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Abstract

Many studies concerned with investigating the groundwater resources of the Nubian
Sandstone Aquifer System (NSAS). However, these studies focused either only on the
regional groundwater hydrodynamics of the aquifer, or on local-scale case studies without
taking into account the regional boundary conditions of the whole system. This work was
an attempt to develop athree-dimensional transient groundwater flow model for the NSAS
that is based on GIS-Database integration. This approach was proposed to 1) define and
calibrate the regional boundary conditions of the NSAS, 2) to simulate the groundwater
management options for the different stressed areas within the agquifer, and 3) to predict the
environmental impact of the present and future groundwater extraction schemes on the
different exploitation sites. The calibration was carried out under the transient conditions
using the trial and error method for the period 1960-2005 based on the availability and
temporal distribution of the data. The calibrated regional model was used afterward for the
development and integration of local-scale (refined) models for the Dakhla oasis, Lake
Nasser, and the Tushka area, to consider local detailed data inputs and to give a deeper
view on the local hydrodynamic changes. Based on the actual and full capacity planned
extraction rates of the NSAS, five extraction scenarios were suggested in an attempt to
investigate the most feasible groundwater management option in terms of the economic
lifting depth in a prediction simulation until 2100. The results of simulating the present
extraction rates of the NSAS showed that the free flowing phenomenon will disappear all
over the modeled area and the average depth to groundwater will range from 5 m in the
Bahariya oasis to 36 m (bgl) in the Kharga oasis at the end of the simulation. At this
simulation time, a groundwater volume of 354 km3 will be extracted from the aquifer
storage. The application of scenario 3 was found to be the optimal groundwater
management option that meets the development ambitions and the proposed economic
lifting depth, while scenario 5 resulted in a depth to groundwater values sink faraway
beyond the 100-m (bgl) limit of the economic lifting depth in the Kufra oasis and the East
Oweinat area. In the Dakhla oasis the ssimulation of scenario 1 showed that the depth to
groundwater in al the cultivable areas will be less than 75 m (bgl) by 2100 and the annual
change in the hydraulic head would be 0.57 m/y. On the other hand, it was concluded that
scenario 3 is the allowable groundwater development option in the Dakhla oasis, while
scenario 5 led to successive increase of the depth to groundwater to have values greatly
exceeding 100 m and cover most of the oasis. Lake Nasser raised the groundwater level
with an average of 25 m within a 25 km strip and recharged the NSAS with a volume of
281.5 km3 until 1998. The cumulative recharge from Lake Nasser and the Tushka lakes
until 2005 was calculated to be about 9.66x10™ ms.
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Introduction

1.1 Background and motivation

The Nubian Sandstone Aquifer System (NSAS) is a transboundary groundwater aquifer in
the Eastern Sahara of Africa. The water of this internationa aquifer is non-renewable and
shared among Egypt, Libya, Sudan, and Chad. The area occupied by the aquifer system is
about 2.35 million km?. It is of significant importance because it is the only water resource
for this arid area. The increasing demographic growth and the lack of renewable fresh
water resources in this arid region have resulted in an increasing attention to the
groundwater potential represented by the NSAS.

During the past three decades, Egypt, Libya, and Sudan have made separate attempts to
develop and utilize the NSAS and the overlying desert lands. Each country thus has its
specific experiences, motivations, and successin that field.

Under the scarce conditions of water in the study area, which is an essential constraint to
development, and in light of the non-renewability of the NSAS, which poses more
complexity in its management (in terms of aridity, non-renewability, and water demand),
there is still considerable room for utilization of this resource provided its exploitation is
governed by principles of rationality and wisdom.

In Egypt, to overcome the problem of overpopulation around the Nile valey and Delta
areas, where the balance between the land and man is distorted, the government has
decided to extend or move the land reclamation activities into the vast, isolated desert
areas, based on the utilization of the available groundwater resources.

Most of the present water extracted from the NSAS is used for agriculture, either for large
development projects in Libya or for farms located in old traditional oases in Egypt (New
Valley). However, an important project (the Great Man-Made River) designed for
transporting water to the coast from the NSAS is under development in Libya and is
already supplying about 70 million m*¥a of water to Benghazi and to the major coastal
cities northwest of Libya.
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Over 40 billion m® of water was extracted in the past 40 years, leading to a continuous drop
of the water level and to the disappearance of most of the naturaly flowing wells and
springs.

Based on the highlights mentioned above, an integrated management of the limited
groundwater resources is most critical for the development of the NSAS. The most
sophisticated method that helps investigate such complex systems is the numerical
groundwater modeling, and that is what this thesis stands for.

1.2 Purpose and scope

In the scope of sustainable groundwater management for the NSAS, the focus of this work
could be divided into two points. The first point concerns fundamental analysis, which has
the objective to understand the physical processes of the NSAS. The second task is
problem oriented and carefully directed to the management decisions to be made. Close to
the above points of interest are the following specific objectives, which make up the major
parts of thiswork:

» Using the available data for the NSAS, a Gl S-database is to be created. It comprises the
geological and hydrogeological information from previous studies, the newly drilled water
wellsin Egypt and Libya up to year 2005.

» The GIS-Database is used and incorporated to establish a conceptua framework to
model the real hydrogeologic system, which is an essential step before the development of
a numerical groundwater flow model. This includes different assumptions which lead to
the estimation or quantification of the different components of the aquifer system,
including hydraulic conductivities, storativities, etc.

= Development of a 3D-regional groundwater flow model for the NSAS to serve as a base
model for the local interests.

= Cdibration of the regional groundwater flow model against predefined criteria using
numerical simulation techniques.

= Estimation of the available groundwater as a basic aspect of groundwater management.
Mathematical modeling is one of the methods that can be effectively used to obtain such
estimates. These prognostic calculations were elaborated not regarding ongoing theoretical
discussions about the admissibility of prognostic calculations.

» |ntegrating a local model for the Dakhla oasis by refining the mesh (grid cells) of the
calibrated regional model of the NSAS to involve the loca details. Inputs of the regional
model serve as boundary conditions for these local approaches. This allows precise input
of the pumping schemes and more accurate analysis of the resulting decline of the
hydraulic head (drawdown) as well as taking into account the groundwater extraction from
the other stressed areas within the NSAS.
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» The calibrated mode is further used to determine the impact of the present and planned
extraction rates on the agquifer behavior by making the necessary prediction-simulations to
accomplish a good management scheme for the NSAS.

* |nvestigating the groundwater-lake interaction between Lake Nasser and the NSAS to
study whether the water body of Lake Nasser noticeably recharges the aquifer.

1.3 Previous work

The NSAS has been subject to alot of studies since the beginning of the twentieth century.
All the studies until the beginning of the 1980s (e.g., Ball 1927; Sandford 1935;
Hellstroem 1939; Himida 1960; Ezzat 1974; Amer et a. 1981) have concluded that the
NSAS has been under steady state conditions before 1960 and that groundwater flow is
driven from areas with precipitation which is sufficient for groundwater recharge.
However, recent studies indicate that this aquifer had been in transient conditions for
thousands of years before 1960, and the climate changes including wet periods supplied
plenty of precipitation to suffice for local groundwater formation. Brief notes on the
historical development of the most well known of the research works are given below:

= Hume (1925) and Ball (1927) discussed the origin of the groundwater of the Western
Desert, as it was derived from the rainfalls on the western Sudan. Ball (1927) drew a
contour map for static water levels on the assumption that al wells and springs in the
Western Desert of Egypt were fed from a continuous stream of groundwater, which made
it evident that this water does not come from the Nile.

» Sandford (1935) extended Ball's groundwater static head contour map over the
northwestern Sudan.

= Attia (1954) stated that the Nubian Sandstone receives its water on account of the
heavy rainfal on the aguifer surface in the central Sudan, which infiltrates downward into
the formation and fillsit. Partial groundwater recharge of the Nubian sandstone formations
comes from the Nile.

= Murray (1952) considered the artesian water beneath Egypt as fossil water, which was
formed on account of the rain which fell on the hills of western Sudan many thousands of
years ago.

» Shata et al. (1962) stated that the artesian water of the Western Desert is of pluvial
origin, based on data obtained by *C dating method.

» Diab (1972) studied the hydrogeological and hydrogeochemical aspects. He noted that
the artesian Nubian Aquifer is composed mainly of two water-bearing complexes. The first
and most important one is the water-bearing complex contained in the Nubian facies series.
The second one is the water-bearing complex contained in the Post Nubian rocks.

» Brinkmann and Heinl (1985) presented a numerical groundwater flow model for the
whole Nubian Aquifer System. They concluded that the groundwater flows mainly from
local centers of recharge and discharge.
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= Sonntag (1985) estimated the hydraulic conductivity of the Nubian sandstone layers in
the range of 10° m/s to 10 m/s with an average value of 10°. He believed that the
potentiometric surface (hydraulic head) roughly follows the gentle slope of the ground
surface from south to north at the average depth of about 60 m below ground. Therefore, in
the depression areas groundwater levels are close to the surface, where the hydraulic heads
are often above ground level.

» Thorweihe (1985) concluded that the groundwater reservoir in the Nubian Aquifer
System was formed during frequent wet periods in the past and that recent groundwater
formation is not detectable.

= Brinkmann et al. (1987) presented a prospective simulation of groundwater flow in the
Nubian Aquifer System and summarized that groundwater was recharged over large areas
in the whole system. No large-scale flow occurs during the recharge periods. Infiltration
stopped roughly 8,000 years ago but continued on asmall scale in different areas.

» Hesse et al. (1987) declared that the groundwater of the Nubian Aquifer System was
formed mainly autochthonically during wet periods in the past, and recent groundwater
formation by admixture of Nile water is qualitatively verified. He considered that the
groundwater influx from rain regions at the south is hydraulically traceable.

= Sonntag and Christmann (1987) estimated the natural groundwater discharge of the
Nubian Aquifer System by evapotranspiration in East-Saharan depressions to have a mean
value of 10 mm/year.

» Thorweihe (1990) concluded that the groundwater influx from southern regions is one
order of magnitude lower than the artificial groundwater use in the New Valley and that a
major discharge of influx amount by evaporation in the Gebel Oweinat—Aswan uplift area
islikely. The groundwater yield differs regionally and verticaly.

» Heinl and Thorweihe (1993) developed a regional groundwater flow model for the
Nubian Aquifer System to simulate the groundwater flow system under climatic changes
for the last 8,000 years.

» CEDARE (2002) has developed a regional groundwater flow model for the NSAS
setting the northern model boundaries to the shoreline of the Mediterranean Sea.

» Ebraheem et al. (2002) concluded from a numerical groundwater flow model that the
steady state solution could not be obtained under the present arid conditions within the
NSAS. He also studied the impact of the groundwater extractions on the aguifer behavior.

» Gossel et al. (2004) have developed a large scale groundwater flow model for the
NSAS and studied the response of the aquifer to the climatic changes that occurred during
the last 25,000 years.
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1.4 Structure of the thesis

Thiswork is composed of nine chapters including this one. As stated earlier, this chapter is
a genera introduction. It introduces a general background on the problem, an overview on
the well known previous work, the objectives, and the idea behind this research.

Chapter 1
Introduction
A/ \
Chapter 2
Geographical setting
"\ g
Outlines and Background[ chapter 3 )
on the Nubian Sandstone = . .
- eological setting
Aquifer System \ /
Chapter 4
Hydrogeological setting
. [ Chapter 5 g
Basics
Methodology
"\ s
i [ Chapter 6 D
Regional Groundwater aEon
Flow Modeling Regional Model |
\
Chapter 7
Local Model-Dakhla oasis
Local Groundwater
Flow Modeling ; "
Chapter 8
Local Model-Lake Nasser-Tushka
aY f
g Chapter 9 B

s Summary and Conclusions
f

Figure 1.1. Anillustration showing the structure of the thesis.
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Chapter Two sets the scene within the study area by describing the outlines, location and
important regional physical setting controlling the area of interest in terms of the
geomorphological features and climate.

Chapter Three produces the geological settings of the study area and discusses the
lithological aswell as the stratigraphic units composing the NSAS, as this discussion helps
greatly in the further formulation and development of the conceptua framework. The
major structural framework is also presented.

Chapter Four describes the hydrogeology of the NSAS. The purpose is to characterize the
structural and dynamic properties of the system, to provide a coherent hydrogeologic
framework, and develop a conceptua model. It delineates the extension, boundaries,
subunits, and basins of the NSAS and discusses the issue of the NSAS as a transboundary
aquifer system. In addition, Chapter Four presents the agquifer systems in Egypt. The
environmental situation, origin of groundwater in the aquifer, natural discharge, and the
hydraulic parameters are discussed as well.

Chapter Five highlights and debates the concept and proposed computation methodology
of groundwater flow modeling.

Chapter Six figures the procedure of creating a GlS-database and the development of a
coherent, reliable conceptual model for the NSAS. The boundary conditions, initia
conditions, as well as the calibration of the regional groundwater flow model of the NSAS
are characterized and delineated. In addition, the results of the regional groundwater flow
modeling in terms of the decline of the hydraulic head and depth to groundwater are
examined, interpreted, and introduced in this chapter.

Chapter Seven presents the local groundwater flow modeling within the Dakhla oasis (an
oasisin the Western Desert of Egypt). In this context the groundwater management options
are investigated and discussed in terms of studying the impact of applying the different
groundwater extraction schemes on the aquifer behavior and setting different broadcasting
simulations for this purpose.

Chapter Eight examines and debates the groundwater-lake interaction between the NSAS
and Lake Nasser. The purpose of this investigation is to determine whether the water body
of Lake Nasser affects the groundwater recharge of the NSAS.

Chapter Nine integrates the information from the preceding chapters into a fina
discussion and presents conclusions regarding the main problems addressed in the thesis.
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Geographical Setting

2.1 Outlines and location

The study area of the Nubian Sandstone Aquifer System covers the majority of the Eastern
Sahara area and extends from14° — 30° N, and 19° — 34° E, about 1,670 km length and
1,600 km wide at its longest and widest parts, respectively (Figure 2.1).

The Sahara is the largest desert in the world, encircling amost al of northern Africa
(Figure 2.1). Covering an area of about 9,065,000 km? that forms about one tenth of
Africa's area (White 1983). The Sahara is diagonally split into a western and an eastern
part by a series of highlands. The Eastern Sahara is usually further divided into three
regions (Williams and Faure 1980): the Libyan Desert, which extends west from the Nile
valley through eastern Egypt and northern Sudan, and eastern Libya; the Arabian Desert,
or Eastern Desert, which lies between the Nile valley and the Red Sea in Egypt; and the
Nubian Desert, which lies in northeastern Sudan (Figure 2.2). The Eastern Sahara has an
area that roughly exceeds 2 million km?.

The whole area described above is composed of one huge, unbroken tract of true desert
area which is characterized by extreme aridity. The only slight exceptions are the narrow
littoral zone extending aong the Mediterranean Sea and the most southern margins of the
area that receive scanty amounts of rainfall, seasonal irregular runoff, and poor, scattered
plant cover. The only isands of life in the interior of this desert are represented by the
oases regions, which are located in a series of depressions in the desert plateau and owe
their existence exclusively to the groundwater resources. More than two thirds of the
inhabitants of the Eastern Sahara are concentrated in oases where it is possible to find
water (Cloudsley-Thompson 1984).



