the increase of sea

level rise has a significant impact on the saltwater intrusion in the Nile Delta aquifer

and the location of the transition zone. A rise of sea level by 1.0 m leads to that the

concentration line 35,000 mg/L advanced inland by a distance of 8.2 kmmeasured at

the bottom boundary compared with the base case (2008). The impact of increasing

the sea level on saltwater intrusion in the Nile Delta is more significant than

decreasing the groundwater head at the south boundary due to additional ground-

water pumping. Decreasing of the groundwater head due to additional groundwater

pumping by 1.0 m leads to that the concentration line 35,000 mg/L to intrude further

inland by a distance of 6.75 km measured at the aquifer bottom boundary compared

with the base case. Scenario 3 presented the worst case where the saltwater intruded

inland further than the first and second scenarios. A rise in sea level by 1.0 m and

decreasing the groundwater head by 1.0 m lead the concentration line 35,000 mg/L

to advance further inland into the aquifer by a distance of 10.20 km, respectively,

measured at the aquifer bottom boundary compared with the base case. Including the

actual irrigation canal networks in the current model causes the saltwater to intrude

inland into the Nile Delta aquifer to distances less than the results got by previous

studies at the same cross sections due to different climate change scenarios. Reduc-

tion of the pumping scenarios from the all areas of the Nile Delta represents the best

scenario as the saltwater and freshwater lines retreated toward the sea compared with

the results of the other scenarios.

12 Recommendations

Decreasing the pumping discharges of wells from all the areas in the Nile Delta is

highly recommended to enhance the head gradient and the flow from the Nile Delta

aquifer toward the seaside and retreat the saltwater intrusion. Including the actual

drainage network with the actual canal network is recommended for future studies
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in groundwater modeling for the Nile Delta for accurate representation and simu-

lation of the interaction between the surface water and the groundwater system.

Update the numerical simulation of saltwater intrusion by including the recent data

of groundwater level, salinity measurements, water levels of canals, and pumping

rate records. The results of the current model could be used in the identification of

the most vulnerable areas to the saltwater intrusion in the Nile Delta aquifer and

management of groundwater resources in the Nile Delta region. The integrated built

model is a useful predictive tool for more understanding of the hydrological process

of the Nile Delta aquifer and the saltwater intrusion process. The future strategies

for the adaption and mitigation for the saltwater intrusion in the Nile Delta aquifer

should be based on an integrated built groundwater model for the Nile Delta

aquifer. Future studies should also link between the results of the numerical

model for simulating the saltwater intrusion in the Nile Delta aquifer and the

socioeconomic effect of the recent development in the Nile Delta especially the

coastal area near to the Mediterranean Sea border. Authorities and stakeholders

should use the built integrated model with another analysis tools as a decision

support system to determine the best location and the maximum abstraction rates

from groundwater wells in the Nile Delta region.
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Groundwater Modelling and Assessment

Under Uncertain Hydrological Conditions

for Egyptian Sahara

Wael Elham Mahmod

Abstract Lack of hydrogeological data is the main reason for the difficulty of

groundwater management, especially in arid zones. Egypt’s Sahara Desert is

located in Western Egypt and is lacking hydrogeological data. Recent development

of the Egyptian Sahara is mainly due to the Nubian Sandstone Aquifer System

(NSAS) as a unique source of water there. NSAS covers a great part of Egypt,

Sudan, Chad and Libya and is considered as a main source of freshwater. During the

last two decades, excess pumping of groundwater at the Egyptian Sahara brought

about a significant drawdown of the groundwater table. This chapter will discuss a

new technique that was developed to overcome the uncertainty from data gaps to

facilitate the implementation of numerical models to improve strategies for optimal

groundwater management. The core of this developed method is to understand the

temporal and spatial variation of groundwater table. In the Egyptian Sahara, the

hydrogeological data needed for groundwater simulation are lacking, thereby

introducing a problem for numerical models calibration and validation. A newly

developed model named the modified grey model (MGM) was proposed to analyse

groundwater flow. At its core it is a finite element method (FEM) with a new

developed modified genetic algorithm (MGA) to obtain the goodness of fit with

observations. The MGM is an attempt to determine a selection process of the best

input models’ trends with the appropriate values of input parameters for achieving

acceptable fitting to the measured data. Kharga Oasis was selected as a case study

for application of the developed MGM in groundwater flow analysis. The MGM

simulation results clearly show that the future groundwater table will face a severe
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drawdown in the northeastern part of the study area compared with that in the

southwestern part. On the other hand, by 2060, the hydraulic head difference

between these two parts will reach 140 m. Considering the uncertainty and lack

of available data, the MGM produced more realistic results compared with those

obtained from only FEM. Three development scenarios of groundwater withdrawal

were proposed. These scenarios include either expanding the current extraction rate

or redistributing the groundwater withdrawal over the recent working production

wells (RWPWs). The results concluded that, for the northern part of the oasis, the

groundwater table could be temporally recovered to an economical piezometric

level; however, the table in the southern part is severely decreased. Conclusively,

the MGM could be applied to other cases with similar data limitations.

Keywords Egyptian Sahara, Kharga Oasis, Modified grey model, Nubian

Sandstone Aquifer System, Uncertainty analysis
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1 Water Resources in Egypt

Egypt located in the northeast of Africa has a total area of 1 million km2. Around 96%

of Egypt is a desert plateau (desert area) dissected by the Nile Valley and its Delta,

which occupy about 4% of the total country area (green area). For the green area, the

River Nile is considered the main source of freshwater since ancient times until

present for all types of human activities. For the desert area, human activities remain

confined to a few valleys, oases and depressions, where groundwater is available

through springs and seepage zones [1] (see Fig. 1). The River Nile water budget is

around 55.5 billion m3/year under the 1959 Nile Waters Agreement between Egypt

and Sudan. Egypt is a water-scarce country, with around 600 m3 of available

freshwater/year/capita. The rate of water usage in Egypt is approximately 200 L/

person/day. On the other hand, water needs for typical Middle East and North African

diet is 294 L/person/day [2]. The annual average rainfall is 51 mm [3].

Groundwater exists in the fringes of the Nile Valley, Nile Delta, Western Desert

and Sinai Peninsula. Groundwater aquifers which are located in Nile Valley, Nile

Delta and Sinai Peninsula replenished from the river Nile by seepage from canals

and deep percolation from irrigation application [5]. Groundwater in the Western

Desert is the only available resource for interdisciplinary development in the desert

Fig. 1 Egypt map showing the major oasis in the New Valley Governorate [4]
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area, and it is a non-renewable water resource [4, 6]. Developing strategies of the

desert area depend on pumping costs of fossil water and potential economic return

over a fixed time period. For coastal zones, groundwater reservoirs are recharged

from local rainfall [7]. The largest groundwater deposit is located underneath the

eastern part of the African Sahara and is shared between Egypt, Sudan, Libya and

Chad as shown in Fig. 2 [8, 9].

Fig. 2 Schematic distribution of Nubian Sandstone under Egypt, Libya, Sudan and Chad [9]
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2 Hydrogeology of Aquifer Systems in Egypt

The hydrogeological framework of Egypt comprises seven aquifer systems [1, 2, 5,

7, 10–12], as shown in Fig. 3:

Cairo

Red Sea

Aswan

Nile Valley & Delta Aquifers

Coastal Aquifers

Nubian Sandstone Aquifers

Moghra Aquifer

Tertiary Aquifers

Carbonates Rocks Complex Aquifers

Fissured Basement Complex Aquifers

Aquiclude

100 km

N

Fig. 3 Hydrogeological map of Egypt [1]
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2.1 The Nile Valley Aquifer Systems (NVAS)

The aquifer assigned to the Quaternary and Late Tertiary is located under the Nile

flood plain and desert fringes and consists of a thick layer of graded sand and gravel

covered by a clay layer in its major part. NVAS thickness varies from 300 m in

Middle Egypt (Sohag Governorate) and decreases to only a few metres to the north

towards Cairo and in the south direction up to Aswan as shown in Fig. 4. Below this

aquifer, there are clayey deposits that were formed during the Pliocene, which are

impermeable and prevent the connection between this aquifer and the Nubian

Sandstone aquifer. However, there could be a connection between the Quaternary

deposits and the surrounding limestone. The water is mainly used for domestic

purposes and irrigation; its salinity is less than 1,500 ppm. The aquifer system is

renewable, and the main recharge source is the infiltration from the excess water

application for agriculture and seepage from the irrigation water distribution

system [1]. The saturated thickness of NVAS aquifer is in the range of 10–200 m.

On the other hand, its hydraulic conductivity ranges from 50 to 70 m/day.

2.2 The Nile Delta Aquifer Systems (NDAS)

Four regional aquifers are present in the NDAS in addition to six subregional and

local aquifers [1] as shown in Fig. 5. Tahlawi et al. [1] mentioned that the NDAS

assigned to the Pleistocene age consists mainly of graded sand and gravel. How-

ever, to the north, it consists of fine sand and clay. NDAS is considered as semi-

confined aquifer. It is overlain by Holocene silt, clay and fine sand in the floodplain

Fig. 4 Hydrogeological profile through the Nile Valley and Delta basins [6, 13]
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of the Nile. A calcareous loamy layer acts as a semi-confining zone outside the

floodplain in the north-western part of the Delta with a thickness ranging between

0 and 20 m. However, to the west, there is a hydraulic connection between the

Quaternary aquifer with the Moghra aquifer. This connection could be declared by

the westward continuity of the piezometric gradient (Fig. 6). In the desert fringes,

the semi-confined layer is missing, and phreatic conditions prevail [1]. The thick-

ness of the layers holding the groundwater is different from one place to another;

however, its average thickness is 190 m, increasing gradually to the north until it

reaches 350 m at Tanta City. At the western part of the Delta, the thickness of the

layer holding water varies between 120 and 220 m, decreasing gradually towards

the east. The total thickness of the aquifer increases from Cairo northward to about

1,000 m along the Mediterranean coast [7, 12]. The depth to the groundwater level

in the Nile Delta aquifer increases from the north towards the south. It varies

between 1 and 2 m at the north, increases to vary from 3 to 4 m at the middle and

reaches maximum value 5 m at the south [14]. The Nile Valley and Nile Delta

aquifer are expected to be separated as the aquifer thickness is reduced to a few

metres at Cairo. The quality and quantity of the southern part of the aquifer are

much better than the northern part as TDS does not exceed 1,000 ppm. The aquifer

is continuously recharged by infiltration of irrigation water [1, 7]. The permeability

Fig. 5 Groundwater aquifers in the Nile Delta [1]
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ranges between 35 and 75 m/day, and it decreases near the coastline due to increase

in clay content. The horizontal hydraulic conductivity in the Quaternary Nile Delta

aquifer ranges between 0.05 and 0.5 m/day. The storage coefficient range is in the

range of 10�4 to 10�3, while 0.3 represents the porosity of the aquifer medium. The

transmissivity ranges between less than 500 m2/day at the edges in the desert fringe

to more than 25,000 m2/day in the apex of the Nile Delta. The characteristics of the

northern portion of that system are considerably different. The aquifer becomes less

productive, containing mainly brackish or saline water due to seawater intrusion.

2.3 The Coastal Aquifer Systems (CAS)

The aquifer belongs to the Quaternary and Late Tertiary types. The systems are

found along the Mediterranean and Red Sea coasts. The CAS is in the form of

scattered pockets. Groundwater in CAS aquifer is in the form of thin lenses over the

saline water. The aquifer is considered as renewable aquifer, and it is recharged

from rainfall [9].

The CAS aquifer could be divided into two zones, the Mediterranean and Red Sea

littoral zones. For theMediterranean littoral zone, it occupied an area about 10,000 km2

. It is characterized by relatively high rainfall up to 200 mm/year. On the other hand,

Fig. 6 Regional groundwater levels and trends in the Nile Delta and its fringes from

hydrogeological map of Egypt [1]
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many local aquifer systems are located in the Mediterranean littoral zone. These

aquifers are represented by the oolitic limestone aquifer dominating the area to the

west of the Nile Delta and by the complex fluviatile sandy gravels and the shallow

marine calcareous limestone in North Sinai, near El Arish. On the west of the Nile

Delta, the oolitic limestone aquifer has a thickness of 40 m. The aquifer is recharged

from winter rainfall and exists under phreatic conditions. It forms a thin layer (�1.0 m

thick) floating on the saline water body resulting from seawater intrusion [1].

At El Arish in northern Sinai, the aquifer is characterized by a top sandy aquifer,

a middle fluviatile gravelly aquifer and a lower calcareous sandstone aquifer. For

the first, it is known as Thaimail, and the groundwater is recharged by local rainfall

and occurs at shallow depth from the surface (�2.0). For the middle fluviatile

gravelly aquifer, its thickness is about 30 m; the groundwater there is under semi-

confined conditions and found at a depth of about 15 m from the surface and is

capped by a clayey layer. The last aquifer is the lower calcareous sandstone aquifer

which is known also as Kurkar. It is of shallow marine origin and has a wide

geographical distribution in northeastern Sinai. It has a thickness of 40 m and

extends inland for a distance of about 15 km from the coast. This aquifer directly

underlies the fluviatile gravelly aquifer and is connected hydrologically. It is

recharged in the foot slope area of Sinai highland, by local rainfall, by runoff

water and presumably also by the upward leakage from the high pressure water in

the Nubian Sandstone Aquifer System underlying the area. The salinity of the water

varies between 3,000 and 5,000 ppm.

For the Red Sea coast aquifers, it extends also into Sinai, comprising essentially

the quaternary fluviatile aquifer and the tertiary aquifers. The groundwater in the

quaternary fluviatile aquifer is under phreatic conditions with a hydraulic head level

same as sea level. For the tertiary aquifers, they are recharged by runoff water, by

infiltration from the quaternary aquifers and locally by upward leakage from deep-

seated aquifers. The salinity is about 2,000–2,500 ppm.

2.4 The Nubian Sandstone Aquifer System (NSAS)

The NSAS is a regional system and considered as a non-renewable aquifer system.

It extends into Libya, Sudan and Chad and western Saudi Arabia with a total area of

about two million kilometres. The groundwater volume of NSAS is about

150,000 km3 [15]. NSAS in Egypt could be divided into five subsystems with

respect of their locations: at the Western Desert, at Nile Valley, at the Eastern

Desert, at Gulf of Swiz and at Sinai. For the NSAS at the Western Desert, it is

exploited particularly in the New Valley area, where intensive deep drilling was

carried out during the past five decades. There are more than 500 wells that have

been drilled to depths from 500 to 1,000 m. Groundwater flow in this aquifer (under

New Valley) is towards the northeast with a gradient of 0.5 m/km. The hydraulic

parameters are determined in various parts of the New Valley: Kharga, Dakhla, El

Bahariya (El Bauity), El Farafra and southward east of Oweinat area. At Kharga
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and Dakhla Oasis, the salinity decreases from 600 in the upper layers to 200 ppm in

the lower layers. On the other hand, NSAS at the Nile Valley extends from the north

to the south up to Aswan. West of Cairo, groundwater has been found at a depth of

1 km with high salinity. However, the hydrogeological information about this

aquifer is insufficient. The springs of Helwan are mainly connected to this aquifer.

At Eastern Desert, NSAS appears in many zones such as El Laqeita area and east of

Qena. At El Laqeita area, the groundwater is flowing freely, and the piezometric

level is up to 112 m above mean sea level (MSL). The salinity varies in the Eastern

Desert between 1,000 and 10,000 ppm. For the NSAS that lies under Gulf of Swiz,

its water originates from the watershed in Sinai with salinity about 100,000 ppm. In

Sinai Peninsula, NSAS water is basically a fossil water (Late Pleistocene). It is

recharged from the uptake areas in Southern Sinai, where the rainfall rate is about

120 mm/year. The flow pattern is in the northward direction. Sinai is bounded by

two major rift valley basins, and the local groundwater flow direction is towards

these basins: westward in Western Sinai and eastward in the East. Consequently,

springs are present near the Gulfs of Suez and Aqaba. In Central Sinai, the

piezometric level is about 200 m above sea level, and at the springs of Oyun

Moussa (south of Suez), it is close to sea level. The salinity of the water in Central

and Southern Sinai is of the order of 1,500 ppm, but it increases to more than

5,000 ppm in North and West Sinai.

2.5 The Moghra Aquifer System (MAS)

The aquifer assigned to the Lower Miocene occupies mainly the western edge of the

Delta up to the Qattara Depression. The MAS outcrops on the surface in Wadi El

Natrun and Wadi El Farigh [1, 6] illustrate that MAS aquifer has an average

thickness of 300 m and is considered as a non-renewable aquifer system. The

hydraulic gradients have a value less than 0.2 m/km. The groundwater in the

MAS aquifer is a mixture of fossil and renewable water. Discharge of the aquifer

is through evaporation in the Qattara and Wadi El Natrun depressions and through

the lateral seepage into carbonate rocks in the western part of the Qattara Depres-

sion. The base of the aquifer slopes from ground level near Cairo to 1,000 m below

mean sea level west of Alexandria. The saturated thickness is between 70 and

700 m. Permeability ranges between 25 m/day east of Wadi El Farigh to less than

1 m/day in the Qattara area and near the coast. Transmissivity ranges between

500 and 5,000 m/day. The salinity of the water changes from less than 1,000 ppm in

the east, i.e. close to the main recharging area, to more than 5,000 ppm in the west,

i.e. close to the main discharging area.
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2.6 The Karstified Carbonate Aquifer System (KCAS)

KCAS is assigned to the Eocene and to the Upper Cretaceous. It predominates

essentially in the north and middle parts of the Western Desert. Although the fissured

and karstified carbonate aquifer complex occupies at least 50% of the total area of the

country, it is the least explored and exploited in Egypt. The recharge to this aquifer is

essentially from the upward leakage from the underlying Nubian Sandstone aquifer,

and El Tahlawi et al. [1] mentioned that the carbonate complex is generally divided

into three horizons: lower horizon assigned to Upper Cretaceous, middle horizon

assigned to Lower and Middle Eocene and upper horizon assigned to Middle

Miocene. These three horizons are separated by Esna Shale (�100 m) and Daba

Shale (200 m). KCAS generally overlies the Nubian Sandstone complex. The

hydrogeology of the fissured limestone is not well understood. In Siwa Oasis, the

fissured limestone complex has a thickness of about 650 m (Upper Cretaceous to

Middle Miocene) and is lying unconformably on the Nubian Sandstone complex.

Over 200 natural springs have a total flow of about 200,000 m3/day pumping out

water from the top portion of the fissured limestone (Middle Miocene). Groundwater

salinity there is from 1,500 to 7,000 ppm. On the other hand, test drilling in Siwa area

points to the occurrence of water with a salinity of about 200 ppm in the underlying

limestone, which belongs to the Eocene and the Cretaceous.

2.7 The Fissured Hard Rock Aquifer System (FHRAS)

The Fissured Hard Rock Aquifer System is mainly located in the Eastern Desert and

Sinai and assigned to the Pre-Cambrian type. This aquifer is influenced by many

factors including, namely, tectonic, morphotectonic and lithologic. Figure 7 shows

the distribution of the outcropping and subsurface basement rocks.

3 Nubian Sandstone Aquifer System in Western Desert

The aquifer assigned to the Paleozoic–Mesozoic occupies a large area in the

Western Desert and parts of the Eastern Desert and Sinai. Groundwater can be

found at very shallow depths, where the water-bearing horizon is exposed, or at

very large depths (up to 1,500), where the aquifer is semi-confined. The NSAS is a

regional system. It extends into Libya, Sudan and Chad, and it is a non-renewable

aquifer system Mahmod et al. [4], Mahmod and Watanabe [6], Ebraheem et al. [17]

illustrate that the Nubian Sandstone Aquifer System (NSAS) is considered to be the

largest fossil groundwater aquifer system in the world and is located under the

eastern end of the Sahara Desert. NSAS groundwater is shared among Egypt, Libya,

Sudan and Chad (see Fig. 2). In Egypt, the NSAS extends under the New Valley
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Governorate area, where it acts as a local major water source. The total area of the

aquifer is approximately 630,000 km2 and at some areas reaches to a depth of

3.5 km below the ground surface [18]. The recharge of the NSAS aquifer is thought

to be generally negligible [19]. Due to overuse of NSAS groundwater for industrial

and agricultural applications during the last two decades, a significant drawdown in

the groundwater table has been observed. The origin of groundwater in the NSAS

has been extensively discussed by several authors since approximately 1920; two

possibilities for the origin have been proposed. The older postulated concept is that

the groundwater is supplied from precipitation in the southern mountainous parts of

the NSAS. This concept was suggested primarily by Ball [20] and supported by

Sanford [21]. The newer postulate by Sonntag [22] suggested that the bulk of the

groundwater mass within the aquifer was originally supplied in situ during the

humid pluvial periods (up to 30,000 years B.P.). There are three possible ways of

groundwater recharge: regional groundwater influx from areas with modern

groundwater recharge, local infiltration through precipitation during wet periods

in the past and finally post-High Dam construction seepage of Nile water [24]. In

addition, [20, 21, 23] noted that the general flow direction in the NSAS is from the

Fig. 7 Distribution of basement rocks in Egypt [1, 16]
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southwest to the northeast Thorweihe and Heinl [25] found that the amount of the

current recharge to the NSAS from the south is not significant based on the

groundwater velocity, aquifer resistance time and climatic conditions.

The geology of the Western Desert of Egypt, including the Kharga Oasis, has

been well documented by many geologists [21, 26–28]. The NSAS is a confined

aquifer that is overlaying an impermeable crystalline rock that comprises the lower

confining layer. The upper confining layer is an impermeable variegated shale and

clay overlying the Nubian Sandstone aquifer. The NSAS is composed of a series of

mostly unfossiliferous formations. In the Kharga Oasis as an example, NSAS

formations are comprised of sands, sandstones, clays and shales (see Fig. 8). The

NSAS formation changes gradually from primarily continental sandy facies in the

southern region (Sudan) to intercalations of sandstones and clays of alternating

continental and shallow marine facies in the central region (e.g. the Kharga Oasis).

The formation then changes to marine facies in the northern region (Qattara

Depression), where it consists of thick beds of clays intercalated with beds of

limestone, dolomites and sandstones. It is generally thought that the geological

age of the NSAS ranges from the Cambrian to the Upper Cretaceous period [29].

Lamoreaux et al. [23] and Thorweihe and Schandelmeier [30] reported that the

thickness of the Nubian Sandstone aquifer beneath the Kharga Oasis ranged from

300 to 1,000 m. Shata [31] noted that in the Kharga Oasis, 32 water-bearing

horizons had been recognized within the Nubian Sandstone succession. Shata

[31] grouped these water-bearing horizons into three aquifers that include (1) a

top layer with an average thickness of 200 m, (2) a middle layer with an average

thickness of 200 m and (3) a lower layer with a thickness of approximately 250 m.

Lamoreaux et al. [23] mentioned that the NSAS consists of thick sequences of

Fig. 8 Lithostratigraphic sections across the study area [4, 6, 9]
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coarse, clastic sediments of sandstone and sandy clay interbedded with shale and

clay beds. These clayey impermeable beds restrict the vertical movement of water

among water-bearing layers. These beds of lower permeability, however, are

lenticular and discontinuous; thus, regionally, the Nubian sandstone forms a single

aquifer complex.

4 Groundwater Modelling and Uncertainty

4.1 Model Types

A model is a simulation of areal and temporal properties of a system, or one of its

parts, in either a physical or mathematical way. The difficulties of building

physical model are obvious in how feasible is the water table (hydraulic head)

in a multilayer aquifer exposed to various stresses such as precipitation, surface

runoff and leakage from deep underlying strata and then change some of its

geometric and hydrogeological properties as needed. For these difficulties, the

application of real physical models has been limited to educational and demon-

stration purposes. Mathematical models are those equations used to analyse

groundwater flow. Three mathematical models could be identified; depending

upon the nature of equations involved, these models can be empirical, probabi-

listic and deterministic models. Empirical models are derived from experimental

procedures until relations are fitted to some mathematical function. Although

empirical models are limited in scope, they can be an important part of more

complex problems. Probabilistic (stochastic) models are based on statistics such as

probability. These models either have various simple probability distributions of a

hydrogeological information or complicated stochastic, time-dependent models.

The main problem of the stochastic models, for a wider use in hydrogeology, is

that they need large data sets for parameter identification. Moreover, it is difficult

to predict the future behaviour of groundwater flow under any change of water

table stress. Deterministic models are those models that are predetermined by

physical laws governing groundwater flow such as Theis equation and Darcy’s
law. These types of models are used to solve complicated groundwater problems

as a multiphase flow through a multilayered, heterogeneous, anisotropic aquifer

system. There are two categories of deterministic models: analytical and numer-

ical models. Analytical models are used to solve one equation of groundwater

flow at a certain time for one point or line of points. Analytical models are easy to

be applied to one point with homogeneous aquifer property. Calculation time is

increased if the model is applied for many points and if the aquifer is quite

heterogeneous. If the situation gets really complicated, such as when there are

several boundaries, more pumping wells and several hydraulically connected

aquifers, the feasible application of analytical models terminates. Numeric models

describe groundwater flow for many points as specified by the user considering
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heterogeneity of the aquifer. This is achieved by dividing the area of interest into

small subdivisions named cells or elements. Then, a basic groundwater flow

equation is solved for each cell considering its water balance. The outputs are a

distribution of hydraulic heads at points representing individual cells. These points

can be placed at the centre of the cell, at intersections between adjacent cells or

elsewhere. These models are coded by solving the basic differential flow equation

for each cell approximately to finally get an algebraic equation that can be easily

solved through an iterative process (numeric) solution. The two most widely

applied numeric models are the finite difference model (FDM) and finite element

model (FEM). The difference between FDM and FEM is mainly at approximation

of the differential flow equation until getting the algebraic equation to be solved

then by iterative process.

4.2 Source of Uncertainty

Groundwater management in many arid areas in the world has been difficult due to

the limited availability of hydrogeological data. The lack of basic data often limits

the implementation of the numerical models for groundwater flow analysis, as well

as introduces a problem for model calibration and validation. A deterministic

approach is useful to overcome the uncertainty because it depends on variables or

parameters with values determined by taking into account previously collected

historical information. Although this type of approach has some limitations, it

can be very useful in the decision-making process. It is relatively simple and allows

for a detailed exploration of other aspects that are sometimes neglected in more

sophisticated models.

There are many sources of uncertainty in groundwater analysis. The most

common sources are:

• Natural variability of hydrologic properties of the groundwater aquifer

• Limited and incorrect information on hydrogeological variables and parameters

that characterize the groundwater flow

• Lack of information on future groundwater exploitation rate because of temporal

changes of anthropogenic activities, land use, land cover, and climate change

Sensitivity analysis is a straightforward technique that allows the identification

of the parameters and variables that have more influence on system performance

and allows evaluation of the scale of this influence. Uncertainty in constraints can

also be modelled using several different techniques. When uncertainty is small, it

can be done in terms of expected values. Chance-constrained models are very

useful in reliability analysis (reliability expresses the probability of a system

operating without failure). Chance-constrained models describe constraints in

mathematical models in the form of probability levels of attainment. The chance

constraints can be converted into deterministic equivalents and can therefore be

easily incorporated into deterministic programming models. From the previous two
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sections, it could be concluded that it is difficult to develop a proper groundwater

management system given such uncertainties and data limitations when using

ordinary numerical models.

5 Overcoming Uncertainty

To implement an optimal groundwater management, temporal and spatial variation

of groundwater table should be investigated first as an indispensable factor in

groundwater flow analysis. Temporal and spatial variation of groundwater table is

an important factor for implementing the optimal management of groundwater

resources. A model is suggested to make clear this spatial distribution of ground-

water flow by analysing spatial relationships among OWs considering the limited

availability of data. This model is linear regression model. Genetic algorithm

(GA) was adapted as a technique to estimate the optimized values of the linear

parameters considering robustness and high conversion of this method as one of the

soft computing techniques (SCTs). This mentioned technique quantifies the spatial

structure of the data and produces a prediction of pore pressure change at arbitrary

points. A newly developed model named the grey model (GM) was adopted to

analyse groundwater flow. This model combines a finite element method (FEM)

with GA model to try to obtain the best-fit piezometric level trends compared to

observations. On the other hand, the GM has no clear theories that exist for

selecting the number of input model trends and the most suitable values of input

parameters. Therefore, a modification of the GM is newly proposed and called the

modified grey model (MGM) in an attempt to determine a process for selecting the

best input models’ trends with the appropriate values of input parameters to achieve

acceptable fitting to observations.

5.1 Grey Model (GM)

GM is a combination of a 2D-FEM with genetic algorithms (GA) as the NM and

SCT, respectively. FEM was used to analyse groundwater flow under the assump-

tion of hydrogeological and boundary conditions to produce approximate solutions

for temporal piezometric level changes. The GAmodel was used to fit the measured

temporal piezometric level changes.

Although the GM has been proposed by some hydrogeologists, it has not yet

been widely applied to groundwater problems. The main concept of the GM is

combining a numerical model (NM) with a soft computing technique (SCT)

Mohammed et al. [32] proposed a GM as a combination of a 3D-FEM with an

artificial neural network (ANN) as the NM and SCT, respectively Mohammed et al.

[32] used a GM to predict the piezometric level change in the fractured rock mass at

Mizunami Underground Research Laboratory (MIU), Japan. In the current study,
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an FEM and a linear regression model based on genetic algorithms (GAs) were

used. FEM was used to analyse groundwater flow under the assumption of

hydrogeological and boundary conditions to produce approximate solutions for

temporal piezometric level changes. The GA model was used to fit the measured

temporal piezometric level changes.

5.1.1 Model Structure

Due to the uncertainty in the hydraulic parameters for water-bearing layers and lack

of information about the pumping rates from each layer, it was difficult to properly

construct a 3D-FEM model. In addition, the OWs do not provide piezometric level

data for specific aquifer layers but rather for the entire deep aquifer (layers B, C and

D). Because of these considerations, a 2D-FEM was applied in this study. The

governing equation for saturated groundwater flow can be obtained by combining a

special form of Darcy’s law (derived from the water phase momentum balance) and

the continuity equation written for the water phase [33, 34], as given in the equation

∂
∂x

Txx
∂h
∂x

� �� �
þ ∂
∂y

Tyy
∂h
∂y

� �� �
¼ S

∂h
∂t

� �
�W

where Txx and Tyy are the transmissivities along the x and y directions, respectively,
h is the hydraulic head, S is the storativity, W is the groundwater volume flux per

unit area (positive for outflow and negative for inflow), x and y are the Cartesian

coordinates and t is the time.

The FEM calculations were carried out assuming n different 2D hydrogeological

models. For each model, the grid geometry and number of elements were identical.

However, different sets of hydrogeological conditions, such as horizontal transmis-

sivity in the x and y directions (Txx and Tyy) and specific storage and boundary

conditions were assumed for each model. Then, n piezometric level trends (H1(t),
H2(t),. . .,Hn(t)) were calculated by FEM. These simulated piezometric level trends

were not representative of the measured piezometric level trends. The linear model

was used to reconstruct the measured piezometric level trend by combining FEM

output piezometric level trends (H1(t), H2(t),. . ., Hn(t)) as given in the equation

Hs tð Þ ¼
Xi¼n

i¼1

αi � Hi tð Þ,
X

α ¼ 1

where Hs(t) is the reconstructed piezometric level trend at a certain location, Hi(t)
are the 2D-FEM simulated piezometric level trends, and αi are weight parameters

for the linear regression model. The best-fitting parameters for the linear model are

estimated by a GA model. The weight parameters can also be used for future

prediction of temporal piezometric level change at any time (t). The structure of

the GM is schematically illustrated in Fig. 9.
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The basic process of the GA used in this study is as follows (see Fig. 10):

1. Generate N different chromosomes by giving random values in the range of

0.0–1.0 as genes. The gene values are adjusted to fit the criterion that the sum of

the genes in each chromosome should equal 1.0. The number of chromosomes

N is called the population size, and all chromosomes are put in the initial (1st)

pool representing the first generation.

2. The previous equation is applied to obtain the reconstructed piezometric level

trend (Hs(t)). Then, the root mean square error (RMSE) and fitness value (Fi)

between the measured (Ho(t)) and the reconstructed piezometric level trends

(Hs(t)) for every chromosome are calculated. Chromosomes in the first pool are

rearranged based on the probability value of each chromosome (rating process):

Fi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

N

Pi¼N

i¼1

HS tð Þ � Ho tð Þð Þ2

vuuut ¼ 1

RMSE

Pi ¼ FiPi¼N

i¼1

Fi

3. Based on the rating process, the best-fit chromosomes are selected and sent to fill

the 2nd pool. The selection of chromosomes was performed by using a deter-

ministic sampling method [35, 36]. In this method, the average fit of the

Fig. 9 Structure of the developed grey model [4]
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population is calculated. Then, the fitness for each chromosome is divided by the

average fitness, but only the integer part of this operation is used to select

individuals to send to 2nd pool. The entire fraction is used to sort the individuals.

The remaining free places in the new population are filled with the chromosomes

that have the largest fraction values in the sorted list.

4. Two chromosomes are selected randomly from the second pool and are called

parent chromosomes. Two offsprings are created from the parents by using a

crossover operation. A crossover is a process to mix the genes of parent

chromosomes. In this study, a two-point crossover technique was used

[37, 38]. By using the chromosomes of parents and children, four temporal

piezometric level trends are calculated, and then two of these trends with a

large value of Fi are selected. The ratio between the number of chromosomes

thus created and the population size is called the crossover probability.

Fig. 10 Flow chart describing the GA optimization process [4]
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5. The selected two chromosomes constructed and calculated by the crossover

process were mutated by changing some gene values using random numbers

between 0.0 and 1.0. After mutation, the sum of the gene values should equal

1.0. Among the four chromosomes, the two chromosomes that have the best-

fitting values are sent to the 3rd pool. The ratio between the mutated gene and all

genes of one chromosome is called the Mutation Probability. Crossover and

mutation are repeated until the population size of the 3rd pool is filled; this

process is referred to as the second generation.

6. The process from step 2 to step 5 is repeated for a fixed number of generations or

until the error between measured and calculated piezometric level trends falls

below an assumed critical RMSE value.

All steps from 1 to 6 are applied to a portion of the time series data to train the

model (training/learning phase). The other part of the data is used for validation of

the resulting weights (prediction/test phase). Due to the limitation of data and to

guarantee good results in the prediction phase and future assessments, the majority

of the data series is used in training, while the rest is left for the prediction phase.