@ Chapter 2 Geographical Setting 8

Benghazi

Alexandria

Aswan

X
1%)
Tu:—._'llm $®%%

@
P

Dongola

L]
Nukheila

Study area

Oasis Khartoum
150 75 0O

City

Poletical boundary

20" 25° l " 35"
Figure 2.1. The upper image is a satellite image of North Africaincluding the Sahara. The
lower one is an image from the DEM of the Eastern Sahara including the study area of the
Nubian Sandstone Aquifer System. Sources. NASA (2005, 2006) and USGS (2004).
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2.2 Geomorphology

Principal topographic features include large oasis depressions, extensive stony plains, rock-
strewn plateaus, abrupt mountains, sand sheets and dunes, and sand seas. Huge areas of it
are empty, but scattered clusters of inhabitants survive in fragile ecological balance
wherever water sources occur. Sedentary living is restricted to oasis areas. The Eastern
Sahara area is characterized generally by extreme aridity, absence of relatively recent
drainage lines, and uniformity. It is characterized by bare rocky plateaus and sandy plains.
Ridges and deep depressions (basins) exist in several parts of the desert, and no rivers or
streams drain into or out of the area, except for the Nile, which fed from the mountainous
areas outside of the region (Cloudsley-Thompson 1984).

The tilted rock strata are eroded as the land rises southward, resulting in a series of scarps
that run parallel to the sea, and form cliffs that sometimes reach several hundred meters
high (Figure 2.2). At some points at the base of the scarps, the wind has excavated
depressions which reach into the groundwater lying under the whole of the Libyan Desert
(Tawadros 2001). Precambrian rocks are exposed in a few places across the Eastern
Sahara. During the Mesozoic most of North Africa was under water, and marine deposits
were deposited. The area was uplifted in the Middle Tertiary and has been eroding ever
since. The surface of the desert ranges from large areas of sand dunes (which are called
Erg), to stone plateaus (Hamadas), gravel plains (Regs), dry valleys (Wadis), and salt flats.
The northern and southern margins of the area still also receive more rainfall and have
greater vegetation than central ones do (El-Sayed 1995; Zahoran and Willis 1992).

Despite the apparent homogeneity of the Eastern Sahara, closer examination of the desert
surface permits the recognition of several physiographic regions, each of which exhibits a
particular landscape (Said 1960; Neumann 1989). These can be seen in Figure 2.2 and are
briefly described as follows:

» Mediterranean Coastal Plain

Thisis arelatively narrow plain running in an east-west direction paralel to the coastline.
It is bounded at its southern side by a low escarpment rising about 100 m above sea level
(Himida 1970). This plain is characterized by a series of elongated ridges taking the same
direction of the plain itself and aternating with shallow depression areas. Such ridges are
composed of oalitic limestone.

= Plateaus (Hamadas)

Hamada is an Arabic word describing plateaus (dead, lifeless). It is a type of desert
landscape consisting of largely barren, hard, rocky plateaus with very little loose material.
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Hamadas are tabular, rocky trays restricted by cliffs. They are of sedimentary origin,
frequently calcareous. The best known plateaus are the following: The Marmarican
Homoclinal Plateau forms the extreme northern area of the Eastern Desert. It extends from
the Nile Delta westward to Cyrenaica in northeastern Libya and forms the North
Mediterranean Coastal Plain southward to the Qattara Depression. It is an almost flat
plateau sloping regionally both to north and west and rising 300-400 m from sea level. The
Limestone Plateau covers an extensive area west of the Nile valley and has an elongated
shape, mainly north-south parallel to the Nile valley. It is composed mainly of compact
limestone and extends southward until it ends with an escarpment about 300 m high
overlooking the sandstone plateau. The Sandstone Plateau covers more than half the area
of the Eastern Sahara and forms an extensive plateau extending from the Nile valley to the
east until the Tibesti and Ennedi highlands to the west and from Kordofan region to the
south until the limestone plateau to the north (Kehl and Bornkamm 1993).

= The Ergs (Sand Seas)

An erg (an Arabic word expressing the vein-like features) is a large, relatively flat area of
desert covered with huge volume of parallel sand dunes excavated by the aeolian activities
and having little to no vegetation cover (Maxwell 1982; Watham 2001). These are
normally hundreds of kilometers in length and occasionally reach heights of a hundred
meters. There are three Great Sand Seas within the Eastern Sahara: the Egyptian Great
Sand Sea, the Calanascio Sand Sea, and the Rebiana Sand Sea. The three sand seas contain
dunes up to 110 meters in height and cover approximately one quarter of the region
(Neumann 1989).

This Egyptian Great Sand Sea occupies most of the northeastern part of the Libyan Desert
south of Siwa and to the west of Bahariya and Farafra, giving way to gravel plains,
mudpans, and the perfectly flat and featureless Selima Sand Sheet plains in northern Sudan
further south, roughly along latitude 23 North (Nicoll 2001). A tongue of the Great Sand
Sea turns west and continues across the flat plains in Libya, where it is called the
Calanascio Sand Sea. After losing height and tapering off, the dunes gain strength once
more and form the Rebiana Sand Sea, which occupies the western edge of the Eastern
Sahara (El-Baz and Mainguet 1981; El-Baz 1992; Waltham 2001).

= Depressions

Depressions are natural excavations in the desert. According to most of the recent authors,
these depressions owe their origin to tectonic factors at the first stage of their development
(Knetsch and Yallouze 1955; Said 1960; Hermina 1990). These tectonic factors were
supplemented afterwards by weathering and erosion action along lines of weakness. There
are several important depressions in the Eastern Sahara. All of them are located at the foot
of scarps and are considered oases; the exception is Qattara Depression, which contains the
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Sahara' s lowest point, just to the south of the northernmost scarp, with Siwa oasis at its
western extremity largely below sea level (its lowest point is 134 meters below sea level).
It is covered by badlands, salt marshes, and salt lakes (Hughes and Hughes 1992).

The other major oases form a topographic chain of basins extending from Al-Fayoum
Depression which lies sixty kilometers southwest of Cairo along with Siwa and Jaghboub
in Libya, south to the Bahariya, Farafra, and Dakhla oases before reaching the Kharga
oasis (Klitzsch and Squyres 1990). These depressions are occasionally covered with plains
of sandstone that belong to the sandstone series. The average ground levels within these
depressions differ according to the location and get deeper northward. For instance, it is
about 115 m above sea level in the Dakhla oasis and more or less near the sea level or a
few meters deeper in the Siwa oasis.

There are afew scattered, seldom inhabited or completely uninhabited small oases, usually
linked to the major depressions, where water can be found by digging to a few meters in
depth. In the west, in Libya, there is a widely dispersed group of oases in unconnected
shallow depressions named the Kufra group. It comprises Tazerbo, Rebiana, Sarra,
Bishara, and Kufra, the Mourdi Depression in Chad, and the Selima and Nukheila in
northern Sudan (Cloudsley-Thompson 1984). Among all physiographic regions of the
Eastern Sahara, the depression areas are especialy interesting, as they include the oases
regions and the areas liable to be reclaimed.

* Regs

Regs are also known as gravel desert. They are extensive, nearly level, low desert plains
from which fine sand has been removed by wind, leaving a sheet of coarse, smoothly
angular, wind-polished gravel, and small stones lying on an aluvia soil (Cloudsley-
Thompson 1984) strongly cemented by mineralized solutions to form a broad desert
pavement. It is called localy in Egypt “Battikh Wadis’ or melon valleys due to the
appearance they show.

» Sabkhas

This is a smooth, flat plain usualy high in salt; after a rain the plain may become a marsh
or a shallow lake until the water evaporates. These occur usualy at the depressions of the
domain, where water exists on the ground surface: i.e., north and south of Wadi Howar and
in the ancient Lake Ptolemy in Sudan, within the Egyptian depressions, east of Tibesti
Mountains and within the Kufra oasis (White 1983; Pachur 1999).

» Guelta

A Guedta is a peculiar type of wetland such as a marsh or swamp. It is formed when
underground water in lowland depressions spills to the surface and creates permanent pools
and reservoirs without visible flow. It can be poolsin the beds of Wadis (White 1983).
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» Wadis

Wadis are dry riverbeds that contain water only during times of heavy rain; they are
watercourses with temporary visible flow, such as Wadi Howar and Wadi El Milek in
Sudan and Wadi Qena in Egypt (Williams and Faure1980; Kroepelin 1990; Zahoran and
Willis1992; Robinson et al. 2006).

= White Deserts

The white desert owes its name to the presence of limestone and chalk which reflect white
color where they are exposed. Examples of such features can be found stretching east of
the Nile valley in the Eastern Desert of Egypt and over the Reg plain of Farafra oasis (Said
1990; Brook et al. 2002; Halliday 2003).

= Mountains and Highlands

Aside from the scarps, the general flatness is only interrupted by a series of plateaus and
massifs.

These are represented by the following:

The mountains of the Nubian Arabian Shield (Red Sea Mountains) extend along the
western coast of the Red Sea. The Gilf Kebir Platea, is located about 150 kilometers north
of Gebel Oweinat, it rises about 300 meters above the genera plain and about 2,000 m
above sea level and lies entirely in Egypt. Dozens of Wadis extend into the desert around
its perimeter (Klitzsch 1979; Alaily et al. 1987; Kehl and Bornkamm 1993; Robinson et al.
2006). These Wadis were formed by water erosion in a wetter phase millions of years ago
in the late Tertiary age. Then it was a great divide, draining water in all directions, north,
south, east, and west. Slightly further to the south, near the centre of the Libyan Desert,
around the convergence of the Egyptian-Sudanese-Libyan borders, the massifs of Arkenu,
Oweinat, and Kissu occur. These granite mountains are very ancient and were formed a
long time before the sandstones surrounding them. Arkenu and Western Oweinat are ring
complexes (Jas et al. 1988). Gebel Kamel is a raised sandstone plateau adjacent to the
granite part further west. The plain to the north of Oweinat is dotted with eroded volcanic
features. Gebel Oweinat includes peaks reaching elevations just under 2,000 m (Klitzsch
and Wycisk 1984, 1999; Kehl and Bornkamm 1993).

The Tibesti Mountains area is found in the northern portion of Chad and extends
marginally a short distance into southern Libya. The Tibesti Mountains consist of seven
inactive volcanoes. The mountains are the largest and highest range in the Sahara, with the
highest peak of Emi Koussi, which reaches 3,415 m above sealevel. Emi Kouss lies at the
south end of the Tibesti Mountains in northern Chad (Gourgaud and Vincent 2004). It rises
about 2.3 km above the surrounding sandstone plains and is about 65 km wide. Other
important highlands are the Ennedi, Erdis, and Kordofan.



Chapter 2 Geographical Setting 14

2.3 Climate

The climate of the Sahara has undergone noticeable variations between wet and dry over
the last few tens of thousand years. The last wet period occurred 4,000 to 8,000 years BP
(thisissue will be further discussed in Chapter 4).

The Eastern Sahara has one of the hottest and harshest climates in the world. In the hottest
months temperatures can rise to over 50 °C, and temperatures can fall below the freezing
point (0 °C) in the winter. It is also extremely windy. Hot, dust-filled winds create dust
devils, which can make the temperatures seem even hotter. Daytime temperatures are
extremely high; Azizia, in western Libya, recorded the world's highest official temperature
in the shade at 58 °C in September 1922. Heat loss is rapid at night, as a single daily
variation of -0.5 °C to 37.5 °C has been recorded. Average annual temperatures exceeding
30 °C are common. Freezing temperatures are not uncommon at night from December to
February (Mildrexler et al. 2006). The Eastern Sahara is located in the trade winds belt.
The region is subjected to winds that are frequently strong and that blow constantly from
the northeast and it changes its pattern from southward in the northern part of the Eastern
Sahara to westward in the southern part (El-Baz 1998). The dust winds are registered north
and south of the desert, where they are variously known as Khamasin. The region's low
relative humidity rarely exceeds 30% and is often in the 4% to 5% range. The solar
radiation is capable of evaporating over 200 times the amount of rainfall. The maximum
average of annual sunshine duration is recorded also in the Eastern Sahara (eastern Libya);
it receives about 4,300 hours (97% of the possible astronomic value). Rainfall is extremely
variable and unpredictable (El-Baz 1998), as it rainsin the center of the desert only oncein
20 to 50 years.
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3

Geological Setting

The region of the Nubian Sandstone Aquifer System as a magjor constituent of the Eastern
Sahara was subjected to intensive geological studies on all scales. These permanent long
studies presented the modern knowledge about the geology of the Eastern Sahara.
Examples of these studies are given in Sandford (1935), Shata (1953), Knetsch and
Yallouze (1955), Ibrahim (1956), Sigaev (1959), Elgezeery (1960), Said (1962), Hume
(1965), Ambroggi (1966), Ezzat (1974), Amer et al. (1981), Klitzsch and Wycisk (1987,
1999), Klitzsch et a. (1987), Schandelmeier et a. (1987a), Wycisk (1987a, 1990, 1993,
1994), E1 Gaby and Greiling (1988), Gras (1988), Klitzsch (1989, 1994) Hermina (1990),
Klitzsch and Squyres (1990), Salem and Belaid (1991), Klitzsch and Semtner (1993),
Mansour et a. (1993), and Thorweihe and Schandelmeier (1993).

The region of the Eastern Sahara is known also as the Libyan Desert, which is
distinguished from the Western Sahara by the western boundaries of the Eastern Sahara.
These boundaries are located along the series of highlands running northwest of El-Fashir
in Sudan and include the Ennedi, Erdis, and Tibesti Mountains as well as the Hamada
desert area of Fezzan in Libya (Himida 1970). The eastern side of this desert is limited to
the Nile Valley. The southern margins are distinguished by the Darfur and Kordofan
mountainous areas in Sudan, while the desert extends to the north until it reaches the
Mediterranean shoreline (Figures 2.2, 3.1 and 3.2).

The sediments body of the Eastern Sahara forms huge morphologic depression structure in
the areas of Chad and Libya, as the sediments outcrop at all margins of the basin and the
older sediments are generally overlain by the younger ones in the direction of the
depression center. In the eastern part of the area (North Sudan and Egypt) a vast
monoclinal structure occurs where the older formations outcrop at the southern localities,
whereas they generally dip, increase in thickness, and disappear under the younger
formations northward (Himida 1970).

Along the coastal zone of the Red Sea, western margins, and in the most southern regions
of the domain, there are outcrops of rocks belonging to the crystalline basement complex,
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which are composed of granites, granodiorites, diorites, gneisses, schists, and basalts. The
ages of these rocks in most localities are assigned to the Precambrian period. However, in
many localities intrusive rocks of younger ages are recorded (Klitzsch 1989, 1994).
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Figure 3.1. Localities, famous features, and names mentioned in this chapter.
Moving from the southern localities of the area northward, the rocks of the basement

complex are gradually overlain by a series of mostly unfossiliferous formations composed
of sands, sandstones, clays, and shales which are commonly termed the Nubian Sandstone
Series. The Nubian Sandstone Series varies in thickness from some few tens of metersin
the northern regions of Sudan to about 250 m in the southern localities of the Kharga oasis,

900 m in the northern localities of the same oasis, and about 1,800 m in the Bahar

iyaoasis,

while it attains a thickness of more than 3,500 m in the northern localities of the Dakhla
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Basin and over 4,500 in the northwestern part (Hermina 1990; Klitzsch and Wycisk 1999)
of the KufraBasin of the Libyan Desert (Figure 3.2).

Regionally, the Nubian Sandstone Series changes gradually from mainly continental sandy
facies in the southern regions of the aquifer domain, to intercalations of sandstones and
clays of aternating continental and shallow marine facies in the central regions of the area,
to mainly marine facies in the northern regions, where it consists of thick beds of clays
intercalated by beds of limestones, dolomites, and sandstones. Generally, it may be
concluded that the Nubian Series, by its stratigraphical position, ranges from Cambrian to
Upper Cretaceous (Thorweihe and Schandelmeier 1993).

3.1 Stratigraphy

Descriptions of the different lithostratigraphic units forming the body of the Nubian
Sandstone Aquifer System in the Eastern Sahara are hereafter given from older to younger.
Figure 3.3 is a schematic surface geological map of the NSAS area showing the
distribution of the stratigraphic unitsin correspondence to their ages. The stratigraphic type
sections in different localities within the domain of the Nubian Sandstone Aquifer System
are represented in Figure 3.4.

3.1.1 Precambrian

As mentioned above, the Precambrian is represented by the basement complex overlain by
the sediment pile of the aquifer system and outcropping at the marginal areas (Himida
1970; Bellini and Massa 1980). The crystalline basement is exposed extensively in the
mountains of the Eastern Desert of Egypt, the Nubian Desert of Sudan, at Gebel Oweinat
and at Kordofan, Darfur, and Tibesti massifs in Sudan, Chad, and Libya, respectively.
Smaller isolated exposures also occur at different locations between Bir Safsaf and Nasser
Lake in southern Egypt and northwestern Sudan (Figure 3.1 and 3.3). The basement
complexes of the Eastern Desert of Egypt and the Nubian Desert of North Sudan (the
Nubian-Arabian Shield) are composed mainly of high grade metamorphic rocks interrupted
by granite intrusions (Elgaby 1985; EI Ramly and Hussein 1985; Khudeir 1983; El Gaby et
al. 1990). The basement massif of Gebel Oweinat occupies an area of about 40,000 km?
and is composed mainly of akaline, ring structured granites and metamorphic rocks,
however with some volcanic interruptions of younger age (Klitzsch and Wycisk 1987,
Meneisy 1990; Schandelmeier and Richter 1990). Kordofan and Darfur massifs are also
composed of meta-gneisses and granites with some younger volcanic activities. Tibesti
highlands are characterized by successive volcanic eruptions (Figure 3.3) forming the
highest highland in the Saharawhich is Emi Koussi (Bellini et al. 1991).
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Figure 3.2. Lithostratigraphic sections along the domain area of the NSAS. The

corresponding locations are shown in the overview map, compiled from Hissene (1986),
Kheir (1986), and Hesse et al. (1987).
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3.1.2 Cambrian and Ordovician

The strata of Cambrian and Ordovician are well known from the southern edge of the
Ennedi Mountains in northeastern Chad, the Tibesti Mountains in Libya, and also from
north of Kufra oasis in Libya (Figure 3.3). These strata are dipping towards the Kufra
Basin where the basement rocks are unconformably overlain by over 1,000 m of sandstone
in some regions (Hissene 1986) to the north of Libya. The aspect of the Cambro-
Ordovician rocks is quite characteristic and uniform over large zones with the rough
morphology of its outcrops. The strata consist mainly of well cross bedded sandstone of
fluvial origin and intercalations of deltaic and near shore marine sandstone only in the
Ordovician part of the section (Bellini and Massa 1980; Hissene 1986; Klitzsch 1987).
These sediments are also detected in northern Wadi Qena in the Eastern Desert of Egypt.
From the subsurface investigations in the northern part of the whole area of the aquifer
system, strata that were similar but up to 1,000 m in thickness were found (Figure 3.2).

3.1.3 Silurian

The layers of this age were recorded in the same places in Libya and Chad as outcrops of
small thickness but sufficiently noticeable, where they overly the Cambro-Ordovician
sandstones and dip also to the center of the basin (Figure 3.3). The same strata were found
also in the northwestern part of Sudan in small thickness that becomes remarkably thicker
towards the west. They are composed of greenish and gray shale and clay of shallow
marine origin and intercalated with siltstone (Wycisk 1987a, 1991, 1993; Klitzsch and
Squyres 1990). In general, the Silurian section reaches several hundred meters of thickness
near the Sudanese border with northeastern Chad and has a maximum thickness of about
500 m in the middle part of Kufra Basin.

3.1.4 Devonian

The Devonian strata outcrop in the mountainous areas of Tibesti, Ennedi, and Gebel
Oweinat (Figure 3.3). The sediments of the Devonian age are completely fluvia. They are
formed dominantly of continental sandstone with some minor, local shale and marine
sandstone intercalations in the Libyan and Chadian areas (Klitzsch 1984, 1989). In Libya it
grades to near shore marine sandstone of middle Devonian age. In northwestern Sudan as
well as in southwest Egypt, this sandstone above the partly marine Silurian beds is also
present, but it was nowhere observed to be grading into marine deposits. The sandstones
are generally very thickly bedded and with cross bedding overturned to cross laminations
and slumping. These strata seem to wedge out towards the southwest of the Kufra Basin
and they cannot be distinguished beyond this. In general, this section represents the
beginning of a new sedimentary cycle. In the Libyan parts these strata range from a few
meters to more than 1,000 meter in thickness (Bellini et al. 1991).
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3.1.5 Carboniferous

The Carboniferous beds overly the Devonian sediments and outcrop typically where the
Devonian sediments outcrop (Figure 3.3). At the north of Kufra oasis, this layer also
outcrops and overlies a sandstone layer of Upper Devonian-Lower Carboniferous age
(Hissene 1986). The Carboniferous sediments are formed generaly of cross bedded
sandstones, mainly medium, fine grained, and sometimes even coarse grained in the lower
third part of the bed as well as mostly well bedded. The upper part of the bed is generally
formed of intercalations of silt to sandstone with limestone and shale of marine origin. In
some parts this layer unconformably overlies the Devonian sandstone strata. It is normally
several 10 meters thick and gets thicker towards the west (Klitzsch and Wycisk 1987,
1999). North of the Ennedi range, Carboniferous strata are made of 100-200 m of shale,
siltstone, and sandstone intercalations. It is partly fluvio-continental and partly shallow
marine and wedging out westward.

3.1.6 Triassic and Lower Jurassic

The strata assigned to this age are outcropping to the top at the northwestern Sudan, west
of Gebel Oweinat, the northern margins of Ennedi Mountains, and the eastern margins of
Tibesti Mountains (Figure 3.3). These are sandstones of totally continental origin and
interbedded with paleosoils. The upper section of these strata contains flora of probably
early Jurassic. These strata are of relatively big thickness in the Libyan areas and overlain
by Holocene sand dunes and sandstones of Cretaceous age. These strata are more than 200
m thick in the central and northern parts of the study area (Wycisk 1987, 1993; Klitzsch
1989).

3.1.7 Upper Jurassic and Lower Cretaceous

These layers cover aquifer domain surface in most of the Chadian, Libyan and Egyptian
areas as well as the northwestern part of Sudan. They are forming the top of most of the
huge basin structure, which is known with the Kufra Basin (Figure 3.3). These layers form
a sediment pile reaching 1,500 m at the southern Egyptian oases and increase successively
northward to reach a thickness more than 3,500 m in the most northern parts of the domain
(Bellini and Massa 1980). In the south these sediments are formed of sandstone and some
silt of continental origin. Nevertheless, by moving northward, this situation changes to
sediments of dominant marine origin. In addition, the uppermost part of these sedimentsis
intercalated with shale deposits of marine origin with a few tens of meters thickness
(Wycisk 1994). To the north of the Dakhla and Kharga oases, these sediments are overlain
by rock series of proper marine facies consisting of phosphate beds, chalky limestone, and
shales of Upper Cretaceous and Paleocene ages.
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3.1.8 Upper Cretaceous and Tertiary

The Upper Cretaceous sediments are mainly fluvial sandstone and could be found at the
surface in northern Sudan, southern Egypt between East Oweinat and Tushka, Wadi Qena,
the eastern borders of the Kharga oasi's, the northern borders of the Dakhla oasis, and south
of the Farafra oasis. Continental, freshwater, and marine deposits of Oligocene age
consisted of coarse-grained sandstones, conglomerates, and shales occupying only a very
limited area of the northern region of the Libyan Desert (Tawadros 2001). In the southern
localities of the Siwa Oasis region, Paleogene formations gradually disappear underneath
the Miocene formations (Klitzsch 1989; Wycisk 1994). Shales, limestones, chalky
limestones, and argillaceous limestones of Paleogene age cover a relatively extensive
territory of the Egyptian Western Desert. In the southern regions Paleogene formations
generally conformably overlie the Upper Cretaceous formations. Pliocene deposits are
recorded in some regions in the most northern part of the Egyptian Western Desert and the
Nile Valley (Hermina 1990). Some volcanic activities have taken place in Tertiary age
(Figure 3.3), developing volcanic interruptions in many localities as mentioned in section
3.1.1. These are mostly basaltic outcrops of average round shape, occupying relatively
large areas and forming plateaus of very flat and smooth surfaces (Bellini and Massa
1980).

3.1.9 Quaternary

Pleistocene and Recent deposits are represented by fluvial deposits in the Nile Valley and
Delta, gravel terraces bordering the Nile valley, lacustrine deposits covering the ground
surface in some of the depressions, and Wadi fillings at the edges of the desert plateau and
in the Eastern Desert. Consolidated dunes of Holocene age are found aong the coastal
zone of the Mediterranean, and the widespread free-moving sand deposits in the form of
sand dunes and sand sheets are found on the top of a great part of the study area (Said
1990). Lake sediments and Sabkhas are major constituents of the surface of most of the
depressions and oases, as they occur in thickness reaching 60 m in Sudan and the Kufra
depression and about 40 m in the Kharga oasis (Kroepelin 1999).
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3.2 Major structural framework

Since early Paleozoic time vertical movements in this area have been very slow and are
epeirogenesis in nature, and since they take the form of either uplift or subsidence, it is a
chiefly vertical form of movement and plays little role in either plate tectonics or mountain
building. Loca interruptions with some faults and small deformation movements with
minor displacements are, however, present. Faulting is much diffused in the Paleozoic
outcrops, and many of the faults are intruded and therefore show up as dikes. This
characteristic is also present in the continental Mesozoic outcrops (Schandelmeier et al.
1987). The genera structural framework of the Eastern Sahara area is demonstrated in
Figure 3.5.

The epeirogenetic vertical movements led to the formation of the large basins of the area,
which are now filled up with sediments over 4,500 m thick and bordered or separated by
zones of minor subsidence or uplift. Within the central Sahara, the structural development
follows fairly regular patterns, with an older NNW-striking pattern and a younger one with
an approximately NE orientation. Over large distances the Precambrian basement is at the
surface or covered by only thin sediments (Klitzsch 1983, Wycisk et al. 1990).

An old, early Paleozoic NNW-striking uplift called Howar-Oweinat Uplift extends from
the eastern part of Wadi Howar in Sudan northward across Gebel Oweinat in southwestern
Egypt. This uplift separates the area of southwestern Egypt that is known as the Dakhla
Basin and the Kufra Basin. The sediments east of Howar-Oweinat Uplift seem to be
shallow. Around Bir Misaha in the south of Egypt and Gebel Abiad north of Sudan,
relatively small basins of minor importance were developed parald to the Howar-Oweinat
Uplift (Meshref 1990).

To the west and southwest of Aswan in Egypt, there are several east-west faults with
vertical displacement of Mesozoic and Tertiary strata of up to a few hundred meters. The
major uplift among them is the Safsaf-Aswan Uplift. It extends further westward until the
basement of Bir Misaha. Another one crosses the East Oweinat area until Gebel Oweinat.
It iswell known as the Oweinat-Safsaf Uplift (Wycisk 1987b, Morgan 1990, Klitzsch and
Wycisk 1999).

A great Paleozoic tectonic event was responsible for the formation of the Ennedi-Owelinat
Uplift that has atectonic trend direction of NE-SW.

During Tertiary, a large area between the Oweinat region and the Bahariya oasis was
affected by volcanic activity, resulting mainly in ring structures, but also locally in pipes,
small volcanoes, or basalt blankets (Figure 3.3). The Oweinat area itself is characterized
not only by volcanic activities but also by large acid to intermediate intrusions of Tertiary
(Klitzsch 1989). In Kufra Basin, the dip of the continental Paleozoic and Mesozoic
sediments follows the outline of the basin edges (Bellini and Massa 1980).
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Hydrogeological setting

4.1 Nubian Sandstone Aquifer System

4.1.1 Extension and boundaries

The Nubian Sandstone Aquifer System (NSAS) is considered to be one of the most
significant and potable groundwater basins in the world, as it is the only water resource for
most of the areas sharing its valuable reserve. It extends over a vast area in Egypt, Libya,
Sudan, and Chad (Figure 4.1).

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 Aquifer System is set to the so-called Saline-Freshwater
Interface, whose location is considered spatially stable, although slight movement is
believable (Thorweihe 1987; Thorweihe and Heinl, 1996, 1999, 2000).

The NSAS has a complex structure, which precludes adequate identification of the
hydraulic continuity between the various sub-basins. The hydraulic interconnection is
emphasized between sub-basins within individual countries sharing the system as well as
between the different basins forming the system at the regional level (Wycisk 1993, 1994,
Klitzsch and Wycisk 1999).

The NSAS consists of athick sequence of coarse (refer to Chapter 2 for detailed geological
outlines), clastic sediments of sandstone aong with siltstone interbedded with
impermeable shale and clay beds. The more claylike impermeable beds restrict the vertical
movement of water. These beds of lower permeability, however, are lenticular and
discontinuous at some locations (Idris and Nour 1990; Thorweihe and Heinl 2002).
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4.1.2 Subunits of the aquifer system

The area of the Nubian Sandstone Aquifer System is composed of different water bearing
strata (CEDARE 2002; Foster and Loucks 2006) laterally and/or vertically interconnected.
It can be differentiated into two major reservoirs (Figure 4.1). The oldest and the most
extended reservoir isthe Nubian Aquifer System (NAS). It islargely prevailing unconfined
conditions and includes a number of basins that are hydraulically connected. The
unconfined part of the Nubian aquifers includes the most important groundwater potential
of the whole basin (Bakhbakhi 2006).

The other reservoir includes parts of Libya and Egypt. It is referred to as the Post Nubian
Aquifer System (PNAS). The NAS underlies amost all the area of Egypt, Eastern Libya,
Northern Sudan, and Northern Chad. The NAS comprises the Paleozoic and the Mesozoic
deposits and overlies the Pre-Cambrian basement complex. The PNAS occurs generaly to
the north of the 25™ latitude overlying the NAS in the north of the Western Desert of Egypt
and Northeastern Libya (Bakhbakhi 2006).

The PNAS comprises the Tertiary continental depositsin Libya and Egypt and the Tertiary
(Upper Cretaceous-Eocene) shale and carbonate complex that confine the system at the
topographic depressions in Egypt. A low permeability layer belonging to the Upper
Cretaceous and the lower Tertiary sediments separates the two reservoir systems
(CEDARE 2002; Bakhbakhi 2006).

Groundwater mining of the reserves of the Nubian Sandstone Aquifer System is presently
taking place and increasing yearly. In the past 40 years over 40 billion cubic meters
(40x10° m*) of groundwater has been exploited from the system in Egypt and Libya
(Margat et a. 2006). This has provoked the groundwater level to decline progressively.
Consequently, over 35% of the free-flowing wells and springs in many locations had to be
deepened or substituted with deeper wells. The area of the Nubian Sandstone Aquifer
System of the Eastern Sahara is about 2.35 km® A great part of this area lies on the
Egyptian side, as it possesses about 880,000 km? distributed nearly all over the country
(CEDARE 2001). The remaining area is contributed by the other sharing countries as
shown in Table4.1.
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Figure 4.1: Regiona hydrogeological overview of the Nubian Sandstone Aquifer System.
Compiled from: CEDARE (2002), Salem and Pallas (2004), Bakhbakhi (2006).
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Groundwater storage of the NSAS in the Eastern Sahara is huge and represents the largest
fresh groundwater reserve in the Arab world or maybe in the whole world (CEDARE
2001, 2002). This issue has been published frequently. The most known studies are from
Ambroggi (1966), who estimated the total groundwater volume of the Sahara at 15,000
km?, and from Gischler (1976), who considered it to be at least 60,000 km®. Thorweihe and
Heinl (1996) estimated the groundwater volume of the Nubian Sandstone Aquifer System
150,000 km®, with a very large amount of water largely exceeding the previous estimates.
CEDARE/IFAD (2002) 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 km® (Table 4.1).