5.2 Modified Grey Model (MGM)

In the GM, the used GAmodel has no clear concept for selecting the number of input

piezometric level trends and values of input parameters. The input piezometric level

trends are the calculated piezometric level trends from the assumed hydrogeological

models. On the other hand, the input parameters are the parameters which used to fit

the measured observations such as population size, crossover probability, mutation

probability and number of generations. For simplicity, in the current study, the

number of input piezometric level trends will be named as input models’ trends.
In the current study, this concept is processed, and new model named as

modified genetic algorithm (MGA) is proposed trying to select the best input

models’ trends for fitting to the measured piezometric level trends. Moreover, the

effect of number of input models’ trends on the values of input parameters was

studied by meaning of sensitivity analysis for both models GA and MGA. By

combining this new proposed model MGA with the FEM model, a new model is

produced and named as modified grey model (MGM).

In the current study, the MGM was newly developed for the analysis of ground-

water flow. Broadly speaking, the main concept of the MGM is quite similar to the

GM because it combines a numerical model (NM) with a soft computing technique

(SCT). The GM has not yet been widely applied to groundwater problems. In the

GM, the number of input models’ trends and the values of the input parameters are

selected hypothetically before obtaining the best-fitting values [4, 32]. The main

problem in the GM is that there is no clear concept in the GAmodel for the selection

of either the number of input models’ trends or the values of input parameters, such

as population size, crossover probability, mutation probability and number of

generations (fitting calculation time). For this purpose, a modification of the GA
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model was developed to select the input models’ trends that achieve the best fit to
the observations. Then, the effects of the best selected models’ trends on the values
of GA input parameters were studied. The GA model after modification will be

called the modified genetic algorithm (MGA) model. The combination of the best

models’ trends will be called the best models combination (BMCk, where k is the
number of selected models’ trends). The MGM is the combination of FEM and

MGA. As an application for MGM, this model is used to evaluate three different

future exploitation/development plans under consideration for the aquifer system to

explore the hydrological feasibility of these plans. The MGM simulation is applied

for the period from the year 1960 to the year 2100.

5.2.1 Model Structure

The FEM calculations were carried out assuming n different 2D hydrogeological

models. Then, n piezometric level trends (H1(t), H2(t),. . .,Hn(t)) were calculated by
FEM. These simulated piezometric level trends were not representative of the

measured piezometric level trends. The linear model (GA model) was used to

reconstruct the measured piezometric level trend by combining the calculated

piezometric level trends (H1(t), H2(t),. . .,Hn(t)), as given in the equation below.

For MGA, only the best models’ trends were selected to be combined together by

the best model combinations (BMCk (R1(t), R2(t),. . .Rk(t), where Rk is the selected

models’ trends from Hn models’ trends) to match the target measured trend:

Rs tð Þ ¼
Xk
j¼1

αj � Rj tð Þ,
X

αj ¼ 1, k � n

where Rs(t) are the reconstructed piezometric level trends at a certain location

estimated by MGM; Rj(t) is the 2D-FEM simulated piezometric level trends; and

αj are weight parameters. The produced weight parameters can also be used for the

future prediction of temporal piezometric level changes at any time (t). The

structure of the MGM is schematically illustrated in Fig. 11.

Many researchers reported that the GA model provides good performance for

estimating the optimum combination of weight parameters [4]. This combination of

weight parameters is called a chromosome (α1, α2,.. αn), and each weight parameter

is called a gene. However, the optimum number of inputs (hydrogeological models)

and the values of the input parameters remain a problem. For this reason, the GA

model has been modified by adding a selection process for finding the optimum

input models’ trends. This newly developed model is called the modified genetic

algorithm (MGA) model. The selection process is used for selecting the best inputs

that achieve an appropriate goodness of fit with the measured piezometric level

trends. The number of selected inputs is “k,” and the combination of these inputs is

called the best models combination (BMCk). The concept of the proposed model

(MGA) could be described in two stages, as follows (see Fig. 12) [4, 39]:
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Fig. 11 Structure of the developed grey model [6]

Fig. 12 Flow chart describing the MGA optimization process [6]

566 W.E. Mahmod



Stage 1 (Preliminary weight distribution): The process in this stage is the same as

in the ordinary GA model [4]; however, the target of this stage is not determining

the optimum weight parameters. This stage is used to obtain a preliminary weight

distribution for the inputs with any value for number of generations. For this reason,

using a small number of generations is enough to obtain this type of distribution.

This stage contains the following main steps:

1. After simulating groundwater flow using the hydrogeological model explained

previously, n temporal trends of hydraulic heads (H1(t), H2(t),. . .,Hn(t)) are

obtained and used as inputs to the GA model. Then, N different chromosomes

are generated by giving random values in the range of 0.0–1.0 as genes. The gene

values are adjusted to fit the criterion that the sum of the genes in each chromo-

some should equal 1.0. The number of chromosomes N is called the

population size.

2. As the second step of the basic process of the GA model, the reconstructed

piezometric level trend (Hs(t)) is obtained. Then, the fitness values (Fi) between

the measured (Ho(t)) and the reconstructed piezometric level trends (Hs(t)) for
every chromosome are calculated.

3. The best-fit chromosomes are selected using a deterministic sampling method. In

this method, the average fit of the population is calculated. Then, the fitness for

each chromosome is divided by the average fitness, but only the integer part of

this operation is used to select individuals. Then, the entire fraction is used to

sort the individuals. The remaining free places in the new population are filled

with the chromosomes that have the largest fraction values in the sorted list.

4. These “n” models’ trends are processed by GA processes (crossover and muta-

tion processes) to obtain the final weight parameters (α1, α2,.. αn). At the initial
stage, the weight parameters are given as random numbers. Then, the weight

parameters are pursued through the repetition of crossover and mutation pro-

cesses until completing the selected number of generations. Crossover and

mutation processes are represented by two operators: crossover probability and

mutation probability.

Stage 2 (Obtaining the BMCk(Rj(t)); j ¼ 1,k; k � n): Regarding stage 1, the

weights of each input for fitting the observed trend were recognized. In this stage,

the inputs are renamed according to their weights from R1(t) for the highest weight
input to Rn(t) for the lowest weight input. Hereafter, the following steps take place:

1. The first two inputs (BMCk(Rj(t)); j ¼ 1,k; k ¼ 2) are combined using the GA

model (stage 1 procedures). Then, Rs(t) is calculated, and the fitness with the

observed trend Ro(t) is calculated.
2. The third input R3(t) is added to the formal combination to become BMC3(R1(t),

R2(t), R3(t)), and then the fit is recalculated.

3. If the calculated fit is less than the formal fit (Fcalculated < Fformal), then the input

will be added to the combination to become BMC4(R1(t), R2(t), R3(t), R4(t)). On
the contrary, if the calculated fit is larger than the formal fit, the last input in the

combination BMC3(R1(t), R2(t), R3(t)) will be replaced by its next input to
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become BMC3(R1(t), R2(t), R4(t)). This process is continued until the selected

number of generations has been completed.

4. The best models combination (BMCk((R1(t),R2(t),. . .Rk(t)) is obtained.

The two stages explained above are applied on a part of the time series data as

training for the model (training phase). The other part of the data is used for the

validation of the resulting weights (test phase). Due to the limited data and to guarantee

good results at the prediction phase and in future assessment, a large percentage of the

data is used in the training phase, and the other remains for the prediction phase.

6 Application of MGM on the NSAS Under Kharga Oasis

As applications of the new proposed model MGM, future assessment of piezomet-

ric level change was analysed by developing three exploratory scenarios of ground-

water withdrawal that involved either expanding the present extraction rate or

redistributing the groundwater withdrawal over the recent working production

wells (RWPWs).

The Kharga Oasis is one of the depressions located in the New Valley in the

southern part of the Western Desert of Egypt (Fig. 1). This oasis is bounded by the

Eocene limestone plateau on the east and north, where steep cliffs form a sharp

boundary. This limestone plateau stretches along Middle and Upper Egypt at an

elevation up to 550 m above mean sea level (amsl) (approximately 400 m above the

depression floor of the oasis). The studied area lies between the latitudes of 23� 550

to 26� N and the longitudes 30� 70 to 30� 450 E, as shown in Fig. 13. The calculated
area shown in Fig. 13 is used in the numerical analysis, as explained below.

The Kharga Oasis is situated in the tropical arid climate zone. The maximum

daytime temperature reaches up to 45–50 �C in the summer; however, the temper-

ature drops below zero �C at night in the winter. The Kharga Oasis is one of the

driest areas of the Eastern Sahara, which thus makes it one of driest areas on Earth

[39]. The average potential evaporation rate reaches approximately 18.4 mm/day,

and the mean annual value of the relative humidity is approximately 39%. The

annual precipitation is extremely low and is almost insignificant (1 mm/year) [40].

Thorweihe and Heinl [25] found that the amount of the current recharge to the

NSAS from the south is not significant based on the groundwater velocity, aquifer

resistance time and climatic conditions Heinl and Thorweihe [19] estimated that the

flow velocity in the deep aquifer is approximately 1 m/year, which means the ground-

water would require over 100,000 years crossing the distance from either tropical

infiltration areas or the River Nile to reach the Kharga Oasis part of the NSAS. Because

of the known precipitation and potential evaporation conditions in the study area,

recharge of the Kharga Oasis part of the NSAS was neglected in the current study.

Lamoreaux et al. [23] and Ebraheem et al. [18] reported that the thickness of the

Nubian Sandstone aquifer beneath the Kharga Oasis ranged from 300 to 1,000 m

Shata [31] noted that in the Kharga Oasis, 32 water-bearing horizons had been

recognized within the Nubian Sandstone succession Shata [31] grouped these
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water-bearing horizons into three aquifers that include (1) a top layer with an average

thickness of 200 m, (2) a middle layer with an average thickness of 200 m and (3) a

lower layer with a thickness of approximately 250 m Lamoreaux et al. [23] men-

tioned that the NSAS consists of thick sequences of coarse, clastic sediments of

sandstone and sandy clay interbedded with shale and clay beds. These clayey

impermeable beds restrict the vertical movement of water among water-bearing

layers. These beds of lower permeability, however, are lenticular and discontinuous;

thus, regionally, the Nubian sandstone forms a single aquifer complex.

At the Kharga Oasis, [23] classified these water-bearing layers of the average

thickness of approximately 700 m into four layers as shown in Fig. 14. In the current

study and following [23], the classification and the average thickness of each layer

are as follows: (1) layer A with an average thickness of 100 m (top layer), (2) layer

Fig. 13 Location map of the study area showing observed sites [6]

Fig. 14 Classification of water-bearing layers compiled from Lamoreaux et al. (1985) [9]
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B with an average thickness of 235 m, (3) layer C with an average thickness of

266 m and (4) layer D with an average thickness of 110 m (bottom layer). On the

basis of this classification, Layer A refers to the shallow aquifer, while the others

(layers B, C and D) refer to the deep aquifer.

Shata [31] reported that the transmissivity and storage coefficient values for the

NSAS under theKhargaOasis were in the range of 100–2,000m2/day and 1.5� 10�4

to 1.5� 10�2, respectively Hesse et al. [41] reported that the hydraulic conductivity

of the Kharga part of the NSAS has an average value of 2.16 m/day Ebraheem et al.

[18] noted that the average hydraulic conductivity for the regional NSAS is in the

range of 0.0864 to 0.864 m/day, with an average storage coefficient of 1.0 � 10�4.

However, these hydraulic properties have not been confirmed for the entire aquifer.

Two types of wells are considered in this study, recent working production wells

(RWPWs) and observation wells (OWs). In the current study, the whole area is

divided into northern and southern parts. Based on distribution of settlements and

RWPW allocations, the studied area was subdivided into eight subdivisions, as

shown in Table 1. Table 1 summarizes the name and the available RWPW data for

every subdivision. Figure 15 illustrates the locations and distributions of the RWPWs

and OWs over the study area. The RWPWs and OWs are distributed over 14% and

45%of the study area, respectively. FromFig. 15, it could be concluded that RWPWs

are highly concentrated over two regions: the middle area of the northern part (Area

3–Area 5) and Area 7 in the southern part. For the current study, these two regions

were named the M-region and the SN region, respectively. Recent screen depths of

the RWPWs range from 76 to 813 m, while the recent depths of the OWs range from

200 to 950mbelow the ground surface. Recent groundwater extraction has only been

from the deep aquifer (layers B, C and D).

Q is the discharge from each well

6.1 Hydrogeological Model

Based on the hydrogeological properties of the Kharga Oasis part of the NSAS

reported by previous researchers, n hydrogeological models were constructed. For

each model, transmissivities (Txx and Tyy) and storativity values were assumed to be

Table 1 Summary of RWPW data throughout subdivisions of the study area

Area no. Area name No. of RWPWs Well depth (m) Q m3/h

1 Monera 10 101–720 14–117

2 Sherka 11 125–703 14–114

3 Kharga 41 88–706 28–177

4 Jenah 14 89–804 31–329

5 Bulaq 14 163.5–813 46–216

6 Garmashin 12 217–673 20–205

7 Paris 44 76–600 14–229

8 Darb El-Arbeen 41 91.3–485.4 44–56
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in average ranges of 50–500 m2/day and 3.28 � 10�3 to 3.28 � 10�2, respectively.

Although the total discharge extracted from the Kharga Oasis part of the NSAS is

known for the period from 1960 to date (Fig. 16), the discharge for each production

well within the same period is unknown. For this reason, a scenario of groundwater

withdrawal of each RWPW was assumed considering that discharge since 2005 has

been almost steady. Groundwater withdrawal for each RWPW was assumed to

follow the same groundwater withdrawal trend as the total discharge curve given in

Fig. 16. The assumed scenario of groundwater withdrawal started from the year

1960 and increased gradually until the year 2005. Then, it continued steady until

2009. Beyond 2009, three development scenarios of groundwater withdrawal were

proposed that involved either expanding the present extraction rate or redistributing

the groundwater withdrawal over the recent working production wells (RWPWs) as

will be explained later.

Fig. 15 Distribution of

RWPWs and OWs over the

Kharga Oasis; RWPWs

shown in red and OWs in

blue [6]. Dotted line
indicates the schematic

boundary of the Kharga

Oasis. Dashed line indicates
the current study area
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6.2 Initial and Boundary Conditions

The NSAS in the Kharga Oasis area is only a small part of the entire NSAS in

Egypt. Groundwater flow in the NSAS is governed by the conditions at the

boundaries of the regional system. These conditions are not well defined for the

Kharga Oasis area. Because of that, the boundary condition was assumed as a fixed

boundary head with the flow direction from the southwest to the northeast. With

that assumption, the boundary conditions were expressed as hydraulic head values

given at the four corners (Z1–Z4) of the calculated area indicated in Fig. 13.

Hydraulic heads along each boundary line were assumed to change linearly as

shown in Fig. 17. Values of Z1, Z2, Z3 and Z4 were roughly estimated by

considering the goodness of fit between the calculated and measured piezometric

level trends. In this study, 16 hydrogeological models were assumed with different

sets of hydrogeological and boundary conditions as summarized in Table 2.

To reduce the direct effects of boundary conditions on the results, the calculated

area was extended beyond the study area boundary, as shown in Fig. 13. This area

was subdivided into 24,069 rectangular elements and 24,396 nodes with the

RWPWs and OWs located on mesh nodes. The elements around the RWPWs and

OWs were set as the smallest elements with the sizes gradually increasing towards

the boundary of the calculated area, as illustrated in Fig. 17. The minimum and

maximum lengths of the element sides were 377 m and 7,000 m, respectively.

6.3 Proposed Future Scenarios for Groundwater Withdrawal

Although the total discharge extracted from the Kharga Oasis part of the NSAS is

known from 1960 to 2009 (Fig. 16), the discharge for each production well in the

same period is unknown. For this reason, a scenario of groundwater withdrawal of

Fig. 16 History of groundwater withdrawal from deep and shallow aquifers [4]
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each RWPW was assumed to follow the same groundwater withdrawal trend as the

total discharge curve given in Fig. 16, considering that the discharge was almost

steady within the period 2005–2009. From 2009 to the present, groundwater

withdrawal was assumed to continue being steady. Hereafter, for each RWPW,

three scenarios of groundwater withdrawal are assumed, considering that no new

production wells will be constructed. The main criterion in the three proposed

scenarios is to keep the sum of groundwater withdrawal from the current study area

constant. These scenarios are explained as follows:

Scenario 1: The present groundwater withdrawal is increasing and kept constant

until the final simulation year of 2100.

Scenario 2: In this scenario, the groundwater withdrawal is redistributed among

the RWPWs in the M-region and the southern subdivision Area 8. Area 8 is the

highest piezometric level area of the study area [4, 23]. In this scenario, the

groundwater withdrawal in the M-region is equal to that in the 1st scenario reduced

by 20%. Then, the sum of the groundwater withdrawal reduced from the RWPWs of

the M-region is distributed over the RWPWs in Area 8, while keeping the ratio

between the RWPW discharges constant.

X
QM-region ¼ 0:80�

X
QM-region Scenario1ð ÞX

QArea7 ¼
X

QArea8 Scenario1ð Þ þ 0:20�
X

QM-region Scenario1ð Þ

Scenario 3: In this scenario, groundwater withdrawal is redistributed among the

RWPWs in the northern part and the southern subdivision Area 8. The groundwater

withdrawal of the northern part of this scenario is equal to that in the 1st scenario

reduced by 5%. Then, the sum of the groundwater withdrawal reduced from the

Fig. 17 Adopted 2D-FEM mesh geometry for the calculated area, and the study areas. Z1–Z4 are

the assumed hydraulic heads at the corners of the calculated area (after six)
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RWPWs in the northern part is distributed among the RWPWs in Area 8 while

keeping the ratio between the RWPW discharges constant:

X
QNorthern-part ¼ 0:95�

X
QNorthern-part Scenario1ð ÞX

QArea7 ¼
X

QArea8 Scenario1ð Þ þ 0:05�
X

QM-region Scenario1ð Þ

for which Q is the groundwater withdrawal of each RWPW.

6.4 Sensitivity Analysis

The input parameters population size, crossover probability, mutation probability

and number of generations should be properly determined for the proposed MGA

model. Moreover, the comparison between the goodness-of-fit values of the MGA

and GA models should be analysed under the different values for input parameters.

For this purpose, a sensitivity analysis was performed to properly select the appro-

priate values of these parameters. In this analysis, the measured piezometric level

trend at OW o1 was used as a target, and the 16 calculated piezometric level trends

calculated by FEMwere used as input data for theMGA and GAmodels. For the GA

model, Fig. 18a, b display the relationships among RMSE, number of generations

and population size and among RMSE, crossover probability and mutation proba-

bility, respectively, and the same for MGA in Fig. 19a, b. From Fig. 18a, it is found

Table 2 Proposed hydrogeological models

Model name

Corner hydraulic heads

Txx (m/day) Tyy (m/day) S � 10�3Z1 (m) Z2 (m) Z3 (m) Z4 (m)

M1 87 220 150 105 50 50 32.8

M2 37 170 100 55 50 50 3.28

M3 27 160 90 45 50 500 3.28

M4 37 170 100 55 5 50 3.28

M5 37 170 100 55 500 500 32.8

M6 85 85 85 85 50 500 3.28

M7 37 170 100 100 50 500 3.28

M8 �282 484 123 �111 50 500 3.28

M9 �282 484 123 �90 50 500 3.28

M10 �282 490 123 �111 50 500 3.28

M11 �300 484 123 �111 50 500 3.28

M12 �297 495 108 �126 50 500 3.28

M13 �282 484 123 �111 138 500 3.28

M14 �282 484 123 �111 50 50 3.28

M15 �232 534 123 �61 97 500 3.28

M16 �282 484 123 �111 138 500 32.8
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that the RMSE value became small with the number of generations ¼ 5,000 and

population size �100. The relationships among RMSE, crossover probability and

mutation probability are more complicated, as displayed in Fig. 18b. It could be

concluded that the RMSE became small in the range of 0.70> crossover probability

>0.60 and mutation probability >0.35. On the contrary, Fig. 19a, b show high

stability of results in a wide range of parameter values. Considering these results,

RMSE (m)
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Fig. 18 Sensitivity range analysis for the GM: (a) number of generations and population size; (b)

crossover and mutation probabilities [6]
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the selected values of the input parameters for the GA and MGA models are

summarized and displayed in Table 3. Consequently, MGA produces a goodness

of fit between measured and calculated piezometric levels within a wide range of

input parameter values.
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Fig. 19 Sensitivity range analysis for the MGM: (a) number of generations and population size;

(b) crossover and mutation probabilities [9]
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6.5 Future Assessment of Temporal Piezometric Level
Change

The good agreement between the measured and calculated piezometric level trends

in the short period simulation (1979–2005) was considered to be a verification of

the MGM presented in this study. Thus, the MGM can be used to predict piezo-

metric level trends and drawdown of the groundwater table over long periods, as

well as to evaluate the hydrological feasibility of the proposed groundwater with-

drawal plans (scenarios 1, 2 and 3). With regards to the proposed scenarios for

groundwater withdrawal described previously, the simulated declines in hydraulic

head at the target OWs were calculated for the period 1960 to 2100.

For the proposed scenarios of groundwater withdrawal (scenario 1, scenario

2 and scenario 3), Figs. 20, 21 and 22 show the simulated piezometric levels of the

target OWs, respectively. For scenario 1, Fig. 20 shows the piezometric level trends

simulated by the MGM and that previously simulated by the GM [4] for the target

OWs. From this figure, both models simulating the piezometric level trends are

highly correlated, which confirms the validity of the newly developed MGM for

future assessment of hydraulic heads. However, the MGM input parameters values

are smaller than those of GM. The results indicate that the MGM produced

satisfactory validation results compared to the ordinary GM considering the use

of a small number of inputs and the low values of the input parameters. Moreover,

the time required for calculations, represented by the number of generations

parameter, is reduced from 5,000 for the GM to 10 for the MGM, which is a

considerably large reduction of 99.98%.

For scenario 2, Fig. 21 shows that the hydraulic heads of OWs o1, o5 and o33 are

recovered by 32.0, 37.5 and 25.0 m, respectively, compared to those in scenario

1. On the contrary, the hydraulic head of OW o35 is severely decreased by 77.8 m.

Comparing scenario 3 with scenario 1, Fig. 22 shows that the hydraulic heads of

OWs o1 and o5 are recovered by 104.0 and 64.5 m, respectively, to reach their

economical piezometric levels by the years 2039 and 2018. On the other hand, the

hydraulic heads of OWs o33 and o35 are decreased by 13 and 165 m, respectively.

For both scenarios 2 and 3, the high decrease in hydraulic head of OW o35 as a

representative of Area 8 is due to the high groundwater withdrawal that added to the

RWPWs in this area. Therefore, it is recommended to drill new production wells in

the southern part of the study area to reduce groundwater withdrawal over the

Table 3 Setting of GA and MGA models parameters [6]

Parameters

For minimum RMSE Selected parameters

GA MGA GA MGA

Number of generations 5,000 10–10,000 5,000 10

Population size �100 10–500 500 50

Crossover probability 0.60–0.70 0.2–1.0 0.60 0.20

Mutation probability �0.35 0.1–0.4 0.40 0.10
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RWPWs. For the three scenarios, Table 4 shows the differences in hydraulic heads

between the economical piezometric head levels and the target OWs’ piezometric

levels beyond 2100. A positive sign indicates that the piezometric level of the OW

is above the economical one and vice versa.

The MGM shows a better fitting performance than the ordinary GM, for which

the best input models’ trends are recognized by means of the best models combi-

nation (BMCk). On the other hand, the MGM produced a wide range of input

parameter values, which guarantees goodness of fit with any hypothetical value of

these parameters. Moreover, a high reduction in required calculation time was

observed for reaching the best fit to the observations.
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Fig. 20 Comparison of simulated piezometric levels for MGM and GM [39] until the year 2100:

(a) OWs o1 and o5; (b) OWs o33 and o35 [6]

578 W.E. Mahmod



OW (o1-scenario1)
OW (o5-scenario1)

OW (o5-Scenarion2)

Economical W.L.

150

125

100

75

P
ie

zm
et

ric
 L

ev
el

 (
m

 M
S

L)

50

25

0

–25

–50

–75

150

125

100

75

P
ie

zm
et

ric
 L

ev
el

 (
m

 M
S

L)

50

25

0

–25

–50

–75
1960 1980 2000 2020 2040 2060 2080 2100

Years

1960 1980 2000 2020 2040 2060 2080 2100
Years

OW (o1-scenario1)

OW (o33-scenario1)
OW (o35-scenario1)

OW (o35-Scenario2)
OW (o33-scenario2)

Economical W.L.

a

b

Fig. 21 Comparison of MGM-simulated piezometric levels for scenario 2 and scenario 1 until the

year 2100: (a) OWs o1 and o5; (b) OWs o33 and o35 [6]

Table 4 Hydraulic head differences in the economical piezometric levels for the target OWs

OW

Difference from the economical piezometric level (43 m) by 2100

Scenario 1 Scenario 2 Scenario 3

o1 �98.88 �66.89 4.98

o5 �51.16 �13.58 13.27

o33 �65.22 �39.76 �78.26

o35 �18.33 �96.08 �183.62
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6.6 Evaluation of the Proposed Groundwater Withdrawal
Scenarios

As a trial to evaluate the proposed scenarios of groundwater withdrawal, a contour

map of hydraulic head distributions was constructed to understand the future

hydrogeological conditions of groundwater flow in the study area. Figure 23a–c

show the flow direction and hydraulic head distributions for the three proposed

scenarios, scenario 1, scenario 2 and scenario 3 for year 2100, respectively. From

these figures, it could be concluded that the hydraulic heads of the northern part
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Fig. 22 Comparison of MGM-simulated piezometric levels for scenario 3 and scenario 1 until the

year 2100: (a) OWs o1 and o5; (b) OWs o33 and o35 [6]
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could be recovered as well as the hydraulic head of point P1 for the three scenarios;

scenario 1, scenario 2 and scenario 3 have the values of �60, 0, and 50 m,

respectively. On the other hand, for the southern part, the hydraulic head of point

P2 for the same three scenarios is 80, 20, and �100 m respectively. The drawdown

which occurred at the southern part (Area 8) was due to the small number of

RWPWs that were used in the redistribution process of groundwater withdrawal.

By comparing the hydraulic heads at points P1 and P2, which are representative of

the northeastern and southwestern parts of the study area, respectively, it could be

concluded that the differences in hydraulic heads between these two points were

140, 20, and �150 m for the three scenarios: scenario 1, scenario 2 and scenario

3, respectively. The negative sign here is a result of a decrease in the piezometric

level of point P2 comparing with that of point P1 because of small number of

RWPWs in the southern part (Area 8). The percentage of the whole currently

affected study area for the three scenarios scenario 1, scenario 2 and scenario 3 at

year 2100 are 80%, 70% and 50%, respectively. In general, a recovery of the

hydraulic head distribution could be achieved by redistribution of the groundwater

withdrawal of the RWPWs. Consequently, the northern part of the study area could

be highly recovered for the three proposed scenarios, as well as a high recovery

percentage of the whole area was achieved by applying scenario 3 (50% recovered)

Fig. 23 Comparison between the simulated piezometric level contours along with groundwater

flow vectors in the study area for the proposed scenarios [9]
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with a recommendation of increase in the number of RWPWs at the southern part of

the study area (Area 8).

7 Conclusions

In this study, groundwater flow analysis was performed using the developed mod-

ified grey model (MGM) which combines the finite element method (FEM) and the

new developed modified genetic algorithm (MGA). The analysis of observed data

shows enormous pore pressure decrease by 50 m in the northeastern part of the study

area within the period 1979–2005. TheMGMproduced stable results for piezometric

level simulations while using a wide range of input parameters values compared to

the ordinary grey model (GM). Moreover, the time required for calculations to

achieve proper convergence with the measured piezometric level trends was reduced

by 99.8% compared to the GM.MGMused a smaller number of input models’ trends
than theGM for achieving goodness of fit, with a percentage of reduction in the range

of 68.75–81.25%. TheRMSEwas in the ranges of 0.63–2.936m and 0.439–2.665 for

the MGM and the GM, respectively. The results from the various scenarios of

groundwater withdrawal demonstrate that if the present extraction rate is expanded

(scenario 1), the groundwater piezometric level continuously declines and drops

below the economical piezometric level until the year 2100 at the end of the

simulation period. To avoid groundwater depletion in the Kharga Oasis, the extrac-

tion rate in the M-region is lowered by 20% and added to Area 8 (scenario 2). The

planned extraction rate is not feasible for the future and will have a negative impact

on the piezometric level of Area 8. However, a recovery in the piezometric levels for

all other subdivisions was observed. For the 3rd scenario of groundwater withdrawal,

the recovery head for the northern area increased more than in scenario 2, as well as

reached above the economical piezometric level. However, a large drawdown of the

piezometric level of the southern part was observed.

8 Recommendations

To protect the groundwater table frombeing severely drawn down, it is recommended

that new production wells be constructed in the southern part of the current study area

far enough from the RWPWs. For reliable piezometric measurements, a network of

monitoring wells should be drilled that cover the whole area. Regular water-level

measurements (at least monthly) would provide the basic data needed for time series

compilations in the future, which could give feedback on the constructed model. For

the future, it is suggested that the MGM be used for simulating the total piezometric

level surface of the whole area and hence confirm the MGM performance. The

proposed model (MGM) is significant for the decision-makers to have knowledge

about groundwater resources in their regions. For that, MGM could be useful to study
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the effect of increased pressure on the finite water resource on the sustainability of

agricultural production and livelihoods as well as the social cohesion within new

settler communities. Moreover, a new developed monitoring system could be pro-

posed to reduce the monitoring cost based on giving up the idea of constructing new

observation wells.
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Groundwater Potential in the New Valley

South West of the Nile Delta in Egypt

Abeer M.M. Soliman and Mostafa M. Solimsn

Abstract Egypt is continuously facing a decrease in water share per capita due to a

decline in available water resources.

The objective of the present study is to evaluate and manage the groundwater

resources of the Nubian Sandstone Aquifer System (NSAS) in the New Valley area.

It is located in the middle part of Egypt’s Western Desert. It lies between latitudes

of 24�–28� N and longitudes of 27�–31.5� E. It covers an area of 440 km long by

460 km wide where the total area is about (202,400 km2). A detailed review of the

Nubian Sandstone Aquifer in the western desert is also introduced.

A finite difference model using “Visual MODFLOW” was applied on the

Nubian Sandstone Aquifer of Dakhla Basin. It was adapted to simulate groundwater

flow in such aquifer. The simulation was calibrated with available groundwater

head data from CEDARE Report (2002). An optimum solution is established for the

safe groundwater mining in the study area.

The scenario applications could allow for an increase in reclamation at Dakhla

Oasis by 15%, with the condition of safe drawdown values less than 60 m for the

period of 100 years.

The study provides the benefits of applying the modeling techniques. Numerous

valuable inputs for the national development plan in Egypt are presented. The study

found that it is important to seek an alternative water resource to compensate for the

groundwater depletion.
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1 Introduction

Groundwater is one of the most important resources of water in Egypt, ranking

second after the River Nile. Although in terms of quantity the contribution of

groundwater to the total water supply in Egypt is very moderate. Groundwater is

the only available source of water for people living in the desert area. In terms of

quality, groundwater, unless contaminated, is generally of better quality than

surface water. The quality of groundwater depends on two main factors, namely

the origin of the water and the type of rocks bearing it. Groundwater is obtained in

many areas from fissures, and joints of the igneous and metamorphic rocks. It may

be found in layers of weathered basement rocks. It can also be extracted from

alluvial deposits and aquifers in coastal areas.

Demand for water has increased during the last decade particularly due to the

declining availability of freshwater. This has expanded the development of

searching and extracting groundwater resources. An evaluation of the renewable

groundwater resources is essential for any Integrated Water Resource Management

(IWRM) plans that are sustainable. In this study, the evaluation of the renewable

groundwater resources in Egypt from water quality and quantity perspective is

discussed.
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2 Groundwater System in Egypt

The aquifers systems in Egypt are distributed over the country and the hydrogeological

framework of Egypt. It can be characterized into eight hydrogeological units as shown

in Fig. 1 [3, 4]. These units are:

1. Nile Valley and Delta aquifers,

2. Coastal aquifers,

3. Moghra aquifer,

4. Aquiclude rocks,

5. Carbonate rocks complex aquifers,

6. Nubian Sandstone Aquifer,

7. Fissured basement complex aquifers, and

8. Tertiary aquifers

They differ in general characteristics, including extension, hydraulic conductiv-

ity, transmissivity, storage, and recharge.

The above-mentioned aquifers are classified into two groups based on the water-

bearing rocks as given in Table 1:

1. Granular water-bearing rocks and

2. Fissured and karstified water-bearing rocks

Nile Aquifer

Moghra Aquifer

Coastal Aquifer

Aquiclude

Carbonate Aquifer
Nubian Aquifer

Sea Water
Basement

0 200 400 km

N

35˚30˚

30˚

25˚

25˚

R
ed Sea

Mediterranean Sea

Fig. 1 The aquifer systems of Egypt. Modified after RIGW [1, 2]
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The Nubian Sandstone Aquifer is selected for further study in this respect since it

is considered the main groundwater resource in the New Valley in the Western

Desert of Egypt.

3 Regional Nubian Sandstone Aquifer System

The Nubian Sandstone Aquifer system is a regional system. It extends into Libya,

Sudan, and Chad. It is a nonrenewable aquifer system [5]. The Nubian aquifer

system (Fig. 2), one of the largest groundwater systems of the Sahara, is formed by

two major basins: the Kufra Basin in Libya, north-eastern Chad and northwestern

Sudan, and the Dakhla Basin of Egypt. In addition, the aquifer area includes the

southernmost strip of the northwestern Basin of Egypt and the Sudan Platform

7, Brinkman et al. [8].

The total area is about two million square kilometers. The Nubian Sandstone

Aquifer in Egypt is assigned to the Paleozoic–Mesozoic. It occupies a large area in

the Western Desert and parts of the Eastern Desert and Sinai.

“In spite of its vast area, it is considered as a broadly closed system, as it has

natural boundaries to the east and southeast formed by the mountain ranges of the

Nubian Shield and is bounded to the south and west by the mountainous outcrops

of Kordofan Block, Ennedi, and Tibesti. To the southwestern part of the basin,

the aquifer is bounded by the groundwater divide located between Ennedi and

Tibesti Mountains. The natural northern boundary of the Nubian Sandstone Aqui-

fer System is set to the so-called Saline-Freshwater Interface, whose location is

considered spatially stable, although slight movement is believable,” Sefelnasr

[9, 10].