Based on the most updated database and the GIS technique, the groundwater resources of
the Nubian Sandstone Aquifer System were calculated by the author using the modeled
saturated volume and the calibrated hydraulic parameters of the system (refer to Chapter
6). Since it is economically unreasonable and infrastructurally impossible to obtain
groundwater from great depths over broad areas of the aquifer system, the total volume of
the groundwater resources is to some extent of academic interest. For the interpretation of
groundwater ages based on radiocarbon analyses, however, it is very important to have an
idea of the groundwater's mean residence time, which is dependent on water volume and
discharge rate (Figure 4.5).

Table 4.1. Area, freshwater storage, and present extraction rates of the Nubian Sandstone
Aquifer System.

Area Freshwater storage™ Present extraction
2 3 3
Country (1000 km") (km?) (km°/year)
PNAS | NAS | Total | PNAS NAS Total PNAS | NAS | Tota
Egypt 569 | 311 | 880 |102,417 | 52,299 | 154,716 0.306 | 0.2 | 0.506
Libya 350 | 300 | 650 | 11,240 | 125,309 | 136,549 | 0.264 | 0.567 | 0.831
Sudan - 750 | 750 - 47,807 | 47,807 - 0.84 | 0.84
Chad - 70 70 - 33,878 | 33,878 - 0.0 0.0
Total 919 | 1430 | 2,350 | 113,657 | 259,293 | 372,950 | 0.57 | 1.607 | 2.177
b Assumi ng a storativity of 10* of the confined part of the aquifer and 7% effective porosity of the
unconfined part.
Source: CEDARE/IFAD (2002). Programme for the Development of a Regional Strategy for the
Utilization of the Nubian Sandstone Aquifer System.
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4.1.3 Basins of the NSAS

Regional faults and uplifts divide the entire Nubian Sandstone Aquifer System into four
basins (Ezzat 1974; RIGW 1988, 1993, 1999; FAO 1997; Attia 1998; MPWWR 1999;
Thorweihe and Heinl 2002). Two of them are major basins and of high significance, and
these are the Kufra Basin of eastern Libya, northeastern Chad, the most northwestern strip
of Sudan, and the Dakhla Basin of the Western Desert of Egypt. The other two subunits are
the Upper Nile platform and northern Sudan Platform; they are of minor importance in
relation to the Kufra and Dakhla basins, as the thickness of their sediments ranges from
little wedges to a few hundred meters (Klitzsch 1994; Klitzsch and Wycisk 1999).

The Kufra and Dakhla basins are filled by fluvial Paleozoic and Mesozoic sandstone
forming an enormous groundwater-bearing formation with a thickness reaching 3,500 m in
the northern part of the system in Egypt and about 4,500 m in the northern (Klitzsch and
Squyres 1990) part of the KufraBasin in Libya (Figure 4.2). On the other hand, continental
sediments of a few hundred meters thickness predominately cover the Upper Nile and
northern Sudan platforms (Heinl and Brinkmann 1989). These basins are discussed briefly
asfollows (Attia 1998; RIGW 1999):

4.1.3.1 The Northwestern Basin

It lies northwest of the Cairo-Bahariya Uplift that separates it from the Dakhla Basin to the
south of it (Figure 4.2). Only the southernmost strip of that unit stretches to the south of the
Saline-Freshwater Interface that outlines the northern boundary of the Nubian Sandstone
Aquifer System. It is composed of marine shale and limestone that have thickness ranges
from 3,000-5,000 m, and in its central part these marine sediments are overlain by Miocene
continental sandstone, forming a phreatic aquifer with very good hydraulic conductivity
(Hantar 1990).

4.1.3.2 The Dakhla Basin

It is the largest and most important unit in Egypt. It consists of fine to coarse grained
continental sandstone of Lower Cretaceous with good permeability and thickness reaching
3,500 m. Two beds of the Silurian, low permeable sediments, which are of marine origin,
occur mainly as marine shale and intercalate the sandstone sequence (Hermina 1990,
Wycisk 1993). These two beds are of a few tens of meters in thickness and thicken to the
north. The aguifer system is unconfined to the south of the basin, where the sandstone
outcrops, while to the north, where the sandstone is overlain by the impermeable marine
shale and clay, the aguifer reveals confined conditions (Hermina 1990; Klitzsch and
Schandelmeier 1990; Klitzsch and Wycisk 1999). Actually, all the Egyptian oases and
amost al the newly constructed development areas lie in this basin.
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Figure 4.2: Locality map showing the thickness, major uplifts, and the structural units of
the NSAS. Locations of uplifts adapted from thickness after Klitzsch (1983), Hissene
(1986), Hesse et al. (1987), and Thorweihe (1996).

4.1.3.3 The Upper Nile Platform
The Kharga Uplift separates the Upper Nile Platform from the Dakhla Basin that is located
west of it. On the other hand, the Oweinat-Safsaf Uplift and the Safsaf-Aswan Uplift
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separate both the Dakhla Basin and the Upper Nile Platform from the Upper Sudan
Platform that lies to the south of them (Figure 4.2). The sediments of this basin are of
Cretaceous age but have a relatively much higher rate of shale intercalations than those of
Dakhla Basin; hence, the sediments of the Upper Nile Platform have much lower
permeability than their equivalent in the Dakhla Basin (Thorweihe 1996).

4.1.3.4 The Northern Sudan Platform

It forms an area where only thin sediments of less than 300 m thickness occur. This unit is
bounded to the east and south by the basement outcrops and to the west by Howar-Oweinat
Uplift, which separates it from the Kufra Basin. The basin is formed mainly of continental
sandstone and very a few tens of meters thick bed of marly limestone that cover the
plateaus of the basin (Hermina 1990; Wycisk 1993).

4.1.3.5 The Kufra Basin

It extends over the southeast of Libya, northeast of Chad, and northeast of Sudan.
Continental sandstones of Cambro-Ordovician to Lower Cretaceous generally form the
basin with minor intercalations of marine deposits of Lower Silurian and Carboniferous.
One hundred fifty to 200 m of shale and clay are intercalating the aquifer and increasing in
thickness toward the south and southwest of the basin. The greatest thickness of the
Nubian Sandstone Aquifer System is recorded within this basin (Hissene 1986; Salem and
Pallas 2004), as the thickness of the sediments reaches 4,500 to the north of it (Figure 4.2).

4.2 Aquifer systems in Egypt

Groundwater in Egypt is not extracted only from the Nubian Sandstone Aquifer System
but could also be withdrawn from some different bearing formations that can provide fresh
groundwater to satisfactory limits quantitatively and qualitatively as well. According to the
accessibility and locality of the aquifer that plays a big role in the quality of water, the
significance of the aquifer comes up for discussion. Hydrogeologically, the framework of
Egypt can be characterized into five magjor aquifer systems (RIGW 1988, 1993; Attia 2001,
Allam et a. 2002; Dawoud 2004). They differ in general individuaities, including
extension, hydraulic conductivity, transmissivity, storage, recharge, etc. (Figure 4.3).

4.2.1 The Coastal aquifer

In the coastal aguifer systems, both along the Mediterranean as well as along the Red Sea
coast, the aquifer system is assigned to the Quaternary and Late Tertiary mainly sandstone
sediments in the form of scattered pockets. Groundwater is mainly brackish in most areas,
and its salinity is affected by the seawater intrusion and is in excess of 2,000 ppm.
Groundwater recharge occurs generally from rainfall (Allam et al. 2002).
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4.2.2 The Nile Aquifer

This is situated in both the Nile flood plain and the Nile Delta. It consists of Quaternary
alluvium of a thick layer of graded sand and gravel covered by clay to silty clay. The
aquifer thickness reaches 1,000 m along the Mediterranean coast. The salinity exceeds
1,500 ppm in many parts of the aquifer, especially to the north. This aquifer system is
renewable and the main recharge source is the seepage from the Nile and the infiltration
from the drainage system of the agriculture activities. The transmissivity is estimated to be
about 10,000 m?/d (Attia 1985, 1998).

4.2.3 The Moghra Aquifer

It is dominated by fluvio-marine sands of Lower Miocene and occupies a wide area to the
west of the Nile Delta up to the Qattara Depression. The water-bearing strata belong to an
ancient delta of a river dating back to early Miocene times. The thickness of the aquifer
varies from afew tens of meters on the eastern side to ailmost 1,000 m on the western side.
The water in this aquifer is brackish and changes from saline to hyper-saline further to the
west of the aquifer. Recharge is achieved mainly from deep percolation from the Nile
alluvium. The transmissivity ranges from 500-5,000 m%d (RIGW 1992; Laeven 1991;
Diab et a. 1995).

4.2.4 The fissured Carbonate aquifer

This aquifer occupies an area of about 500,000 km’, or 50% of the surface area of the
country, and dominates basically in the north and middle parts of the Western Deserts. In
spite of itsvast area, it is considered the poorest aquifer in the country. Its sediments are of
Eocene to Upper Cretaceous origin and overlie the Nubian Sandstone. The aguifer is
formed of limestone, dolomite, chalk, and marl and may locally include phosphate and
shale intercalations. Its thickness varies from 200-1,000 m, and brackish water is found in
various locations (Dams and Moore 1985; RIGW 1993).

4.2.5 The Nubian Sandstone Aquifer

The NSAS in Egypt is assigned to the Paleozoic-Mesozoic (Wycisk et al. 1990; Klitzsch
and Wycisk 1999). It occupies alarge 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 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, for example in the Siwa oasis, while the shallowest are encountered in the
southern portion in Kharga and the East Oweinat area. The aquifer transmissivity is
generally medium to low, varying from 1,000 to 4,000 m?%day. Groundwater quality is
generally good in the major part, except near the coastal regions and Sinai (Thorweihe
1990; Thorweihe and Heinl 2002).
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Figure 4.3. The aquifer systems of Egypt. Modified after RIGW (1998).

4.3 NSAS as a Transboundary Aquifer

The term *‘Transboundary Aquifer’’ refers exclusively to the aquifers that traverse a
political boundary between two or more sovereign states (an example from the Nubian
Sandstone Aquifer System isillustrated in Figure 4.4), so it is necessary to view the entire
aquifer system, including al aguifers that are hydraulically interconnected, directly by
lateral or indirectly through vertical contact or through fractures and low permeability
formations (aquitards). Groundwater is usually a part of a greater hydrologic system,
sometimes with the surface water and/or groundwater of a neighboring country (Eckstein
et al. 2005).
Four case models to characterize the transboundary and international provinces associated
with groundwater resources were suggested by Barberis (1986):
= A confined aquifer that is intersected by an international boundary and
hydraulically is not connected to other ground water or surface water. It aone
forms the shared natural resource.
= An aquifer that lies completely within the province of one country but is
hydraulically adjoined to an international river.
= An aquifer that is located entirely within the territory of a single state and is
associated hydraulically with afurther aquifer in a neighboring state.
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= An aquifer that is located entirely within the province of a certain state but has its
recharge zone in another state.
These case models serve as common patterns for the application of international water law.
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Figure 4.4: Diagram of the transboundary Nubian Sandstone Aquifer System. Adapted
from Salem and Pallas (2004), Bakhbakhi (2006).

Although Transboundary Aquifers are as important as Transboundary Rivers, their
importance has received insufficient and only secondary consideration, especially in
environmental and human development and among legislatures and decision makers. More
than one half of the world’s population is depending on groundwater for its essential needs
(UN 2003). Neither groundwater nor surface water is confined to political boundaries, but
they occur over and/or beyond them in many cases all over the world.

As discussions of the issue concerning the management of transboundary river basins have
been taking place for many years (Bourne 1992; Van Dam and Wessel 1993), the same
cannot be quite completely stated about transboundary aquifers, as they were hardly at the
front of the scientific and political debates.

Lately, some individuals and international associations have started focusing on the issue
of the Internationally Shared (Transboundary) Aquifer Resource Management (ISARM) or
the Transboundary Aquifer Resources Management (TARM): i.e., the Internationa
Association of Hydrogeologists (IAH 2003) and the Federa Institute for Geosciences and
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Natural Resources (BGR 2006-Bundesanstalt fiir Geowissenschaften und Rohstoffe) in the
frame of the WHYMAP-project (Worldwide Hydrogeological Mapping and Assessment
Program), and (UNESCO-IHP) the UNESCO’s International Hydrogeological Program
(Puri et a. 2001).

4.4 Environmental situation

Non-renewability is never strictly expressing groundwater resources, but in many cases,
especially in the arid regions, the time span required for agquifer replenishment is normally
too long in relation to the normal time frame of human activities in genera and of water
resources planning in particular. In cases where groundwater is available for extraction
from the reserves of an aquifer which has a very low current rate of average annua
recharge but a large storage capacity, this groundwater resource can thus be termed “non-
renewable’. The NSAS (Figure 4.5) is typically one of these cases, as the development of
its reserves involves the mining of its “fossil groundwater”. Fossil groundwater is the water
that infiltrated usually 10,000 years ago and often under climatic conditions different from
the present and that has been stored underground since that time (Margat et a. 2006).

— SATURATED ZONE
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| 10,000 Aquifer resistance ime inyears . . . . . . _ . e VAN T e, |

Figure 4.5: The concept of the non-renewability of the Nubian Sandstone Aquifer System.
Typically, recharge area, transmission area and discharge area. Modified after Margat et al.
(2006).
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As an immediate consequence of the groundwater mining of the Nubian Sandstone Aquifer
System, alot of environmental impacts are expected as an outcome (Puri et a. 2001):
» The change of the groundwater flow direction and the hydraulic gradient as is the
present case in most of the Egyptian oases.
= The groundwater withdrawal builds cones of depression around the well or well
field, which in turn means lowering of the groundwater level or increase of the
depth to groundwater. With the successive increase of the depth to groundwater, the
water pumping becomes uneconomic or impossible, which sequentialy initiates
severe environmental hazards and may lead in some cases to the migration of
inhabitants.
= Successive lowering of the groundwater level directly affects the hydraulic
parameters of the aquifer like the transmissivity.
= Through abrupt groundwater circulation and steepness of the hydraulic gradient,
the groundwater quality suffers noticeable changes.
» The groundwater velocity increases as a result of the steepness of the hydraulic
gradient.
» In such cases of groundwater overexploitation, the soil will not have better
situation, as it gets saltified and turned slowly to become Sabkhas, as the case in
Siwa oasis in the north of Egypt.

Under the conditions of water scarcity in the area of the Eastern Sahara, which is
overwhelmingly an imperative restriction to development, besides the non-renewability of
the NSAS, which imposes more complexity on its management, the utilization of this
resource provided by groundwater exploitation must be governed by principles of
rationality, wisdom, and sustainable development to avoid the mining of the aquifer
storage reserves rather than uneconomic lifting of the groundwater. Groundwater mining
refersin this context to the extraction of groundwater from an aquifer that has mainly non-
renewable resources with depletion of its reserves. As such development of groundwater
resources has special socia, economic, and political sensitivity compared to other water
resource development.