“Groundwater can be found at very shallow depths, where the water-bearing

formation (Horizon) is exposed or at very large depths (up to 1,500 m),” where the

aquifer is semi-confined. “The deepest water-bearing horizons are generally

encountered in the North,” as in the Siwa Oasis, while the shallowest are encoun-

tered in the southern portion of Kharga and the East Oweinat area. The aquifer

transmissivity is generally medium to low, varying from 1,000 to 4,000 m2/day,

Sefelnasr [10].

Table 1 The main hydrogeological units in Egypt [3]

Lithology

rock type Unit

Recharge

Distribution ProductivitySurface Sub-surface

Granular

material

Nile Valley and Delta Continues Continues Extensive High

Coastal aquifer Occasional Limited Local High

Nubian Sandstone None Limited Extensive High
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Fig. 2 Regional hydrogeological overview of the Nubian Sandstone Aquifer System. Compiled

from: CEDARE [6] and Bakhbakhi [7]
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CEDARE/IFAD [6] in a program for the development of a regional strategy for

the utilization of the Nubian Sandstone Aquifer System has estimated the fresh

groundwater volume within the system at 372,950 km3.

“Groundwater quality is generally good in the major part, except near the coastal

regions and Sinai,” RIGW [11] and Sefelnasr [10].

The following section is discussing in more detail the most recent study for the

groundwater potential in the New Valley area of Egypt [12]. The objective of this

study is to evaluate and manage the use of the valuable groundwater resources of

the Nubian Sandstone Aquifer System (NSAS) in the study area. It is located in the

middle part of Egypt’s Western Desert. It lies between latitudes of 24�–28� N and

longitudes of 27�–31.5� E. It covers an area of about 440 km long by 460 km wide

(about an area of 202,400 km2).

4 Conceptual Model

The hydrogeological groundwater flow modeling is based on a valuable tool to

better understanding groundwater flow in aquifers and to better managing ground-

water resources. Numerical models are one of the few tools available that can

consider a complex array of aquifer variables (hydraulic properties, recharge,

pumping, rivers, structure, and heterogeneity) and allow these variables to interact

with themselves. Exploring these interactions with a model can be used to make

predictions important for managing groundwater resources, such as predicting how

water levels might respond to increased pumping or drought.

The model study area of “Dakhla Basin includes Farafra, Dakhla and Kharga

Oases.” The Dakhla basin includes the upper Post Nubian Aquifer, separated from

the Nubian by an aquitard. However, the model study includes the main deeper

aquifer since the upper post-Nubian aquifer is almost declining and that it is not

feasible to include it in the study. For this reason, the upper aquifer will be

considered inactive in this model study. The Nubian aquifer in this respect still

contains a huge groundwater storage that can help in the development of the New

Valley region, provided that good water management plan is required since this

Nubian system is not well recharged and should be treated as groundwater mining

aquifer.

Based on the hydrogeological map of Egypt (Fig. 3a) and the schematic cross

sections shown in (Fig. 3b, c), they were schematized as the series of layers. The

upper layers are considered as zone 1and the Nubian Sandstone Aquifer is consid-

ered as zone 2, as follows:

• The oldest and most extended aquifer comprises the Paleozoic and Mesozoic

continental deposits (zone 2). It is older than the Upper Cinemania (zone 1). A

large part of the lower aquifer is exposed south of the 26� N parallel and is in

unconfined condition.
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• More recent groundwater reservoir includes the Tertiary Carbonate rocks in

western Desert of Egypt. However, this aquifer is heavily depleted, and most

of the wells are becoming dry which forced the natives in the area abandon those

wells and replace them with deeper wells drilled in the deep Nubian aquifer.

• The two zones are separated by an impermeable shale layer (aquitard or confin-

ing bed) above which the Upper Cretaceous deposit is located.

• According to the aforementioned discussion, it is only feasible to develop the

lower deep Nubian aquifer. In this situation, the upper aquifer in zone 1 will be

discarded because most of the springs and wells taping the upper limestone

aquifer (PNSA) are becoming dry. This is beside the very low conductive layer

that separates the two zones. A conceptual numerical model domain and its

extensions are given below.

Fig. 3 (a) Hydrogeological map of Egypt by RIGW [13] showing the study area. (b) Cross section

A-A through the study area. (c) Cross section B-B through the study area
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5 Numerical Simulation of the Study Area

5.1 Hydrologic Setting of the Study Area Model

The study area behavior of the aquifer system is acquired mainly from the

hydrogeological map and other reports and papers available about the Nubian

Aquifer system. It must be noted that CEDARE Report 2002 will be considered

as the main source of data in this study. The modeling was carried out as follows:

Fig. 3 (continued)
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• In order to have more confidence in the hydrologic parameters GIS with Visual

Basics model is used in order to fill the gaps in those parameters needed for the

Nubian main model. Each Oasis will have a separate local model [14].

• A second model is set for the entire model domain using the MODFLOWmodel

software. The objective of the second model is to set the required aquifer

boundary conditions.

• Upon setting the model properties and its boundary conditions from the last

models, a third final model domain was furnished including all wells replace-

ment until the year 2010 and their discharges. It must be noted that water supply

wells are added to the final model in order to have an actual groundwater

management plan.

• At this stage, simulating the development of the different scenarios is followed

for the prediction of the related aquifer response using the latest well groups. The

model will run for 100 years (2010–2110) in order to set the future water

management plan for the three Oases.

5.2 Mathematical Formulation (Governing Equations)

The Governing equation that suits the Nubian confined aquifer is the

two-dimensional groundwater partial differential equation as given below:

∂ Txx

∂h
∂x

� �
þ ∂ Tyy

∂h
∂y

� �
þ Q ¼ S

∂h
∂t

ð1Þ

where the transmissivity and the horizontal conductivity (HC) are defined as

follows:

Txx ¼ Kxx � Saturated thickness of layer in x direction (L2/T)

Tyy ¼ Kyy � Saturated thickness of layer in y direction. . . (L2/T)

And the storage coefficient S is given as:

S ¼ Ss � Saturated thickness of layer

Kxx, Kyy (L/T) are values of the hydraulic conductivity along the horizontal

principal axes in the layer. In case of the Nubian aquifer, it was found from

many research works and CEDARE Report that almost the horizontal

HC Kxx ¼ Kyy ¼ K
Ss is the specific storage coefficient of the aquifer (L

�1)

h is the piezometric head at any point in the model domain (L)

Q is the pumping rate in the model (L3/T)

Sy is the specific yield or effective porosity of the unconfined aquifer.
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On the other hand, for the unconfined aquifer, the three-dimensional groundwa-

ter flow equation becomes:

∂
∂x

Kxx

∂h
∂x

� �
þ ∂
∂y

Kyy

∂h
∂y

� �
þ ∂
∂z

Kz
∂h
∂z

� �
þ Q ¼ Sy

∂h
∂t

ð2Þ

where z is the third dimension and Kz is the vertical hydraulic conductivity.

5.3 The Model Package of the MODFLOW

Visual MODFLOW model is the software package developed by Waterloo Hydro-

geological Inc. It is used to solve three- or two-dimensional groundwater flow and

contaminant transport simulations with the finite difference approach.

This package combines MODFLOW and MT3D with the most intuitive and

powerful graphical interface available.

The logical menu structure and easy to use graphical tools allow the following:

• Dimensioning the model domain and selecting units.

• Conveniently assigning model properties and boundary conditions.

• Running the model simulations.

• Calibrating the model using manual or automated techniques.

• Optimizing the pumping well rates and locations.

• Visualizing the results using 2D or 3D graphics.

The MODFLOW software used the finite difference approach for its simulation

principles. Complete explanations about using the finite difference techniques are

given in [9].

5.4 Procedures for MODFLOW Implementation

5.4.1 The Model Domain

As explained, the extent of the model domain for the Dakhla Basin covers an area

between longitudes (27� E and 31.5� E) and between latitudes (24� N and 28� N).
Since the MODFLOW supports only both the foot unit and the metric unit systems.

Therefore, the metric unit system is used in our model domain. The model dimen-

sions, therefore cover 440 � 460 km. The shorter lengths are the eastern and

western boundaries of the model parallel to longitudes 27� E and 31.5� E, respec-
tively. On the other hand, the longer lengths are located at the southern and northern

boundaries of the model parallel to the latitudes 24� N and 28� N, respectively. The
model grid has a uniform cell size all over the model domain. The cell size of

4 � 4 km was found suitable for the problem at hand. The model grid, in this case,
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will have 115 columns and 110 rows. The model coordinate systems related to

the geographical coordinates are given in Table 2. It must be remembered that the

model domain was drawn on Google earth. An error of 4% was found between the

coordinates obtained from both the hydrological map and the Google Earth data.

This error is considered agreeable to all geological survey Departments.

According to the conceptual model, the MODFLOWmodel will have two zones.

The model first zone will simulate the depleting limestone layer and the non-

conductive shale layer. The model second zone will simulate the main and produc-

tive Nubian aquifer. It is a deep aquifer where its lower surface boundary is located

at the basement complex surface. The model thickness will simulate the actual

vertical thickness which is between the maximum ground surface elevation (little

less than 700 m (amsl)) and the minimum elevation of �3,300 m (bmsl) at the

basement complex surface boundary.

By placing the three surfaces, the upper ground surface, the intermediate bound-

ary surface, and the basement complex surface using the MODFLOW processing

the model domain can be formulated. Figures 4, 5, and 6 show the plan of the

ground surface contours, the intermediate surface contours, and the basement

complex surface boundary contours. Figure 7 shows an intermediate cross section

through Dakhla Oasis in the model domain located at Lat 26� N at a distance

Y ¼ 220,000 m from the model origin.

5.4.2 Model Properties

The model properties include the hydraulic conductivity (HC), storage or specific

storage coefficient (Ss), and the initial head. Specific storage (1/L) will be used. In

spite of the several pumping tests that were done in the three Oases as given in

Table 3 (obtained from CEDARE report), yet some data for Ss are missing. This can

be overcome by using local models and in the same time adjusting the available

data for the model properties. A regional calibration model which includes the

entire Oasis together using the MODFLOW model would adjust the boundary

conditions.

Table 2 Relation between (geographical) and model coordinates

Coordinates Geographical coordinates Model dimension in m

Xmin At Long 27� E 0

Ymin At Lat 24� N 0

Xmax At Long 31.5� E 460,000

Ymax At Lat 28� N 440,000

The model origin (0,0) is located, therefore, at the intersection of Long. 27� E and Lat 24� N
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5.5 Local Models

In this research work, the local models were used to further adjust both HC and Ss
and find any missing data as Ss. The method used for adjustment of both properties

is by using the GIS with the visual basic model which was achieved by Gad and

Soliman [14]. The method was used for adjustment or calibration process of both

the HC and Ss.
The adjustment started by using data shown in Table 3 of HC and S (obtained by

CEDARE from pumping tests [6]) and comparing it with calculated data from the

drawdown by Eq. (3). This equation was introduced to the data code of the visual

basic (VB) which is in the GIS extension tool. Upon getting the drawdown values

for the entire wells at selected network stations obtained by the VB, the GIS can

draw the drawdown contours through the spatial analyst in the GIS tools as given

below.

Table 4 which was obtained by CEDARE includes the number of pumping tests

in each Oasis, the average aquifer thicknesses, the HC, and the storativity for each

Oasis. Table 5 shows the total optimum discharges for each Oasis for specific years

that was optimized by CEDARE model (Fig. 8), which was also developed by

CEDARE and was helpful in getting the relation between the piezometric head with

Fig. 4 Topographical map of the model area
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Fig. 7 Cross section through the middle of the model domain at Dakhla Oasis (through Lat 26� N)
with distance y ¼ 220,000 m from the origin

Table 3 Average hydraulic parameters of the Nubian Aquifer System (refer to CEDARE Report

[15])

Region

No of

Pumping

tests

Saturated

thickness (m)

Transmissivity

(m2/s)

Hydraulic cond.

(HC) (m/s)

Storage

coefficient(s)

(S)

Farafra 8 2,600 1.20E-02 5.4 � 10�5 ?

Abu minqar 3 2,500 5.469E-02 2.18 � 10�4 ?

Dakhla 21 1,850 1.1E-02 6.1E-05 6.35 � 10�4

Kharga 59 1,280 5.9E-03 2.90E-05 2.84 � 10�4

Note: ? ¼ missing data in CEDARE Report. All missing data was achieved by VB-GIS model as

stated in the literature

Table 4 New Valley extractions (1998–2010) (CEDARE Report [15])

Area

1998 2000 2005 2010

m3/s Mm3/year m3/s Mm3/year m3/s Mm3/year m3/s Mm3/year

Farafra 5.05 159 2.85 90 3.5 110 4.5 142

Dakhla 8.75 276 8.75 276 10.3 325 11.85 374

Kharga 3.96 125 3.96 125 3.96 125 5.00 158

Table 5 Drawdowns (DD) calculated and observed for Farafra parameters

Oasis

name Q (m3/s)

Observation

well locations Pumping time

Model

DD (m)

Observed

DD (m) Note

Farafra 2.85 NF9 (Obs1) 5 years (1995–2000) 2.8 2.5 Av error 6.5%

3.5 X ¼ 60,000 m 5 years (2005–2010) 3.8 3.4 K ¼ 5 m/day

Y ¼ 308,000 m Ss ¼ 2.00E-055.05 10 years

(1990–2000)

6.4 6.2

Note: The data for Q and observed drawdown (DD) at Obs1 were obtained from Fig. 9 and Table 4

which were adopted from CEDARE Report
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respect to time in years for the observed wells in the three Oases. This figure was

helpful to extract the observed drawdown at the shown wells for a selected short

period with its related discharges. The reason for selecting the short periods with the

local models is to try to get the zero drawdown in each Oasis as shown in the

following sections. The GIS method follows the following steps:

1. Locate first the well group for each Oasis in a point shapefile using the selected

coordinates in model domain as shown in Figs. 29, 30, and 31 in Appendix 1

2. Once the well groups were located, and the well discharges are assigned to each

well then the Visual Basic Code (VB Code) is designed to make a grid of points

to stand for the observation points using the same coordinates of the well groups.

There will be two coordinate systems (xw, yw)i for the well (i) and other

coordinates for the observation points (xp, yp)k (i for the well number and

k for the grid point number).

3. In order to calculate the drawdown at any grid or observation point, Modified

Theis Equation is used in VB Code as,

dk ¼ 2:3Qi=4Tπð Þ�log 2:25Tt=Ri
2S

� �� ð3Þ

where

dk ¼ drawdown at an observation point k (m)

Qi ¼ well discharge for well i (m3/day)

T ¼ average transmissivity of the aquifer ¼ K – Saturated aquifer thickness of

the selected Oasis as given in Table 5 (m2/day)

K ¼ the hydraulic conductivity (HC) (m/day) of the Oasis
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t ¼ selected pumping time in days

Ri ¼ the distance between the well (i), and the observation point (k) ¼[(x(k)�
x(i))2 + (y(k)� y(i))2]0.5

4. For each well the drawdown was calculated and summed at each observation

point k. This was obtained by VB code and located at the respective point. It

must be noted that any observation point located at any well is discarded by the

Code. The GIS will then draw the drawdown contours as shown for the three

Oases (Figs. 9, 11, and 13). Notice that the drawdown zero contours were located

inside the Oases boundaries. This condition was found in this respect when the

pumping time will not exceed 10 years for any Oasis in order to prevent any

groundwater interference between Oases. Figures 29, 30, and 31 in Appendix 1

give both Geographic coordinates and the model coordinates system for each

well at Farafra, Dakhla, and Kharga Oases, respectively.

5. The adjustment process started by selecting the drawdown values for one or two

wells near the center of each Oasis. Then compare the results with the observed

and calculated values as mentioned before. In this research, it was found that

Storage Coefficient S was much more sensitive on the drawdown than the

H.C. K, so Ss was selected in the calculations for its variation to try to narrow

the gaps between both observed and calculated drawdown values (Figs. 9, 10,

11, 12, 13, and 14).

Tables 5, 6, and 7 include the three observation well locations used for correla-

tions and the results after the adjustment processing. Figures 10, 12, and 14 show

the correlations between the observed and the calculated drawdown.

Obs 1

Fig. 9 Drawdown contours for Farafra. Total Q¼ 5.05 m3/s run for a maximum period of 10 year

as given in Table 5
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Regarding the local models of the three Oases, one can state that the difference

between the HC values obtained by the GIS/VB and CEDARE values is close.

However, the storativity values were adjusted, and the missing storage values were

obtained. For this reason, Soliman [12] found that the local model results gave more

confidence in the obtained model properties. However, a regional model for the

three Oases is set to calibrate the model boundary conditions.

Ob2

Fig. 11 Drawdown contours of Dakhla Oasis using GIS and VBC (observation well locations

Obs2 is at Mut airport)

Fig. 10 Farafra aquifer correlation values (refer to Table 5)
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5.6 Regional Model

5.6.1 Model Preparations

The hydraulic conductivity and specific storage adjustments using the GIS with the

Visual Basic extension program were found successfully for each Oasis. The

regional model using the MODFLOW domain was built particularly for the cali-

bration stage in order to adjust the model boundary conditions. The model domain

would contain the well network and its discharges for the period of years

(2000–2020). The well discharges are as given in Table 4 which was obtained

from CEDARE Report. The well network location is found in Figs. 29, 30, and 31 in

Appendix 1.

Ob3

Fig. 13 Drawdown for 5Y contours for Kharga (Obs3 stands for well observation 3)

Fig. 12 Relations between observed and model data for DD in Dakhla Oasis. See for observed

well locations Obs2
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Fig. 14 Kharga Oasis Parameter adjustment

Table 6 Drawdowns (DD) calculated and observed for Dakhla Parameters

Oasis

Observation well with

its model coordinates Q (m3/s)

Pumping

time

Model

DD (m)

Observed

DD (m) Note

Dakhla Airport Mut (Obs2) 10.3 5 years

(2005–2010)

6.0 5.5 Av error

5%

X ¼ 200,170 m 3 years

(2005–2008)

4 3.6 K ¼ 8 m/

day

Y ¼ 156,354 m 8.75 5 years

(2000–2005)

5.3 4.8 Ss 8.00E-
06

Note: The data of Q and observed drawdown (DD) were obtained from Fig. 8 which were adopted

from CEDARE Report

Table 7 Drawdowns (DD) calculated and observed for Kharga Parameters

Oasis

name Q (m3/s)

Observation well

with its model

coordinates

Pumping

time

Model

DD (m)

Observed

DD (m) Note

Kharga 3.96 Garmashin

23 (Obs 3)

X ¼ 360,900 m

Y ¼ 104,600 m

5 years

(2000–2005)

3 2.7 Av error

7.5%

K ¼ 3.25 m/

day

Ss ¼ 2.40E-

05

10 years

(2000–2010)

6 5.7

Garmashin

20 (Obs4)

X ¼ 362,000 m

Y ¼ 93,170 m

5 years

(2000–2005)

2.5 2.6

10 years

(2000–2010)

5.5 5.2

Note: The data of Q and observed drawdown (DD) were obtained from Fig. 8 which were adopted

from CEDARE Report
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The initial head needed for the model as given in Fig. 15 was adopted from the

hydrogeological map obtained by RIGW 1999/2000. Three observation wells (vis

Obs1, Obs2, and Obs3) were selected for calibration process, one observation well

in each Oasis.

Those wells are chosen to fit the drawdown data in Fig. 8 and as located in the

GIS model. The benefit of using this stage is also to get the piezometric head at year

2010 which will be used in the final model as its initial head. Table 8 gave the final

adjustment for model properties resulted from the local models. Those values were

distributed in the model domain as given in Figs. 16 and 17.
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0

50000

100000

150000

200000

250000
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350000

400000

Fig. 15 Initial head contours for Dakhla Basin developed from the Hydrogeological Map

by RIGW

Table 8 The final adjusted values for model properties

Location Ss (1/L) K (cm/s)

Farafra 2.00E-05 6.00E-05

Dakhla 8.00E-06 8.00E-05

Kharga 2.40E-05 4.00E-05
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5.6.2 Boundary Conditions

As a first glance to the model area, the boundary of Assiut Governorate area at the

upper eastern corner of the model domain can be taken as a constant head boundary

due to the presence of some seepage flow as reported by the groundwater Institute in

this location. This boundary is also formed from series of faults between the Nile

Basin alluvial material and the Nubian aquifer as seen in Fig. 3b. In spite of both

aquifers are different from each other, yet there is a possibility that both aquifers are

hydraulically connected as reported also by the groundwater Institute in this

location.

Since the groundwater level fluctuates around 50 m (amsl) in Assiut alluvial

aquifer, therefore a constant head boundary of 50 m can be taken at the Nile Basin

boundary at north east of the model domain.

Upon looking at the initial head map, two other sources of boundaries may be

postulated. These are the southwestern corner (BC2) and the southeastern corner

(BC3) of the model domain (Fig. 21 where more details are given). The rest of the

model boundaries are approximated as flow lines.

The aforementioned boundary conditions were slightly increased or decreased

cell by cell several times until successful calibration or an optimum condition gave

Fig. 16 HC > distribution in the model domain
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95% confidence as given in Figs. 18 and 19. Those figures were obtained from the

model output for 20-year period (year 2000 to year 2020) as given in Fig. 20.

Figure 21 shows the observation wells, the final boundary condition after

calibration, and the initial head at the year 2000 as given below:

1. For observation well coordinates (Far obs1), (D obs2), and (Kh obs3) see

Tables 5, 6, and 7.

2. Boundary condition BC1 is set at the Nile Basin boundary south of Asyut

Governorate as mentioned before.

3. Boundary conditions BC2 and BC3 which took L section are set as follows:

(a) The number of cells of BC2 ¼ 11 cells in the vertical direction and 8 cells in

the horizontal direction. The average potential head was found from the

calibration trials to be 180 m (amsl)

(b) Also from the calibration trials, the L section BC3 boundary was found to

have four vertical cells and three horizontal cells. The average head value

was also found to be ¼75 m (amsl) resulted from the calibration process.

Fig. 17 Specific storage distribution in the model domain
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Fig. 18 DD vs time at the tutee Oasis

Calculated vs. Observed Head : Time = 255.91 days 
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Fig. 19 Calculated vs observed head at the observed wells in the three Oases. The observed data is

from CEDARE drawdown data
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Figure 22 shows the potential head at the year 2010 which was selected to be the

initial head for the final model.

5.7 Final Model and Analysis

The final model domain is arranged to include all the wells which were replaced and

constructed recently (September 2010) in the three Oases. Most of the new wells

were drilled during 2008–2010. The boundary condition was already installed as

mentioned in the regional model study.

Tables 9, 10, and 11 (see Appendix 2) include all the wells and its locations that

have been obtained from the Groundwater Sector in the Ministry of Water

Resources and Irrigation. It must be noted that all the water supply wells were

also included in the tables. Two scenarios are adopted to run the final model as

given below.

Fig. 20 Piezometric head map at 2020 resulted from the calibration process

608 A.M.M. Soliman and M.M. Solimsn



Scenario 1

In order to study the groundwater management in Dakhla Basin, an optimization

study should be done. The optimization procedure of the Groundwater Sector of the

Ministry of Irrigation is used. The process first of all deals with the Nubian aquifer

in Dakhla Basin as a nonrenewable groundwater reservoir.

In this kind of aquifer, groundwater development should follow the groundwater

mining system rules. This means that any groundwater exploitation should postu-

late constrictions for development. The Groundwater Sector of the Ministry

adopted the main constriction in the groundwater management plan is that the

maximum drawdown of any well field in such kind of aquifer should not be greater

than 60 m resulted from running the pumping wells for 100-year period plus the

historical drawdown value that exists before the 100 year period. This postulation

took mainly into consideration the economic and the timescale factors. The time-

scale factor is postulated to have the 100-year period as enough to investigate for an

additional water resources system to cover the lack of the water requirement of

the area.

The final model was run first for the 100-year period (from the year 2010 to

2110) in order to find the maximum drawdown for each Oasis. The second step was

to find the historical drawdown before the year 2010. Figure 8 developed by

CEDARE was used to get the historical drawdown for the period between the

Fig. 21 Initial head in the year 2000, boundary conditions and the three observation wells used in

the model domain
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year 1960 (the time at which the New Valley project started) and the year 2010. The

three wells that were selected to find the historical drawdown for the three Oases are

– Well number 307 in Farafra was used to get the historical drawdown for Farafra

Oasis.

– Well Mut Airport was used to get the historical drawdown for Dakhla Oasis.

– Garmashine well 23 was used to get the historical drawdown for Kharga Oasis.

Figure 23 shows the final model results of the head contours in the model area at

the year 2110. The total drawdown for the same period is given in Fig. 24. Notice in

the figure the zero drawdown contours separates the Khrga Oasis well field from

both Farafra and Dakhla Oases well fields.

Notice also that the drawdown in Kharga Oasis is denoted by negative sign since

it is below zero drawdown line. On the other hand, Fig. 25 shows the drawdown as

recorded by the observation wells. It is clear from the figure that Farafra Oasis gave

the highest drawdown. Figure 26 shows the maximum and minimum drawdown

Fig. 22 Piezometric head map at year 2010 used as initial head of final model and showing also

the three observation well locations
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values obtained by the MODFLOW. It also gave an absolute drawdown of 55 m for

the model area of Dakhla Basin.

The value of drawdown �20 m denotes the maximum drawdown in Kharga

Oasis whereas the drawdown value of 35 m denotes the maximum drawdown near

Farafra area. The negative sign in the drawdown was only denoted algebraically by

the model. This is also due to the presence of the 0.0 drawdown contour where any

value above 0.0 is positive, and any value below 0.0 is negative. The 0.0 contour

can be resembled by an island encountered by water, postulated as 0.0 level, and

any drawdown inside the island is considered as having a negative value. It can be

noticed that the flow inside the 0.0 contour approaches the steady state condition.

This can be visualized by subtracting the piezometric head in the year 2010

minus the piezometric head at the year 2110. The reason for that is due to the

reduction of the well discharges in Dakhla Oasis in the year 2010 by 50% as given

in Table 10 in Appendix 2. The model study considered this reduction until the

year 2110.

According to optimization procedure for Kharga Oasis the maximum drawdown

was found to be 20 m in 100-year period. The historical drawdown value started

Fig. 23 Model outcome of head contours of 100-year period
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Fig. 24 Drawdown contours for 100-year period

Fig. 25 Drawdown vs time at the three observation wells in the three Oases
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from the year 1960 which was considered as the beginning of New Valley devel-

opment may be adopted from Fig. 8.

The Garmashine well 23 in Fig. 8 (see its location in Fig. 31 in Appendix 1) was

used to give the historical drawdown. This value was found to be 42 m.

Therefore, the total drawdown in this respect until the year 2110 would be 62 m

which is considered as critical drawdown value by the Ministry of Irrigation

optimization process.

The historical drawdown in Farafra Oasis usingWell 307-Farafra gave 26 m (see

Fig. 8). On the other hand, the 100-year maximum drawdown in Farafra was found

to be 35 m (Fig. 26). Therefore, the total drawdown became 61 m which do not

favor any discharge increase. This is according to the Groundwater Sector postu-

lation as mentioned before.

Concerning Dakhla Oasis, the 100-year maximum drawdown was found to be

24 m (Fig. 24). On the other hand, the historical drawdown of Mut Air port well

gave 34 m. Accordingly, the total drawdown gave 58 m. Therefore, Dakhla Oasis

allows further expansion which is discussed in the Scenario 2.

Scenario 2

In this scenario, the final model was run with higher discharge for Dakhla Oasis

than that in Scenario 1. This was proved possible since the total maximum draw-

down of Dakhla Oasis was found to be 58 m which is less than the critical

drawdown (60 m as mentioned before). However, one should be very cautious to

the well discharge increase. After a series of trials 15% increase of the well

Fig. 26 Maximum and minimum drawdowns at the year 2110
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discharge (Q) was found reasonable in Dakhla Oasis. Figure 27 shows the expected
piezometric head at the year 2110 with the increased well discharge. The new well

discharges for Dakhla Oasis are also given in Table 10 in Appendix 2.

In order to calculate the maximum drawdown in Dakhla Oasis in this scenario,

the piezometric map of Fig. 27 was zoomed near the center of the Oasis as given in

Fig. 28 which gave the lowest contour value as 94.4 m. The initial contour that was

passing through this area as given in Fig. 22 is 120 m. Therefore the drawdown in

Dakhla center would be 25.6 m. Accordingly, by adding 25.6 m to the historical

drawdown found in Scenario 1 of 34 m resulted total maximum drawdown of

59.6 m which considered safe and little less than critical drawdown. This fact

should be taken into consideration when discharge increase for Dakhla basin

development is planned.

6 Conclusions

The study area in this research is located in the middle part of Egypt’s Western

Desert. It lies between latitudes 24�–28�.N and longitudes of 27�–31.5� E. It

includes the three Oases, Farafra, Dakhla, and Kharga, which are part of the New

Fig. 27 Piezometric head map of the model output at the year 2110 after increasing the well

discharge by 15%
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Valley area. It covers an area of about 440 km long by 460 km wide. It is equivalent

to an area of 202,400 km2 which is named as the Dakhla Basin. The western

limestone plateau bound it to the east and north of Kharga and Dakhla region.

The main objective of this research is to evaluate the groundwater resources and

its potentiality for development in the study area. The aquifer of this groundwater

resource is mainly the deep Nubian Sandstone Aquifer which is located in the three

Oases. Due to the scarcity of the groundwater recharge in the Nubian aquifer, it is

hydrogeologically treated as groundwater mining aquifer [12].

Three groundwater models were used in this respect. A local model using GIS

accompanied by the visual basic was first prepared to adjust the model properties. A

second model using MODFLOW was furnished to calibrate the boundary condi-

tions of the main model. The third model was using the main model as a final model

to find the main objectives which are the groundwater potentiality and its manage-

ment in Dakhla Basin The model was run for a 100-year period to suit the

groundwater mining conditions.

As an outcome of the model study for the optimum management strategy in

Dakhla Basin, two scenarios were postulated. The objective is to maintain the

resultant drawdown in the development areas within an acceptable range for

economic purposes besides obtaining the most appropriate area for development

in Dakhla Basin.

The salient fact from this study showed that Dakhla Oasis is the only place in the

New Valley area where land reclamation development can safely take place.

Fig. 28 Zooming of piezometric head map of Fig. 24 at Dakhla Oasis Center
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Appendix 1

Fig. 29 Attribute table for Farafra well coordinates (X, Y in m and Q in m3/day)

Fig. 30 Attribute table for Dakhla well coordinates (X, Y in m and Q in m3/day)
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Fig. 31 Attribute table showing Kharga well locations and its coordinates
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Appendix 2

Table 9 Farafra well group for final Model

No X (m) Y (m) Q (m3/day)

1 MZ1 88,000 312,000 13,300

2 MZ2 80,000 304,000 18,700

3 MZ3 81,000 311,000 17,050

4 Mz4 80,000 315,000 15,650

5 Mz5 86,000 311,000 18,000

6 Mz6 87,000 310,000 19,800

7 MZ7 85,000 308,000 18,000

8 MZ8 90,000 315,000 12,500

9 MZ9 90,000 319,000 8,900

10 MZ10 88,000 317,000 15,250

11 Mz11 83,500 306,000 18,000

12 MZ12 83,000 307,000 15,600

13 MZ13 84,000 310,000 17,000

14 MZ14 85,000 313,000 9,200

15 FR1 85,500 335,000 16,430

16 FR2 83,000 335,000 18,095

17 FR3 85,000 336,000 16,720

18 FR4 86,000 345,000 22,572

19 FR5 91,000 346,000 12,932

20 FR6 92,000 346,000 18,216

21 MNQ1 90,000 335,000 15,050

22 MINQ2 70,000 275,000 15,050

23 MNQ3 64,000 274,000 15,824

24 MNQ4 65,000 275,000 11,650

25 Add1 74,000 297,000 16,450

26 Add2 86,000 310,000 14,950

27 Add3 87,000 320,000 13,000

28 Add4 80,000 321,000 12,300

29 Add5 80,000 312,000 13,500

30 Add6 82,000 320,000 13,000

Total (m3/day) 462,689

Total (m3/s) 5.355197
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Table 10 Dakhla well group for final model

No Longitude Latitude X (m) Y (m) Q (m3/day) 1.15 � Q

1 Teneda1 29.250 25.455 225,000 160,000 12,407 14,268.05

2 Teneda2 29.260 25.464 226,000 161,000 11,874 13,655.1

3 Balat1 29.180 25.545 218,000 170,000 10,786 12,403.9

4 Balat2 29.170 25.482 217,000 163,000 8,581 9,868.15

5 Balat3 29.160 25.564 216,000 172,000 12,944 14,885.6

6 Asmant1 29.050 25.573 205,000 173,000 14,636 16,831.4

7 Masara1 29.020 25.564 202,000 172,000 14,947 17,189.05

8 Masara2 29.015 25.500 201,500 165,000 15,303 17,598.45

9 Shekwali 29.030 25.509 203,000 166,000 10,855 12,483.25

10 Mute1 28.900 25.491 190,000 164,000 11,678 13,429.7

11 Mute2 29.000 25.455 200,000 160,000 13,797 15,866.55

12 Mut3 29.020 25.445 202,000 159,000 12,906 14,841.9

13 Mut4 28.920 25.482 192,000 163,000 14,466 16,635.9

14 Mut5 29.000 25.491 200,000 164,000 14,465 16,634.75

15 Hend1 28.980 25.509 198,000 166,000 15,289 17,582.35

16 Owena1 29.000 25.564 200,000 172,000 16,176 18,602.4

17 Rashda1 28.910 25.573 191,000 173,000 16,382 18,839.3

18 Rashda2 28.930 25.582 193,000 174,000 17,196 19,775.4

19 Bedkhlo1 28.940 25.577 194,000 173,500 16,692 19,195.8

20 Kalamon1 28.880 25.509 188,000 166,000 15,570 17,905.5

21 ElGedida1 28.870 25.564 187,000 172,000 14,025 16,128.75

22 ElGedida2 28.830 25.573 183,000 173,000 15,526 17,854.9

23 Mosh1 28.900 25.636 190,000 180,000 16,544 19,025.6

24 Kasr1 28.910 25.673 191,000 184,000 17,960 20,654

25 Kasr2 28.920 25.682 192,000 185,000 14,856 17,084.4

26 Kasr3 28.850 25.664 185,000 183,000 16,844 19,370.6

27 Mawhub1 28.820 25.682 182,000 185,000 15,807 18,178.05

28 Mawhub2 28.800 25.691 180,000 186,000 15,507 17,833.05

29 Mawhub3 28.800 25.773 180,000 195,000 16,693 19,196.95

30 Mawhub4 28.550 25.864 155,000 205,000 14,396 16,555.4

31 Mawhub5 28.480 25.891 148,000 208,000 17,800 20,470

32 Mawhub6 28.520 25.836 152,000 202,000 17,277 19,868.55

33 Mawhub7 28.570 25.827 157,000 201,000 15,012 17,263.8

34 Mawhub8 28.540 25.827 154,000 201,000 16,750 19,262.5

35 Mawhub9 28.560 25.836 156,000 202,000 17,979 20,675.85

36 Mawhub10 28.570 25.864 157,000 205,000 14,431 16,595.65

37 Mawhub11 28.540 25.873 154,000 206,000 10,640 12,236

Total (m3/day) 544,997 626,746.55

Total (m3/s) 6.3078 7.2540
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Hydrogeochemistry and Quality

Assessment of Groundwater Under Some

Central Nile Delta Villages, Egypt

Zenhom E. Salem, Gamal Elsaiedy, and Abdelaziz ElNahrawy

Abstract The target of this work is to assess the impact of the human activities on

the hydrochemistry and quality of the groundwater under Nile Delta villages.