441 Groundwater residence time

An approximation of the average residence time of water in an aquifer can be estimated by
assuming that steady-state flow conditions exist on an inter-annual basis, and recharge
rates and other aquifer properties are constant. In this way, residence time is proportional
to the volume of void space in the aquifer. It is used only in situations where the aquifer
volumeis at least several times as high as the annual groundwater flux. The residence time
can then be defined as (Focazio et al. 1998) the ratio of the volume of aquifer void space to
the volumetric rate of water moved through the aquifer:
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[Eq4.1]

where t is the residence time [T], b is the aquifer thickness [L], n is the porosity

[dimensionless], and r isthe annual recharge rate [L/T].

In this way, water in an aquifer having a small void volume [small porosity and (or)
thickness] and a high recharge rate will have to move through the aquifer faster (have a
shorter residence time) than an aquifer with larger void volume and smaller recharge rates.
Therefore, with other agquifer characteristics constant, a higher porosity, a larger thickness,
and smaller recharge rate are all independently associated with longer residence time,
which istheidentical situation within the Nubian Sandstone Aquifer System.

4.5 Origin of groundwater in the NSAS

4.5.1 Origin theory

It is important to understand the origin and movement of the groundwater in the whole
aquifer system before a responsible utilization can be made. The origin of groundwater in
the NSAS has been intensively discussed by several authors since the 1920s. Two
complementary concepts have presented the origin of groundwater in the NSAS as follows
(Thorweihe and Heinl 2002):

The allochthonous concept. It is the oldest theory that postulated flow of
groundwater from precipitation in the most southern mountainous parts of the
system to provinces of discharge in the aquifer. This concept was justified from the
regional piezometric map and flow direction of the aquifer, which illustrates a
general flow direction from the southwest to the northeast of the aquifer. According
to this theory, the groundwater is renewable, and the basin is receiving some
recharge at intake areas estimated to be about 1.6 km®/year. This concept was
adapted mainly by Ball (1927) and confirmed by Sandford (1935). This concept has
still been valid until now, though rejecting the steady state idea.

The autochthonous concept. This theory is based mainly on the interpretation of the
groundwater isotopes. The concept concluded that no age gradient aong
hypothetical stream lines has been detected; on the other hand, no flow direction
could be seen. This theory concluded that the bulk of the groundwater mass within
the basin was formed in situ in the area surrounding the present discharge areas
during the humid pluvial periods of the Holocene (Sonntag 1986, Pachur 1999).
The further sophisticated studies claimed that the obvious matching among the
slope of the groundwater level, the gradient of the precipitation in the southern
parts, and the general flow direction to the northeast misled to a conclusion that the
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aquifer is renewable and gets continuous recharge from the more humid regions in
the south (Brinkmann et a. 1987; Kropelin 2001). Nevertheless, the groundwater
velocity, aguifer resistance time, and climatic changes have to be considered
(Figure 4.6).

4.5.2 Recharge

The transient theory of the groundwater origin did not deny completely the possibility of
the recharge from the south but disbelieved the quantity or significance of the kind of
recharge for the Nubian Sandstone Aquifer System (Sonntag el a. 1987; Thorweihe and
Heinl 2002). However, three possible ways of groundwater recharge for the aquifer system
are claimed asfollow:

= Seepage of Nile water.

* Regiona groundwater influx from areas with modern groundwater recharge.

= Locd infiltration through precipitation during wet periods in the past.

4.5.2.1 Nile water seepage

According to the geologic components and the relationship between the groundwater level
and the level of the surface water of the Nile, the leakage of water from the Nile into the
NSAS can only occur aong Lake Nasser in Egypt until Wadi Halfa north of the Sudan,
where the Nile River starts to cross the basement outcrops. Another possible seepage zone
occurs in the area between Dongola in northern Sudan to Khartoum. In Egypt, north to the
25th Meridian the Nile runs across impermeable sediments of Upper Cretaceous to
Tertiary. However, the groundwater-surface water interaction in this zone takes place in
both directions (effluent and influent) but on very local scales (Heinl and Thorweihe 1993;
Ebraheem et al. 2002; Gossel et al 2004).

4.5.2.2 Recharge from the South

Some parts of the most southern region of the aquifer system are more humid than in the
middle or northern parts and get episodic precipitation. Some of this amount in turn
infiltrates and adds up to the groundwater recharge (Figure 4.1).

In spite of the presence of this kind of recharge, it is still considered negligibly small in
comparison to the evapotranspiration from the discharge depressions of the system
(Sonntag 1984, 1986).

4.5.2.3 Local infiltration in the past

The isotopic findings provide strong arguments that the fossil water of the basin was
infiltrated during humid periods in the Late Pleistocene and Holocene time (Edmunds and
Wright 1979, 2003; Sonntag et al. 1979; Pachur et al. 1987, 1999; Kroepelin 1993b, 1999,
2001; Ebraheem et al. 2002; Gossel et al. 2004). These studies concluded that the
groundwater in the aquifer was recharged in the humid periods 20,000 and 5,000 B.P.
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Figure 4.6 represents a histogram of the different climatic situations that occurred during
the last 30,000 years in different localities within the Eastern Sahara (Pachur 1999). These
humid periods ended in the northern Sahara 8,000 years ago and in the southern Sahara
4,000 years ago. Since that time the aquifer underwent semi-arid to arid climatic conditions
that caused an unbalanced groundwater situation and successive decline in the groundwater
level within the aguifer.

4.6 Natural discharge

In the oases and depressions within the Nubian Sandstone Aquifer System, the
groundwater level occurs immediately close to the ground surface or even above, as an
artesian groundwater condition, and therefore flows naturally as springs in some locations.
Because of the aridity, the natural groundwater discharge occurs either by evaporation
from springs, capillary rise from the groundwater table, or by the ascending of confined or
artesian groundwater through leaky, confining beds followed by water vapor diffusion
through top layers of dry soils and by transpiration of wild vegetation. The estimation of
the natural discharge of the NSAS by evapotranspiration in the depressions corresponds to
amean rate of 10-15 mm/a (Ahmad 1983; Sonntag 1986; Brinkmann et a. 1987; Sonntag
et a. 1987). This unbalanced loss from fossil groundwater storage induces an exponential
decay of hydraulic head around the depressions, which is equivalent to a mean regional
decline rate of the groundwater level of 0.5 cm/y. The average groundwater loss from
storage was estimated to be some 109 m3/year.

However, an approximation of the evapotranspiration can be given by the Thornthaite
method that can be expressed in the following equation (Zhou et a. 2003):

10T )

E, :1.6(—

| [Eq 4.2]

where Et is the possible evapotranspiration [cm/month], T is the monthly average
temperature [Co], | iscalculated as:

2T 1514
= i Eq4.3
2( 5) [Eq 4.3
and ais calculated as:

a= (492390+17920* | —77.1* 12 +0.675* | 3)* 10 [Eq 4.4]

When the monthly average temperature is known for a point, the evapotranspiration can be
calculated by the above equations (Zhou et al. 2003).
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Figure 4.6. Histogram representing a North-South profile for the historical climatic
changes of the Eastern Sahara deduced from detailed radiometric Playa and lake
sediments. Adapted from Pachur (1999).

4.7 Aquifer parameters

As mentioned before, the NSAS is formed of a pile of mainly continental sandstone of
good storage and transmissivity parameters, which makes this aquifer of promising
groundwater potential. The aquifer parameters vary vertically due to the transition between
aquifers and aquitards. On the other hand, they vary dightly in the horizontal extent,
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especially within local considerations. A general overview of the hydraulic parameters of
the Nubian Sandstone Aquifer System can be briefly introduced as in Table 4.2 (for
localities within the table refer to Figure 4.1).

Table 4.2. Average aquifer thickness, transmissivity, and hydraulic conductivity of the
oases and devel opment areas of the Nubian Sandstone Aquifer System.

Area Average aquifer Average Average hydraulic
thickness (m) transmissivity (m?s) | conductivity (m/s)
Kharga 1,250 3.2x10° 2.5x107
Dakhla 1,750 7.5x107 4.8x10”
Farafra 2,600 1.2x10 4.2x10”
Bahariya 1,880 8.8x10° 4.5x10”
East Oweinat 430 1.3x107 2.3x107
Kufra 2,850 1.1x10° 5.9x10°
Selima 260 2.6x107 1.3x10”
Adapted from Hesse et al. (1987) and Sefelnasr (2002).

The hydraulic conductivities of the NSAS can also be introduced according to the
lithologic components of every basin of the aquifer asin Figure 4.7. The accuracy of these
parameters depends on the locality and number of aquifer tests held; for instance, the
Paleozoic layers are hardly penetrated by awell, so their parameters are always given as an
average in correlation to the values calculated for the same layers in different localities,
where they are partially or fully penetrated.
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Figure 4.7. Overview of the hydraulic conductivities of some locations of the NSAS. The
interpretation of the hydraulic conductivities based on the simplified sections of Thorweihe
and Heinl (2002) and the cross sections of Hesse et al. (1987).
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O

Methodology

5.1 Introduction

Groundwater models could be divided into two categories: groundwater flow models,
which solve for the distribution of head in a domain. Solute transport models, which solve
for the concentration of solute as affected by advection, dispersion, and chemical reactions.
The flow and transport of groundwater in an aguifer can be simulated by the way of the
process of numerical (Poeter and Hill 1997) models that involves:

a. Defining the problem

b. Defining the boundary conditions

c. Development of initial model of the site of interest

d. Choosing the governing equations (or code) describing the physical problem

e. Cdlibration of the numerical model

f. Validation of the numerical model

g. Application of the numerical model
Step d has been already well documented, with many codes written to solve the governing
equations for the different spatial, geological, and hydrogeological conditions, such as
PLASM (Prickett and Lonnquist 1971), MODFLOW (McDonald and Harbaugh 1988),
FEFLOW (Diersch 1998), and many more. The code (computer program) is a set of
commands or algebraic equations generated by approximating the partial differential
equations used to solve a mathematical model. Approximating techniques such as the finite
difference and finite element methods operate on the mathematical model and change it
into a form that can be solved by a computer. Mathematica models have significantly
expanded scientists’ ability to understand and manage their water system, perform complex
analyses, and make informed predictions.
A groundwater model is a physical or numerical representation that represents an
approximation, by means of governing equations, of a hydrogeological system of a real
world. The model includes a set of boundary and initial conditions, a site-specific nodal
grid, site-specific parameter values, and hydraulic stresses (Anderson and \Woessner,
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1992). Groundwater modeling applications may be of three different types. (a) predictive,
used as a framework for prediction of future conditions, (b) interpretative, used for
studying system dynamics or organizing data, and (c) generic, used to analyze the
hypothetical hydrogeol ogic systems (Anderson and Woessner 1992).

In spite of the significance of modeling for any of the above mentioned purposes, it is only
one component of a hydrogeological investigation requiring sound reasoning database and
needs good hydrogeologists to stand behind them. Selecting an appropriate model is
critical for the success of the model application. Two criteria are used to classify
groundwater models; the first criterion refers to the aquifer characteristics. Aquifers are
divided into ssimple and complex types based on the spatia variation of the hydraulic
conductivity and aquifer thickness.

If the two parameters do not vary spatially within a study area, the area is considered to
have a smple aguifer condition; otherwise, the aquifer condition is complex. As
mentioned, one of the targets of the groundwater flow modeling is the prediction of the
hydraulic head behavior of the aguifer under the given stresses with time. The response of
the aquifer depends significantly on the spatial and tempora variation of the aquifer
parameters, boundary conditions, and stresses on that aquifer. Therefore, the more accurate
the aguifer parameters, the more efficient are the models.

5.2 Governing equations

In almost every field of science the techniques of analysis are based on understanding the
physical processes, and in most cases it is possible to describe these processes
mathematically, and groundwater systems are not exception.

Theory of water flow through porous mediais well established. Further readings on basic
principals of groundwater flow through porous media are fruitfully presented, such as
Theis (1935), Cooper and Jacob (1946), Freeze and Witherspoon (1967), Bear (1972),
Freeze and Cherry (1979), Langguth and Voigt (1980), Todd (1980), Verruijt (1982),
Heath (1983), Dagan (1989), Fetter (1994), Zekai (1995), Domenico and Schwartz (1998)
and Lee (1999).

Mathematical equations describing groundwater flow through a porous medium are based
mainly on Darcy’s law (Darcy 1958) [EqQ 5.1] and the continuity equation [Eq 5.5].
According to Darcy’'s law, the average flow velocity is proportional to the hydraulic
gradient (Freeze and Cherry 1979) and the effective porosity. The proportionality factor is
determined as the hydraulic conductivity of the rock.

vy, —_Kdn [Eq5.1]
n dx
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where x is the distance in x-direction [L], Vx is the average flow velocity in the x-direction
[L/T], nisthe porosity, K is the hydraulic conductivity [L/T], his the hydraulic head [L],
and the component dh/dx is the hydraulic gradient in the x-direction [L/L].

The mass balance principle requires that the rate of change in mass storage of an elemental
volume with time be equal to the mass inflow rate minus the mass outflow rate.

There is no change in head with time in steady state conditions, so time is not one of the
independent variables, and steady state flow can be described by the following three-
dimensional partial differential equation:

i(Kxﬁj+i K oh +3[Kza—hj:0 [Eq5.2]
ox\ *ox) oyl Yoy) 0dz\ ‘oz

where X, y, and z are the Cartesian coordinates [L], K, Ky, and K, are the hydraulic
conductivity components, and h represents the hydraulic head with the unit of [L].
If the medium is homogeneous and isotropic, equation [5.2] can be expressed by Lablace's
equation as follows:
0°h  9°h 9°h
+—+ =
ox* 9y’ o7

[Eg 5.3]

In transient conditions, the law of conservation of mass and the storage parameters of the
porous medium are to be taken into account. The flow equation for atransient flow through
a saturated anisotropic porous medium is given as.

i(Kxﬁj+i K oh +E(KZ@]:SS% [Eq5.4]
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where S, represents the specific storage [L*]and t isthe time [ T].
The continuity equation for the groundwater system is developed to solve the values of the
hydraulic head when the other aguifer parameters are known.

i(Kxﬁj+i K oh +Q[Kza—hjzssa—h+w [Eq 5.5]
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where W represents the source/sink term givenin [L¥T].
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The solution h(x, vy, z, t) describes the value of the hydraulic head at any point of the
system at any time. This equation in combination with the initial and boundary conditions
describes the transient three dimensional groundwater flow in a heterogeneous and
anisotropic porous medium, provided that the principal axes of the hydraulic conductivity
are aligned with the coordinate directions.

Within a process of groundwater flow modeling, the three-dimensional aquifer is
conceptualized into aquifer layers, which are further discretized into model nodes
(Anderson and Woessner, 1992). Flow between these nodes is defined by two hydraulic
parameters that describe the aquifer’s ability to store and transmit water. These terms are
referred to as storativity and transmissivity, respectively. Transmissivity (T) is defined as
the integral hydraulic conductivity (K) of the aquifer material over the saturated thickness
of that aquifer (b), such that:

T=K*b [Eq 5.6]

Consequently, the governing equation for groundwater flow in the aquifer layer can be
expressed by:

i(Txﬁj+i T oh :Sa—h+W [Eq 5.7]
ox\ “ox) oyl Yoy ot

The “z” dimension is not considered within the layer approach, and the storage term is
stated as the storage coefficient (S= S* b). When the aquifer layer is modeled as confined,
the saturated thickness remains constant, and thus the transmissivity also remains constant.
In unconfined conditions the saturated thickness can vary in time. The elevation of the
bottom of the agquifer and the hydraulic head in the aquifer are required to calculate the
saturated thickness (h). The governing equation in the unconfined layer approach can be

expressed as.
i(Kxh%j+i K h% =S %+W [Eq 5.8]
oX ox) oyl " ay) Yot

where the storage term is now known as the specific yield (S) that represents the
unconfined equivalent of the hydrogeologic system. Using the following equations.

2 2
opd _ & opd _ o [Eq5.9]
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Equation [5.9] can then be written in the following form:



i Chapter 5 Methodology 48

i(Kxhza—hj+i k n29 25 9N 4w [Eq 5.10]
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In order to compute groundwater flow, a set of initial, boundary, and constraint conditions
isrequired to achieve the solution of the governing equations introduced above. Due to the
fact that the non-linear continuity equation cannot be solved analytically in most cases,
numerical methods have to be applied in these cases. The numerical solution of nonlinear
problems includes a process of iterations where head values are changed such that they
satisfy both the head-dependent boundary conditions and the unconfined head and
resulting flow in the aquifer. Numerical solutions provide more flexibility in the equation
being solved. Numerical solutions require discretization of the model domain into locations
(nodes) where the equation is to be solved.

The common techniques for solving the continuity equation are the methods of finite
elements (FE) and finite differences (FD). Both methods require a grid of the flow domain,
for which the water flow is needed. Additionaly, initial conditions for each grid node and
boundary conditions along the complete boundary of the flow domain have to be defined
(Yeh 1981; Delleur 1999).

5.3 Conceptualization

After defining the problem and problem domain, a connection tool is needed to trandate
the real world groundwater flow system (including the problem) into numerical ones,
taking into account that the geometry, natural components, and characteristics should be
trandlated as precisely as possible. This tool is the conceptual model. A conceptual model
Is a pictoria interpretation of the groundwater flow system incorporating al available
geological, hydrogeological, and hydrological datainto asimplified block diagram or cross
section (Anderson and Woessner 1992).

The nature of the conceptual model will determine the dimensions and spatial distribution
of the numerical model. The significance of building a conceptual model isto ssimplify the
problem of the real world and to organize the associated field data so that the system can
be analyzed more readily. The first step in constructing a conceptual model is defining the
geological framework of the study area, including number of layers, the thickness of each
layer, lithology, and structure of any aquifers and confining units (Figure 5.1).

Many sources contribute to building the geological framework. This data is classically
obtained from the geologic information including geologic maps, well logs and borings,
cross sections, geophysics, and additional field mapping. Construction of the geological
framework then allows the hydrological framework to be defined involving the following:
(&) identifying the boundaries of the hydrological system, (b) defining hydrostratigraphic
units, (c) preparing awater budget, and (d) defining the flow system (Figure 5.1).
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a Boundaries can be either natural hydrogeological boundaries including the surface of the
water table, groundwater divides, and impermeable contacts between different
geological units, or they may need to be unnatural. However, for accuracy and
simplicity, natural boundaries should be used whenever possible. The boundaries of a
model must be identified first so that al the next steps can proceed within their
framework.

b- The geologic information in combination with the information on the hydrogeologic
properties supports defining the hydrostratigraphic units (Maxey 1964; Seaber 1988)
of the conceptual model. Hydrostratigraphic units comprise geologic units of similar
hydrogeologic properties, as several geologic formations may be combined into a
single hydrostratigraphic unit or a geologic unit may be distinguished into several
aquifers and aquitards. Characterizing hydrostratigraphic units is essentia in
determining the number of layers controlling groundwater flow within the system.
Calculation of hydraulic conductivity and storativity from pump tests are often used
to identify and distinguish different hydrostratigraphic units. The concept of a
hydrostratigraphic unit is most useful for simulating a geological system on a
regional scale.

c- Preparation of a water budget involves the identification and quantification of all flow
magnitudes and directions of the source of water to the groundwater system as well
as the outflow from the system. The field estimated inflows include groundwater
recharge from precipitation, overland flow, or recharge from surface water bodies
that have interaction with the groundwater system. Artificial recharge or injection
will be aso involved if there is. Outflows from the system may be defined as
springflow, baseflow, evapotranspiration, and extraction.

d- To understand the groundwater movement throughout the hydrogeological system, it is
essential to define the flow system. Water level measurements are used to estimate
the dominant directions of groundwater flow, the hydraulic gradient, locations of
recharge areas, location of discharge areas, and the connections between groundwater
aquifers and surface water systems. Asin the water budget preparation, water quality
analyses are also employed to quantify recharge and baseflow. The definition of the
flow system may be based exclusively on the physical hydrologic data, but it is better
to use geochemical data or isotope techniques whenever possible to strengthen the
conceptual model.

However, the quantity, quality, and distribution of the available data are governing factors
regarding groundwater modeling. Therefore, parameter estimation is a vital task in
groundwater modeling. When the availability of enough hydrogeologic information is not
the case within a groundwater modeling scheme, the optimum results against a pre-
established criteria still can be ultimately (Hill 1998) reached using a range of methods and
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assumptions: i.e., the deterministic method and the geostatistical methods. Geostatistical
methods are more feasible in hydrogeological applications and parameter regionalization,
as they were developed mainly to quantify spatial uncertainties. The statistica and
geostatistical fundamentals and methods are described intensively in Davis (1986), Isaaks
and Srivastava (1989), Journel (1989), Cressie (1990, 1991), Keidser and Rosbjerg (1991),
Deutsch and Journel (1992), Dagan (1997), Myers (1997), Neuman (1997), Chiles and
Delfiner (1999), and Schatzman (2002).

Unconfined aquifer | [ Good permeability cells
B Low permeabiity cells
Acuitard L
vk
| -
Confined aquifer
Hydrostratigraphic Digital groundwater
units flow model

Figure 5.1. Schematic illustration showing the procedure of trandating the geologic
framework of the real world into digital form.

5.4 Interpolation

Interpolation is a process to construct, estimate, intermediate, and fill new data values in
some space from a discrete set of known data points. The most known and representative
statistical method concerning hydrogeological information is the kriging that was first
developed by the South African geologist Danie G. Krige (Krige 1951, 1952).
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5.4.1 Kriging

Kriging is a geostatistical regression gridding technique used to flexibly approximate or
interpolate data. Kriging can be either an exact or a smoothing interpolator depending on
the user-specified parameters. It incorporates anisotropy and underlying trends in an
efficient and natural manner. Kriging can be custom-fit to a data set by specifying an
appropriate variogram model.

5.4.2 Variograms

The variogram is athree dimensional function, asit is used to match a model of the spatial
correlation of the observed variables. The variogram is a measure of how quickly things
change on the average. One is thus making a distinction between the experimental
variogram that is a visualization of a possible spatia correlation and the variogram model
that is further used to define the weights of the kriging function (Figure 5.2 a, b).

The fundamental principle of a variogram model is that, on the average, two observations
closer together are more similar than two observations further apart. Because the
underlying processes of the data often have preferred orientations, values may change
more quickly in one direction than another. As such, the variogram is a function of
direction.

As illustrated in Figure 5.2 a, let us consider two independent random variables Z(x) and
Z(x+h) that are separated by the lag distance h, so the variability between these two
quantities can be in probabilistic notation characterized by the dependent variogram
function y (x,h)as follows:

2y(h, X) = E{ [Z(x+ h)—Z(x)]z} [Eq 5.11]

It is possible to consider the variogram 2y (h) as the arithmetic mean of the squared
differences between two experimental measures Z(x;) and Z(x+ h):

1 W 2
y(h)=m§ [Z(x +h) = Z(x)] [Eq 5.12]

Where N(h) is the number of experimental pairs of the data with lag distance h.

5.5 Boundary conditions

The boundaries of a groundwater model are the domains or points at which the dependent
variable (head) or the derivative of the dependant (flux) is known. The boundaries can be
inner and/or outer boundaries. In model construction it is actually critical (Franke et al.
1987) to select the right boundary conditions. The presence of an impermeable body of
rock or alarge body of surface water forms the physical boundary of the groundwater flow
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systems. Groundwater divide or streamline forms the hydraulic boundary of the

groundwater flow systems (Anderson and Woessner 1992, Diersch 1998).

The hydrogeologic boundary conditions can be explained by the following mathematical

conditions (Figure 5.3):

= 1% type: Dirichlet condition, specified head boundary:

The key assumption for the Dirichlet boundary condition is that regardliess of
the groundwater flow within the flow domain and at the boundary, there will be
no influence on the potential of the outside water body, in such a way that this
potential remains fixed as determined by the boundary condition (Delleur
1999). The mathematical expression of the Dirichlet boundary condition, for
stationary groundwater modeling, is shown in the following equation (Diersch
1998):

h(x,t) = h(t) on T, xt(0,) [Eq 5.13]

where t isthe time [T], his the prescribed boundary values of hydraulic head h,

and I" is the given boundary.

The hydraulic head at the boundary is known. Examples are a river, lake, or
occasional water body in contact with an aquifer. In the case that this boundary
type has no direct contact with the aquifer, the boundary can still be applied by
placing a fixed or specified head cell or cells, in which the allocated head is

known.
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Figure 5.2. (a) Diagram showing the spatial distribution of the independent random
variables and the separating lag distance between them; (b) diagram represents the
variogram components and a typical and experimental curve. Compiled from Surfer® 8
User’'s Guide (2002) and Bohling (2005).
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= 2" type: Neuman condition, specified flow boundaries:
A flux boundary condition implies that regardless of the state and flow of the
groundwater inside the flow domain and at the boundary, the normal flux is fixed
by external conditions and remains as determined by the boundary condition
(Déelleur, 1999). This can be expressed by:

£

Fixed Head

Groundwater divide
Groundwater divide
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Flgure 5.3 Dlagram of reglonal groundwater flow wstem representl ng the physcal and
hydraulic boundary conditions. Modified after Anderson and Woessner (1992).
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O, (X, 1) = qQ(t) = —k; %ni for 2D horizontal unconfined
: [Eq5.14]

qnh(xI t)= qh (t) aa—hni for 2D horizontal confined

on I, xt(0,e0)

where ¢, represents the Darcy flux of the fluid, anh represents the vertical

averaged Darcy flux of the fluid, g7and a,:e are the normal boundary fluid flux
for 3D and 2D, respectively, T;is the transmissivity tensor, and n is the normal

unit vector.
The flux across the boundary is known. It includes no flow boundaries between
geological units (boundaries where flux is specified to be zero), interactions
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between groundwater and surface water bodies, springflow, underflow, and
seepage from bedrock into alluvium. The most commonly applied form of a
Neuman Boundary is a No-flow boundary, often occurring between a highly
permeable unit and a unit of much lower permeability or from water divide.
A difference in hydraulic conductivity of two orders of magnitude or greater
between two adjacent units is enough to rationalize assignment of a no-flow
boundary, as this contrast in permeability causes refraction of flow lines such that
flow in the higher conductivity layer is essentialy horizontal and flow in the
lower conductivity layer is essentially vertical (Freeze and Witherspoon 1967;
Neuman and Witherspoon 1969).
This case is also applicable if the hydraulic gradient across the boundary is also
low, as flow out of the higher conductivity layer is negligible, and the boundary
can then be set to impermeable. Saltwater interface at some coastal aquifers,
some faults, and regional groundwater divides form typical no-flow boundaries
(Zheng et a. 1988).

= 3% type: Cauchy condition, head-dependent flow boundary:
For which the flux across the boundary is dependent on the magnitude of the
difference in head across the boundary, with the head on one side of the boundary
being input to the model and the head on the other side being calculated by the
model. The mathematical expression of this boundary typeis as follows:

g, (%,t) =—®,(h;—h)  for 3D and 2D vertical and unconfined

B o [Eq 5.15]
d, (%,t) =—®n(h—h)  for 2D horizontal confined

on I, xt(0,e0)

Where @, and @ arethefluid transfer coefficients.

Here the transfer coefficients ®, and ®n represent two directional functions of

theform:

® =@ for h¥>h and @ ,=® for h<h  [Eq5.16]

®n=®n for h®>h  and @n=0n for hi<h  [Eq5.17]

Cauchy Boundary can be applied to leakage from a surface water body where the
flux is dependent on the difference of hydraulic head between the surface water
and groundwater level and the vertical hydraulic conductivity of the boundary;
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and evapotranspiration where the flux is proportional to the depth of the water
table in an unconfined aquifer.

= 4" type: Pumping/Injection Wells;
For which the groundwater aquifer system is stressed by undergoing extraction or
injection schemes, which in turn cause changes in hydraulic head, and can be
mathematically represented as:

Q=Y T{e(x-x")} for V(x.x")eQ  [Eq5.1§]

where Q" represents the well function, Q.is the pumping or injection rate of a

singlewell m, and x™ isthe coordinate of asingle well m (Diersch 1998).

5.6 Initial conditions

The head distribution everywhere in the system at the beginning of the simulation forms
the initial conditions; thus, they are boundary conditions at the first time step. Initial
hydraulic heads must be input before running the simulation. In the case of a steady state
model the heads can be estimates or averages of all the available data; however, for
transient models the heads can be rea values or can be the result of a steady state
simulation. Heads at fixed head cells must be real values. Steady state problems require at
least one boundary node with a known head in order to give the model a reference
elevation from which to calculate heads. In transient solutions the initial conditions provide
the reference elevation for the head solution, also taking into account the groundwater
balances, as they are a key function for the transient simulations and calibration. Theinitial
conditions may be expressed by the following equation (Diersch 1998):

h(x,0) =hl (x) [Eq 5.19]
in the domain Q, where hl isaknown spatially varying initial head distribution.

5.7 Discretization

The discretization concerns the spatial and temporal transformation of the geometric and
time-dependent components of the groundwater model into discrete elements. The
discretization of the geometry is crucial where boundary conditions or stresses are to be
applied. The model cells should be small enough to stand the detailed hydrogeologic
parameters, to reflect the curvature of the water table and the hydraulic gradient, and also
the effects of point stresses on the hydrogeologica system such as recharge,
evapotranspiration, and pumping from well nodes.
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The gpatial distribution and heterogeneity of aquifer properties has also to be considered
when choosing an appropriate grid or mesh size. The more variable the aquifer properties,
the finer the model grid should be to express these variations. The modeling objectives are
the main factor of the grid or mesh size, despite the fact that the information availability of
the aquifer propertiesisin most cases a constraint factor. With lower resolution data on the
distribution of aquifer properties, a larger grid or mesh size should be used. However,
simulating the hydrogeological systems for the groundwater management and
sustainability strategies, great attention must be paid to the choosing of the groundwater
flow system and according to what can it offer when special when special simulations or
very fine cell sizes are of interest.

It is aways impractical to employ grids or cells that are comparable in size and dimension
to the pumping wells, although predicting head or drawdown in the close proximity to
pumping well is of high rank in case of application of groundwater management and
sustainability schemes. In afinite element model the pumping rate is assigned to the node
itself, which reflects representatively the head changes and hydraulic gradient in the
vicinity of the well. However, in finite difference models the pumping rate is applied to the
cell that contains the pumping point, and the well diameter is typically much smaller than
the cell size.

A number of analytical methods have been implemented in an attempt to improve the head
solutions: i.e., the analytical method (Prickett 1967; Peaceman 1978; Garg et al. 1980), the
grid refinement such as the local grid refinement (LGR) (Mehl and Hill 2002), and the
telescoping grid refinement (TGR) (Ward et al. 1987; Leake and Claar 1999).

Nonetheless, although these methods are of valuable appreciation in dealing with problems
of the groundwater flow modeling, they may have many of limitations, especialy for
applications that involve the developing of numerical models for large scales with complex
hydrogeologic system and boundary conditions. Namely, the application of these
techniques to complex systems may lead to slow convergence, numerical oscillations,
computational inefficiencies, and solution failure.