Sixteen groundwater samples were collected during 2016. Hydrochemical analyses

including major and trace elements were done. Spatial distribution of the element

concentrations according to WHO guidelines, WQI (drinking water quality index),

and statistical analysis was used for assessment. The sampled groundwater showed

variable quality from one village to another and was classified into three clusters.

Cluster A is characterized by higher concentrations of total dissolved solids (TDS),

electrical conductivity (EC), potassium, magnesium, sodium, calcium, sulfate,

chloride, bicarbonate, Mn, Zn, P, NH4, Ba, and unfit WQI values. Low water

quality of this sample is related to the effect of El-Gharbia main drain and seawater

intrusion. Cluster B included samples 4, 8, 11, and 15 and had the moderately mean

ion concentrations and higher concentrations of Fe, Sr, and Si compared to the other

two clusters. The latter cluster major ion concentration arrangement is sodium >
calcium and chloride > bicarbonate. WQI of this cluster varies from poor, very

poor to unfit.

Samples 1, 2, 3, 5, 6, 7, 9, 10, 12, 13, and 14 belong to cluster C which had the

lowest ion concentrations and dominated by Ca > Na > Mg and HCO3 > Cl ion

concentration arrangement. WQI of most of these samples is good. Undesirable

concentrations of arsenic and ammonia are indications of direct infiltration from

septic tanks and/or seepage from the drains. Finally, water treatment should be done

before usage of groundwater from under the Nile Delta villages because of human-

induced contamination.
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1 Introduction

The guidelines for drinking water are attributed to two main criteria: (1) the absence

of unacceptable taste, odor, and color and (2) the absence of substances that harm

the physiological functions. In this way, water needs to get together with certain

physical, chemical, and microbiological principles, that is, it must be free from

illnesses delivering microorganisms and concoction substances, hazardous to well-

being before it can be named consumable.

Most of the villages of the developing countries currently have a water supply,

yet few of them have wastewater collection and treatment system [1–3]. There is a

need to construct proper sewer frameworks in the small communities; otherwise,

individuals will depend on on-site sanitation. In such septic tank, sewage water

infiltrates to the underlying aquifer forming the biggest volumetric source of

pathogenic organisms to the groundwater. Wastewater and sludge are also dumped

in the closest water body or directly on agrarian fields.

Bishnoi and Arora [1] found that village’s wastewater effluent was the major

source of fluoride in the potable groundwater in Haryana, India. Village’s environs
in central India were the source of nitrate contamination in basaltic groundwater

aquifer [2]. Gao et al. [4] monitored the groundwater quality in drinking water wells

in a village belonging to Shanghai City (China). They found that the groundwater in

the residential areas was highly contaminated by NH4-N without significant sea-

sonal patterns and most water samples are unsuitable for human consumption. The

work of Sajidu et al. [5] revealed high levels of fluorides (>1.5 mg/l) in some

villages of Southern Malawi, and a positive correlation was observed between the

pH of the water and fluoride concentrations. Geriesh and EL-Rayes [6] studied the

municipal contamination of the shallow groundwater under south Ismailia City

villages (Egypt). They concluded that the major source of the groundwater
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contamination was the seepage from the poorly constructed septic tanks; therefore,

the human activity was the main source of higher nitrate and heavy metals concen-

trations and high bacterial count in the shallow groundwater. Emara et al. [7]

deduced that the industrial activities, wastewater drains, and fertilizers are the

main sources of groundwater pollution in the water-bearing formation of the

Quaternary aquifer under some rural areas in Giza Governorate of Greater Cairo,

Egypt. In the central part of the Nile Delta, most of the villages are unsewered;

therefore, the consumed water for domestic purposes is stored in the septic tanks

and artificially recharges the groundwater causing water logging and groundwater

pollution. Salem [3] integrated the water level, sedimentological setting, stable

isotopes, subsurface temperature, and hydrochemistry data to investigate and eval-

uate the problem.

The Nile Delta is facing great challenges, with extremely dense housing, high

pressure on the cultivated land, high water requests, and rapid population growth.

Groundwater is an essential source of drinking water in the countryside regions in

Egypt. Each needs about 2 l of clean drinking water every day. Hence, it is

necessary to evaluate the quality of water proposed to be utilized for drinking.

Indeed, the chemical pollutants seriously affect the human health. Natural processes

and anthropogenic activities affect the water quality. The quality of water is

portrayed by water parameters (physical, chemical, and microbiological), and

human well-being is at hazard if values surpass satisfactory limits [8].

Water quality index (WQI) is the best strategy for measuring water quality.

Various water quality parameters are incorporated into a mathematical equation to

rate water quality, estimating the suitability of water for drinking [9]. WQI was

initially created by [10] to gauge water quality by utilizing ten most routinely used

water parameters. Subsequently, this method was modified by various specialists.

The utilized water quality parameters fluctuate by number and types. The weights in

every parameter depend on its separate guidelines, and the assigned weight shows

the parameter’s importance and effects on the index. WQI enables comparison

between various samples. The index is simplifying a complex dataset into easily

estimated, usable data and understandable even by lay people. Groundwater was

sampled from 16 villages (Fig. 1a, b) in the central part of the Nile Delta to evaluate

the effect of human activities in the some Nile Delta villages on groundwater

hydrogeochemistry and quality. Many researchers have investigated the water

quality in the Nile Delta among them [3, 11–26].

2 Geology of the Study Area

The geology of the Nile Delta has been extensively discussed by some researchers

over several decades [27–34]. Mit Ghamr Formation composed of sand and gravels

with thin clay intercalations. It is assumed to be Pliocene to Quaternary age. The

whole sequence of Mit Ghamr is capped by Bilqas formation of the Holocene age.

The depositional environment of this formation is probably shallow marine to
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fluvial. On both sides of the present delta, these deposits form a series of gravel

terraces at various heights [35]. Bilqas formation is the top cover of the Delta area

and consists mostly of clay. Fine-grained sands, silts, plant remains, and peat

deposits are frequent. According to Salem [3] “These sediments appear to have

been deposited under continental, lagoonal, fluvatile and beach environments. They

represent the advent of a third Holocene sea transgression phase advancing almost

from the N and NE direction.”

In the study area, according to the shallow cross section given in Fig. 2, Bilqas

formation consists mainly of fine detrital materials ranging from the two classical

end members, clay, and silt including some sand tracks, particularly in the north

central part. The clay thickness increases from south to north and from west to east.

Fig. 1 Location map of the study area (a) and the locations of the collected groundwater samples

(b)
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The lowest clay thickness appears at Kotamma location to the west of the

study area.

Fig. 2 Geohydrologic sections through the groundwater aquifer in the study area [36]
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3 Materials and Methods

Groundwater samples were collected from 16 villages in the study area during 2016

(Fig. 1b). Samples were obtained from wells range in depth from 9 to 46 m.

3.1 Hydrochemical Analysis

Samples were gathered in prewashed clean polyethylene bottles. Temperature, pH,

DO (dissolved oxygen), ORP, TDS (total dissolved solids), and electrical conduc-

tivity (EC) of the water samples were measured in site. Samples were kept at 4 �C
and chemically analyzed after a short time of sampling to reduce the physicochem-

ical changes [37]. Alkalinity and chloride concentrations were measured by titra-

tion. Sulfate, nitrate, and ammonia were measured by a spectrophotometer.

Concentrations of cations were measured utilizing the ICP-Perkin Elmer/Optima

7000DV (inductively coupled plasma) at the Central Lab of Tanta University,

Egypt. Complete hydrochemical analysis of the collected water samples is listed

in Table 1.

Values of desirable and maximum allowable limits for drinking of the measured

parameters are listed in Table 2 according to WHO [8]. Each parameter is assigned

a weight according to its relative importance for the quality of water for drinking

purposes. Maximum weight of 5 is assigned to total dissolved solids (TDS), EC,

(NO3), (Pb), and As; weight of 4 is assigned to (SO4), TH, (Mn), and (Cr); weight of

3 is assigned to pH, (Cl), (Na), and (Cd); and weight of 2 is assigned to (K), (Mg),

(Ca), (CO3), (HCO3), (Fe), (Cu), and (Zn). The water quality parameters are

selected based on the guidelines as shown in Table 2 [38]. WQI is calculated as

follows:

WQI ¼ Σ Qi�Wi ð1Þ

Qi is the ith quality rating and is given by Eq. (2), and Wi is the ith relative

weight of the parameter I and is given by Eq. (3).

Qi ¼ Ci=Sið Þ � 100 ð2Þ

where Ci is the ith concentration of water quality parameter and Si is the ith
drinking water quality standard according to the guidelines of WHO [8] in mg/l.

Wi ¼ wi=wini ¼ 0 ð3Þ

where wi is the weight of ith parameter and n is the number of chemical parameters.
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3.2 Statistical Analysis

Multivariate statistical techniques, such as CA and PCA, are often used as “unbi-

ased methods” to summarize associations between samples and variables. Such

associations based on similar magnitudes and variations in the chemical and

physical composition may reveal the effects of climate or human activity on

water quality. Agglomerative hierarchical clustering approach options include

single linkage, complete linkage, weighted and unweighted pair group average

linkage, and centroid linkage. Ward’s method was used for this analysis because

it is commonly applied in the literature germane to this study [39, 40]. One of the

reasons it is widely applied is that it tends to yield spherical clusters of the same size

(i.e., classification variables over all classes essentially have the same variance).

PCA is an effective method for pattern estimation that used to clarify the

difference of an extensive arrangement of intercorrelated variables. It demonstrates

the relationship between variables by decreasing the dimensionality of the dataset

[41]. The covariance matrix of the original variables is used to extract the eigen-

values and eigenvectors. PCA changes informational collection into an

uncorrelated one [42]. The first PC is the projections of the given points onto the

extreme fluctuations, the second PC has the change subject to being orthogonal to

PC1; the third PC has the greatest difference subject to being orthogonal to the first

and second PCs [43, 44]. The multivariate statistical analysis relates variables into

PCs depending on their common relationship coefficients and these affiliations

Table 2 Desirable limits of parameters and its assigned relative weight

Parameters WHO desirable limits Weight (wi) Relative weight

TDS 500 mg/l 5 0.08621

PH 6.5–8.5 3 0.05172

EC 1,500 us/cm 5 0.08621

TH 300 mg/l 4 0.06897

Ca 200 mg/l 2 0.03448

Na 200 mg/l 3 0.05172

Mg 125 mg/l 2 0.03448

K 12 mg/l 2 0.03448

Cl 250 mg/l 3 0.05172

CO3 350 mg/l 2 0.03448

SO4 250 mg/l 2 0.03448

NH4 0.5 mg/l 4 0.06897

HCO3 350 mg/l 2 0.03448

NO3 50 mg/l 5 0.08621

Fe 0.3 mg/l 3 0.05172

Mn 0.4 mg/l 4 0.06897

Zn 5 mg/l 2 0.03448

As 0.01 mg/l 5 0.08621

∑W ¼ 58 ∑W ¼ 1
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might be used to estimate the mineralization, lithology and ecological procedures

[45].

4 Results

The physical and chemical properties of the groundwater samples from the

study area were given in Table 1.

4.1 Description and Spatial Distribution

The pH values were acceptable in the range of 7.01–8.45. Electrical conductivity

reached its minimum value (580 μs/cm) in sample 7 and its maximum (14,870 μs/
cm) in sample 16. According to WHO [8], groundwater samples 1, 2, 7, 10, 12, and

13 are under the desirable limit; samples 3, 5, 6, 9, and 14 are of permissible values;

and samples 4, 8, 11, 15, and 16 are unfit for drinking. As shown in Table 1 and

Fig. 3a, TDS content is variable where samples 2, 7, 10, 12, and 13 have TDS< 500

mg/l and fall within the desirable range for drinking category; samples 3, 5, 6, 9,

and 14 have TDS range from 500 to 1,000 mg/l exceeding the desirable limit and

permissible for drinking; and samples 4, 8, 11, 15, and 16 have TDS > 1,000 mg/l

and fall within the unfit category for drinking. The water salinity reaches its

maximum value (TDS equal 7,420 mg/l) at Dokhmees (sample 16) in the north-

eastern part of the area.

The values of alkalinity in all samples ranged from 157 mg/l (sample 7) to

2,603 mg/l (sample 16). Except samples 6, 8, 11, 15, and 16, other samples are of

the desirable limit of HCO3 (Fig. 3b). Total hardness concentrations range from

161.28 mg/l (sample 10) to 3898.6 mg/l (sample 16). According to Sawyer and

McCarty [46] common hardness scale, the groundwater samples 1, 2, 7, 10, 12, 13,

and 14 are under the hard category, but all other samples are very hard water

(Fig. 3c). The lowest concentration of the chloride ion is 49.9 mg/l (sample 13), and

the highest level is 2,566 mg/l was detected in sample 16. Chloride levels in most

samples are below WHO permissible limits (Fig. 3d) except that of samples 4, 8,

11, 15, and 16. Nitrate concentrations were found to be in a range of 0.6 mg/l

(samples 3) to 6.63 mg/l (sample 8). Therefore, all samples are under the desirable

limits (Fig. 3e). Concentrations of sulfate are below the WHO permissible limits

(Table 1 and Fig. 3f) and range from 0.3 mg/l (samples 13) to 244.53 mg/l at sample

16.

Concentrations of calcium and magnesium in the collected water samples,

respectively, range from 28 and 12 mg/l (samples 7 and 14, respectively) to

828 and 446 mg/l (samples 16). Calcium concentrations (Fig. 4a) are compatible

with the desirable range in most samples except samples 4, 8, and 16 which are of

unfit values. Magnesium levels are of desirable range in most samples and unfit in
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samples 8 and 16 (Fig. 4b). Water with unfit sodium levels has a bad taste. Ranges

of sodium and potassium levels in the collected samples are, respectively, 33.9 mg/l

(samples 13) to 1,087 mg/l (samples 16) and from 1.79 mg/l (samples 11) to

118.5 mg/l (samples 11). Sodium concentrations are compatible with the desirable

range in samples 1, 2, 3, 5, 6, 7, 9, 10, 12, and 13 and of unfit values in samples 4, 8,

11, 15, and 16 (Fig. 4c). Potassium concentrations are of desirable range in samples

1, 2, 3, 6, 7, 9, 10, 11, 12, 13, and 14 and of unfit value in samples 4, 5, 8, 15, and

16 (Fig. 4d).

Trace element concentrations are listed in Table 1. Iron concentrations range

from 0 to 1.824 mg/l. Samples 4, 8, 9, 13, and14 are above the acceptance WHO [8]

limit which is 0.3 mg/l (Fig. 5a). Concentrations of zinc in all the samples are under

WHO desirable limit (5 mg/l) and range from 0.005 to 1.45 mg/l (Fig. 5b). The

content of manganese is lower than the desirable limit which is 0.4 mg/l in samples

6, 7, 12, 13, 14, and 15 (Fig. 5c). The levels of silicon in the samples were in the

range of 10.99 mg/l in sample 13 to 50.66 mg/l in sample 8. Strontium highest

concentration (1.34 mg/l) was recorded in sample 4, and sample 14 has the lowest

Fig. 5 Spatial distribution maps of Fe (a), Zn (b), Mn (c), Ba (d), As (e), CR (f), and NH4

(g) concentrations according to WHO [8] drinking water guidelines
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concentration (0.36 mg/l). Barium concentrations were ranging from 0.01 mg/l in

sample 7 to 0.314 mg/l in sample 15 (Fig. 5d). Concentrations of barium in all the

samples are under WHO desirable limit (0.7 mg/l). The levels of arsenic in the

samples were in the range of 0.006 in sample 13 to 0.24 mg/l in sample 8 (Fig. 5e)

and exceeded the WHO guideline (0.01 mg/l) in all samples except samples 9, 12,

and 13. Phosphorus concentrations were ranging from 0.11 mg/l in sample 10 to

0.64 mg/l in sample 14. Calculated corrosive ratio (CR) values reveal that most of

the samples fall within corrosive category (13 wells), and just 3 wells are of

noncorrosive properties (Fig. 5f). Concentrations of ammonia in all samples are

ranging from 0.42 mg/l in sample 2 to 12.45 mg/l in sample 8. Samples 2 and 4 are

under the acceptance WHO limit which is 0.5 mg/l, and all other are above the

WHO limit (Fig. 5g).

4.2 Statistical Analysis

Analysis of correlation between the measured physicochemical parameters

(Table 3) reveals that strong relationships were recognized between TDS-K,

TDS-Na, TDS-Mg, TDS-Ca, TDS-Cl, TDS-SO4, TDS-HCO3, K-Na, K-Mg,

K-Ca, K-Cl, K-SO4, K-HCO3, K-NH4, Na-Mg, Na-Ca, Na-Cl, Na-SO4,

Na-HCO3, Mg-Ca, Mg-Cl, Mg-SO4, Mg-HCO3, Mg-Zn, Ca-Cl, Ca-HCO3,

Ca-Zn, Ca-SO4, Cl-SO4, Cl-HCO3, NO3-CO3, NO3-Ba, SO4-HCO3, SO4-NH4,

HCO3-Zn, and As-Si. The intermediate relationship is shown between TDS-Zn,

TDS-NH4, K-Zn, Na-Zn, Na-NH4, Mg-NH4, Ca-NH4, Cl-Zn, Cl-NH4, NO3-SO4,

SO4-CO3, HCO3-NH4, CO3-Ba, Fe-N, and Mn-Sr. These very strong to intermedi-

ate relationships suggest that the increase in TDS was accompanied by an increase

in the concentrations of the all major ions as well as the increase in NH4, NO3, Zn,

and As. This indicates that water under the villages receives water from the

domestic wastes due to bad or absence of sewage networks.

Using HCA dendrogram, collected samples were classified according to the

abundance of the elements into three groups A, B, and C (Fig. 6). The elements’
average concentrations are shown in Table 4. Cluster A includes sample 16 which is

dominated by higher concentrations of TDS, EC, potassium, magnesium, sodium,

calcium, sulfate, chloride, bicarbonate, Mn, Zn, P, NH4, and Ba compared to the

other two clusters. However, its pH values (7.26) were the lowest compared to

cluster B (7.40) and cluster C (7.73). This sample was obtained from Dokhmees

village which is located in the northeastern part of the study area and near to

El-Gharbia main drain. Therefore, such concentrations could be related to the

effect of the drain water and/or seawater intrusion.

Cluster B includes samples 4, 8, 11, and 15. As for chemical elements, this water

type had the moderately mean concentrations among the three clusters (Table 4),

and it had higher ion concentrations of Fe, Sr, and Si than the other two clusters and

dominated major ion concentrations arranged as follows: sodium > calcium and

chloride > bicarbonate. They also had relatively high concentrations of potassium,
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magnesium, and sulfate. Finally, the water samples of cluster C (samples 1, 2, 3, 5,

6, 7, 9, 10, 12, 13, and 14) were dominated by Ca > Na > Mg and HCO3 > Cl ion

concentration arrangement (Table 4). The average concentrations of the physico-

chemical parameters of this cluster are the lowest among the three groups.

PCA scatter diagram (Fig. 7) showed that K, Mg, Ca, Cl, HCO3, SO4, Mn, Sr,

EC, and TDS were the most effective in samples 8 and 16. Na, NH4, Zn, Fe, NO3,

CO3, Ba, N, and P were the most effective in samples 11 and 15. pH was effective

on samples 9, 12, 13, and 14. Si and As were the most effective elements in samples

1, 2, 3, 4, 5, 6, 7, and 10.

4.3 Drinking Water Quality

Drinking water quality index (WQI) of the collected samples (Fig. 8) shows that

good water is represented in some localities in the eastern side of the area. Those

samples include 5, 6, 7, 10, 12, 13, and 14 (villages Shabsheer Elhessa, Shenta

Ayaash, Bolqina, Kotama, Nahttai, Mit Badr Halawa, and Mit Habib, respectively).

On the other hand, samples 1, 2, 3, and 4 (villages Shubra El-Namla, Abiar, Nawag,

Fig. 6 Dendrogram based on Ward’s method shows three groups of the collected water samples

according to the abundance of the hydrochemical composition
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and Damatt, respectively) are of poor groundwater quality and located in the central

part of the study area. Water quality decreases toward northern villages where very

poor water quality occurs in Saa Elhagr (sample 9), Damro (sample 15), as well as

Shobra Qaas village (sample 11) in the southwest. In villages of Pirma and

Dokhmees, groundwater samples (8 and 16, respectively) are of unfit character

for drinking.

5 Discussion

Egyptians living in the villages directly use groundwater for various purposes. Nile

Delta villages have no or badly constructed sewage networks. Therefore, ground-

water under these villages might receive pollutants. Physicochemical parameters of

Fig. 8 Spatial distribution map of drinking water quality index (WQI)

Fig. 7 PCA scatter diagram showing the relationships between samples and the water physico-

chemical characteristics
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16 groundwater samples (one sample for one village) were measured to evaluate

this problem. The quality of the sampled groundwater varied greatly from one

village to another. Using cluster analysis, the collected samples were classified into

three groups. Cluster A includes sample 16 which is dominated by higher concen-

trations of TDS, EC, potassium, magnesium, sodium, calcium, sulfate, chloride,

bicarbonate, Mn, Zn, P, NH4, Ba, and unfit WQI values. Bad water quality of this

group might be related to the effect of El-Gharbia main drain and seawater

intrusion.

Cluster B includes samples 4, 8, 11, and 15. This group had the moderately mean

ion concentrations among the three clusters, and it had higher ion concentrations of

Fe, Sr, and Si than the other two clusters and dominated major ion concentrations

arranged as follows: sodium > calcium and chloride > bicarbonate. They also had

relatively high concentrations of potassium, magnesium, and sulfate. WQI of this

group varies from poor characters in Damatt (4), very poor in Shobra Qaas village

(11) and Damro (15), to unfit in Pirma (8). Groundwater of this group might receive

a seepage from the domestic wastes.

Samples of cluster C (1–3, 5–7, 9, 10, and 12–14) were dominated by Ca > Na

> Mg and HCO3 > Cl ion concentration arrangement (Table 4). The average

concentrations of the physicochemical parameters of this cluster are the lowest

among the three groups. WQI of these samples varies from good as in samples

5, 6, 7, 10, 12, 13, and 14, poor (1–3, and) to very poor (sample 9). A wide range of

WQI in this group is assumed to be related to the slight seepage from domestic

wastes which increase the values of minor elements like NH4 but did not affect the

major ion concentrations.

The presence of undesirable concentrations of arsenic and ammonia in most of

the samples is related to the direct seepage from the domestic wastes such that of the

drains and septic tanks. Higher concentrations of arsenic and ammonia sometimes

accompanied with higher TDS and major element concentrations due to the higher

leakage from septic tanks under the village like that of Pirma (sample 8) and both

the effect of seepage from the main drains and seawater intrusion as in sample

16 (village of Dokhmees).

6 Conclusions

Groundwater was sampled from 16 villages during 2016. Spatial distribution of the

elements’ concentrations according to WHO guidelines, WQI (drinking water

quality index), and statistical analysis was used to evaluate the groundwater pollu-

tion under Central Nile Delta villages. The studied groundwater was affected by the

seepage from the septic tanks and/or drains in most of the villages. The groundwater

affected by drains showed high TDS, EC, potassium, magnesium, sodium, calcium,

sulfate, chloride, bicarbonate, Mn, Zn, P, NH4, Ba, and unfit WQI values. Samples

directly affected by seepage from the septic tanks had moderately mean ion

concentrations and higher concentrations of Fe, Sr, and Si. It also had WQI values
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range from poor, very poor to unfit. Other samples were affected by neither drains

nor septic tanks and had the lowest TDS concentrations and goodWQI. Arsenic and

ammonia undesirable concentrations in most of the collected groundwater samples

are indications of direct infiltration from septic tanks and/or seepage from the

drains. These two chemicals are of severe hazardous effect on the human health.

7 Recommendations

Sewage networks should be constructed in the Egyptian villages to prevent the

groundwater contamination due to the use of septic tanks. The state and civil

society organizations should inform the residents of the villages of the need to

analyze the groundwater of their wells and consult the concerned authorities to

determine the validity of this water for different uses. Also, they should be aware of

the health hazards resulting from the use of contaminated water. The state should

also extend the villages with clean water networks so that the need for underground

water is reduced. Detailed hydrochemical and the microbial survey should be done

to evaluate the groundwater contamination under the Egyptian village.
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Assessment of the Groundwater Quality

for Drinking and Irrigation Purposes

in the Central Nile Delta Region, Egypt

Zenhom E. Salem, Gamal Elsaiedy, and Abdelaziz ElNahrawy

Abstract One hundred sixty-nine groundwater samples were collected, chemically

analyzed, and classified into shallow, intermediate, and deep zones to evaluate the

vertical and lateral change in groundwater quality in the central part of the middle

Nile Delta. To estimate the groundwater suitability for drinking, parameter’s con-
centrations were evaluated according toWHO drinking water guidelines to delineate

the samples of desirable and undesirable range in every zone. According to the

computed WQI, most part of the shallow groundwater is unsuitable for drinking

[unfit (8 wells, 14.55%), very poor (3 wells, 5.45%), and poor drinking quality

(26 wells, 47.3%)]. Intermediate groundwater zone is mostly suitable [excellent

(4 wells, 8.9%) and good (24 wells, 53.3%)]. The deep groundwater quality is

classified into unfit (3 wells, 4%), very poor (5 wells, 7%), poor water (27 wells,

40%), good quality (30 wells, 45%), and excellent (2 wells, 3%).

Groundwater suitability was also evaluated using TDS, Na%, SAR, RSC, Cl, KI,

PI, MH, CAI, and CR. Irrigation water quality index (IQW) was also used as an

integrated method. The studied groundwater is mostly of medium suitability where

a number of samples which fall within this class are 36 (65.5%), 29 (64%), and

34 (51%) for the shallow, intermediate, and deep groundwater. Water samples have

good irrigation quality which increases downward where 15 (27.2%), 13 (29%), and

32 (48%) samples are recorded in this class, respectively. Samples belonging to the

poor quality class are mostly located in the northern part, and its sample numbers

are 4 (7.3%), 3 (7%), and 1 (1%), respectively.
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1 Introduction

Resources of freshwater distribution are uneven all around the world, and the

freshwater accessibility is gradually becoming rare and attributable to population

growth and varies human activities. The lack of fresh surface water leads to misuse

of groundwater to meet the demand required by different areas. Groundwater quality

is similarly essential as its amount is attributable to the appropriateness of water

for different targets. Spatial differences in groundwater quality in certain areas are

a component of physical, chemical, and biological factors that are significantly

affected by aquifer geology and human activities [1, 2]. Groundwater became the

main water supply for residential, industrial, and irrigation divisions of numerous

nations. Spatial change in the quality of groundwater because of geologic setup and

anthropogenic elements warrants the assessment of the groundwater quality for any

use including that for human utilization. Evaluation of the water quality for drinking

purposes includes the determination of the chemical composition of groundwater and

the remedial measures for the restoration of the water quality in case of its deterio-

ration demand and the estimation of probable sources of the groundwater pollution

[3]. About 33% of the world’s population use groundwater for drinking [4, 5].

Low quality of water unfavorably influences human health and plant develop-

ment. In developing nations like Egypt, about 60% of all infections are specifically

occurring due to the poor quality of the drinking water [6]. The spatial distribution

of water quality and significant components should be compared with the geology

and area using land use/land cover spread maps in GIS environment [7, 8]. Therefore

the chemical processes of water and the methods of their acquisition could be

clearly understood [9]. Egyptian population is basically situated in the narrow

valley and delta of the Nile. This high population density is accompanied with a

continuous growing size of the population, wastewater, development of industrial-

ization, living standards, the expanded utilization of chemicals in agriculture, the
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lack of real control on the transfer of unsafe waste materials, and in addition the

absence of ecological open mindfulness. This study aims to evaluate the quality

characteristics of the groundwater in the central Nile Delta part wherein the people

of the terrain are mostly dependent on the groundwater for their needs and to assess

the groundwater suitability for drinking and irrigation purposes. Many researchers

have investigated the water quality in the Nile Delta, among them Salem [10],

Elewa [11], Gemail et al. [12], Morsy and El-Fakharany [13], Salema et al. [14],

Ghoraba et al. [15], Khalil et al. [16], El Bedawy [17], Bennett et al. [18], Elkafoury

et al. [19], Fattah and Ragab [20], El-Kowrany et al. [21], Negm and Armanuos

[22], Negm and Eltarabily [23], Salem et al. [24], Sharaky et al. [25], and Salem and

Osman [26].

No encountered research work on the central Nile Delta used the integrated

method of water quality indices to evaluate the groundwater for irrigation and

drinking purposes as will be shown in this study.

2 Study Area

The Nile Delta, one of the biggest depocenters in the Mediterranean, is currently

mainly a man-altered beachfront plain where the Nile sediments have stopped

accumulating in the Mediterranean and locally are retreating. The Nile Delta area

is around 22,000 km2 and records for 66% of Egypt’s agrarian surface. Its smooth

coastline is 225 km long and lies 160 km north of Cairo (Fig. 1). Land elevation

diminishes gradually northward, from 18 m masl (meter above ocean level) close to

Cairo to less than 1.0 m close to the coast [27]. The Nile water is flowing from the

Aswan High Dam to the delta. Thirty-three percent of this water volume is lost by

evapotranspiration and penetration to groundwater aquifers, and the other two third

flows slowly through the intense system of irrigation channels and drains. Agricul-

tural activities are overwhelming in theNile Delta because of the soil salinity [27, 28]

and a watering system framework setup. The seawater intrusion might strongly

influence the quality of the groundwater in the area. The rise in the sea level as

well as the changes of Nile River flow leads to salinity increase [28, 29] and water

logging in the northern part of the Nile Delta [30]. Furthermore, the present and

future anthropogenic activities, particularly intensive unplanned groundwater

pumping, are bringing about the disintegration of the accessible groundwater

resources.

The study area occupied the central part of Nile Delta (Fig. 1) and is located

between the Damietta branch (in the east) and Rosetta branch (in the west). It lies

between latitudes 30� 06
0
and 31� 10

0
north. The study area extends from the northern

part of Monufia Governorate into the southern part of Kafr El Sheikh Governorate

and including the whole area of Gharbia Governorate.
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3 Hydrogeological Setting

Several studies dealing with the geology, hydrogeology, and hydrogeochemistry of

the Nile Delta quaternary aquifer were done. The significant part of the annual

recharge of the Nile Delta aquifer is gotten from the immediate seepage from the

watering system trenches and from the infiltration through soils due to irrigation

activities. The yearly general groundwater recharge to the aquifer is evaluated at

6.70 km3/year [24, 31–34].

The Nile Delta quaternary aquifer is of semi-confined type [29, 35]. It occupies

the entire Nile Delta. This aquifer changes in thickness from 200 m in the south

where Cairo is located to 1,000 m in the northern direction [36] (Fig. 2). The depth

to water in this aquifer ranges between 1 and 2 m in the north, 3–4 m in the middle

(study region), and 5 m in the south [29]. Distinctive evaluated groundwater depth

has been accounted for by RIGW [37] and Morsy [38].

Bilqas formation is a thin clay layer that covers the top of the quaternary aquifer of

the Nile Delta [24, 29, 39, 40]. This clay layer is responsible for the semi-confining

characters of the aquifer. Bilqas formation’s thickness differs from 5 to 20 m in the

southern and the central part of the delta and achieves 50 m in the northern part

[24, 29, 41]. The lithological and thickness characteristics of the Bilqas formation

greatly affect the level of interaction between the surface water and the groundwater

[42]. Mit Ghamr formation is the main aquifer in the Nile Delta which is formed by

quaternary sediments [24, 29] (Fig. 2). The variable hydraulic parameters and water

salinity of the aquifer are related to the various deltaic depositional conditions

[39]. These sediments show various aggradations and degradation cycles that were

typically produced by changes in sea level [41]. These quaternary sediments made

Fig. 1 Location map of the study area in the central part of the middle Nile Delta. A–A0 is the
location of the cross section shown in Fig. 2
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the Nile Delta aquifer as a large water reservoir that is recharged by the Nile water

flowing from south to north through an intensive network watering system [43]. The

quaternary Nile Delta aquifer is not hydraulically connected with the underlying

tertiary formations where the latter rocks act as an aquiclude [42].

4 Methodology

The performed working methodology of this work is shown in Fig. 3. One hundred

sixty-six groundwater samples were gathered during field inventory in 2014–2015.

Samples were collected from the drinking and irrigation water wells with depths

ranging from around 15 to 120 m. Samples were gathered in newly washed plastic

bottles. The performed field measurements and laboratory major ions analysis were

discussed in Salem et al. [24] and Salem and El-horiny [44], where electrical

conductance (EC, mS/cm), pH (hydrogen ion activities), temperature (�C), and
TDS (total dissolved solids, mg/l) were measured in situ. Hach’s portable EC/TDS
meter and portable Consort pH meter (model P 314) were utilized [45]. Chemical

analysis of the water samples was carried out by the central laboratory of the ministry

of environmental affairs in Tanta City and included the determination of the major

ions (i.e., K, Na, Ca, Mg, Cl, HCO3, CO3, and SO4) and trace elements (Fe, Mn, Cu,

and Zn). The chemical analysis was finished within few days of water sample

gathering. The laboratory analyses of the major ions were done utilizing the standard

analytical techniques depicted by Hach [45]. Precipitation with barium chloride

method was used for sulfate measuring by spectrophotometer. Chloride, bicarbonate,

calcium, and magnesium were measured utilizing a digital titrator. Titration method

Fig. 2 Hydrogeological cross section from south to north in the Nile Delta showing the ground-

water regime [11]
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using a standard solution of mercuric nitrate and diphenyl carbazone reagent powder

was used for chloride ionmeasurements.Measurements of bicarbonateswere done by

titration using standard sulfuric acid solution. Concentrations of calcium and mag-

nesium were measured through TH test (total hardness) and calcium hardness test.