Just asit is favorable to use small nodal spacing, idedly it is advisable to apply small time
increments to obtain an accurate solution and to facilitate the minor changes of the aquifer
behavior during time. This submission isillustrated in Figure 5.4. However, increasing the
span of the time steps during the simulation is recommended, especially when ssmulating a
stress, such as pumping, that is applied to the aquifer.

Under certain conditions, the numerical model is prone to oscillations in space and/or time.
The use of too large time steps results in unstable time oscillations (Figure 5.5), as these
oscillations grow larger with the ssmulation time progress and may cause the simulation
not to converge thus fail. Unlike time oscillations, space oscillations do not tend to grow as
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the simulation progress in time. The relationship between the temporal and spatia
distribution is also important. It can be presented in the following equation (Poulsen 1994):
_S (&’

At,
47

[Eq 5.20]

where At is the maximum time step allowed, (AX) is the regular grid spacing, and Sand T
refer to storativity and transmissivity, respectively.

Proper selection of the timesteps can control both time and space oscillations. The Peclet
and Courant Numbers are then essential assisting and constraint numbers that help prevent
the simulation from failing due to oscillations (Figure 5.5). The relationship between Peclet
and Courant Numbersis given as follows:

Cr< /iz+1 _ L and Crzl—i [Eq 5.21]
Pe Pe Pe

where the Courant Number (Cr) controls the oscillations in the solution arising from the
discretization of time derivative and is defined as:

_ gAt
NAX

Cr [Eq 5.22]

and the Peclet Number (Pe) is a measure of the ratio between the advective and the
dispersive components of transport, and it controls the oscillations in the solution due to
the spatial discretization of the domain. The Peclet number is defined as:

gAX
nD

Pe= [Eq 5.23]

as q is the Darcy velocity, At is the timestep, Ax is the grid spacing, D is the dispersion
tensor, and n isthe material porosity.

The condition represented by equation [5.21] has to be valid at al nodes within the
modeled domain to avoid the unpleasant oscillations.

A groundwater model may represent either steady state or transient aquifer conditions. In a
steady state groundwater model all flows in and out of the model are assumed to be equal,
and there is no net change in storage; accordingly, no storage terms are required in the
input parameters. A steady state model may be run for different times, and the outcome
will be the same as time is irrelevant under steady state conditions. A transient
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groundwater model simulates the stresses on an aquifer over time and is therefore divided
into time steps. The number of time steps can be input by the user and should reflect any
temporal stresses on the aguifer such as climatic changes, recharge, or extraction, or can it
be automatically controlled via the balances or head changes between the time steps.
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Figure 5.4. The concept of the effect of the size of the time steps on the simulation of the
decay of the groundwater hydraulic head. Solid line represents the analytical solutions and
the points represent the numerical solutions (modified after Townley and Wilson 1980).
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Figure 5.5. (a) Graph illustrating the instability of time oscillations; (b) maximum and
minimum Courant Number criteriafor one dimensional simulations (modified after Fabritz
1995).

5.8 Calibration

Generdly, there are two types of groundwater flow models, the forward model and the
inverse model. The forward model stands for the solution of the hydraulic head of an
aquifer at any point of the aquifer and any time. This solution can be obtained when the
aquifer parameters like transmissivity, storativity, hydraulic conductivity, and stresses on
the aquifer and the initial and boundary conditions are known. In reality, the aguifer
parameters are rarely found complete or representing the whole area of interest, as they are
in most cases found as scattered measurements on the study area. So as to develop a
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reliable forward groundwater flow model that can be used to predict the aquifer behavior,
the aguifer parameters are to be interpol ated.

The procedure in which a groundwater flow model is used to estimate the hydraulic
parameters of an aquifer is known as the calibration. Model calibration is the process of
modifying one or more aquifer parameters until the results of the ssimulation match the
measured data. A steady state calibration is performed to water levels that represent steady
state conditions such as long term mean water levels, mean annual water levels, or mean
seasonal water levels for a particular season. A quasi-steady state calibration is conducted
to water levels that represent the aquifer’s behavior at a given point in time under certain
stresses applicable at that time. Transient calibration is performed to water levels that
represent the aquifer’ s response to stresses such as changeable recharge and (Anderson and
Woessner 1992) extraction over time, and consequently it is required to have some handle
on the magnitude of these fluxes for the duration of the modeling period in order to achieve
accurate calibration.

The model that is used to estimate the aquifer parameters (Carrera and Neumann 1986),
including boundary conditions and stresses, to create a precise match between the output of
the forward model and the field data is described as an inverse model. The best known
inverse model technique is PEST-model from Doherty et al. (1994). Further readings on
the principles of the inverse problems and calibration procedures, techniques, and types
can be found, for example, in Marquardt (1963), Fletcher (1980), Draper and Smith (1981),
Seber and Wild (1989), Cooley and Naff (1990), Hill (1992), Doherty et a. (1994), Sun
(1994), and Tarantola (2005).

To establish an inverse groundwater flow simulation, the trial and error or the automated
methods (the automated methods can in turn be direct or indirect methods) can be used
(Prickett and Lonnquist 1971; Anderson and Woessner 1992; Doherty et al. 1994; Sun
1994: D’ Agnese et al. 1999; Inoue et al. 2000).

5.8.1 Trial and error

This method is based initially on selecting value for the unknown parameters; hence, the
forward model is run, and a comparison between the results of the calculated hydraulic
head with the measured hydraulic head is carried out. This process should be repeated until
a satisfactory result is obtained. Regardless of the fact that the trial and error method is
generally slow in refinement for unknown parameter values, it enables the modeler to
assess some assumptions about the model being calibrated.

5.8.2 Automated methods

The automated methods include the direct and indirect methods of the reverse problems.
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» Thedirect methods
The direct methods in inverse groundwater flow modeling assume that the
groundwater hydraulic head is known throughout the model domain, and then by
rearranging the continuity equation [Eq 5.2] the unknown parameters can be
calculated.
» Theindirect methods

These use the output of the forward model as a trigger to estimate the aquifer
parameters in the solution processes of the inverse model. Sun (1994) has
categorized the indirect methods to be search, gradient or second order methods.
All of these methods attempt to determine a search sequence. The search methods
use an objective function for the determination of the search sequence. The
gradient methods are those (Li and Yail 2000) that use the gradient of the
objective function to determine a search sequence. The second order methods are
the methods that use the second order derivative of the objective function for the
determination of the search sequence. The indirect methods use an agorithm
(Yeh 1986) that involves and accomplishes this loop of orders: guess or find an
initial parameter value. Use one of the search, gradient, or second order methods
to produce a search sequence. Compare the observed field data and the output
from the forward model. Repeat the last step until the value of the objective
function has reached minimal value.

Whether the calibration method is trial and error or automated, several techniques are

normally employed to assess the calibration. To quantify the calibration, the difference

between measured and calculated heads, otherwise known as residuals, may be compared

graphically and statistically. When the mean of the residuals is less than some acceptable

threshold value (difference is reduced to as close to zero as possible, and the standard

deviation is reduced as much as possible), the model is calibrated. The standard statistical

evauation of the calibration method such as the Root Mean Square (RMS) Error should be

applied [Eq 5.24].

RMS:\/Ei(hO—hC)Z} [Eq 5.24]

n=1

where ho represents the observed head for each observation, hc is the calculated head for
each observation, and n is the number of model observations.

It is necessary that only one parameter is varied at a time in order to have the ability to
follow the effects of the changes on the solution. It is also necessary that any effects are
evaluated by the same statistical methods used to evaluate the model calibration. The
calibrated model is now deemed to be used to predict the aquifer behavior under different
hydraulic stresses.
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5.9 Datarequirements

It may be disadvantageous that the numerical groundwater models need intensive,
accurate, complete data sets covering the whole modeled area. But with the newly
developed techniques of GIS and the sophisticated statistical methods, it should to a far
extent no longer be a problem to model the area of interest even with data gaps. To develop
a groundwater flow model, the following data sets have to be completely prepared: (a)
model structure that includes slice elevations and complete layer discretization aong the
whole areain interest, (b) the aquifer parameters, and (c) the boundary conditions.
In general, the data requirements for a groundwater flow model can be listed as below
(Moore 1979):
= Geologic map and cross sections revealing the geometry, extent and boundary of
the system
=  Topographic map showing surface water bodies and divides
* Digital Elevation Model
= Contour maps and cross sections of the aquifer layers
» |sopach maps showing the thickness of the aquifers
» Water table and potentiometric maps for all aquifers
» Hydrographs for groundwater head and surface water levels and discharge rates
= Datafor the hydraulic conductivity and transmissivity
» Storage datafor the aquifers and confining beds
» Information about the colmation beds
= Spatial and tempora distribution of rates of evapotranspiration, groundwater
recharge, surface water-groundwater interaction, groundwater extraction, and
natural groundwater discharge (seepage, etc.)
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S

Regional Model

The main purpose of this thesis is to develop local groundwater flow models for the
Dakhla oasis and the area of Lake Nasser as discussed in Chapter 1 (for localities refer to
Figure 6.2). As the boundary conditions in the areas of interest are difficult to estimate, a
regiona groundwater flow model for the whole Nubian Sandstone Aquifer System had to
be developed and calibrated to serve as a base model for the further modeling schemes.
The regional calibrated model has then been refined at the stress areas, model boundaries
or where required to facilitate the detailed input and output information. The refinement
was designed to be as small as possible to reveal the minor aquifer responses to the
adjusted hydraulic stresses as further discussed in this chapter.

In this chapter the development and design of a regiona groundwater flow system for the
Nubian Sandstone Aquifer System is introduced as well as the effect of anthropogenic
activities on the regional groundwater flow system within the agquifer. The procedure and
methods are schematically configured in Figure 6.1. An overview on the aquifer domain,
extension, and different boundariesisillustrated in Figure 6.2.

6.1 Data acquisition

The primary data were collected and obtained from several authorities, organizations, and
even individuals. Obvioudly, the data sets were obtained in different formats and
commonly with continuity problems. These sources include the institute of geological
sciences a Martin Luther University Halle-Wittenberg, Germany as a main source,
Groundwater and Development Center in Kharga Oasis, Egypt, Branch of Academy of
Scientific Research and Technology in Kharga oasis, Groundwater and Irrigation Center in
Dakhla Oasis, Egypt, the General Authority for Lake Nasser Development, the General
Company for Research and Ground Water (REGWA), Cairo, Tushka Project and the
Kingdom Agriculture Development Company, Tushka, Egypt, as well as the published and
internal technical and academic reports and literature, such as the Research Institute for
Groundwater (RIGW), Ministry of Public Works and Water Resources (MPWWR) in
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Egypt, Groundwater Authority (GWA), Great Man-Made River Authority (GMMRA) in
Libya, and the documents of CEDARE, UESCO, and FAO (Appendix A.1).
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Figure 6.1. Schematic illustration of the procedure of developing a regional groundwater
flow model for the NSAS.

6.2 Model development and design

The available data were collected and obtained as scattered distributions of data sets in
assorted formats: for instance, well logs, geologic and hydrogeologic cross sections,
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drilling data, topographic sheets, basement contour maps, geologic maps, and existing
digital data sets from previous work. As a potential professional start with the groundwater
flow modeling, a GlS-database coherent structure has been built to accomplish a
trustworthy and logical data set and to facilitate the further work. Actudly, this GIS
database was constructed to form a comparable structure to the Hydrogeological
Information System. As can be seen in Figure 6.2, the following steps have been achieved
to construct the GlS-database, for which ArcMap/Arcinfo (ESRI ® ArcMap™ 8.2,

Arcinfo™ 8.2, 1999-2002) was used:
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6.2.1 Digital encoding and translation

The main tasks in generating a GIS-Database are scanning, digitizing and georeferencing.
All the raw analog signals of the data sets (analog maps, sheets, cross sections, etc.) were
gently converted to digital bitmaps (raster data .TIF). These bitmaps are formed of pixels
that bear no relationship with the dimensions of the drawings that the raster represents:
hence, the bitmaps were subjected to a process of scaling and translating of their pixels to
match a particular size and position in a procedure of georeferencing.

This step had to be achieved very cautiously, since it is always the bridge between the
analog features of the real world and the digital ones and it forms the conjunction of the
different data sets and its spatial distribution. Thus, careless or inaccurate translation leads
to misplacement and dislocation of the target features. Consequently, this results in wrong
further calculations on one hand; on the other hand, the features will never spatialy
overlay on each other, which certainly should be avoided.

The bitmaps were spatially georeferenced essentialy with the coordination system they
show, which in the majority was the geographic coordination system as an international
coordinate system (World Geodetic System 1984: WGS-84 (Malys and Slater 1994; DMA
TR8350.2, 1997)). Geologic cross sections were also georeferenced by setting the x-axis to
the calculated real direction of the profile and the y-axis to the elevations given in the cross
section multiplied by an appropriate factor for the vertical exaggeration. WGeo 4.0 (WGeo
© WASY GmbH) and the georeferencing tool of ArcMap 8.2 were primarily used for the
process of georeferencing.

As a subsequent step, the raster data had to be converted into a digital vector format by a
way of sampling at discrete intervals known as digitizing. Without georeferencing, the
vectorized GIS drawing size is determined by the pixel dimensions of the raster (the width
and height of the raster in pixels). This is in turn determined by the image resolution,
which obviously has nothing to do with the real world.

The digitizing procedure involved the attributing of the vector data that is an advantageous
as well as an initiative process in building the Gl S-database, as the data yet include the x
and y Cartesians and the appropriate variables. This step included the construction of
vector data for the top, bottom, and dlices of the aquifer, initial conditions and boundary
conditions as well. For the unity and straight forwarded work purposes, all the vector data
were created originally in the UTM (Universal Transverse Mercator) coordination system
(DMA-TM8358.2, 1989).

An instant result of the encoding and translation procedure was the production of the
geologic map of the Nubian Sandstone Aquifer System as illustrated in Figure 3.3. This
digital version of the geologic map was digitized and acquired from the Conoco maps
(Conoco 1987) and the Geological Data Explorer (GEODE) of the U.S. Geological Survey
(USGS 2004).
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6.2.2 Conceptual model

A model concept is a set of assumptions and hypotheses that facilitate the quantification
process of the real system under consideration. Several assumptions were considered in
this study to describe the real aquifer system based on the available data.

On the basis of the knowledge of the NSAS, as well as the previous modeling attempts, it
is clear that in order to be trustworthy, the conceptual model has to be three dimensional
and incorporate as much of the geologic structure as available. As such, the extensive base
of raw data was to be transformed into a self-consistent three dimensional conceptual
model. The attitude for development of the conceptual model is schematically illustrated in
Figure 6.3. The understanding of the hydrogeology of the region formed the basis for
determining model boundaries, the number of aquifer layers to be modeled, and the
location and extent of each aquifer layer.

Elaborating Interpolation
structural model slices
model Dataﬁ;hraae and layers
elevation
slices
Digital
processing Integration of 3D
of maps, |=>> mﬁw transmissivity, e=">> Conceptual
cross sections ns storativity, etc. Modsl
etc.
Hydro-
Elaborating stratiorsphic Interpolation
— | the hydraulic of hydraulic | —
conductivity conductivity

Figure 6.3. Block representation of a flowchart for the typical steps for the development of
the 3D conceptual model.

The available cross sections were linked to the boreholes, geology, and the constructed
cross sections by the author to allow and enhance the continuous interpolation of the
stratigraphy and model layers. Considerable hydrogeologic judgment was necessary to
produce meaningful, representative hydrogeologic cross sections and to correct erroneous
data.

As can be seen in Figure 6.2, a set of boundary types was chosen and defined for the
domain; these will be discussed more deeply in section 6.2.5, and aso the recharge areas,
pumping locations, evapotranspiration, and water bodies are illustrated.