Atomic absorption was utilized for measuring Fe, Mn, Cu, and Zn. To have a definite

depiction of the groundwater quality of the study zone, the gathered samples are

classified into shallow groundwater (Fig. 4a), intermediated groundwater (Fig. 4b),

and profound groundwater tests (Fig. 4c). The statistical assessment of the water

chemical analysis for drinking and irrigation objects is listed in Tables 1 and 2.

4.1 Estimation of Drinking Water Quality Index (WQI)

Chemically based drinking water guidelines according to WHO [46, 47] including

the desirable limits of the measured parameters are listed in Table 3. Depending on

the relative importance of each parameter for drinking water quality, parameter’s
weight is assigned. TDS, EC, NO3, and Pb each has a maximum weight of 5. SO4,

TH, and Mn assigned a weight of 4. 3 is used as the weight of pH, Cl, and Na. K,

Mg, Ca, HCO3, Cu, Fe, and Zn weight is 2 [48]. The calculating method of WQI is

as follows:

WQI ¼
X

Qi�Wi ð1Þ
Qi ¼ Ci=Sið Þ � 100 ð2Þ

Field work and groundwater sampling

Hydrochemical analysis

Samples classification according to well depth 

into shallow, intermediate and deep.

Irrigation water quality Drinking water quality

•Assigning weight for each 

parameter and then

calculating the relative 

weight.

•Calculating the parameter’s 

rate.

Parameters suitability 

classification according to 

WHO guidelines

TDS, Na%, SAR, RSC, Cl, KI, 

PI, MH, CAI and CR 

calculation

Hydrochemical 

parameters 

classification into 

groups

•Applying the standard 

weight for each group.

•Changing the 

concentrations into rates.

IQW calculation

Generation of spatial 

distribution maps based on

suitability limits WQI calculation 

Data interpretation

Fig. 3 Flow chart shows the working methodology
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Fig. 4 Location map of the collected groundwater samples in (a) shallow, (b) intermediate, and

(c) deep zones
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Table 2 Groundwater suitability for irrigation

Classification

pattern Categories Ranges

Shallow Intermediate Deep

No % No % No %

Total dissolved

solids (TDS)

Desirable <500 23 41.80 18.00 40.00 28.00 41.79

Permissible 500–1,000 21 38.20 21.00 46.70 31.00 46.27

Useful for

irrigation

1,000–3,000 6 10.90 4.00 8.90 8.00 11.94

Unfit for

irrigation

>3,000 5 9.10 2.00 4.44 0.00

Sodium per-

cent sodium

(Na%)

Excellent 0–20 0 0.00 3.00 6.67 2.00 2.90

Good 20–40 32 58.20 28.00 62.22 44.00 65.70

Permissible 40–60 12 21.80 12.00 26.70 15.00 22.40

Doubtful 60–80 11 20.00 2.00 4.40 3.00 4.50

Unsuitable >80 0 0.00 0.00 3.00 4.50

Sodium

absorption

ratio (SAR)

Excellent 0–10 45 81.80 43.00 95.60 65.00 97.00

Good 18 7 12.70 2.00 4.40 2.00 3.00

Doubtful 18–26 3 5.50 0.00 0.00 0.00

Unsuitable >26 0 0.00 0.00 0.00 0.00

Residual

sodium car-

bonate (RSC)

Good <1.25 48 87.30 42.00 93.30 63.00 94.00

Doubtful 1.25–2.5 2 3.60 2.00 4.50 2.00 3.00

Unsuitable > 2.5 5 9.10 1.00 2.20 2.00 3.00

Permeability

index (PI)

Class I >75 13 23.60 7.00 15.60 9.00 13.40

Class II 25–75 42 76.40 38.00 84.40 58.00 86.60

Chloro-alka-

line Indices

(CAI)

Base

exchange

Negative 25 45.50 25.00 55.60 35.00 52.20

Cation–anion Positive 30 54.50 20.00 44.40 32.00 47.80

Chloride (Cl�) Extremely

fresh

<0.14 0.00 0.00 0.00

Very fresh 0.14–0.85 0 0.00 2.00 4.40 4.00 6.00

Fresh 0.85–4.23 34 61.80 30.00 66.70 38.00 56.70

Fresh–

brackish

4.23–8.46 9 16.40 10.00 22.30 17.00 25.40

Brackish 8.46–28.21 6 10.90 1.00 2.20 8.00 11.90

Brackish–

salt

28.21–282.06 6 10.90 2.00 4.40 0.00 0.00

Salt 282.06–564.13 0 0.00 0.00 0.00 0.00 0.00

Hypersaline >564.13 0 0.00 0.00 0.00 0.00 0.00

Magnesium

hazard (MH)

Unsuitable > 50% 9 16.40 16.00 35.60 7.00 10.45

Suitable < 50% 46 83.60 29.00 64.40 60.00 89.55

Kelley’s index
(KI)

Unsuitable > ¼ 1 14 25.50 10.00 22.20 11.00 16.40

Suitable <1 41 74.50 35.00 77.80 56.00 83.60

Corrosive ratio

(CR)

Noncorrosive <1 17 30.90 11.00 24.40 22.00 32.80

Corrosive >1 38 69.10 34.00 75.60 45.00 67.20
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Wi ¼ wi=
Xn
i¼0

wi ð3Þ

As stated by Armanuos et al. [49], “Qi is the ith quality rating and is given by Eq.
(2),Wi is the ith relative weight of the parameter I and is calculated by Eq. (3), Ci is
the ith concentration of parameter and Si is the ith drinking water guideline

according to WHO guidelines in mg/l, wi is the weight of ith parameter, and n is

the number of chemical parameters.”

4.2 Estimation of Irrigation Water Quality (IWQ) Index

Five parameter groups are utilized to compute the IWQ. The used parameters were

classified into groups according to the rules introduced by Ayers and Westcost [50]

and Simsek and Gunduz [51] (Tables 4 and 5). The IWQ index calculating method

in the current study was done according to what was stated in Simsek and Gunduz

[51] and Spandana et al. [52] as follows:

IWQ ¼
X5

i¼1
Gi ð4Þ

where i is an incremental index and G is the contribution of each one of the five

hazard groups that are essential to assess the quality of water resource for irrigation.

Salinity hazard as EC value represents the first category and is determined as:

Table 3 Desirable limits and weightings of the parameters used in WQI calculations

Parameters WHO desirable limits (mg/l) Weight (wi) Relative weight (mg/l)

TDS 500 (mg/l) 5 0.1000

PH 6.5–8.5 3 0.0600

EC 1,500 us/cm 5 0.1000

TH 300 (mg/l) 4 0.0800

Ca 200 (mg/l) 2 0.0400

Na 200 (mg/l) 3 0.0600

Mg 125 (mg/l) 2 0.0400

K 12 (mg/l) 2 0.0400

Cl 250 (mg/l) 3 0.0600

SO4 250 (mg/l) 4 0.0800

Cu 2.0 (mg/l) 2 0.0400

HCO3 350 (mg/l) 2 0.0400

NO3 50 (mg/l) 5 0.1000

Fe 0.3 (mg/l) 2 0.0400

Mn 0.4 (mg/l) 4 0.0800

Zn 5 (mg/l) 2 0.0400

∑W ¼ 50 ∑W ¼ 1
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G1 ¼ w1r1 ð5Þ
where w is the group weighting, and r is the parameter rating value. EC–SAR

combination is the second category and represents the infiltration and permeability

hazard that is computed as:

G2 ¼ w2r2 ð6Þ
where w and r are the group weight and the parameter rating value, respectively.

The third group is the specific ion toxicity of SAR, chloride, and boron ions in the

water and is calculated as a weighted average of the three ions:

Table 4 IWQ’s parameter classification [50, 51]

Hazard Weight Parameter Range Rating Suitability

Salinity hazard 5 Electrical con-

ductivity (μs/
cm)

EC < 700 3 High

700 � EC � 3,000 2 Medium

EC > 3,000 1 Low

Infiltration and per-

meability hazard

4 See table IV for

details

Specific ion toxicity 3 Sodium adsorp-

tion ratio

SAR <3.0 3 High

3.0 � SAR � 9.0 2 Medium

SAR >9.0 1 Low

Boron (mg/l) B < 0.7 3 High

0.7 � B � 3.0 2 Medium

B > 3.0 1 Low

Chloride (mg/l) Cl < 140 3 High

140 � Cl �350 2 Medium

Cl > 350 1 Low

Trace element

toxicity

2 See Simsek and

Gunduz [51]

Miscellaneous effects

to sensitive cops

1 Nitrate nitrogen

(mg/l)

NO3-N < 50 3 High

5.0 � NO3-

N � 30.0

2 Medium

NO3-N > 30.0 1 Low

Bicarbonate

(mg/l)

HCO3 < 90 3 High

90 � HCO3 � 500 2 Medium

HCO3 > 500 1 Low

pH 7.0 � pH � 8.0 3 High

6.5 � pH <7.0 and

8.0 < pH � 8.5

2 Medium

pH < 6.5 or

pH > 8.5

1 Low

Assessment of the Groundwater Quality for Drinking and Irrigation. . . 659



G3 ¼ W3

3

X3

j¼1
rj ð7Þ

where j is an incremental index, w is the weighting of the third group, and r is the
rating value of each parameter. The fourth group is the trace element toxicity that is

calculated as a weighted average of all the ions available for analysis:

G4 ¼ W4

N

XN

k¼1
rk ð8Þ

where k is an incremental index, N is the total number of trace element available for

the analysis, w is the weight value of this group, and r is the rating value of each

parameter. The fifth and the final category is the miscellaneous effects to sensitive

crops that are represented by nitrate–nitrogen and bicarbonate ions and the pH of

the water and is formulated as a weighted average:

G5 ¼ W5

3

X3

m¼1
rm ð9Þ

where m is an incremental index, w is the weight value of this group, and r is the
rating value of each parameter.

5 Results and Discussion

5.1 Evaluation of Groundwater Quality for Drinking

Drinking water characteristics are soft, low TDS, and has no dissolved toxic

components. WHO [47] drinking water guidelines are taken as the basis for the

groundwater quality assessment. The statistical analysis of the measured chemical

parameters which are used to assess the studied groundwater drinking quality is

listed in Table 1.

5.1.1 Shallow Groundwater

The shallow groundwater pH values range from 6.8 to 8.31 with an average value of

7.74. One hundred percent of the samples of the shallow zone are within the

desirable limits. TDS vary in the range from 210 to 8,820 mg/l, and the average

Table 5 Classification for infiltration and permeability hazard for irrigation water [51]

Rating Suitability

SAR <3 3–6 6–12 12–20 >20

EC >700 >1,200 >1,900 2,900 5,000 3 High

700–200 1,200–300 1,900–500 2,900–1,300 5,000–2,900 2 Medium

<200 <300 <500 1,300 2,900 1 Low
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value is 1,165.7 mg/l. Based on WHO [47] for water suitability according to TDS

values, 65.5% of the wells (36 well) are unsuitable water for drinking, and 34.5% of

wells are suitable [53]. Spatially the samples have unsuitable TDS values, occupy-

ing most of the study area except some areas to the east and the west (Fig. 5a). TH

values range from 136.55 to 1,946.4 mg/l with 342.1 mg/l average value. 67.3%

(37 wells) of the groundwater samples have soft characters; 32.7% (18 wells) are of

hard to very hard category which is beyond the suggested safe limit [54]. The latter

unsuitable groundwater samples occupy the northern and southeastern parts of the

area (Fig. 5b). NO3 concentration varies from 0.022 to 42 mg/l with an average

value of 3.05 mg/l. One hundred percent of the shallow groundwater samples have

NO3 concentrations under the permissible limit (Table 1) [55]. Higher NO3 values

are recognized in the southern and northwestern parts of the area.

Na concentrations range from 24.2 to 2,160 mg/l with an average of 244.4 mg/l.

Based on WHO [46] guidelines, 11 samples (20%) are above the limit and spatially

located in the northern parts (Fig. 6a). One hundred percent of the shallow ground-

water samples have K concentration below the desirable limit and ranges from 0.060

to 11.40 mg/l with an average value of 1.70 mg/l (Table 1). Ca concentrations range

from 27 to 620 mg/l with an average of 78 mg/l. About 5.5% (three wells) of

the shallow samples have Ca concentration which exceeded the desirable limit and

is located in the northern part (Fig. 6b). Mg concentrations range from 10.50 to

206.56 mg/l, and its average value is 33 mg/l. Most of the samples (98.2%, 54 wells)

have Mg concentrations within the desirable range (Fig.6c). The concentration of

HCO3 ranges from 137.20 to 2,562.81 mg/l with an average value of 378 mg/l.

Thirty-nine wells (about 70.9%) of the total wells have HCO3 concentrations lower

than the desirable limit and occupy most of the study area. 29.1% of wells are above

HCO3 limit andmostly located in the northern parts of the area (Fig. 6d). It was found

that concentrations of SO4 ions range from 0.20 to 246.20 mg/l with an average of

43.30 mg/l. One hundred percent of the samples are within the desirable limit

(Table 1). Chloride concentrations vary from 50 to 3,166 mg/l with an average of

362.80 mg/l. Forty-three wells (78.2%) are within the desirable range and located in

the southern and central parts. The samples of the northern part of the area (12 wells,

21.8%) are above the permissible limit (Fig. 6e). The concentration of Fe ranges

from 0 to 3.42 mg/l with an average of 0.96 mg/l. Twenty-one wells (about 38.2%)

are within the desirable range and represented at different localities in the study area.

Thirty-four wells (61.8%) are above the permissible limit and cover the most part

of the study area (Fig. 7a). Mn concentrations vary from 0.042 to 2.76 mg/l with

an average of 0.677 mg/l. Twenty-five wells (45.5%) of the shallow groundwater

samples have unsuitable Mn concentrations and occupy the most part of the study

area. Thirty wells (54.5%) of the samples are within the desirable range and occupy

the area located to the northeastern and southwestern parts (Fig. 7b). A higher

concentration of Mn is toxic and is usually bad in terms of taste, odor, and discol-

oration of food. It was found that the amount of Cu ions ranges from 0.002 to

1.15 mg/l with an average of 0.91 mg/l. One hundred percent of wells are within

the desirable limit with concentration increase toward NE parts as a general trend

(Table 1). The concentration of Zn varies from 0.006 to 2.63 mg/l with an average of
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0.314 mg/l. Most of the wells (41 wells, 74.5%) are within desirable limit. Fourteen

wells (25.5%) exceeded the permissible limit and are located to the northern and

eastern directions (Fig. 7c).

Fig. 5 Spatial distribution maps of the shallow groundwater suitability for drinking based on (a)

TDS and (b) TH concentrations

Fig. 6 Spatial distribution maps of the shallow groundwater suitability for drinking based on (a)

Na, (b) Ca, (c) Mg, (d) HCO3, and (e) Cl concentrations
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5.1.2 Intermediate Zone

The pH values of the intermediate groundwater range from 7.34 to 8.40 with an

average value of 7.75. One hundred percent of the wells in the study area are within

the desirable pH limits. TDS of the intermediate groundwater vary in the range from

173 to 6,430 mg/l with an average value of 804.43 mg/l. According to WHO [46],

58% (26 wells) of the wells are unsuitable water for drinking, and 42% (19 wells)

are of suitable water for drinking. The wells above the desirable limit are located at

the northern and the southern parts of the study area (Fig. 8). TH as CaCO3 in the

intermediate groundwater ranges from 2.4 to 141.5 mg/l with an average value of

23.43 mg/l (Table 1). All the groundwater wells fall in the soft category (100%),

and the concentration increases toward the northern direction as a general trend.

NO3 concentration ranges from 0.0124 to 42 mg/l with an average value of 3.9 mg/l.

All the samples of this zone have NO3 concentrations under the permissible limit

with an increasing trend toward the northwestern direction (Table 1).

Na concentration ranges from15.20 to 1,249.5mg/l with an average of 135.40mg/l

and increases toward northern parts as a general trend (Fig. 9a). Five wells (11.11%)

are above the desirable limit and are located in northern parts. K concentration ranges

from 1.1 to 3.20 mg/l with an average value of 0.78 mg/l, all samples are under the

desirable limit (Table 1), and concentrations increase toward the northern direction.

Ca concentrations range from 8.4 to 750 mg/l with an average of 85.40 mg/l. About

95.6% (43 wells) of the samples are within the permissible limit and show an increase

toward the northern direction (Fig. 9b). The concentrations of Mg range from 4 to

141.4 mg/l with an average value of 39.9 mg/l. Most of the Mg concentrations

(44 wells, 97.8%) are within the desirable limit and increase toward the northern

parts as a general trend (Fig. 9c). The concentration of HCO3 in the intermediate

groundwater ranges from 80 to 542.7 mg/l with an average value of 288.40 mg/l.

Fig. 7 Spatial distribution maps of the shallow groundwater suitability for drinking based on (a)

Fe, (b) Mn, and (c) Zn concentrations
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Thirty-one samples (about 68.9%) of the total wells are under the desirable limit and

occupy most of the study area, while the wells above the permissible limit are located

in the northern parts and some localities at central and southern parts (Fig. 9d). It was

Fig. 8 Spatial distribution maps of the intermediate groundwater suitability for drinking based on

TDS concentrations

Fig. 9 Spatial distribution maps of the intermediate groundwater suitability for drinking based on

(a) Na, (b) Ca, (c) Mg, (d) HCO3, and (e) Cl concentrations
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found that 100% of wells are within the desirable limit of SO4 concentrations and

range from 0.48 to 189 mg/l with an average of 60.10 mg/l (Table 1). The concen-

trations of Cl ion vary from 16 to 3,610 mg/l with an average of 256.40 mg/l. Thirty-

nine wells (86.7%) are within the desirable limit and increase toward the northern

parts as a general trend (Fig. 9e).

The concentration of Fe ranges from 0 to 2.81 mg/l with an average of 0.693 mg/l.

Sixteen samples (about 35.6%) are within the desirable range, and concentrations

increase toward the northwest and northeast. The wells above the desirable limit

(29 wells, 64.4%) are located in the northern, western, and southwestern parts of the

study area (Fig. 10a). The concentration of Mn varies from 0.068 to 1.95 mg/l with

an average of 0.65 mg/l. Most of the wells (24 wells, 53.3%) are within the

desirable range, and the unsuitable samples (21 wells, 46.7%) are located at the

southern and northern parts (Fig. 10b). It was found that concentrations of Cu ion

range from 0 to 1.28 mg/l with an average of 0.246 mg/l. One hundred percent of

wells are within the desirable limit (Table 1) with concentrations increasing toward

the northern parts as a general trend. The concentration of Zn varies from 0.006 to

1.54 mg/l with an average of 0.361 mg/l. Most of the wells (34 wells, 75.6%) are

within the permissible limit, and 11 wells (24.4%) located mostly in the central and

southeastern parts exceed the permissible limit (Fig. 10c).

5.1.3 Deep Zone

pH values of the deep groundwater range from 7.30 to 8.45 with an average value of

7.65. One hundred percent of the deep groundwater samples are within the desirable

limits with higher values in some locations in the northern and southern direction.

The TDS values vary in the range from 180 to 1,940 mg/l with an average value of

635.11 mg/l. Thirty-nine wells (58.2%) are unsuitable, and 28 wells (41.8%) are of

suitable water for drinking. The suitable water samples are located in the eastern

and western directions (Fig. 11a). TH in this zone ranges from 91.96 to 1,026 mg/l

with an average value of 306.24 mg/l. Forty-one wells (61.2%) of the groundwater

wells fall in the soft category; 26 wells (38.8%) are located in the central part of the

area and fall in hard to very hard category (Fig. 11b). NO3 concentration ranges

from 0.006 to 30.4 mg/l with an average value of 2.7 mg/l. All the samples of this

zone have NO3 concentrations under the permissible limit with an increasing trend

toward the south and southeast (Table 1).

Na concentrations show a range from 17.20 to 427.7 mg/l with an average of

98.41mg/l.Most of the deep groundwater has Na concentrations within the desirable

range except the five wells (7.5%) which are mostly located in the northeastern part

(Fig. 12a).All the deep samples have K concentration under the desirable limit and

range from 0.15 to 2 mg/l with an average value of 0.66 mg/l (Table 1). The

concentration of Ca ranges from 30.70 to 230 mg/l with an average of 75 mg/l.

Sixty-six wells (98.51%) of the groundwater samples are within the desirable range

except one sample located in the southern part (Fig. 12b). The concentrations of Mg

range from 9.72 to 110 mg/l with an average value of 28.92 mg/l. All of the Mg
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concentrations (100%) are within the desirable limit of 125 mg/l (Table 1). The

concentration of HCO3 in this zone ranges from 87.92 to 904.3 mg/l with an average

value of 303.7 mg/l. Seventeen wells (25.4%) are above the desirable limit. These

samples are recognized in different localities within the study area (Fig. 12c). It was

found that the amount of SO4 ion ranges from 0.31 to 252.90 mg/l with an average of

17 mg/l and about 65 wells (97%) are within the desirable limit of 250 mg/l

(Fig. 12d). The concentrations of Cl varies from 17 to 748.30 mg/l with an average

160.30 mg/l. Fifty-nine wells (88.1%) are within the desirable range, and eight wells

(11.9%) are above the limit and located mostly at the northern parts (Fig. 12e).

The concentrations of Fe range from 0 to 1.76 mg/l with an average of 0.38 mg/l.

Forty-two samples (62.7%) are under the desirable limit (0.3 mg/l), and 25 wells

(37.3%) are unsuitable (Fig. 13a). The unsuitable Fe-related groundwater samples

are represented mostly in the northwestern direction and some localities in the

southeastern and southwestern directions. The concentrations of Mn have ranged

from 0.036 to 2.89 mg/l with an average of 0.524 mg/l. 49.3% of the samples are

Fig. 10 Spatial distribution maps of the intermediate groundwater suitability for drinking based

on (a) Fe, (b) Mn, and (c) Zn concentrations

Fig. 11 Spatial distribution maps of the deep groundwater suitability for drinking based on (a)

TDS and (b) TH concentrations
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within the desirable range and 50.7% are above the limit. The unsuitable ground-

water extended along the southeastern–northwestern direction (Fig. 13b). All wells

are within the desirable limit of Cu concentration with a range from 0.003 to

1.95 mg/l and an average value equal to 0.62 mg/l (Table 1). The concentration

of Zn varies from 0 to 1.37 mg/l with an average of 0.283 mg/l. Most of the wells

(53 well, 79.1%) are within the desirable range (0.5 mg/l), and 14 wells (20.9%)

exceed the limit (Fig. 13c). The unsuitable wells are located in the southwestern

corner of the area.

5.1.4 Drinking Water Quality Index (WQI)

Drinking water quality index of the shallow, intermediate, and deep groundwater

zones (Table 6, Fig. 14a–c, respectively) and spatial distribution have different

patterns. Most of the area in the shallow zone (Fig. 14a) is characterized by poor

drinking quality (26 wells, 47.3%) with patches of good quality (18 wells, 32.7%).

The northern and southern parts of the area show very poor (3 wells, 5.45%) to unfit

(8 wells, 14.55%) groundwater quality. The groundwater of the intermediate zone

has excellent (4 wells, 8.9%) to good (24 wells, 53.3%) water quality in the central

part of the area. On the other hand, the samples from the southern part have poor

Fig. 12 Spatial distribution maps of the deep groundwater suitability for drinking based on (a) Na,

(b) Ca, (c) HCO3, (d) SO4, and (e) Cl concentrations
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quality (13 wells, 29%), and in the northern part, it has very poor (2 wells, 4.4%) to

unfit (2 wells, 4.4%) characters (Fig. 14b). In the deep zone (Fig. 14c), the poor water

quality class (27 wells representing 40%) covers most of the study area. Its water

quality changed into very poor (5 wells, 7%) to unfit (3 wells, 4%) in the southern

direction and excellent (2 wells, 3%) to good quality (30 wells, 45%) to the eastern

and western directions.

The correlation matrix (Table 7) shows the relationships between WQI and

different water quality parameters. As the correlation coefficient increases, the

elements’ bad effects on the drinking water quality increase. In the shallow ground-

water, there is a strong positive relationship between water quality deterioration

(higherWQI) and TDS, EC, TH, Ca, Na,Mg, K, Cl, HCO3, and Zn. It means all these

parameters increase with increasing TDS which are the mean factor for quality

deterioration. Mn is moderately affecting the groundwater quality, but SO4, NO3,

Fe, and Cu showweak to a very weak relationship withWQI. This means the shallow

Fig. 13 Spatial distribution maps of the deep groundwater suitability for drinking based on (a) Fe,

(b) Mn, and (c) Zn concentrations

Table 6 Samples classification according to WQI

Type of water Range

Shallow zone Intermediate zone Deep zone

No. of

wells

% of

wells

No. of

wells

% of

wells

No. of

wells

% of

wells

Excellent water <50 0 0 4 8.9 2 3

Good water 50–100 18 32.7 24 53.3 30 45

Poor water 100–200 26 47.3 13 29 27 40

Very poor water 200–300 3 5.45 2 4.4 5 7

Unfit for drinking

water

>300 8 14.55 2 4.4 3 4
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groundwater is not affected by seawater intrusion because SO4 does not increase

linearly with TDS and NO3, Fe, and Cu concentrations are not related to salinity

increase, but it could be related to groundwater–sediment interaction.

Fig. 14 Spatial distribution maps of the groundwater suitability according to the calculated

drinking water quality index (WQI) in the (a) shallow, (b) intermediate, and (c) deep zones
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Similar to the shallow water, the intermediate zone WQI shows a strong to an

intermediate positive relationship with seawater intrusion-related parameters which

are TDS, EC, Na, Mg, Cl, as well as SO4. In contrast, the freshwater-related water

quality parameters (Ca, K, HCO3, and NO3) show a weak relationship with WQI

which could be related to a higher freshwater fraction. As the deep samples generally

have lower salinity, therefore WQI has intermediate positive relationships (>0.5)

with seawater-related parameters and weak relationship with the freshwater-related

parameters. Iron and Mn show an increasing effect on water quality deterioration in

the intermediate zone for iron and deep zone for manganese. In contrast, Cu is highly

affecting the water quality in the shallow zones and nearly with no effect on the

intermediate and deep zones.

5.2 Evaluation of Groundwater Quality for Irrigation

In the Nile Delta, groundwater is the second water resource for irrigation. There-

fore, TDS, Na%, SAR, RSC, Cl, KI, PI, TH, MH, CAI, and CR (Table 2) and

irrigation water quality index (IQW) were computed to survey the suitability of this

groundwater for irrigation purposes. Sodium is a vital element since it indicates the

soluble alkali/sodium effect to soils. Since sodium decreases soil penetrability

which badly affects cultivation process, SAR (sodium adsorption ratio) was calcu-

lated using the following equation:

SAR ¼ Naffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CaþMgð Þ

2

q ð10Þ

Sodium percent is a factor likewise calculated to assess the appropriateness of

water for irrigation purposes [56, 57]. This factor is computed by the accompanying

equation:

Na% ¼ Naþ Kð Þ
CaþMgþ Naþ Kð Þ � 100 ð11Þ

The relative wealth of sodium regarding alkaline earths and boron and the

amount of HCO3 and CO3 in abundance of soluble earths additionally impact the

appropriateness of water for irrigation (RSC) [58]. RSC (residual sodium carbon-

ate) is computed as follows:

RSC ¼ CO3 þ HCO3ð Þ � CaþMgð Þ ð12Þ
The soil penetrability is influenced by water use for a long time. Na, Mg, Ca, and

HCO3 component in the soil impact it. Permeability index (PI) was developed by

Doneen [59] to evaluate the appropriateness of water for irrigation where
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PI ¼ Naþ ffiffiffiffiffiffiffiffiffiffiffiffiffi
HCO3

p� �
CaþMgþ Nað Þ � 100 ð13Þ

Measured Na versus Mg and Ca was used by Kelly [60] and Paliwal [61] as

Kelley index. This factor is computed as shown in this equation:

KI ¼ Na

CaþMgð Þ ð14Þ

Magnesium ratio (MH) was suggested by Szabolcs and Darab [62] to assess the

irrigation water by the given formula:

MH ¼ Mg

CaþMgð Þ � 100 ð15Þ

CAI (chloro-alkaline index) is an important factor and characterized as the

ion-exchange characters between the groundwater and aquifer sediments

[63]. CAI is computed according to the following equation:

CAI ¼ Cl� Naþ Kð Þð Þ
Cl

ð16Þ

CR (corrosivity ratio) is essential to assess the ability to transfer water in

metallic pipes. Water with CR < 1 is safe, while >1 shows corrosive characters

and thus not to be transferred in metal pipes. The CR is computed utilizing this

equation:

CR ¼
Cl
35:5 þ 2 SO4

96

� �

2 HCO3þCO3

100

� � ð17Þ

5.2.1 Shallow Zone

The classification of the shallow groundwater suitability for irrigation using the

abovementioned parameters is listed in Table 2, and the spatial distribution is

shown in Figs. 15 and 16. According to Jain et al. [64], most parts of the study

area (50 wells, 90.9%) have desirable TDS range less than 3,000 mg/l except the

northern parts which have unfit TDS values (five samples) (Fig. 15a). Na% in the

shallow groundwater zone ranged between 19.4 and 80.1%, with an average of

44.7% (Table 1). It is observed that most of the shallow groundwater samples

located in the southeastern and western parts fall into the category of good (58.2%,

32 sample). Groundwater samples located in the northern part of the study area have

permissible (21.8%, 12 samples) and doubtful (20%, 11 samples) ranges (Fig. 15b).

The calculated value of SAR ranges from 0.83 to 21.4 and has been classified

mostly as excellent (45 samples, 81.8%) and good (7 samples, 12.7%) for irrigation.
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Fair category for groundwater (3 samples, 5.5%) is represented in the northeastern

part of the study area (Fig. 15c). RSC reveal that most of the samples fall within

good category (48 sample, 87.3%) suitable for irrigation. Two samples (3.6%) and

five samples (9.1%) restricted to the northeastern part fall within the category of

doubtful and unsuitable, respectively (Fig. 15d). Permeability index reveals that

most of the shallow samples fall within class II category (42 sample, 76.4%) except

the northeastern part where 13 wells (23.6%) are classified as class I (Fig. 15e).

Based on CAI, 30 wells (54.5%) of groundwater samples have cation–anion

exchange reaction characters and occupy various locations in the study area.

Samples belong to the base-exchange reaction category are represented by

25 wells (45.5%) and have no definite spatial distribution pattern (Fig. 15f).

According to chloride concentrations, 34 wells (61.8%) fall within fresh category

suitable for irrigation, 9 wells (16.4%) are considered fresh–brackish, 6 wells

(10.9%) are brackish, and 6 wells (10.9%) are located in the northern part and

fall within brackish–salt range (Fig. 16a). Magnesium hazard (MH) shows that

46 wells (83.6%) occupy most of the study area and are under the suitable category.

Nine wells (16.4%) are unsuitable and located as spots in the southeastern, north-

eastern, and northwestern parts (Fig. 16b). According to KI, most of the shallow

samples fall within suitable category (41 samples, 74.5%) which occupy most of the

study area. Fourteen wells (25.5%) are classified as unsuitable and located in the

northern parts (Fig. 16c). The calculated CR values reveal that most of the shallow

samples fall within corrosive category (38 wells, 69.1%). Noncorrosive category

(17 wells, 30.9%) is represented mostly in the western part of the area (Fig. 16d).

5.2.2 Intermediate Zone

The classification of the intermediate groundwater suitability for irrigation is shown

in Table 2, and the spatial distribution is presented in Figs. 17 and 18. Forty-three

wells (95.6%) and two samples (4.4%) have suitable (<3,000 mg/l) and unfit TDS

values for irrigation, respectively. The unfit groundwater is represented in the

northern part (Fig. 17a). Calculated Na% reveals that most of the samples fall into

the category of excellent (28 wells, 62.2%) and good water (3 wells, 6.7%). Permis-

sible (12 wells, 26.7%) and doubtful (2 wells, 4.4%) categories are represented

mostly in the northern parts (Fig. 17b). Intermediate groundwater is classified as

suitable for irrigation ranging from excellent to good according to SAR-calculated

values (Fig. 17c). Most of the groundwater samples have RSC values falling within

good category (42 wells, 93.3%) and occupying most of the study area. Doubtful

(2 wells, 4.5%) and unsuitable (1 well, 2.2%) categories are represented as scattered

few locations (Fig. 17d). Class II is the predominant PI category (38 wells, 84.4%)

and represented in all parts of the study area while 7 wells (15.6%) are related to class

I and represented as three scattered small locations (Fig. 17e). Base-exchange

reactions are the common CAI category (25 wells, 55.4%) and occupying an area

extending from the southwestern to the northeastern and northern directions

(Fig. 17f). Cation–anion exchange reactions (20 wells, 44.6%) mostly characterize
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the water of the southeastern and northwestern parts of the area. Chloride concen-

trations reveal that most of the groundwater samples fall within fresh category

(30 wells, 66.7%) and occupy the central parts, two samples (4.4%) are very fresh,

and ten wells (22.3%) fell within the fresh–brackish category and are located in the

southern and the northern parts. Brackish (1 well, 2.2%) and brackish–salt (2 wells,

4.4%) groundwater are located in the northern parts as shown in Fig. 18a. According

to the calculated magnesium hazard (MH), 29 wells (64.4%) are under suitable

Fig. 15 Spatial distribution maps of the shallow groundwater suitability for irrigation based on (a)

TDS, (b) Na%, (c) SAR, (d) RSC, (e) PI, and (f) CAI values

Fig. 16 Spatial distribution maps of the shallow groundwater suitability for irrigation based on (a)

Cl, (b) MH, (c) KI, and (d) CR values

674 Z.E. Salem et al.



category and occupy most of the study area, and 16 wells (35.6%) fell within the

unsuitable category and are represented mostly in the southwestern part of the area

(Fig. 18b). Most of the samples of the intermediate zone fall within the suitable KI

category (35 wells, 77.8%), while ten wells (22.2%) are unsuitable and located in the

northern parts (Fig. 18c). As shown in Fig. 18d, the calculated CR values reveal that

most of the intermediate samples fall within corrosive category (34 wells, 75.6%).

Eleven samples (24.4%) are of noncorrosive properties and located in the central part

of the area and other few locations.

5.2.3 Deep Zone

Parameters used for examining of the deep groundwater suitability for irrigationwere

listed in Table 2 and spatially distributed in Figs. 19 and 20. Based on TDS values, all

samples are suitable for irrigation (TDS< 3,000 mg/l) (Fig. 19a). In respect to Na%,

44 wells (65.7%) fall within the category of good and occupy most of the area, and

15 wells (22.4%) are of permissible values and located in the southeastern and the

northeastern directions. Few samples fall in excellent category (2 wells, 2.9%), three

wells (4.5%) are in doubtful category, and three wells (4.5%) are unsuitable

(Fig. 19b). The calculated values of SAR reveal that most of the samples fall within

excellent category (65 wells, 97%), and the rest of the samples (2 wells, 3%) fall into

the good category (Fig. 19c). Calculated RSC reveal that 63 wells (94%) fall into

good category and 4 wells (6%) located in the northeastern part fall within categories

of doubtful and unsuitable (Fig. 19d). Class II is the predominant permeability index

Fig. 17 Spatial distribution maps of the intermediate groundwater suitability for irrigation based

on (a) TDS, (b) Na%, (c) SAR, (d) RSC, (e) PI, and (f) CAI values
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category (58 wells, 86.6%), while 9 wells (13.4%) located in the eastern part fall

within class I (Fig. 19e). The calculated CAI has no definite trend where 32 wells

(47.8%) are under cation–anion exchange reaction category, and 35 wells (52.2%)

fall within base-exchange reaction category (Fig. 19f). Chloride concentrations show

that 4 wells (6%) and 46 wells (56.7%), respectively, fall within very fresh and fresh

category and occupy most of the study area. Seventeen wells (25.4%) have fresh–

brackish characters, and eight wells (11.9%) are brackish and located mostly in the

northeastern direction (Fig. 20a). Calculated magnesium hazard (MH) values reveal

that 60 wells (89.55%) are under suitable category and occupymost of the study area,

and 7 wells (10.45%) are unsuitable and mostly located in the northwestern direction

(Fig. 20b). KI reveal that most of the deep samples fall within suitable category

(56 wells, 83.6%), and 11 wells (16.4%) are unsuitable and characterize small areas

in the south and northeastern parts (Fig. 20c). The calculatedCRhas no definite trend,

and most of the samples fall within corrosive category (45 wells, 67.2%), while

22 samples (32.8%) are characterized by noncorrosive properties (Fig. 20d).

The binary relationships between salinity hazards and SAR (Fig. 21) and total

ion concentrations and Na% (Fig. 22) reveal that most of the shallow, intermediate,

and deep groundwater samples fall within ranges from good to permissible. Some

samples are of the unsuitable category. It is obvious that the quality of groundwater

for irrigation in the southern and middle parts is good to permissible, but the

groundwater in the northern parts is of doubtful to unsuitable characters.

5.2.4 Irrigation Water Quality (IQW) Index

Irrigation water quality index of the shallow, intermediate, and deep groundwater

zones (Table 8, Fig. 23a–c, respectively) has different patterns. IQW of the shallow

zone (Fig. 23a) shows that 4 wells (7.3%) fell within poor category and are located in

Fig. 18 Spatial distribution maps of the intermediate groundwater suitability for irrigation based

on (a) Cl, (b) MH, (c) KI, and (d) CR values
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the northeastern and northwestern parts, and 15 wells (27.2%) are of good water

quality. The medium water quality (36 wells, 65.5%) is the predominant category

and occupies most of the study area. The intermediate groundwater (Fig. 23b) is

predominantly of good (13 wells, 29%) tomedium (29 wells, 64%) water quality and

changes to low quality to the northern part (3 wells, 7%). The deep zone (Fig. 23c), in

general, looks similar to the intermediate zone with medium (34 wells, 51%) to good

(32 wells, 48%) water quality changed to low quality (1 wells, 1%) in the northern

part.

Fig. 19 Spatial distribution maps of the deep groundwater suitability for irrigation based on (a)

TDS, (b) Na%, (c) SAR, (d) RSC, (e) PI, and (f) CAI values

Fig. 20 Spatial distribution maps of the deep groundwater suitability for irrigation based on (a)

Cl, (b) MH, (c) KI, and (d) CR values
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The correlation matrix (Table 7) shows the relationships between IQW and

different water quality parameters. In the shallow groundwater, EC, SAR, Cl, and

HCO3 are the most effective parameters in IQW where the correlation coefficients

range from 0.65 to 0.91. Weak correlation values between IWQ and NO3, pH, Fe,

Mn, Zn, and Cu are noticed. As the soil hydrogeochemical processes decrease in the

Fig. 21 Classification of the collected groundwater samples according to salinity hazards and

SAR values

Fig. 22 Wilcox diagrams for groundwater classification for irrigation use
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intermediate and deep groundwater, the effect of the major parameters like EC,

SAR, and Cl on the IQW decreases downward. In contrast to the shallow ground-

water, correlation coefficient values of EC, Cl, and HCO3 with IQW decrease

downward reaching weak class in the deep groundwater. On the other hand, the

effect of the minor elements on the irrigation water quality index increases down-

ward reaching 0.3, 0.45, 0.35, 0.56, and 0.59 for NO3, Fe, Mn, Zn, and Cu,

respectively. This could be related to the predominance of the water–rock interac-

tion in the intermediate and deep groundwater zones.

6 Conclusions

Based on WHO [46, 47] guidelines for drinking water, Na, K, Mg, Ca, SO4, Cl, Cu,

and NO3 concentrations are lower than the desirable limits in around 80% or more

of the collected samples. Mostly, the samples have undesirable concentrations of

these ions which are located in the northern part of the study area. Around 68–75%

of the samples have HCO3 desirable concentration. TDS, iron, and manganese are

the most effective individual factors for quality evaluation of this groundwater.

65%, 42%, and 58% of the samples have TDS higher than 500 mg/l for the three

zones, respectively. Regarding iron concentrations, 61%, 64%, and 37% of the

wells have undesirable concentrations. Around half of the collected water samples

have undesirable manganese concentrations. Ninety-eight percent of the interme-

diate groundwater samples have desirable TH concentrations, while around 67%

and 61% are recorded for the shallow and deep zones, respectively.

According to WQI, most part of the area in the shallow zone is characterized by

poor quality (26 wells, 47.3%), and 18 wells (32.7%) fall in good categories. The

northern and southern parts of the area show very poor (3 wells, 5.45%) to unfit

(8 wells, 14.55%) groundwater. The intermediate zone has excellent (4 wells, 8.9%)

to good (24 wells, 53.3%) water quality in the central part of the area. While in the

southern part, it has poor quality (13 wells, 29%), and in the northern part, it has

very poor (2 wells, 4.4%) to unfit (2 wells, 4.4%) characters. In the deep zone, the

poor (27 wells, 40%) water quality class covers most of the study area. The latter

class changed into very poor (5 wells, 7%) to unfit (3 wells, 4%) in the southern

Table 8 Classification of groundwater according to its suitability for irrigation

Type of water Range

Shallow zone Intermediate zone Deep zone

No. of

wells

% of

wells

No. of

wells

% of

wells

No. of

wells

% of

wells

Low water

quality

<22 4 7.3 3 7 1 1

Medium water

quality

22–37 36 65.5 29 64 34 51

High water

quality

>37 15 27.2 13 29 32 48
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direction and excellent (2 wells, 3%) to good quality (30 wells, 45%) to the eastern

and western directions.

Ten individual parameters were utilized to assess the quality of studied ground-

water and its reasonableness for irrigation. These parameters are TDS, SAR, Na%,

Cl, RSC, PI, KI, CAI, C.R, and MH. Groundwater wells were ordered concurring

TDS as around 90, 99, and 100% of wells for shallow, intermediate, and deep zone

separately have TDS under 3,000 mg/l. Subsequently groundwater is reasonable for

irrigation. Concerning Na%, the vast majority of the groundwater samples fall into

the classification of good to permissible. The computed estimation of SAR varies

from 0.83 to 21.37 for the shallow zone, 0.57 to 12.1 for the intermediate zone, and

Fig. 23 Spatial distribution maps of the groundwater suitability according to the calculated

irrigation water quality (IWQ) index in the (a) shallow, (b) intermediate, and (c) deep zones
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0.7 to 17.38 for the deep zone and has been classified as about 82% for shallow,

92% for intermediate, and 100% for deep zones of groundwater wells are suitable

for irrigation. Most samples have good RSC category, class II (76–86%, PI), fresh

and fresh–brackish characters (Cl), and suitable KI and MH. Samples that have

base-exchange and cation-exchange characters are mostly present with equal per-

centages in the three zones. A considerable number of samples are of corrosive

properties, 69%, 75%, and 67%, respectively, for the shallow, deep, and interme-

diate zones.

Few samples located in the northern part of the area have IWQ values less than

22 and are considered to be of poor irrigation quality. Groundwater of such regions

could decrease soil quality and led to yield misfortune. As a general guideline,

water pumping from such regions must be stopped. It was estimated that the quality

of the groundwater in the studied aquifer is fairly accepted and in the most parts of

the study area is reasonable for irrigation. Such spatial distribution of the factors

controlling the studied groundwater quality for drinking and irrigation in the three

zones is a reasonable tool to be used in future domestic and rural administration

plans and in deciding the most appropriate site for drilling wells and for evaluating

the general groundwater suitability.

7 Recommendations

The Nile Delta groundwater aquifer is influenced by many environmental factors

like human activity on the surface, sea water intrusion, and the type of aquifer

sediments. Therefore, the decision-maker must take into consideration the lateral

and vertical changes in groundwater quality when digging wells for different uses in

order to achieve the highest utilization of wells. Microbial contamination should

also be studied in spatial form to have a complete image about the Nile Delta

aquifer. The researchers should not study this aquifer as a single homogenous body,

but they should consider the vertical and horizontal change of groundwater chem-

istry. To complete this topic, the authors will conduct a hydrogeochemical study in

the three dimensions of the aquifer.
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Groundwater Management for Sustainable

Development East of the Nile Delta Aquifer

Mohamed Galal A. Eltarabily and Abdelazim M. Negm

Abstract Due to the progressive increase in land reclamation projects in Egypt,

especially east on Nile Delta, efficient water resources management plans and

accurate land cover maps are highly vital. In this chapter, the hydrogeological

characteristics of the Quaternary groundwater aquifer east of the Nile Delta are

presented. This description includes the geomorphology, lithostratigraphy, geolog-

ical Structure, surface hydrogeology, and the recharge and discharge of the aquifer.

The change in land use maps between 1990 and 2004 shows a significant increase in

land reclamation which is critical for informing efficient and sustainable policies

for groundwater management. MODFLOW software was used to model ground-

water flow in three dimensions based on integration with ArcGIS dataset. The

stratigraphy of the aquifer was mapped using the solids approach. The groundwater

head distribution was calculated in 1990 and between 1990 and 2004 after model

calibration for steady and transient states, respectively. The land use for the year

2004 was used to run the predictive transient model to simulate the groundwater

flow and budget analysis for the upcoming 8 years (until 2025). Budget analysis

results showed that Ismailia Canal and Damietta Branch are the primary recharge

components of the aquifer, while the production wells are the main discharge

element. Different strategies for well operation can be implemented to control the

withdrawal based on the storage capacity and aquifer yield as well as the rising

water table in the low elevated lands.
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Abbreviations and Symbols
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1 Introduction

Groundwater is the second most abundant traditional water resource, after the Nile

River. Recently groundwater development and management have become crucial.

The continuous population growth in Egypt leads to increasing demand for ground-

water since the surface water from the River Nile is not sufficient to meet demands.

Due to this increase, successive governments have encouraged agricultural devel-

opment expansion projects. When initiating such major agricultural projects, the

great challenge is to maintain sustainable water resources. Thus, the demand for

accurate land cover change information is increasing. In the East Nile Delta, the

land reclamation projects have drawn attention in the last few decades. These

projects require particular effort to eliminate or at least reduce the negative

hydrogeological impacts of large-scale reclamations such as water logging, draw-

down/rising water table, and soil salinity. Based on the land use/land cover maps
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(LULC) for different years during the time frame of the agricultural expansion

projects, the accurate quantifying of the changes must be detected, and spatial

patterns should be delineated. Such information is critical for making efficient

and sustainable policy decisions for resource management. After this, the three-

dimensional groundwater flow model will be developed to outline the future

framework for groundwater management in the East Nile Delta where a continuous

rise in head associated with agricultural development is reported.

2 Groundwater Aquifer East Nile Delta

The East Nile Delta region is enclosed between latitudes 30� 000 and 31� 300 N
and longitudes 31� 000 and 32� 300 E, approximately. It covers an area of about

14,000 km2. It is bounded on the north by El Manzala Lake, to the east by Suez

Canal, to the south by Ismailia Canal, and the west by Damietta Branch (Fig. 1).

The region slopes towards the north to east-northeast (ENE). A dense network of

irrigation canals and drains constitute the traditionally cultivated land. Within the

study area, a subregion is distinctly characterized by greater agricultural develop-

ment and shows different conditions within the Quaternary aquifer.

Fig. 1 Study area location map of East Nile Delta
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2.1 Physical Setting

2.1.1 Geomorphology

The topography of the study area decreases in elevation northwards with relatively

low topography with gentle slope to the north of Ismailia Canal, whereas the

southern provinces have high features with steeper slopes related to intensive

geological structure. Physical and chemical weathering substantially modified

the morphology of the land surfaces, especially the physical weathering due to

the prevailing arid conditions. Some geomorphologic studies [1–3] have been

conducted, particularly those related to groundwater development where discharge

drainages, collection basins, and watersheds have been investigated. In light of

these studies, eight physiographic provinces can be recognized in the study area

(Fig. 2).
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Fig. 2 Physiographic projection, modified after Shatta et al. [3]
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2.1.2 Lithostratigraphy

The study area is covered with Tertiary and Quaternary sediments with sporadic

mid-Tertiary basalt flows. The deposits form a vast succession in the subsurface

(~5,000 m) with several formations having excellent hydraulic properties that act as

groundwater aquifers. The lithostratigraphic succession in the study area can be

compiled as shown in Fig. 3. In discussing lithostratigraphic section, particular

emphasis shall be given to the water-bearing units of the Quaternary sediments.

Quaternary deposits have a great extension over the land surface and unconform-

ably overlie the Tertiary units. The Pleistocene deposits act as the main aquifer in

the study area and directly rest on the Pliocene clay. The Pleistocene deposits can be

subdivided into two units: the Early and Late Pleistocene sediments. The Holocene

deposits consist of coastal deposits, lagoonal clay and lake deposits (sabkha), and

alluvial deposits. Alluvial deposits are present in the form of silty and sandy clay

layers. The silty layer occupies the present flood plain of the Nile River and acts as a

semi-confined stratum in the Nile Delta [5].

Fig. 3 Stratigraphic section of the area east of Nile Delta, modified after Schlumberger [4]
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2.1.3 Geological Structure

Faults and folds represent the main features of the geological map of the study area.

Faulting is noted in the topographic features of the southern portion of the study

area, while folding may show local imprints. According to this tectonic-structural

map (Fig. 4), the study area can be divided into two tectonic zones, the northern and

the southern, separated by F1–F10 and F2–F20 faults. Unconformity surfaces may
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influence the occurrence and movement of groundwater, especially when combined

with dramatic changes in sedimentary facies of the adjacent Pleistocene sediments.

2.2 Surface Hydrology

Groundwater is strongly influenced by the surface water systems except for the

perfectly confined parts of the Quaternary aquifer. The rate of recharge, flow

direction, and groundwater heads are spatially and quantitively controlled by the

distribution of the surface water system. Surface hydrology includes surface water

system, seasonal precipitation, infiltration rates, and evaporation and transpiration.

2.2.1 Surface Water System

Surface water system includes all water bodies such as canals, drains, lakes, and

tributaries existing in the study area. Suez Canal and El Manzala Lake are saltwater,

and Damietta Branch and Ismailia Canal represent the main freshwater bodies. The

dimensions and capacity of the main water bodies in the study area are shown in

Table 1.

2.2.2 Seasonal Precipitation and Infiltration Rates

The study area falls within the arid climate zone, and the rainfall intensity is very

low. Average annual precipitation is minimal in Cairo ~25 mm/year, but the

maximum values are recorded in the coastal areas ~133 mm/year [8]. The rainfall

increases from south to north, and its effect on groundwater recharge is limited

except for the Ismailia region. Infiltration tests on the different surface sediments at

various localities in the study area were performed by FAO [9], and the results are

shown in Table 2.

Table 1 Main irrigation canals, drains, and lakes in the study area [7]

Water body

Total

length

Bottom width

(m)

Mean depth

(m)

Range of surface water

levels (m)

Damietta Branch 245 km 200:500 6 16.0:�1.0

Ismailia Canal 136 km 10:30 5 16.0:0.0

Bahr El Baqar

Drain

85 km 100:200 5 –

Suez Canal 173 km – 16 –

El Manzala Lake

(area)

1,500 km2 – 1.2 1.0:0.0
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2.2.3 Evaporation and Evapotranspiration

Evaporation and evapotranspiration have substantial impacts on groundwater,

especially in regions that fall in the arid zone. Evaporation rates decrease towards

the north and east with the low value recorded in El Mansoura (44 mm/year) and a

high rate in Cairo (142 mm/year). Average values of the surface evaporation and

evapotranspiration at different locations in the study area are presented in Table 3.

The evapotranspiration increases southwards with a maximum value at Suez and

high values at Port Said. This can be attributed to the wind speed and relatively high

temperature in these locations. Due to the high evaporation rates and limited

precipitation in the study area, the local rainfall has negligible replenishment to

groundwater.

2.3 Hydrogeological Characteristics of the Quaternary
Aquifer

The Quaternary aquifer is the most important water-bearing deposit (~900 m thick)

of the Nile Delta. Two cross sections were constructed to reveal the subsurface

Quaternary aquifer (Fig. 5), where it was classified based on the lithological facies

variation. In the Nile Delta floodplain, the aquifer is confined; however, in the

coastal plain and the northern part of the Rolling Plains, it is semi-confined

[11]. The unconfined condition is common in the south of the Rolling Plains and

Table 2 Infiltration rates of the dominant sedimentary facies at different locations

Location

Infiltration rates (cm/h)

Sedimentary faciesFrom To Average

El Manzala 4 9.6 6.1 Silty clay, loam to clay

El Salheya 2.7 19.4 10.18 Coarse to very coarse sand

El Ismailia 1 23.8 9.6 Sandy clay

El Tumilat 3.6 20.8 12.65 Sand and clay

Table 3 Average values of the surface evaporation and evapotranspiration (mm/year) at different

locations in the study area [7]

Location Free surface evaporation Evapotranspiration

El Mansoura 149 104

El Zagazig 145 102

Damietta 153 107

Port Said 180 126

Suez 200 140

Cairo 189 132

El Ismailia 175 123

694 M.G.A. Eltarabily and A.M. Negm



extends parallel to the course of Ismailia Canal, but variable conditions are dom-

inant in the aquifer at the Isthmus basin. The aquifer is underlain by Pliocene plastic

clay, which acts as an aquiclude, particularly in the floodplain region and entirely

isolates the base of the aquifer from the effects of the older formation. Towards the

eastern and southern regions, the Quaternary aquifer directly overlies the fissured

carbonate aquifers of Miocene and Oligocene age (Fig. 6). The saturated thickness

of the Quaternary aquifer increases gradually in the north-west direction to reach

~900 m (Fig. 7).

2.3.1 Hydraulic Parameters

Hydraulic conductivity (K ) and transmissivity (T ) showed variation within the

same sedimentary unit at various locations and depths. This difference is attributed

to the significant change in the nature of the water-bearing formations laterally and

vertically due to the clay layer interbedding [13]. Other factors include the
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unaccounted leakage from deeper aquifers in contact with the Quaternary aquifer

and partial penetration of pumping wells to the sedimentary layer. Therefore, it is

extremely difficult to assign average values for these parameters in any direction.

The hydraulic conductivity ranges from 10 to 76 m/day (Fig. 8). From the interpo-

lated values, it could be concluded that the K values increase from east to west of

the study area.

The southern part of the Quaternary aquifer is characterized by 200 m thickness,

20% porosity, 75 m/day horizontal conductivity (Khal), 25 m/day vertical conduc-

tivity (Kval), and 10,000–20,000 m
2/day transmissivity [15]. The Quaternary aquifer

can be described as highly productive. The change in K values is associated with the

change in clay content, while the change in T values is attributed to the change in

the aquifer thickness. Table 4 shows the average value of the estimated K and

T values.

The average specific yield for different sedimentary of the Quaternary aquifer

was estimated [13]. Nile silt, sandy clay, and clayey sand sediments show a gradual

decrease in the specific yield values (12–0%) towards both El Manzala Lake and

Damietta Branch. These changes were attributed to the increased clay bed thick-

ness. Fine to medium sand deposits had specific yield values between 10 and 35%

with lower values encountered where clay cap or fully saturated layers exist. Higher

values are reported at Wadi El Tumilat where the clay cap is missing. Coarse sand
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and gravel showed slight lateral and vertical changes in facies which enable

relatively constant specific yield values (~35%) over the entire area. The storativity

for these three formations is 2.3 � 10�3, 1.9 � 10�3, and 6.5 � 10�3,

respectively [16].

2.3.2 Groundwater Movement

Flow patterns can be investigated by the depth to water and water level maps

(Fig. 9a, b). The majority of piezometers had a slight hydraulic head (<7 m), but

the depth to water increased progressively to reach more than 35 m on the newly

reclaimed land. Water levels ranged between 14.25 m above MSL near Cairo and
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Table 4 Summary of the hydraulic parameters in some selected areas within the study region

Region Aquifer thickness (m) Transmissivity (m2/day) Hydraulic conductivity (m/day)

El

Zagazig

100–500 10,000–20,000 40–100

Ismailia 200–400 10,000–20,000 25–40

Belbies 150–200 5,000 20–25
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<1 m near El Manzala Lake. Groundwater flows towards the northeast to ENE with

marked local flow directions at the newly reclaimed lands. This perturbation in

water level and groundwater flow directions at the reclaimed land is attributed to

local changes in the water level as a result of the variations in agricultural irrigation

practices, particularly the irrigation methods that include flooding, drip, and

sprinkler.

2.3.3 Recharge and Discharge of the Aquifer

The Quaternary aquifer is recharged by the seepage of freshwater from the Dam-

ietta Branch and Ismailia Canal, the percolation of return irrigation water especially

in the newly reclaimed lands with sandy soil, the infiltration of excess storage water

in the overlying aquitard, and the inter-aquifer flow in particular between the Nile

Delta aquifer and Miocene aquifer. Groundwater is discharged naturally through

evaporation/evapotranspiration and the natural outflow to discharge sites (e.g. El

Manzala Lake and northern coastal aquifers). It discharged artificially through

agricultural tile drains and by withdrawal from wells. Table 5 shows the estimated

extraction rates of groundwater from the Quaternary aquifer. Table 6 shows the

groundwater balance in the Quaternary aquifer [19], in which the runoff and

infiltration from agricultural lands represent a significant recharge component.

3 Groundwater Modelling for Sustainable Development

Most studies of groundwater have focused on aquifer-stream interactions with little

emphasis on the effect of the intermediate confining units and land use. The changes

in confinement conditions are crucial to the groundwater flow in the aquifer,

especially when a significant change in land use is involved and a considerable

volume of water is added or abstracted from the system [20]. The complex nature

of the lithology and hydrogeology requires the use of numerical tools capable of

Table 5 Extraction of groundwater from the Quaternary aquifer in the study area after RIGW/

IWACO [18]

Area Governorate

Drinking water

(million m3/year)

Irrigation water

(million m3/year)

Total extraction

(million m3/year)

Flood

plain

Cairo 0.7 126.8 127.5

Qalubia 56.4 219 275.4

El Sharqiya 70 197 267

Ismailia – 49.8 49.8

Desert

fringe

El Sharqiya 310 7.5 317.5

Ismailia – 145 145

Total 436.4 618.3 1,054.7
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simulating groundwater flow in such heterogeneous media [21]. Boundary condi-

tions, hydraulic properties, and initial conditions are classic prerequisite parameters

for the aquifer domain, and the accuracy of the final output is highly dependent on

these parameters. To achieve an accurate simulation, the spatial distribution of the

aquifer hydraulic properties conditioned with physical measurement [e.g. hydraulic

conductivity (K ), porosity (φ), storativity (S), and dispersivity] should be

determined [21].

Despite all these difficulties and challenges, the numerical model remains an

important technique for understanding the hydrogeological phenomenon and iden-

tifying certain aquifer parameters. It is a computer-based method for solving flow

and transport equations given the hydraulic parameters of the system in an array

pattern. Numerical approaches deal efficiently with the heterogeneity of the aquifer

hydraulic parameters as well as transport coefficients. Also, numerical models can

simulate several aquifer systems or layers in two or three dimensions and are

extremely flexible in dealing with boundary conditions.

MODFLOW is a well-known public domain, 3D, cell centred, finite difference,

and saturated flow model developed by the United States Geological Survey [22]. It

can perform both steady-state and transient analyses and has a wide variety of

boundary conditions and input options. To model groundwater of the Quaternary

aquifer associated with the agricultural development in the area north Ismailia

Canal in the east of Nile Delta region, a three-dimensional GIS-based model that

simulates the dominant hydrogeologic conditions of the aquifer and major land

cover was developed. This model is expected to provide a management tool and

implementation guide to evaluating the possible water policies that mitigate the

expected deteriorations until the year 2025. Also, the model is capable of showing

the estimated water budget of the system for each defined time step in the simula-

tion, which helps to better understand the dominant hydrological processes that

control the groundwater flow.

Table 6 Groundwater balance of eastern Nile Delta after RIGW/IWACO [19]

Component Recharge (m3/year) Discharge (m3/year)

Subsurface drainage 1,900,000 –

Seepage from the Nile and main canals 400,000 –

Inflow across boundaries 100,000 –

Discharge by tile drains 700,000

Inflow to Damietta 600,000

Discharge into drains 400,000

Groundwater withdrawals 400,000

Evaporation in barren areas 200,000

Outflow across boundaries 100,000

Balance 2,400,000 2,400,000
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3.1 Objectives

In the Nile Delta, groundwater provided the principal water source for the devel-

opment projects which undoubtedly impinged on the quality and quantity of

groundwater reserves. As one of the most dynamic development regions, the East

Nile Delta was selected as an ideal case study for planning groundwater resource

management based on 3D modelling. In this research, a groundwater modelling

approach was utilized to test several groundwater development strategies that

include episodes of intense pumping stress to evaluate the potential of the system

during drought and episodes of medium to low pumping for sustainable water use.

3.2 Methodology

In this study, a three-dimensional finite difference model was developed to simulate

groundwater flow in the Quaternary aquifer of the area north Ismailia Canal, East

Nile Delta region. MODFLOW was selected to numerically solve the governing

flow equation based on water balance with a fully implicit finite different approx-

imation [23]. The governing equation is written as follows:

∂
∂x

Kxx
∂h
∂x

� �
þ ∂
∂y

Kyy
∂h
∂y

� �
þ ∂
∂z

Kzz
∂h
∂z

� �
� ω ¼ Ss

∂h
∂t

where Kxx, Kyy, and Kzz are hydraulic conductivities values (m
3/day) along x, y, and

z axis, h is the hydraulic head, ω is a source and sink term (volumetric flux m3/day),

Ss is specific storage (dimensionless), and t is time (day). Mapping stratigraphy and

assigning hydraulic parameters are always a great challenge and important factors

that determine the model accuracy. The available 93 borehole data was utilized to

map the stratigraphy, and the hydraulic conductivity and other hydraulic parameters

were assigned based on the results of lab measurements and pumping tests. All

calculations are based on water mass balance equations where in–budget ¼ out–

budget � storage. All model boundaries were assigned as specified head boundary

conditions in which an unlimited volume of water enters or leaves the system based

only on hydraulic properties and constraints and aquifer stress. The selected

boundaries which include Damietta Branch, Ismailia Canal, Suez Canal, and the

Mediterranean Sea were assigned as the constant head is justified. The specified

head in Damietta Branch and Ismailia Canal boundaries can be updated in the case

of future dramatic changes in the rate of water release from Aswan Dam to maintain

the acceptable accuracy of the results.

Other water bodies such as drains, irrigation canals, and El Manzala Lake were

mapped in different ways (Fig. 10). Drains can only gain water from the system if

the groundwater level was higher than the drain level and the infiltration is

controlled by the drain bed conductance. Irrigation canals may gain or lose water

based on the water level in the canal relative to groundwater level. El Manzala Lake
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represents the significant discharge for the surface water system, but this setting

may vary in case of groundwater due to the change in hydraulic head and the lake

bottom bed conductance. Therefore, El Manzala Lake was mapped as a general

head to swiftly manipulate the variations in hydraulic head and lake bed conduc-

tance. Infiltration from agricultural fields can be simulated as recharge zone in

which one can relatively estimate the volume of water that reaches the saturated

area of the groundwater system.

3.2.1 3D Stratigraphic Model

Solids developed from 3D borehole data can be used arbitrarily to map such

complex stratigraphy of the aquifer. The relationship between the hydrogeological

units of 93 boreholes selected in the study area (Fig. 11) was first checked to

confirm a relative spatial continuation of the layers in the model domain. This is

an essential requirement before assigning horizon IDs for each hydrogeological unit

that will be subsequently used for mapping the stratigraphy into solids.

Fig. 10 Simplified sketch of the main model components

Groundwater Management for Sustainable Development East of the Nile Delta. . . 703



3.2.2 Building the GIS-Based Conceptual Model

In a conceptual model approach, the model parameters are designed as sources and

sinks, boundary conditions, and observation points in the map module using the

GIS tools. Once this is completed, the model can be exported to the MODFLOW, in

such a way that these hydraulic data are automatically arranged in arrays. Since the

upper 100 m of the Quaternary aquifer is modelled, the effect of the bottom layer is

negligible, and the assumption made is that the bottom layer is deeply extended.

Assuming a relatively constant water level throughout the study period, Damietta

Branch, Ismailia Canal, Suez Canal, and the Mediterranean Sea were mapped as

specified head boundary conditions. El Manzala Lake was mapped as general head,
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while irrigation canals and drains were mapped and assigned attributes using,

respectively, river packages and drain package. Both the production and observa-

tion wells were assigned to the conceptual model using, respectively, well and

observation packages.

3.2.3 Model Execution and Calibration in Steady State

For model execution, the PCG2 package in MODFLOWwas used to set the criteria

for the iteration process used in solving the flow equation. The first run of the model

was successfully executed using the initial input parameters to define the head

distribution in the unstressed steady state. Model calibration is an essential part of

adjusting the input parameters until the calculated and observed head in observation

points reaches acceptable matching. The sets of these parameters were systemati-

cally adjusted starting withK values, recharge rates, and finally conductance values.

Table 7 shows the final input parameters that were used in the calibrated unstressed

steady-state model. Figure 12a shows the distribution of the calculated head

obtained from the calibrated unstressed steady state.

3.2.4 Model Calibration in Transient State

Transient simulations were used to analyse time-dependent starting with the

calibrated steady-state condition. Managing transient simulations involves large

amounts of transient datasets such as pumping well data, recharge data, and

observation data. In MODFLOW, the computed water budget consists of two

parts: the inflow and outflow budgets. The inflow budget includes five components,

namely, constant head, general head, recharge, infiltration from irrigation canals,

and in-storage (stored water in the aquifer). The outflow budget consists of

six components, namely, constant head, general head, production wells, drains,

infiltration to irrigation canals, and out-storage. The groundwater head spatial

distribution from steady-state model in 1990 and transient state simulation between

Table 7 Calibrated parameters for the steady-state model simulation

Hydraulic parameters Material Value (m/day)

Kxx (m/day) Clay 0.0015

Sandy clay 0.85

Fine sand 1.1

Coarse sand 85

Sand and gravel 375

Recharge rate Traditional agriculture 0.00000582:0.00005

Reclamation land 0.00005:0.0029456

Conductance Irrigation canals 0.001:0.03

Drains 0.01:0.12
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1990 and 2004 are shown in Fig. 12a, b. The statistical analysis of groundwater flow

rates shows an increase in the recharge rate of the groundwater aquifer during this

period.

3.2.5 Prediction and Future Development

Using groundwater spatial distribution information as input data for the predictive

transient simulation and assuming no changes in hydrogeological conditions and

land use in the modelled area over the next 8 years; the head distribution by the year

of 2025 was predicted in the study area. The spatial distribution of the predicted

changes in the head is valuable information that helps planning efficient and

sustainable groundwater development strategies such as rate and distribution of

withdrawal stress from production wells.

4 Conclusion

This chapter summarizes the hydrogeological characteristics of the Quaternary

groundwater aquifer east of Nile Delta. The integration of GIS and GMS models

played a significant role in the construction of a 19 layer groundwater flow model

Fig. 12 (a) Groundwater head distribution by the calibrated steady-state model in 1990; (b) head

distribution resulting from the interpretive transient model 1990–2004 (bars represent the accu-

racy reported in observation wells, green: �0.5 m, 0.5 m < yellow �1.0, and yellow >1.0 m)
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and effectively enabled smooth management to the required database. The budget

analysis of groundwater flow simulation in the three-dimensional model using the

MODFLOW code indicated that pumping discharge from production wells effi-

ciently controls the rising water level in the confined part of the Quaternary aquifer

and the infiltration from agricultural fields is the key factor in the unconfined part.

The primary recharge of the aquifer is the infiltration from the Ismailia Canal and

Damietta Branch which significantly increases during the high pumping stress from

wells. The up-to-date land use maps should be provided and interpolated to the GIS

model for accurate model simulation. The results of the present model exercise

constitute a foundation for sustainable water resource management in the East Nile

Delta, and the calibrated model can be used to evaluate the efficiency of multi-

disciplinary policies shortly.

5 Recommendations

For better groundwater management for sustainable development, it is recommended

that the strategies for the production well operations are controlled. Setting up a GIS

database for groundwater resources in the study area is required. The GIS database

includes the active and abandoned groundwater wells, their pumping rates and screen

depths, irrigation canals, drains, seepage surfaces, soil type, and agricultural fields.

This information is important for monitoring programmes and efficiently helps to

obtain the optimum results from groundwater models.

Implementing monthly monitoring of groundwater levels, especially in the

northern confined aquifer and near the saltwater interface, verifies the validity of

the resulting management plan of this study and updating the model as required for

improving the accuracy of the predictions. Implementation of a licensing system for

new groundwater well construction strictly adheres to the guidelines of drilling

depth, screening interval, and the distance between wells based on the permissible

withdrawal rates and the capacity of drawdown recovery.
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Groundwater Management for Sustainable
Development Plans for the Western Nile
Delta

Mohamed Galal A. Eltarabily and Abdelazim M. Negm

Abstract Egypt is considered an arid country and the primary water resource is the
River Nile. The limited availability of renewable freshwater for agriculture and urban
development is amajor constraint. The role of groundwater is steadily increasing andwill
cover 20% of the total water supply in the coming decades especially in the reclaimed
areas of the Western Nile Delta. Serious environmental problems are emerging in the
groundwater aquifer in Western Nile Delta such as waterlogging, soil salinity, and the
risk of saline water intrusion to the north aquifer. An efficient integrated and sustainable
management plan for groundwater resources is needed to avoid the deterioration of the
groundwater aquifer in Western Nile Delta. In this chapter, a brief description of the
groundwater aquifer in Western Nile Delta and a review of previous studies on ground-
water hydrology were presented. GIS and MODFLOW models were integrated to
simulate the groundwater flow in the studied Quaternary aquifer. The developed model
was calibrated for steady-state and transient conditions for groundwater heads till 2002.
The groundwater potentiality was evaluated, and different management scenarios were
analyzed for groundwater prediction. The results of the current situation of groundwater
showed that groundwater aquifer inWesternNile Delta is susceptible to significant water
table reduction especially in the unconfined parts for the case of overstress discharge. The
net aquifer rechargewas increased for the case of reducing the surface water inflowwhile
increasing the annual abstraction and improving the irrigation system. The annual aquifer
potentiality was increased by the construction of a new canal to feed the aquifer towards
the northwest direction. Therefore, efficient integrated and sustainable management of
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groundwater resources relies on a comprehensive database that represents the character-
istics of the aquifer andmodeling software to achieve the impacts of decision alternatives.

Keywords Groundwater management, MODFLOW, Sustainable development,
Western Nile Delta

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 710
2 Study Area West Nile Delta . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 711
3 Physical Setting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 711

3.1 Climate Condition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 711
3.2 Geology and Geomorphology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 712
3.3 Land Use . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 713
3.4 Surface Water and Drainage System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 713

4 Hydrogeological Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 715
4.1 Groundwater Quaternary Aquifer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 715
4.2 Groundwater Levels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 715
4.3 Recharge and Discharge of Groundwater . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 715

5 Groundwater Flow Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 717
5.1 Conceptual Model Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 717
5.2 Numerical Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 719
5.3 Boundary Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 720
5.4 Model Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 720
5.5 Groundwater Assessment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 720

6 Groundwater Management Plans . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 721
7 Conclusion and Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 725
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 726

1 Introduction

With the increase in the demand for freshwater, the attention of nonconventional
water resources is drawn. Nile water alone is no longer adequate for the increasing
water requirements for the different development activities in Egypt. Groundwater is
playing an essential role in water supply because of its importance for the domestic,
agricultural, and industrial use. However, many cautions and worries are increasingly
being voiced about the dangers that surround the groundwater resources. These
concerns are related to the groundwater depletion as a result of overabstraction [1]
and also, quality deterioration brought by many modes of contamination. Intensive
expansion in land reclamation, increased population, and construction of new indus-
trial projects cause changes in water demand and the groundwater regime. Ministry
of Water Resources and Irrigation [2] introduced the West Delta water conservation
and irrigation rehabilitation project aiming to the implementation of a pipe network
to transfer surface water to irrigate about 107,000 ha (264,403 feddan) located in the
South of the West Delta. This will be reflected in rising of groundwater levels
accompanied by the formation of local groundwater mound sand logging problems.

The Nile Delta aquifer is considered an essential source of groundwater abstrac-
tion as it represents 87% of the total groundwater abstraction in Egypt [3]. The
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primary source of the Nile aquifer recharge is the seepage from the surface water
irrigation/drainage systems and infiltration from the cultivated land. The conjunctive
use of surface water and groundwater plays an active role during the period of peak
irrigation demand. The amount of water abstraction from the Nile aquifer (Delta and
Valley) was estimated in 2010 at 6.2 BCM, which is within the safe yield (8.4 BCM)
that was evaluated by MWRI [4].

In the Western Nile Delta region, groundwater is the primary source for domestic,
industrial, and agriculture use. With the expansion of developing activities in this
area, it is essential to develop a groundwater management strategy to avoid any
environmental impacts on the aquifer system due to the extensive future abstraction
of groundwater. For better management of groundwater resources, it is crucial to
have enough data about the physical and hydrogeological settings for the study area.
Physical parameters include land use, meteorological data, topography, soil classifi-
cation, and drainage as well as irrigation systems. Hydrogeological setting comprises
the aquifer system, boundary conditions, hydraulic parameters for all aquifer layers,
and monitored groundwater levels.

Data used in groundwater modeling consists of the aquifer system stress factor, the
aquifer system geometry, and the hydrogeological parameters [5]. Stress factors for
groundwater flow include effective recharge, pumping volumes, water surface flow
exchanges, etc. Appropriate aquifer system geometry can be determined using geo-
logical information (maps and cross sections), topographic maps, as well as contour
maps of the upper and lower limits for the aquifer strata and aquitards. Links can be
organized between MODFLOW, groundwater model, and the GIS. The GIS software
is used to preprocess and postprocess the spatial data. Recently, the use of GIS has
grown rapidly in groundwater assessment and management researches such as Arshad
and Zulfiqar [6], Kharad et al. [7], Sarma and Saraf [8], and Singh and Prakash [9].

2 Study Area West Nile Delta

Western Nile Delta region occupies the area between Cairo and Alexandria. The
southern boundary is near Cairo, the eastern boundary is the Rosetta Branch, and the
north is bounded by the coast of the Mediterranean Sea. It extends westward to the
desert area from the west of Wadi El-Natrun up to the eastern edge of the Qattara
Depression. The modeled area covers about 15,170.6 km2 (Fig. 1).

3 Physical Setting

3.1 Climate Condition

Table 1 shows some data from meteorological stations situated in the Western Nile
Delta region. These data include air temperature, relative humidity, evaporation, and
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rainfall. The annual mean of the evaporation intensity decreases from South to North
and from summer to winter. Rainfall increases in the northward direction. Given the
available rainfall records, a 100 mm amount of rainfall may take place intermittently
and at intervals hardly exceed a couple of hours.

3.2 Geology and Geomorphology

West Nile Delta consists of a sedimentary succession which ranges in age from the
Late Cretaceous to Quaternary. The eastern area of the studied region is covered
with Holocene clay while the western part is covered with Quaternary sediments
[11]. West Nile Delta area can be classified into four forms: young alluvial plains, old
alluvial plains, fanglomerates, and dunes [12]. The young alluvial plains dominate the
cultivated lands bordering Rosetta branch. Irrigation canals and drains dissect these
plains, sloping from South to North. The ground elevation ranges between 18 m
(+MSL) in the South, to about 4 m (+MSL) in the North by an average slope value of
1 m/10 km [13]. The old alluvial plains expand over the western fringe of the Nile
Delta and are occupied by most of the newly reclaimed areas. Fanglomerates are
considered to represent the Wadi downwash brought by the drainage lines depositing
their loads before reaching the Nile. They are covered by relatively thick conglo-
merates and loose sand deposits. They are mainly composed of fine-grained sand.

Fig. 1 (a) Location map of Western Nile Delta area; (b) surface water system of Western Nile
Delta [10]
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3.3 Land Use

The traditionally cultivated lands are predominating in the eastern part of the Western
Nile Delta region. Reclaimed areas are present in the western part of the region that
depends on surface water or groundwater for agriculture. Drainage water from open
drains is partly reused for irrigation to cover the shortages of the irrigation water [14].

3.4 Surface Water and Drainage System

The main surface water channels are Rosetta branch, Rayah El Beheiry, Rayah El
Nasseri, and El Nubariya canals (Fig. 1b). These water channels are mainly cutting
through sands. Therefore, a direct connection between the surface water and ground-
water exists [3]. Table 2 lists the average monthly surface water levels and inflow
through the surface water system. The Rosetta branch (239 km in length) acts as a
drain for the groundwater [15]. Rayah El Beheiry starts from Delta barrage and
extends for a distance of 65 km. Rayah El Nasseri begins from Delta barrage and
extends for a total length about 68 km running northward in the beginning and then
northwestward until it joins with El Nubariya canal. Rayah El Beheiry, Rayah El
Nasseri, and El Nubariya canals in their first reaches act as influent streams and are
considered the main source for groundwater recharge in the study area [11]. El
Nubariya canal, in the end reaches, acts as a discharging effluent stream for ground-
water. The open drains are intensively distributed in the old lands of the eastern part of
the study area. These drains discharge large quantities of drainage water, but their
effects are local. In most of the reclaimed areas in the western desert fringes, there is
no tile drainage system. More open drains must be planned and constructed to solve
many problems of water logging in these areas.

Table 1 Summary of meteorological data for Western Nile Delta region

Station

Temperature (�C)
Relative
humidity Evaporation Rainfall

Annual
average Max. Min.

Annual
average
(%)

Annual
average
(mm/day)

Annual
(mm/year)

Max.
(mm/day)

El-Tahrir 20 34.5 5.80 64.0 6.6 34.4 8.50

Cairo 21.2 34.0 7.50 56.0 8.7 17.62 4.60

Alexandria 20.1 26.4 13.5 68.7 5.0 190.9 53.5

Damanhur 19.6 25.8 12.3 67.7 4.4 90.2 24.2

Wadi
el-Natrun

20.9 27.4 13.2 55.3 9.6 38.5 11.2
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4 Hydrogeological Conditions

4.1 Groundwater Quaternary Aquifer

Quaternary aquifer, the Pliocene aquifer, and the Miocene aquifer are groundwater
aquifers reusable for exploitation in the Western Nile Delta region (Fig. 2). The
Quaternary aquifer is the main water-bearing formation in the study area. The most
importantone is theQuaternaryaquifer that consistsofPleistocenesandandgravel, and
clayey facies in theNorth.This aquifer is overlaid by a clay capwhich is considered as a
semi-confining layer with a thickness varying from 10 m in the South to 30 m in the
North. The thickness of the Quaternary aquifer ranges between 50 m along the desert
fringes in the West and 800 m in the North. Tables 3 and 4 show the hydraulic
conductivity of the Quaternary aquifer and clay cap layer. The groundwater salinity is
about 800 ppm in the South, and it reaches about 359,000 ppm in the North due to the
effect of seawater intrusion [25]. The piezometric lines show radial flow towards the
depression of Wadi El-Natrun and the groundwater is discharged through seepage
zones into small lakes,ponds, andsabkhas,where thewaterevaporates inamountsup to
70� 106 m3/year.

4.2 Groundwater Levels

The depth from the ground surface to the groundwater is less than 3 m in the eastern
part of the Western Nile Delta region. It decreases northward and to the northeast. It
ranges from 3 to 8 m in northeastern part and increases in the southwest direction
ranging from 20 m to more than 50 m near western desert fringes (high topography
area) (Fig. 3). The piezometric head levels are decreasing within the Western Nile
Delta region from more than 15 m (+MSL) in Cairo to 1 m (+MSL) near the coast.
The piezometric contour lines in the hydrogeological maps of the Western Nile Delta
show a local increase in heads due to the effects of old reclamation projects based on
surface water using the traditional flood irrigation method where the infiltration rate
is very high. Also, local depression appeared due to extensive groundwater abstrac-
tion where many recent private reclamation projects have been developed.

4.3 Recharge and Discharge of Groundwater

The groundwater in Quaternary aquifer in Western Nile Delta exists mainly under free
water table conditions (unconfined). Semi-confined conditions are locally present where
clay cap is found (northeast of the study area). The aquifer in the floodplain (southern
and central portions) is continuously recharged by the leakage of excess surface
irrigation water; thus, the aquifer acts as a storage reservoir. It is also recharged by the
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seepage from canals, and infiltration of rainfall that takes place only during the winter
months. In the southern and central parts of the floodplain, the downward leakage
towards the aquifer ranges between 0.25 and 0.8 mm/day, depending on irrigation, and
drainage practices, and the soil type. In the desert areas, relatively high leakage rates are
observed for basin, furrow, and sprinkler irrigation (1.0–1.5 mm/day) with much lower
rates for drip and central pivot irrigation (0.1–0.5 mm/day). Discharge of groundwater
takes place naturally through the outflow into the Rosetta branch and drainage system,
evapotranspiration, and inter-aquifer flow of groundwater, and artificially through direct
abstraction. Groundwater return flow to Rosetta branch and drains and extraction by
production wells are the main discharge components.

30°E

31°N

30°N

31°E

Mediterranean Sea

N

E

S

W

30 km

Semi-confined (Quaternary) aquifer

Unconfined (Quaternary) aquifer

Sand dunes

Coastal aquifer

Pliocene  aquifer

Oligocene aquifer

Miocene aquifer

Cairo-Alex. Desert Road

Fig. 2 The groundwater aquifers in Western Nile Delta (after [16])
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5 Groundwater Flow Modeling

In the present study, TRIWACO a steady-state, three-dimensional, finite-difference
groundwater flow model has been employed to simulate flow and get the budget of
groundwater in the study area. TRIWACO is a numerical program package for three-
dimensional simulation of groundwater flow under the steady-state and transient
conditions by finite element technique. MODFLOW has been used through the com-
prehensive packages of the program. It has been used in the present study as tools for
every phase of the groundwater simulation including area characterization, model
development, postprocessing, calibration, and visualization [27].

5.1 Conceptual Model Development

To develop a conceptual model, the locations of rivers, canals, drains, wells, layer
parameters such as hydraulic conductivity, and model boundaries for the simulation
have been defined at the conceptual model level. Once these data are completed, the
conceptual model is converted to the grid model, and the program performs all of the
cell-by-cell assignments automatically. The model consists of the multilayer aquifer
system. The first layer represents the semi-confining layer (upper clay layer) that is
modeled as an aquifer in which horizontal and vertical flow is simulated. All surface
water features such as Rayah El Beheiry, Rayah El Nasseri, and El Nubariya canals
and main open drains are included as “rivers” in the model. Groundwater abstraction
occurs from Quaternary and Miocene aquifers, while storage changes (confined or

Table 3 Hydraulic parameters of the Quaternary aquifer in Western Nile Delta

Study
K
(m/day) T (m2/day) S Sy

Porosity
(%)

Effective porosity
(%)

Zaghloul
[17]

119.00 10�4
–10�3 0.15 30

Shahin
[18]

50.00 2,500–25,900 10�5
–10�4 0.20 25 23.25

Laeven
[19]

150.00 10,350–59,800 25–30

RIGW [20] 75.00 15,000–75,000 10�4
–10�3 25–40

Bahr [21] 75.00 1.1 � 10�3 25 18

K hydraulic conductivity (m/day), T transmissivity (m2/day), S storage coefficient, Sy specific yield

Table 4 Hydraulic
conductivity of the semi-
confining clay cap layer

Study Kh (m/day) Kv (m/day)

Farid [22] 0.2160 0.0025

RIGW/IWACO [23] 0.2505 0.0484

Warner et al. [24] 0.2160 0.0073
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unconfined, depending on the groundwater level relative to the top of the layer) are
simulated when the model is running in the transient state (Fig. 4).

Fig. 3 Average depth to groundwater in the Quaternary aquifer in Western Nile Delta in 2008 [26]
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5.2 Numerical Simulation

After initializing the numerical model data, interpolation is used to define the top and
bottom elevations of the layer and the starting (observed or initial) head levels of
groundwater. The conceptual model is then converted from a high-level feature
object-based to a grid-based MODFLOW numerical model. GIS was used to manage
the spatially distributed input parameters and outputs of the model [28]. Primarily, the
hydrogeological properties of the aquifer (geological layers, hydraulic conductivity,
and porosity), and also maps of land use, the location of pumping wells, and surface
water bodies were imported to the database of the ArcGIS. Ground elevation and
topographymap was generated by the interpolation of the points’ data from boreholes
over the area. Two aquifer layers covering an area of about 15,170.6 km2 have been
simulated in the computational 3D grid that consists of 32,800 nodes and 64,870
equilateral elements incorporating the triangular elements size that ranges from 500m
in the main area of interest to 1,000 m in the remainder of the area and the desert
fringes outside the area.
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5.3 Boundary Conditions

For the southwestern border where faults exist, and no flow from the western desert
enters the aquifer system, no flow boundary was specified (Neumann conditions). In
this case, the derivatives of the head (flux) across the boundary are set to zero. Water
levels in Rosetta branch were almost constant. Therefore, the piezometric heads are
constant (Fig. 5) and do not change with simulation time. This eastern border is
specified across the model as a fixed head boundary (Dirichlet conditions). Rayah El
Beheiry to the east and El Nubariya canal to the north are defined as stream flow-
routing (River) package that simulates the interaction between surficial streams and
the groundwater. Water can move from the stream to the aquifer or from the aquifer
to the stream depending on the relative differences in the stream stage and the water
table elevations. The recharge zones depend on the land use and hydrogeological
conditions for each zone. The influx to the system is assumed primarily through
recharge due to infiltration from canals, excess irrigation water, and limited rainfalls.

5.4 Model Calibration

The model was calibrated against the available average annual groundwater heads of
about 60 observed wells during the period from 1990 to 2002. The calibration is by
steady-state and transient nonlinear conditions using trial and error method which
requires several trials by adjusting the hydraulic conductivity, specific storage, and
recharge. Model is repeatedly run within an acceptable level of accuracy (�0.5 m)
until the computed solution is matched with the observed values. Figure 6 presents a
map of the calibrated piezometric surface for the Western Nile Delta area.

5.5 Groundwater Assessment

To assess the groundwater resources within the study area, the calibrated model has
been used to calculate the water balance and the groundwater aquifer potentiality. The
surfacewater inflow to the study area is about 9,375millionm3, and the drainagewater
is approximately 4,545 million m3, out of this volume about 875 million m3 is reused
for irrigation. The calculatedwater balance indicated that the annual net recharge to the
aquifer system is estimated at 1,950millionm3 and the annual total aquifer potentiality
at about 468millionm3. Figure 7 shows the schematic diagram for the calibratedwater
balance for the Western Nile Delta.
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6 Groundwater Management Plans

To achieve the sustainability plan of water resources developments of the Ministry of
Water Resources and Irrigation [4] at Western Nile Delta, it is clear that the manage-
ment plans are required to provide the water requirements for the newly proposed
reclaimed areas. Therefore, water budgets analysis till the reference year should be
adequately calculated for accurate prediction of the groundwater heads and tested
with different alternative scenarios. Previous researchers studied the groundwater
management for sustainable developments of Western Nile Delta (e.g., [10, 29, 30]).

El Molla et al. [10] studied different management scenarios for the Western Nile
Delta aquifer to satisfy the need for 465,000 feddan of new lands reclamation. Water

Fig. 5 Constant heads for Western Nile Delta [26]
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demand of 7,000 m3/year/feddan as an average for Western Nile Delta is assumed
[3]. Therefore, the excess inflow required for irrigation water supply is nearly 3.25
bm3. Recharge seepage down to the aquifer after full reclamation is 1.2 mm/day per
feddan. Safe abstraction from the groundwater aquifer in the year 2017 was calcu-
lated after reclaiming all areas for cultivation in Western Nile Delta. Three different
scenarios were studied with alternative conjunctive uses for available water
resources in Western Nile Delta (surface water, groundwater, and drainage water
reuse) to prevent aquifer depletion.

The first scenario is the construction of a new canal with 2.1 BCM of surface water
taken from Rayah El Beheiry as proposed by MWRI [3]. The increase of safe
groundwater abstraction to avoid aquifer exploitation, as calculated by the model, is
about 1.0 BCM/year. Groundwater piezometric heads for the first scenario are shown
in Fig. 8a. It is clear that observed excess recharge has affected the piezometric head in
the southern part of the study area, that is raised from �15 to 3 m. These changes
causedmoving back of the contour lines in the northern area especially in the part near
to the Rosetta branch. Contour lines in the southern section near Rosetta branch were
decreased by about 1 m. It is observed that the amount of abstraction by wells was
approximately equal to the net recharge of the aquifer. Therefore, finally no changes

Fig. 6 Calibrated groundwater piezometric heads for Western Nile Delta [29]
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in piezometric levels except for local conditions are attributed to the vicinity of the
modeled abstraction wells. Water budget analysis shows an increase in recharge with
1.0 BCM according to the increase in the cultivated area. Constant head outflow
increased by 0.05 BCM, and the influx changed only with 0.001 BCM.

The second scenario is the drainage water reuse of the drainage water that flows
into the sea. The drainage water reuse accounts 4.50 BCM, 5.50 BCM, 13.50 BCM,
and 15.50 BCM in year 2005, 2007, 2015, and 2017, respectively [2, 10, 31,
32]. This scenario was processed by using the same input data as in the first scenario,
but without the proposed canal therefore extra 2.25 BCM was gained from the use of
drainage water. Quantitatively, this situation is similar to the first one except for the
additional amount of freshwater needed for mixing with drainage water and also salt
concentrations are increased.

The third scenario is the reduction of Rosetta branch discharge to account for
Toshka project. Water requirements for Toshka project is 5.5 BCM per year. In 2017,
the Ministry of Water Resources and Irrigation was organizing a plan to decrease
4 BCM from delta region by changing the crop patterns and 1.5 BCM from current
discharges of Upper Egypt [3]. This reduction of 4 BCM will be divided between
western, middle, and eastern delta with a ratio according to the current recharge. The
current water distribution for Western Nile Delta is 10.98 BCM (32.3% of the delta).
This scenario has an effect on the total water resources availability Western Nile
Delta. Rosetta branch flow will decrease to 9.69 BCM, which is not enough for the
existing cultivation area.
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Groundwater levels are declined, and the highest groundwater level is about 6 m.
This lowering in the piezometric head would increase the saltwater intrusion from the
Mediterranean Sea. Water budget for the groundwater aquifer indicated an apparent
shortage in the recharge values in comparison to the abstraction. The water budget
analysis for the study area in 2017 is listed as follows [10]:

Available water quantities:

• Rosetta branch, 9.69 BCM
• Abstraction from groundwater aquifer, 2.08 BCM

Required water quantities:

• Old cultivated areas, 10.9 BCM
• Newly cultivated lands, 3.25 BCM

Shortage of about 2.38 BCM/year will occur if this scenario is applied. It is therefore
recommended to either decrease cultivated area (donot reclaimall the planned regions) or
change the crop pattern to decrease irrigation water application or increase the canals’
network discharge by the 2.38 BCM.

Dawoud et al. [29] developed a GIS-based model for the Western Nile Delta
aquifer to evaluate groundwater potentiality. Two scenarios were simulated and
tested using the calibrated groundwater model in 2002. The first scenario considers
a reduction of the surface water inflow to Western Delta region. The problem of
shortage in irrigation water could, in this case, be partly solved by increasing the
annual abstraction from the groundwater by about 450 million m3 and also by
improving the tradition flooding irrigation system. The surface water is hydraulically
connected with the Quaternary aquifer in Western Nile Delta. So, any change in the
surface water inflow would have a direct impact on the groundwater heads. Also,

Fig. 8 Groundwater heads, (a) for the first scenario; (b) for the third scenario [10]
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irrigation system improvement could reduce the rate of water application and then
minimize the amount of recharge to the aquifer system.

The new water levels in the surface water bodies after the reduction of surface
water inflow have been calculated along with the new rate of recharge after the
irrigation system improvement. After running the model, it was found that although
recharge input to the model has been reduced by 10%, the net recharge calculated
from the model is increased by about 5.7%. This is due to the effect of river/aquifer
interaction. The increase in net recharge is coming from the seepage from the surface
water bodies. But, it was also found that the aquifer potentiality has been reduced by
about 91%.

The second scenario has evaluated the effect of constructing a new canal that
diverts the water from Rayah El Beheiry to the western part of the study area. It could
help to feed the newly reclaimed lands and to minimize the overpumping of
groundwater in the stressed areas. Although the path of this new canal is not yet
defined along with the water levels, a preliminary test has been evaluated and shows
that the annual aquifer potential could be increased by about 23%.

Morsy [30] studied the impact of groundwater development plan from the year
1992 to 2008 for the Western Nile Delta aquifer on the water table and highlighted
the waterlogging problems. A drawdown of groundwater levels in the southern part
of the western fringes of the Nile Delta (between 5 and 15 m) due to extensive
exploitation of groundwater and lack of recharge was recorded.

7 Conclusion and Recommendations

This chapter summarizes the physical and hydrogeological settings of the Quaternary
aquifer in Western Nile Delta including land use, meteorological data, topography,
soil classification, drainage as well as irrigation systems, boundary conditions, and
hydraulic parameters. The groundwater aquifer is mainly recharged by Rayah El
Beheiry, Rayah El Nasseri, and El Nubariya canals in their first reaches. Discharge
from the aquifer takes place through the outflow into the Rosetta branch and drainage
system, evapotranspiration, inter-aquifer flow of groundwater, and direct abstraction
by production wells. Groundwater aquifer in Western Nile Delta is in direct connec-
tion with Rosetta branch and main canals. A GIS-based model has been developed
with the conjunction of MODFLOW groundwater model to simulate the water
resources in theWestern Nile Delta. The model has provided a useful tool to evaluate
the groundwater resources status and to test the different proposed management
alternatives in the region of West Nile Delta. The model was calibrated against the
average annual groundwater heads of about 60 observation wells during the period
from 1990 to 2002.

Results showed that, in case of planned reclamation completion for 460,000
feddan, the regional water balance indicated that the extra abstraction must not
increase more than 1.0 BCM/year to avoid aquifer exploitation. Water budget in
Western Nile Delta shows the need to increase the surface water quantity by 2.1
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BCM through the newly proposed canal to fulfill the required irrigation demands for
the new reclamation area. Results also clearly indicate that reducing the surface
water inflow and increasing the dependency on groundwater abstraction and irri-
gation system improvement would decrease the annual aquifer potentiality by about
91%. These results illustrate the need for a more detailed analysis concerning the
effect of irrigation improvement and thus could be considered as preliminary
regional evaluation for testing the alternative water management scenarios in West-
ern Nile Delta area.

It is strongly recommended to study the effect of saltwater intrusion on the
groundwater quality for a better understanding of the water management scenarios
especially if drainage water reuse is implemented. To avoid groundwater deterior-
ation at Western Nile Delta, it is recommended to apply well-controlled license
system of wells abstraction to update the wells inventory database. Some baseline
data is available, but it is full of inconsistency due to several reasons among them the
unregistered or unofficial abstraction from wells. Updating this information would
be a first step and additional research will be needed for the optimum operation and
maintenance of the whole groundwater aquifer system in Western Nile Delta.
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Update, Conclusions,
and Recommendations
for Groundwater in the Nile Delta

Abdelazim M. Negm, El-Sayed E. Omran, and Sommer Abdel-Fattah

Abstract The current Egyptian situation is framed by land and water scarcity,
which are under severe stress. The Nile Delta is well known as one of the most
densely populated deltas in the world. On the one hand, soil and water resources are
at the center of sustainable development and are critical for socioeconomic devel-
opment. On the other hand, groundwater is considered the second main source of
water supply in Egypt after the Nile River, although it represents less than 3% of the
total water supply. The Nile Delta aquifer is among the largest underground fresh-
water reservoirs in the world, and it has been extensively utilized and conjunctively
used with the Nile water to cope with the increased demands due to implementing
economic development plan in Egypt. The major challenge facing the Nile Delta
aquifer is it receives its water (recharging) from the Nile River which is threatened
nowadays by the construction and most probably the improper operation of the
GERD particularly over the long term. This chapter encapsulates the key ground-
water sustainability (in terms of conclusions and recommendations) of the existing
main agri-food system and presents insights derived from the cases in the volume.
Also, some (update) findings from a few recently published research related to the
sustainability covered themes. This chapter presents the main current challenges
facing the groundwater aquifer with the set of recommendation to protect the Nile
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Delta aquifer to its sustainability to supply water to the Nile Delta populations and
farmers.

Keywords Assessment, Delineation, Egypt, Geophysical methods, Groundwater,
Hydrogeochemical, Management, Modeling, Nile Delta, Quality, Salinization,
Seawater intrusion, Sedimentology, Sustainability
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1 Introduction

Water resources in Egypt are the Nile, deep groundwater, rainfall, and desalinated
water complemented by shallow groundwater in the Nile Delta and both reused
agricultural drainage and treated wastewater as non-conventional water resources
[1]. About 86% of that water comes from the Nile, and around 11% from under-
ground sources, 2% is recycled [2]. With a population density of 1,500 inhabitants
per square kilometer when including the capital [3], the Nile Delta is one of the most
densely populated deltas in the world. Groundwater is a precious and most widely
distributed resource of the earth, which is required for agriculture, industry, and
domestic purposes [4]. Groundwater plays a vital role in water supply everywhere
throughout Egypt. Therefore, this chapter will present a general idea of the sustain-
able agriculture and its importance for Egypt and the researchers. In designing
sustainable agricultural production systems, it is necessary to give due consideration
to the characteristics of groundwater resources used, which render the resultant
production system unsustainable. Therefore, the intention of the volume is to
addresses the following main theme based on the latest research findings:

– Overview of the groundwater in the Nile Delta
– Groundwater use
– Sedimentology and hydrogeophysical characteristics
– Groundwater investigations and aquifer characterization
– Groundwater contamination and degradation
– Saltwater intrusion
– Delineation of groundwater flow and seawater intrusion
– Groundwater modeling
– Groundwater usage and groundwater quality assessment
– Groundwater management for sustainability

The next section presents a brief of the important findings of some of the recent
(updated) published studies on the groundwater in the Nile Delta, then the main
conclusions and recommendations of the volume chapters extracted mainly from the
presented chapters.
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2 Update

The following is the major update for the book project based on the main book
theme.

Overview Groundwater is an important natural resource. Many agricultural,
domestic, and industrial water users rely on groundwater as the main (and probably
the sole) source because of its low cost and high quality. However, in recent years it
has become clear that human activities and climate change have a negative impact on
both quantity and quality of groundwater resources. The depletion of groundwater
may occur due to excessive pumping and contamination of the groundwater by
waste disposal or other activities. The Mediterranean region is characterized by a
strong development of coastal areas with a high concentration of water-demanding
human activities, resulting in weakly controlled withdrawals of groundwater, which
accentuate the saltwater intrusion phenomenon [5]. Zeidan et al. [6] studied the
groundwater quality management in the Middle Nile Delta through a combination of
laboratory and numerical modeling work. Environmental isotope techniques were
used to investigate the recharge sources and the nitrogen compound pollution
sources. MODFLOW and MT3DMS were employed numerically by applying the
method of finite differences for solving the three-dimensional problem [4, 7]. The
obtained results include the prediction of water levels and solute concentration
values distribution in the area at different times.

However, with a population density of 1,500 inhabitants per square kilometer
when including the capital [3], the Nile Delta is one of the most densely populated
deltas in the world. On the one hand, soil and water resources are at the center of
sustainable and socioeconomic development. On the other hand, water and soil
resources are under threat because of the way we treat it. High Dam has freed the
Egyptian Nile Valley and Delta from floods but also dramatically confines sediment
transport and water availability. Since the 1960s, the Egyptian Nile is completely
controlled by the High Dam and a series of barrages along its course to the
Mediterranean Sea. Dams most prominently the Renaissance Dam in Ethiopia will
put additional pressure on the territory [8]. As our soil and water resources come
under increasing pressure, hard decisions should be made so that resources are not
degraded or tipping points reached. Water is an irreplaceable resource, and it is only
renewable if well managed [9]. As the demand on freshwater increases, consider-
ation regarding non-conventional water resources consequently increases in Egypt.
The demand for adequate and safe supplies of water is becoming crucial especially in
the overpopulated Egypt.

Groundwater Use The irrigation demand of the agricultural sector already
amounts to “more than 70% of global water-supply withdrawals and about 85% of
global water-resource consumption – and it is estimated that groundwater sources
provide 43% of all water used for irrigation” [10]. Food production requires the
largest quantity of water, with groundwater resources providing more than 40% of
all water used globally for irrigated agriculture [10, 11]. Groundwater is stored in
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aquifers, which are water-bearing rock formations that hold water in the inter-
particle pore space and cracks within rock material. Shallow groundwater in the
Nile aquifer cannot be considered a separate source of water. The aquifer is
recharged only by seepage losses from the Nile, the irrigation canals and drains
and percolation losses from irrigated land. Hence, its yield must not be added to
Egypt’s total water resources. Therefore, it is considered as a reservoir in the Nile
River system with a huge capacity, but only 7.5 BCM/year is rechargeable live
storage.

Furthermore, Groundwater is an essential source of freshwater. Groundwater
abstraction could significantly contribute to agriculture directly as it used in irriga-
tion mainly or in areas of supplemental irrigation. Also, groundwater could use in
irrigation via indirect way through control drainage system, so water table will
decrease and thus, contribute to crop water requirement. In arid and semiarid
regions, coastal aquifers represent an essential source of freshwater. In these regions,
groundwater resources are overexploited to meet the development and urbanization
of coastal regions [12]. In Egypt, to face the challenge of high population density and
a constant freshwater resource from the Nile River, Egypt adopted many policies to
establish new agricultural communities outside the overpopulated Nile Delta and
Nile valley. These newly reclaimed areas depend almost exclusively on groundwater
as a water resource. The growth of irrigation activities, urbanization, and industri-
alization leads to rapid growth of groundwater abstraction.

Sedimentology and Hydrogeophysical Characteristics These two basic informa-
tion are discussed in the following. First, basic sedimentological information should
shape some portion of any evaluation of possibly polluted destinations and part of
examinations concerning the scattering and catching of contaminants in fluvial
frameworks [13]. This information is additionally required for sound ecological
administration to guarantee that planning policies are good with common environ-
mental limitations. When the aquifer is unconfined and shallow, there is a high
possibility of contaminants whatever source and kind, particularly when they are
near a highly populated area with high anthropogenic effect [14]. Omorogieva and
Imasuen [15] estimated that aquifer deposits come from the close surface, igneous
outcrops, and volcanic and sedimentary rocks.

Second are the hydrogeophysical characteristics of the central Nile Delta aquifer.
Well logs are used widely in the exploration of mineral and hydrocarbon resources
because they provide detailed and reliable information about the geometrical and
petrophysical characteristics of the geological structures. It is aimed to estimate the
spatial variability of the formation lithology, porosity, permeability, groundwater
salinity, and hydraulic conductivity. In hydrogeophysics, the main target of well log
analysts is to estimate the layer thickness, water saturation, groundwater salinity,
effective porosity, clay content, and aquifer hydraulic conductivity accurately as
possible [16]. As the Nile Delta aquifer is so important freshwater source for the
highly populated area in Egypt, determining the spatial change in its petrophysical,
hydrogeological, and hydrogeochemical characteristics is of great importance.
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Groundwater Investigations and Aquifer Characterization Two areas are used
to investigate the aquifer. The first is the resistivity characterization of the aquifer in
coastal semiarid areas. Geoelectrical methods are increasingly popular in detecting
and characterizing aquifers as the resistivity of sediment and rocks depends mainly
on their water and material contents [17]. One of such electrical methods is direct
current resistivity (DCR) technique. In DCR method, the potential difference is
measured via injecting DC into the ground with electrodes at the ground surface.
The DCR method has received great attention because of its potential applications in
the field of hydrogeology and saltwater intrusion tomography [18]. In the arid and
semiarid region, the DCR method is popularly used for groundwater exploration and
aquifer mapping [19]. Usually, DCR method is preferred, but the resistivity data
interpretation suffers from a major flaw: the inability to discriminate between surface
and bulk conductivity. This causes unrealistic interpretation in hydrogeophysics.
Such main problem can be resolved by using spectral induced polarization (SIP)
method.

The second is hydrogeophysical investigations at El-Nubariya-Wadi El-Natrun
area. An adequate supply of freshwater is one of the prerequisites for every type of
developmental programs. Water conservation is very important because usable water
is a limited resource. As water supplies dwindle, water shortages in many areas of the
world constitute a major problem for both agriculture and nations. Groundwater is
the main source for domestic, industrial, and agriculture uses in most of the newly
reclaimed areas in the western Nile Delta region [20]. Geophysics, especially
geoelectric techniques, have been successfully used to detect the freshwater/saltwa-
ter interface in coastal aquifers. Resistivity surveys are often used to search for
groundwater in both porous and fissured media (e.g., Tarabees and El-Qady)
[21]. The methods provide detailed information about the geometry, source, and
amount of contamination.

Groundwater Contamination and Degradation Two groundwater contamina-
tions and degradation issues are updated. The first issue related to the salinization
and origin of the coastal shallow groundwater aquifer, northwestern Nile Delta,
Egypt. There are several processes causing groundwater salinization. They include
seawater intrusion due to intense aquifer exploitation, interactions with deep saline
palaeowaters, water-rock interaction [22]. Other sources that cause salinization
include the dissolution of evaporites [23], the evaporation of freshwater, and pollu-
tion by untreated wastewater. The Nile Delta aquifer is the principal groundwater
source for Egypt. The annual rate of groundwater withdrawal from the Nile Valley
and Delta aquifers increased from 5.5 billion m3 in 2000, 6.13 billion m3 to more
than 7 billion m3 in 2016 [24]. Over-pumping is the most severe issue of the
groundwater mainly in the Nile Delta aquifers that are followed by salinization
through saltwater intrusion. The coastal aquifer, northwestern Nile Delta, is charac-
terized by the presence of brackish water that endangers, often irreversibly, the
future of water resources in the area. Over-pumping of groundwater in the coastal
aquifer has severely degraded water quality due to seawater intrusions [25, 26].
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The second issue is the soil aquifer treatment (SAT) system design equation for
organic micropollutant removal. SAT system is considered attractive unconven-
tional water resources for Egypt, which is suffering water sacristy. The use of
SAT can provide treatment for the wastewater and recharge in groundwater aquifers.
While guidelines are available for the use of SAT system in Egypt for removal of
nitrogen and organic matter, no guidelines are available for the SAT removal
potential of organic micropollutants. a prediction model for the organic
micropollutants (OMPs) removal in SAT system was provided which is based on
previous works on soil aquifer treatment system and analysis models [27–30].

Saltwater Intrusion Two basic factors to investigate and control of saltwater
intrusion are identified. First is the investigation of saltwater intrusion in coastal
aquifers. The problems of saltwater intrusion into groundwater have become a
considerable concern in many countries with coastal areas [26]. New methods to
control saltwater intrusion in coastal aquifers are presented and discussed in details;
the advantages and disadvantages of each method were highlighted. Finally, inves-
tigation and control of saltwater intrusion in Egypt, especially in the Nile Delta
aquifer, are discussed. The possibility of applying new methods to control saltwater
intrusion in Egypt is presented.

Second is the control of saltwater intrusion in coastal aquifers. A number of
methods had been adopted to control seawater intrusion to protect groundwater
reserves in coastal aquifers [25]. A number of numerical models had been developed
and used to help to understand the relevant process that causes saltwater intrusion in
coastal aquifers and identifies suitable methods of control. Extensive research has
been carried out to investigate saltwater intrusion in coastal aquifers. However, only
limited amount of research has been directed to study the control of saltwater
intrusion. The coastal aquifers’management requires careful planning of withdrawal
strategies for control of saltwater intrusion. Therefore, efficient control of seawater
intrusion is very important to protect groundwater resources from depletion. From
the literature, a number of control methods can be applied in Egypt. The selection of
the method is very important and should consider environmental, social, and eco-
nomic issues. The most suitable methods that can be applied to control saltwater
intrusion in the Nile Delta are optimization of abstraction rates, pump and treat, and
recharge and abstraction. These three techniques have been applied in different
locations of the world (e.g., Gaza, Florida USA, India). These three methods are
capable of preventing the intrusion of saltwater into the Nile Delta aquifer, but the
cost of applying these techniques may be high and may have some environmental
and social impacts.

Delineation of Groundwater Flow and Seawater Intrusion Three techniques are
used to delineate of groundwater and seawater intrusion. The first technique is using
1D subsurface temperature profiles to characterize the groundwater flow system in
the northwestern part of the Nile Delta, Egypt. Changes in climatic conditions,
particularly surface warming, are influencing the subsurface temperature and
recorded as an inversion in the subsurface temperature profiles. All the investigations
deal with the relationship between the subsurface temperature and the groundwater
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flow system expect the temperature profile in the well is illustrative of the temper-
ature in the aquifer. In open or screened boreholes, the difference in water levels of
regional scale flow system that interface with a well makes vertical flow inside the
borehole. Recently, some studies dealing with the relation between the subsurface
temperature and the groundwater flow systems in Egypt were performed. Salem and
Osman [31] and Salem and El Bayumy [32] modeled the vertical 2D groundwater
flow and heat transport to estimate the vertical groundwater flow velocities in the
study area and east Wadi El-Natrun region, respectively.

The second technique is using of geoelectrical resistivity to delineate the seawater
intrusion in the northwestern part of the Nile Delta, Egypt. Seawater intrusion
becomes a severe problem in arid and semiarid regions where the groundwater
constitutes the main freshwater resource. Mixing of only 3% seawater with fresh-
water in a coastal aquifer would render the freshwater resource unsuitable for human
consumption [33]. Diverse methodologies have been received to evaluate seawater
intrusion. Salem and Osman [34] have utilized geochemical strategies in view of
modeling technique, stable isotopes, and hydrochemical data to evaluate the seawa-
ter intrusion.

The third technique is integrated subsurface thermal regime and hydro-
geochemical data to delineate the groundwater flow system and seawater intrusion
in the Middle Nile Delta, Egypt. The Nile Delta aquifer system is considered a leaky
aquifer in the southern and middle parts and a free aquifer in the western and eastern
borders, where the thickness of the top Holocene deposits reaches its minimum
value. The integrated tracer technique between subsurface temperature and water
chemistry was a good technique for tracing the groundwater flow system and
seawater in the Nile Delta Quaternary aquifer. The most dangerous information
given from this research is that the groundwater in the Nile Delta is not affected only
by seawater intrusion but also affected by hypersaline brine water inland propaga-
tion. Seawater affects the upper 200–250 m, but the hypersaline water was indicated
in Motobes well which is of 420 m depth. The upward seawater intrusion flux rates
in Motobes wells were 2.8 m/year which is much higher than the groundwater
recharge flux at Tala well which was 0.8 m/day.

Groundwater Modeling The objective of this part is to model and manage the
groundwater resources using different techniques. First is the integrated groundwater
modeling for simulation saltwater intrusion in the Nile Delta aquifer, Egypt.
Abd-Elhamid et al. [12] conducted a coupled transient (2D FEST) finite element
model in order to simulate the fluid flow and the solute transport in both saturated
and unsaturated zone for studying the saltwater intrusion in the Nile Delta aquifer
under the impacts of climate change. The results of the model indicated that the
Isoline 35 intruded inland into the Nile Delta aquifer by a distance of about 64 km
from the shoreline, while the Isoline 1 moved inland into the aquifer at a distance of
112 km at a cross section in the central part of the Nile Delta. Nofal et al. [35] used
the three-dimensional finite difference model SEAWAT to simulate the saltwater
intrusion in the Nile Delta aquifer with considering the available heterogeneity data
and the variation of groundwater density values in the recently drilled boreholes. The
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model results showed that the appreciable agreement related to the flow fluxes and
piezometric head. The model delineated the saltwater intrusion in the Nile Delta
aquifer. Wassef and Schüttrumpf [36] built a three-dimensional finite element
models in the western area of the Nile Delta by using FEFLOW software to study
the saltwater intrusion under different climate change scenarios. The results showed
that by the year 2100, it is expected that the interface of the seawater will reach a
maximum of about 43 km according to RCP 2.6 scenarios, while it is expected to
reach 57 km according to RCP 8.5 scenario. The groundwater overexploitation will
cause an increase in the salinity concentration to about 5,000 mg/l.

Second is the groundwater potential in the New Valley South West of the Nile
Delta in Egypt. Three groundwater models were used in this respect. A local model
using GIS accompanied by the visual basic was first prepared to adjust the model
properties. A second model using MODFLOW was furnished to calibrate the
boundary conditions of the main model. The third model was using the main
model as a final model to find the main objectives, which are the groundwater
potentiality and its management in Dakhla Basin. The scenario applications could
allow for an increase in reclamation at Dakhla Oasis by 15%, with the condition of
safe drawdown values less than 60 m for 100 years. The study provides the benefits
of applying the modeling techniques. Numerous valuable input for the national
development plan in Egypt is presented. The study found that it is important to
seek an alternative water resource to compensate for the groundwater depletion.

Groundwater Usage and Groundwater Quality Assessment Two strategies are
used for groundwater quality assessment. First is the hydrogeochemistry and quality
assessment of groundwater under some central Nile Delta Villages, Egypt. Water
quality index (WQI) is the best strategy for measuring water quality. Various water
quality parameters are incorporated into a mathematical equation to rate water
quality, estimating the suitability of water for drinking [37]. WQI enables compar-
ison between various samples. The index is simplifying a complex dataset into easily
estimated, usable data and understandable even by lay people. Many researchers
have investigated the water quality in the Nile Delta, among them Negm and
Armanuos [38], Negm and Eltarabily [39], Sharaky et al. [20], and Salem and
Osman [34].

Second is the assessment of the groundwater quality for drinking and irrigation
purposes in the central Nile Delta Region, Egypt. The Nile Delta groundwater
aquifer is influenced by many environmental factors like human activity on the
surface, seawater intrusion, and the type of aquifer sediment. Therefore, the
decision-maker must be taken into consideration the lateral and vertical changes in
groundwater quality when digging wells for different uses to achieve the highest
utilization of wells. Low quality of water unfavorably influences human health and
plant development. In developing nations like Egypt, about 60% of all infections are
specifically occurring due to the poor quality of the drinking water. The spatial
distribution of water quality significant components should be compared with the
geology and area land use/land cover spread maps in a GIS environment. Therefore
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the chemical processes of water and the methods of their acquisition could be
understood [40].

Groundwater Management for Sustainability To manage groundwater, two
plans were developed. The first plan is related to groundwater management for
sustainable development East of the Nile Delta aquifer. Integration of GIS and
groundwater modeling system (GMS) played a significant role in the construction
of a 19-layer groundwater flow model and effectively enabled smooth management
to the required database. From the budget analysis of groundwater flow simulation in
the three-dimensional model using the MODFLOW code indicated that pumping
discharge from production wells efficiently controls the rising water level in the
confined part of the Quaternary aquifer and the infiltration from agricultural fields is
the key factor in the unconfined part. The up-to-date land use maps should be
provided and interpolated to the GIS model for accurate model simulation
[41]. The results of the model exercise constitute a foundation for sustainable
water resource management in the East Nile Delta, and the calibrated model can
be used to evaluate the efficiency of multidisciplinary policies shortly.

The second is the groundwater management for sustainable development plans
for the Western Nile Delta. In the Western Nile Delta region, groundwater is the
primary source for domestic, industrial and agriculture use. With the expansion of
developing activities in this area, it is essential to develop a groundwater manage-
ment strategy to avoid any environmental impacts on the aquifer system due to the
future extensive abstraction of groundwater. For better management of groundwater
resources, it is crucial to have enough data about the physical and hydrogeological
settings for the study area. Physical parameters include land use, meteorological
data, topography, soil classification, and drainage as well as irrigation systems.
Hydrogeological setting comprises the aquifer system, boundary conditions, hydrau-
lic parameters for all aquifer layers, and monitored groundwater levels. Data used in
groundwater modeling consist of the aquifer system stress factor, the aquifer system
geometry, and the hydrogeological parameters. Stress factors for groundwater flow
include effective recharge, pumping volumes, water surface flow exchanges, etc.
Appropriate aquifer system geometry can be determined using geological informa-
tion (maps and cross sections), topographic maps, as well as contour maps of the
upper and lower limits for the aquifer strata and aquitards. Links can be organized
between MODFLOW, groundwater model, and the GIS [41]. The GIS software is
used to preprocess and post-process the spatial data. Recently, the use of GIS has
grown rapidly in groundwater assessment and management researches.

3 Conclusions

Throughout the current volume, we were able to reach several conclusions, which
have been drawn from this volume’s chapters. Besides methodological insights, this
chapter originates key lessons from the cases in the volume, in particular, the
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promising characteristics of both the historical and current local food system. These
conclusions are important to increase sustainable food supply in Egypt as the
agricultural food production is mainly dependent on water. The following conclu-
sions could be stated based on the materials presented in all chapters of this volume:

1. The main sources of the Nile Delta aquifer come from Nile River branches
(Rosetta and Damietta). The direct seepage from irrigation and drainage systems
and the irrigated and cultivated land are the main source of the Nile Delta aquifer
recharge. Recharge from rainfall is minor, but it could be significant over other
areas outside the Nile Delta where flash floods take place.

2. Use of groundwater in agriculture activity is effective in the newly reclaimed
land in the deserts where the Nile water is not available or accessible. Most of
the groundwater in Egypt are nonrenewable water except the shallow ground-
water in the Nile valley and delta land and its fringes in addition to some famous
depression and oasis-like Wadi El-Natrun in West Delta and Siwa Oasis south
the northwest coast of the Mediterranean.

3. It is expected that groundwater will cover about 20% of the total water supply in
the upcoming decades especially in the newly reclaimed areas along the desert
fringes of the Nile Delta and Valley. Among the main six aquifers in Egypt, the
Nile aquifer represents 87% of the total groundwater pumping.

4. Egypt is obliged to reuse of both agricultural drainage water and treated sanitary
wastewater, in addition to recycling of treated industrial wastewater, to offer
about 17 BCM which is helping to minimize the water shortage to be 11 BCM
instead of 28 BCM.

5. Reuse of marginal poor quality water in Egypt was established and will be
continuous as a fixed water policy in the future to face the water scarcity as an
obligation.

6. The Nile Delta aquifer suffers from the apparent decline of its piezometric
surface due to the increase in the pumping and an increase in water salinity
as well.

7. Agriculture activities in Egypt are making up more than 80–90% of groundwater
withdrawals due to lack of sufficient precipitation and a shortage of surface
water to grow crops leading the farmers to use water from the underground to
irrigate. Consequently, the amount of nonrenewable groundwater used for
irrigation was doubled in Nile Valley and Delta.

8. The annual groundwater abstraction in the Nile aquifer system and fringes is
about 4.6 billion m3. Another 0.5 billion m3 is abstracted from the desert
aquifers and the coastal areas. Groundwater abstraction is expected to increase
to 11.4 billion m3. Groundwater could be used in irrigation directly as usual
practice or in an indirect way through controlling drainage system, so water
table will decrease and thus, contribute to crop water requirement, except where
shallow groundwater exists which negatively affect agriculture production as
secondary soil salinization and waterlogging. These two challenges could be
overcome through using surface and subsurface drainage systems.
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9. It is expected that groundwater would be in a deficit in the future compared to
the situation in the past. Modeling technique could tell us the approximate
deficit. More details about the groundwater and its usage in Egypt and partic-
ularly in the Nile Delta are presented in Part II of this volume.

10. The majority of sediments belong to the river sands and river processes with
multi-directional depositional currents. The main clay minerals in the interca-
lated clay lenses of the aquifer are smectite and kaolinite. The essential carbon-
ate minerals include calcite and dolomite, whereas noncarbonate minerals are
represented by quartz, feldspar, hematite, and gypsum.

11. The use of the electrical resistivity and gamma-ray logs for 34 wells revealed
that the Nile Delta aquifer in its central part consists of 2 main formations. The
upper is the Belqas Formation, which is of a clay nature, and the lower formation
is of a sandy nature and called Mit Ghamr Formation. The petrophysical,
chemical, and hydrogeological characteristics of the Nile Delta aquifer in
its central part were identified and presented in Salem et al. [42] in this volume.

12. The results of applying the direct current resistivity (DCR) method with the
available boreholes, as an integrative approach over the East Nile Delta, proved
the efficiency of the DCR method for hydrogeological evaluation in coastal
semiarid areas. Also, the validity of the DCR method to predict the TDS and K
using the empirical relationships for this area is approved. For further details, the
reader is advised to consult in Attwa and Ali [43].

13. DCR technique is found to be very appropriate in the determining subsurface
layers at shallow depths with a high resolution. The time domain electromag-
netic (TEM) technique is more effective than DCR technique in detection more
details of subsurface layers which could not be detected by vertical electrical
soundings (VES) method, especially in the deep depths. The application of these
techniques to the area extending from Wadi El-Natrun city to El-Nubariya city
along the Alexandria-Cairo desert road indicated that the underground forma-
tion is divided into Pleistocene and Pliocene aquifers. The hydrogeological
details of these two aquifers and the main findings of using TEM and VES are
reported in Ibraheem and El-Qady [44] in this volume.

14. The origin of groundwater in coastal aquifer northwestern Nile Delta is meteoric
in origin (Nile River and local rainfall), which is mixed with marine water due to
seawater intrusion. The groundwater of the shallow coastal aquifer, northern
Nile Delta, is brackish and is unsuitable for drinking purposes, but it may be
used safely for irrigation of some suitable crops. Moreover, the coastal aquifer is
recognized to be at high risk of increasing salinization. The qualitative and
quantitative analysis of the hydrogeochemical can be found in details in Sharaky
et al. [45] in this volume.

15. Primary sources of excess salinization of the groundwater are seawater intru-
sions where the review of the studies related to seawater intrusion revealed that
the seawater intrusion to the Nile Delta aquifer represents a severe risk to
groundwater resources particularly in the coastal part of the aquifer. The sea-
water intrusion in the Nile Delta aquifer has extended to a distance of more than
100 km from the Mediterranean coast. The second source of salinization of
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groundwater is the aquifer rocks that contain carbonates and gypsum. On the
one hand, the concentration of the examined significant ions is higher than
maximum contaminant level (MCL), on the highest allowable concentrations
of a contaminant in drinking water, which is set by the U.S. Environmental
Protection Agency. The nutrient content such as nitrates is also higher than the
standard values, which are mainly produced from rural sources. On the other
hand, several methods can be used to control the seawater instruction. These
methods include (1) abstraction of saline water and recharge using surface
ponds; (2) abstraction, desalination, and recharge (ADR); and (3) treatment,
recharge, abstraction, and desalination (TRAD).

16. Moreover, to limit the pollution of the aquifer by the organic micropollutants
(OMPs), one of the most important methods to remove OMPs at the water and
wastewater treatment plants is discussed which utilizes soil aquifer treatment
(SAT). The mechanism of organic micropollutants removal using extreme
learning machine (ELM) method was evaluated. Analysis of numerical model
results indicated the acceptable accuracy of ELM models in prediction of the
pollutant removal efficiency during the SAT operation. Interested reader who
would like to know how this conclusion is derived can consult [46] in this
volume.

17. Making use of the connection between the subsurface temperature distribution
and the groundwater stream framework, the investigated area in northwestern
part of the Nile Delta is considered a case for the abnormal thermal system. It is
observed that the subsurface temperatures in the desert within the study area, the
recharge territory, have higher values while in the discharge region of the old
agricultural land have low values. Also, the geothermal gradient is found to be
superior to the thermal system for the groundwater stream framework in such
region. It is estimated that the recharge flow flux varies among the recharge
profiles. Groundwater discharge flux is also variable. Seawater intrusion prob-
ably affects the thermal regime in the discharge area to the northern part. This
estimation is based on the occurrence of a colder temperature zone in the
northern parts of the area and a downward reduction in the discharge rate of
the temperature profiles.

18. Using of geoelectrical resistivity technique in the northwestern part of the Nile
Delta has indicated that the area has four geoelectrical layers as follows: first, the
surface layer composed of sand, clay, and silt; second, the aquifer layer com-
posed of sand (fine sand with intercalations of clay and medium to coarse sand);
third, the clay layer with a thickness from 2 to 69 m; and fourth, the brackish to
saltwater intrusion zone with depth range from �35 m bmsl in the northwest
to �100 m bmsl in the south.

19. The resistivity of the aquifer layer is increased toward the south and east
directions where both the freshwater quality and thickness are increased. How-
ever, the resistivity of the aquifer layer is decreased toward the northwest where
the effect of seawater intrusion is decreased. The reader is advised to read in [47]
for more details.
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20. Using the subsurface temperature and water chemistry as integrated tracer
technique indicated that the Nile Delta Quaternary aquifer has two flow systems,
one is regional and the other is local. Both flow systems are affected by seawater
intrusion. The regional one is recharged south Tala and discharges northward in
the area from kafrelarab (south Tanta city) until El Karada (south Kafr El Sheik
city). The estimates of the flux indicate that fresh groundwater starts to move
vertically upward southern Tanta city. The subsurface thermal regime and the
hydrogeochemical data in the study area gave an image about the spatial extent
of seawater intrusion in the Nile Delta. The most critical conclusions are that the
groundwater in the Nile Delta is not affected only by seawater intrusion but also
affected by hypersaline brine water inland propagation.

21. The recharge of the Nile Delta aquifer from both rainfall and seepage from the
canals network was estimated. In addition, an integrated 3D groundwater model
for the Nile Delta aquifer using MODFLOW and simulation of the saltwater
intrusion using SEAWAT code combined with the Nile Delta aquifer model are
introduced. Different climate change scenarios are included in the modeling.
The modeling results revealed that a rise in sea level by 1.0 m and decreasing the
groundwater head by 1.0 m increased the saltwater intrusion and led the
concentration line 35,000 mg/l to advance further inland into the aquifer by a
distance of 10.20 km measured at the aquifer bottom boundary compared with
the base case. The interested reader is advised to consult [48] in this volume.

22. The use of the modified gray model and the modified genetic algorithms on
Sahara desert indicated that if the present extraction rate is expanded, the
groundwater piezometric level continuously declines and drops below the
economical piezometric level until the year 2100 at the end of the simulation
period leading to possible depletion of groundwater in the Kharga Oasis. The
full set of conclusions and the scenarios results are available in Mahmod [49].

23. Modeling results via GIS and MODFLOW for the middle part of Egypt’s
Western Desert including the three oases, Farafra, Dakhla, and Kharga, as a
part of the New Valley area revealed that Dakhla Oasis is the only place in the
New Valley area where land reclamation development can safely take place.
More details on how these conclusions were obtained; the reader is advised to
read Soliman and Solimsn [50].

24. Assessment of groundwater quality using water quality index (WQI) based on
samples collected from 16 villages in central Nile Delta during 2016 indicated
that the water quality ranged between good and unfit with arsenic and ammonia
undesirable concentrations in most of the collected groundwater samples. It was
estimated that the quality of groundwater in the studied aquifer is fairly accepted
and in the most parts of the study area is reasonable for irrigation except for the
most northern part of the Nile Delta where pumping should stopped there. It is
highly recommended to read Salem [51, 52] for the detailed analysis and
additional conclusions.
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25. Groundwater quaternary aquifer western Nile Delta is mainly recharged by
Rayah El Beheiry, Rayah El Nasseri, and El-Nubariya canal in its first reaches.
Discharge from the aquifer takes place through the outflow into the Rosetta
branch and drainage system, evapotranspiration, inter-aquifer flow of ground-
water, and direct abstraction by production wells. For the Eastern part of the
aquifer, the primary recharge of the aquifer is the infiltration from the Ismailia
Canal and Damietta branch which significantly increases during the high
pumping stress from wells.

26. Modeling using GIS and MODFLOW for the Western Nile Delta aquifer
showed that, in case of planned reclamation completion for 460,000 feddans,
the regional water balance indicated that the extra abstraction must not increase
more than 1.0 BCM/year to avoid aquifer exploitation. Water budget in western
Nile Delta shows the need to increase the surface water quantity by 2.1 BCM
through the newly proposed canal to fulfill the required irrigation demands for
the new reclamation area. Results also clearly indicate that reducing the surface
water inflow increasing the dependency on groundwater abstraction and irriga-
tion system improvement would decrease the annual aquifer potentiality by
about 91%. These results illustrate the need for a more detailed analysis
concerning the effect of irrigation improvement and thus could be considered
as preliminary regional evaluation for testing the alternative water management
scenarios in the Western Nile Delta area.

27. Similarly, modeling the Eastern Nile Delta aquifer and the interpretation of the
budget analysis of groundwater flow simulation indicated that pumping dis-
charge from production wells efficiently controls the rising water level in the
confined part of the Quaternary aquifer and the infiltration from agricultural
fields is the key factor in the unconfined part. The up-to-date land use maps
should be provided and interpolated to the GIS model for accurate model
simulation. The results of the present model exercise constitute a foundation
for sustainable water resource management in the East Nile Delta, and the
calibrated model can be used to evaluate the efficiency of multidisciplinary
policies shortly. More details can be found in Eltarabily and Negm [53] in this
volume.

4 Recommendations

A key aspect of groundwater sustainability is the ability to adapt to future challenges.
We argue that sustainable systems need built-in flexibility to achieve this goal.
Throughout this volume, we noted some areas that could be explored to further
improvement. Based on the authors’ findings and conclusions, this section offers a
set of recommendations providing suggestions for future researchers in exceeding
the scope of this book.

1. It is recommended, that the concerned authority in Egypt, to identify all the
locations where groundwater wells are operating both official and nonofficial to
make their management easier. Also, evaluation of the efficiency of these wells
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should be undertaken seriously. Therefore, the concerning authority can take the
needed measure to regulate the use of the groundwater wells and find the
suitable measure to control the excessive use of the Nile Delta groundwater.
This will help to protect the Nile Delta aquifer against severe saltwater intrusion.

2. The future study should be focused on cases where underground reservoirs or
aquifers are overused.

3. It is highly recommended to monitor the surface and groundwater regularly to
take the needed measures to improve groundwater quality, avoid saline ground-
water supply, and prevent groundwater pollution in the Nile Delta region.

4. Future exploration of the groundwater could benefit from lithological, grain size,
and mineralogical analysis of the clastic sediments, which are presented in this
volume.

5. The join use of the conventional and non-conventional direct current resistivity
(DCR) inversion techniques is recommended for hydrogeological evaluation in
East Nile Delta. Further research including pumping tests is required to verify
the prediction of hydraulic conductivity using the geoelectrical empirical rela-
tionships in Nile Delta. Other techniques such as TEM and DC resistivity
methods could be applied too.

6. The indicators presented in the volume of the water quality could be used as a
guide in case of drilling new boreholes for drinking or agricultural purposes with
an update whenever possible.

7. It is worthy to have a detailed investigation to delineate the extension of the
brackish water zone.

8. We also recommend installing a tile drainage system to overcome the problem
of trapping surface water near El-Nubariya city and are having similar
situations.

9. To maintain groundwater resources in the Nile Delta for sustainable use, an
integrated management plan should be prepared. The plan should include the
following characteristic: preparing digital maps for groundwater distribution and
depth and defining the safe extraction; controlling or forbidding drilling of wells
especially in North Nile Delta close to the Mediterranean Sea; increasing ground
recharge and/or reducing ground abstraction; treatment of sewage and drainage
water before using in irrigation; integrated management of applying fertilizers in
agriculture areas to prevent groundwater pollution; and applying controlled
drainage in agricultural areas in Nile Delta to reduce the transport of agricultural
pollutants as pesticides, herbicides, nutrients, and some heavy metals in addition
to enhancing water use efficiency.

10. Sustainability of groundwater is a vital issue in Egypt, and it is only possible if
water managers, monitoring and characterizing of groundwater resources, local
communities, management, and hydrogeologists work together to devise mea-
sures and policies by backcasting. Moreover, adapt future measures in achieving
the long-term sustainable targets.

11. Governmental regulation of the pumping process from the Quaternary Nile
Delta aquifer is urgently needed as the groundwater is not just facing the
pollution from surface human activities and seawater intrusion but also suffers
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from the deeper hypersaline brine groundwater inland propagation. Integration
between subsurface thermal and hydrogeochemical data is a good tool in
recognition of the groundwater flow system and seawater intrusion.

12. Subsurface temperature is a good method for tracing the groundwater flow
system, where it can be used for quantitative determination of the recharge
and discharge rates as well as it can estimate the spatial circulation of the
groundwater in an aquifer. Therefore, borehole temperature is recommended
to be used widely in Egypt to help for solving some complicated groundwater.

13. Geoelectrical resistivity was successful for imaging the seawater-freshwater
relationship and classifying the aquifer lithology in the target area. Therefore,
the results of this work are recommended to be used by the decision-makers for
groundwater management planning in the study area.

14. For reliable piezometric measurements, a network of monitoring wells should be
drilled that cover the whole area. Regular water-level measurements (at least
monthly) would provide the basic data needed for time series compilations in the
future, which could give feedback on the constructed model. Modeling tools that
are significant for the decision-makers to have knowledge about groundwater
resources could be useful to study the effect of increasing pressure on the finite
water resource on the sustainability of agricultural production and livelihoods as
well as the social cohesion within new settler communities.

15. Including the actual drainage network with the actual canals network is
recommended for future studies in groundwater modeling for the Nile Delta
for accurate representation and simulation of the interaction between the surface
water and the groundwater system. Update the numerical simulation of saltwater
intrusion by including the recent data of groundwater level, salinity measure-
ments, water levels of canals, and pumping rates records. Integrated modeling
results of the current model could be used in the identification of the most
vulnerable areas to the saltwater intrusion in the Nile Delta aquifer and man-
agement of groundwater resources in the Nile Delta region. The integrated built
model is a useful predictive tool for more understanding of the hydrological
process of the Nile Delta aquifer and the saltwater intrusion process. Future
studies should also link between the results of the numerical model for simulat-
ing the saltwater intrusion in the Nile Delta aquifer and the socioeconomic effect
of the recent development in the Nile Delta especially the coastal area near to the
Mediterranean Sea border. The built integrated model could be used with
another analysis tools as a decision support system to determine the best location
and the maximum abstraction rates from groundwater wells in the Nile Delta
region for the benefits of the stakeholders and the concerned authorities.

16. For better groundwater management for sustainable development, it is
recommended that the strategies for the production wells operations are con-
trolled. Setting up a GIS database for groundwater resources in the study area is
required. The GIS database includes the active and abandoned groundwater
wells, their pumping rates and screen depths, irrigation canals, drains, seepage
surfaces, soil type, and agricultural fields. This information is important for
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monitoring programs and efficiently helps to obtain the optimum results from
groundwater models.

17. Implementing monthly monitoring of groundwater levels, especially in the
northern confined aquifer and near the saltwater interface, to verify the validity
of the resulting management plan of this study and updating the model as
required for improving the accuracy of the predictions. Implementation of a
licensing system for new groundwater wells construction to strictly adhere to the
guidelines of drilling depth, screening interval, and the distance between wells
based on the permissible withdrawal rates and the capacity of drawdown
recovery.

18. Because Egypt suffers from freshwater supply to meet the increasing demand,
the people in the rural area used untreated groundwater for drinking purposes.
Some rural areas do not have sewage networks, and they are using septic tanks.
Therefore, people in rural areas should be aware of the possible contamination
of the groundwater due to leakage from the septic tanks. It is essential to let the
people know that regular analysis of water samples from their wells is vital
to protect their health from being drinking unsuitable water. It is highly
recommended to supply the villages with clean freshwater networks and detailed
hydrochemical, and the microbial survey should be done to evaluate the ground-
water contamination under the Egyptian village. Also, constructing sewage
networks for the rural areas which are using septic tanks are a fundamental
step to reduce the groundwater contamination. A 3D hydrogeochemical study of
the aquifer is highly needed for the Nile Delta aquifer to investigate both the
vertical and horizontal groundwater chemistry to have a complete spatial micro-
bial contamination image of the groundwater Nile Delta aquifers to enable the
decision-makers to achieve the optimal possible utilization of groundwater
wells.

19. The integration of GIS and groundwater modeling system could play a signif-
icant role in the construction of all the needed layer groundwater flow model and
effectively enabled smooth management to the required database. The budget
analysis of groundwater flow using 3D modeling indicated that pumping dis-
charge from production wells efficiently controls the rising water level in the
confined part of the Quaternary aquifer and the infiltration from agricultural field
domain is the key factor in the unconfined part. The primary recharge of the
aquifer is the infiltration from the Ismailia Canal and Damietta branch, which
significantly increases during the high pumping stress from wells. The results of
such modeling system could constitute a foundation for sustainable groundwater
resource management and to evaluate the efficiency of multidisciplinary policies
shortly.

20. It is recommended to apply well-controlled license system of wells abstraction
to update the wells inventory database to avoid degradation of the groundwater
updating the available information, which could be a good baseline, would be a
first step to improve the quality of groundwater research for the optimum
operation and maintenance of whole groundwater aquifer system Nile Delta.
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21. It is highly recommended that water managers, planners, and decision- and
policy-makers continue to look widely for ways to improve water management
and augment water supplies such as rainfall harvesting, water use efficiency,
water recycling, and desalinated water for domestic and industrial purposes.

22. The demand is hardening because of new governmental development projects in
conjunction with the private expansion in both agriculture and urbanization.
There is a definite need for detailed monitoring of the groundwater parameters to
ensure sustainable development of water resources.

23. It is highly recommended to put water labels, along with the lines of food labels,
for creating public awareness to show how much water is used domestically and
internationally in the production and whether these water amounts are from
sustainable or non-sustainable sources. Water labels and caps on extraction,
linked to agricultural trade, are among measures proposed tackling the trend.
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