The cross sectional analysis resulted in a number of stratigraphic units. They differ in
number and lithologic description according to their location (Figure 3.2), and thesein turn
are interpreted into mainly eight hydrostratigraphic units (three aguitards and five aquifers)
in light of the given hydraulic parameters, geology, as well as depositional environment
information. The number of the hydrostratigraphic units differs naturally from one location
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to another. Figure 6.4 illustrates the typical cross sections showing the hydrostratigraphic
interpretation of the lithologic, hydrogeologic, and borehole data.

The continental sandstone of Paleozoic to Cretaceous age was assigned to five different
aquifers with hydraulic conductivities ranging fairly between 10 and 10° my/s. The lateral
continuity of each aquifer within the different basins, as well as among these basins, is
proved. Some lateral variations and heterogeneity in hydraulic conductivities of the
Paleozoic sediments between Dakhla and Kufra Basins are noticed and interpreted (Figure
6.4). Aquifer 2 in the Egyptian areas and aguifer 4 in the Libyan areas are the most
productive. Consequently, they are the most stressed or penetrated aguifers of the system.
Both aquifers are revealing unconfined conditions among the Egyptian oases as well as all
over the Libyan domain.

The sediments of marine origin that intercalate the sandstones are forming three aquitards
and confining the above mentioned aguifers along amost the whole extent of the aquifer.
The topmost aquitard is formed of Tertiary shale, clay, and limestone and possesses the
most impermeable strata of the aquifer, since its hydraulic conductivity is less than 10
m/s. The other two aquitards form reasonably confining beds at different altitudes with
hydraulic conductivity of about 10" m/s (Figure 6.4). Despite the discontinuity condition,
both were noticed all over the domain, excluding some localities to the south of the aquifer
domain.

Because of the uneven distribution, quality, reliability, and the scarcity of the data sets
from various sources, screening and data quality control were essential in the development
of the conceptual model, consequently the database. The interfaces between the different
units and the hydraulic conductivity fields within each unit were defined on the basis of
borehole data. To obtain laterally continuous layer elevations and hydraulic conductivities
throughout the whole domain, the spot elevations and conductivities were interpolated
using universal kriging, as will be discussed further in section 6.2.4.

The availability of large volumes of highly representative, quality data strongly controls
the rdliability, validity, and continuity of the groundwater investigations. Therefore,
engaging all datainto a coherent and logical GIS structureisacrucial step in thiswork.

6.2.3 GIS-Database

Once the processes of digital encoding, vectorization, and conceptualization have been
started, big data sets are developed. These data sets had then to be compiled in a unique
structure that allows “oneto one” or “one to many” spatial and temporal relationships. This
can be obviously supported by the GIS. Considering that large spatially and temporally
related data storage and processing are necessary for the groundwater flow modeling of
thiswork, GIS is adopted to provide a basic platform and powerful tool for all spatial and
temporal data processing and analysis as well as the creation of digital geographic
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databases to manipulate and prepare data as input for different groundwater modeling
systems.

Since the establishment of 3D groundwater flow modeling is avital bridge objective in this
work, GIS is actively used in the following roles: (a) to store, manipulate, and analyze the
gpatial distribution of each factor in connection with groundwater flow; (b) to
quantitatively process and prepare the spatial data and provide for 3D groundwater models;
(c) to support the discovery and verification of possible problems or conflicts during
groundwater flow simulation and to assist in tedious model modification; and (d) to display
the results by overlaying other theme maps for various kinds of applications.

All necessary data, such as DEM, geology, hydrogeologic units, terrain, hydraulic
conductivities, and specific yield parameters distribution, initial groundwater contours,
infiltration quantity, evapotranspiration, well locations, extraction rates, etc., have been
built as GIS data layers and used for groundwater flow model establishment and flow
simulation. The data transformation from GIS to the groundwater flow simulation codes
was realized by GIS data export in the appropriate format that is required by the modeling
code in question. The data sets for the dlice elevation and aquifer parameters were created
in ArcGIS as point data features with their spatial references and appropriate attributes in
order to facilitate the geostatistical analysis procedure afterwards.

All the GIS data layers are put into the same ArcGlS-personal database with the same
coordinate system, which is UTM, zone 35N. This database is used for information query,
search, and analysis during and after the establishment of the model. When the simulation
results of 3D groundwater flow simulation are problematic, it is particularly convenient
and effective to use this database to find the possible reasons and make model
modifications. The amount of work could be noticeably reduced, and considerable time
could be saved by using the database during and after the establishment of the model.

6.2.4 Interpolation and layer generation

In the real world it is impossible to get exhaustive values of data at every desired point
because of partial constraints. It is a question of data availability for the NSAS, sinceit is
scarce and rigorously constrained to the oases and development areas of the aquifer. On
account of this scarcity, discontinuity, and the scattered distribution of the data needed for
the establishment of 3D groundwater flow model as intended in this work, a great effort
was given to statistical management of the available data. It was a crucia phase to
approximate, analyze, understand, and graph the vaues of the data gaps and to plot an
indiscrete, reasonable database for the NSAS.

The word "kriging" is synonymous with "optimal prediction”. It is a method of
interpolation which predicts unknown values from data observed at known locations.



@ Chapter 6 Regional model 69

s '|FNEM1|TN TIG'N '||FN ?N af" ?‘N ?‘N ?’N ?N ?‘N N

wl \ R e S - O o | m
SL. i 4 . & | s

-1000

L 1000
{rm}
| s1.
- 1000
B L 2000
e e + = 4 6 S0  100km
- -3000
|- 4000
K= 10" m/s
3  Aquifer2
- K=10" mis
4 Aquifer3
: K<10"mis
5 Aquitard 2
Basement rocks
6  Aquifer 4
Saline watter 7 Aquitard 3 [Aquifer 5
8 Aquifer6
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This method uses variograms to analyze the spatial variation and surfaces' roughness and
continuity (Barnes 1991; Zimmerman 1991). It minimizes the error of predicted values
which are estimated by spatia distribution of the predicted values as well (Figure 6.5).

At this stage, al spatial data for each data factor (elevations, parameters, hydraulic head,
etc.) were exported from ArcGIS as ASCII-x,y,z data format. These were afterward
adjoined to the statistical treatment using software Surfer (Surfer 8.0, Golden Software ©,
Inc. 1993-2002). The data were interpolated using kriging with an appropriate variogram
for each data set. The exponential (Cressie 1991), spherical (Pannatier 1996), Gaussian
(Pannatier 1996), and cubic (Olea 1999) variograms were the best matching model curves
for the interpolated surfaces. The result grids were designed to have a resolution of 1 km
for both horizontal and vertical spacing. This resulted in grids covering the whole modeled
area and forming 1,690 rows and 1,600 columns or 2,704,000 data points for every
interpolated surface.

6.24.1 Generation of layersand dlices

Establishment of a geologic framework is an essential phase in the development of a 3D
groundwater model. This step requires elevation data covering the whole modeled domain,
whereby the sophisticated expression of spatia variation of the data represented here by
kriging and its related variograms is one of the best known tools to achieve this objective.
As mentioned before, ArcGIS was used to elaborate and link al available data for
elevations and surfaces in different point shape features. These were further applied to the
interpolation procedure as ASCII-TXT data sets.

As more data were engaged, evaluated, and corrected, the surfaces were better constrained
and became increasingly accurate. Once cross sections and data validation procedures are
completed, new surfaces were built to provide a final model with maximum geol ogical
consistency. Cross sections and geological map contacts are used here as the main expert
knowledge constraints, even though other constraints were also applied to take into
account reliable data between cross sections in order to increase the accuracy of
interpolated surfaces. These include topographic data, rock outcrops, and contacts from
boreholes.

Since building surfaces separately does not ensure that they are consistent in the correct
stratigraphic order away from cross sections, minimum thickness constraints were applied
locally to remove most crossovers. These crossovers were frequent where units are thin,
especialy if the variability of the top or bottom elevation of a unit is greater than its
thickness. In order to respect minimum thickness constraints, special attention was also
given to reliable boreholes that do not reach bedrock.

Crossovers and other thickness problems were thus corrected locally depending on the
specific problem, when and where it is, instead of taking a reference surface, calculating its
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thickness, and then adjusting al the others to fit that layer upwards or downwards.
Therefore, surfaces are not regionally modified on the basis of areference layer as opposed
to what is often done in multi-layered modeling using standard GIS tools.
=  Aquifer top
Slice number one (ground surface) was the first created (Figure 6.5), since it was
extracted from the SRTM-03 (Shuttle Radar Topography Mission-03 Arc Seconds
(Farr and Kobrick 2000; USGS 2004; NASA 2005)). These are DEM (Digital
Elevation Model) data with a resolution of about 90x90 m and distributed free of
charge by U.S. Geologica Survey.
The archival surface elevation of the available boreholes was then compared to the

Digital Elevation Model, where maximum differences of £9 m were encountered. The

elevations of the DEM were substituted with those of the boreholes at localities where
they occurred.
= Aquifer bottom

The aguifer bottom or basement top was created from different data sources. These are
boreholes, cross sections, basement outcrops, basement relief contour maps, geologic
map, Isopach maps, and DEM. Figure 6.5 illustrates the top and bottom of the aquifer
and the spherical variogram used for bottom slice.

» Theother dices

The same procedure was used to create the other six slices of the aquifer. Once the
interpolation process was finished, all elevation slices were imported again to ArcGIS
for the application of the control and validation procedure. At the places where the
crossovers and extrapolation probabilities occurred, the crossovers were controlled and
corrected and the thickness constraints were applied.

6.2.4.2 Aquifer parameters

Groundwater management is mainly based on proper characterization of hydrogeological
parameters. In this respect, a maor problem comes up, namely, the identification of
various hydrogeologic parameters and their spatia variability. As discussed in Chapter 5,
the aquifer tests and hydraulic parameter investigations are restricted to the oases and
devel opment areas within the NSAS. A hydrogeological outline of the entire area shows, in
general, spatial variability in hydraulic conductivities in the different aquifer units.

The available records for the hydraulic conductivities were first imported into an ArcGIS
point data feature, these subsequently were delogarithmized. The interpolation was held on
the delogarithmized values of the hydraulic conductivities. At this step, a lot of constraint
points had to be situated prior to the interpolation procedure to avoid problems of
extrapolation. The best variogram model that matched the hydraulic conductivity curves
was the spherical variogram. The interpolated values of the hydraulic conductivities for the
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entire domain are shown in Figure 6.6. An example variogram for aquifer bottom (layer 8)
isalso given.
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Figure 6.5. Digital Elevation Model and basement relief of the NSAS, as well as a
corresponding Gaussian variogram for the basement relief.
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The other aquifer parameters (transmissivities, storativities, and porosities) were assessed
from the hydrogeological characteristics of Nubian facies as well as from the results of
former modeling studies (Hesse et a. 1987; Heinl and Thorweihe 1993; Ebraheem et al.
2002; Sefelnasr 2002). These were afterwards prepared and interpolated just in the same
manner as the hydraulic conductivities, yet without the need for del ogarithmizing.

6.2.5 Boundary conditions

The whole agquifer domain is considered a closed system due to the natural (physical)
boundaries consisting of the unfractured basement outcrops that bound the aquifer to the
east, south as well as the west. In addition, the aquifer is bounded to the north by a
hydrogeological boundary which is the Saline-Freshwater Interface. Yet this interface is
considered unmovable or fairly constant in space by most of the scientists, even though its
displacement is not absolutely ruled ouit.

6.2.5.1 1% type: Dirichlet boundary condition

The fixed head boundary condition was applied to the surface water body represented by
Lake Nasser and to the Nile (Figure 6.2). The average surface water level of Lake Nasser is
about 175 m (amgl). Despite the fact that this level changes over time, it is considered
constant for the simulation course of the regional model; even so, it will be defined as a
time-dependent boundary condition in the local modeling as discussed in Chapter 8. Lake
Nasser forms a vast water body with a length of about 550 km, and an average width of 15
km, and an average depth of 25 m (Elewa 2006). The contact layer is formed mainly of the
Nubian sandstone of about 100 m thickness. The groundwater level at the west of the lake
ranges from 60-190 m (amdl).

The Nile was aso considered a constant head boundary condition with changeable influent
and effluent states depending on the exposed hydrogeological conditions. As north of
Aswan High Dam to the latitude of 25° N, the Nile is running over the unconfined Post
Nubian Aquifer System exhibiting effluent condition (the influent/effluent conditions are
presented in this article from the hydrogeological point of view that is opposing the
hydrological definition of these terms). The water level of the Nile ranges from 100 m
(amdl) at the vicinity of Aswan High Dam (AHD) to 30 m (amdl) at the northern boundary
of the aquifer, where the Nile crosses the aquifer boundary out of the model domain.

The Groundwater-Surface water (GW-SW) interaction between Lake Nasser water body
and the Nubian Sandstone Aquifer System will be further discussed in depth in Chapter 8.

6.2.5.2 2" type: Neuman boundary condition

The flux boundary condition is represented in this modeling scheme by the “no flow
boundary” that was set to the model outer boundary due to the physical and
hydrogeological boundaries as discussed in section 6.2.5.
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6.2.5.3 4™ type: Well boundary condition

This type of hydrogeological boundary condition is presented by the artificial discharge
through pumping wells in the oases and development areas of the NSAS. As shown in
Figure 6.7, there are two major extraction schemes: the actua and the planned. The actual
scheme was driven from the actual groundwater exploitation at every stressed region as
given from the official records of groundwater extraction for irrigation, industrial, and
domestic water supply. These data were then used to calculate the daily artificial discharge
for each individual stressed region (for sources refer to section 6.1).

The planned groundwater extraction rates are given from the reported proposals of the
MPWWR and RIGW in Egypt, and the GMMRA in Libya. Based on these two schemes,
different groundwater flow modeling scenarios were developed for the aquifer, as will be
further discussed in this Chapter and the next Chapter.

In the regiona modeling, the extraction rates were given as severa pumping centers for
each stressed region in cubic meters per day. For the areas where only planned extraction
schemes were available, these were used also as actual extraction rates. Table 6.1
summarizes the extraction rates of each stressed area; both the actua (scenario 1) and
planned (scenario 5) extraction rates are given as well as the extraction scenarios suggested
by the author. Scenario 2, 3 and 4 are obtained by an increase of scenario 1 by 25%, 50%
and 75% of scenario 5, respectively.

Table 6.1: The different extraction scenarios (Mill m3/y) for the different stress areas
within the NSAS.

Area Scenariol | Scenario 2 Scenario 3 Scenario 4 Scenario 5
Siwa 26 71 116 161 206
Bahariya 34 70 105.5 141 177
Farafra 283 330 377 424 471
Dakhla 439 485.5 532 578.5 625
Kharga 93 120.5 148 175.5 203
E. Oweinat 164 423 682 941 1200
Tushka 7.3 7.3 7.3 7.3 7.3
Kufra 183 685 1186.5 1688 2190
Tazerbo 126 189 252 315 378
Serir 73 110 146.5 183 220
Selima 102 102 102 102 102
Lagiya 95 95 95 95 203
Nukheila 95 95 95 95 95
Sources. MPWWR (1999), RIGW (1999), Pallas and Salem (2001), CEDARE (2002)
and Bakhbakhi (2006).




@ Chapter 6

Regional model 76

<

Benghazi

Mediterranean Sea

[

‘.’ Qattara Depression

O

™y 3w s
”_Daknla - Area name /— .
439(625 Acual | Planned / * Model domain Oasis
Mill m¥a  extraction | extraction
rate t -
=8 -=—-..— Political boundary —— No Flow Boudary
I T —— —_ 3??(«, 200 Initial hydraulic head (masl)

' 4

Figure 6.7. The distribution of theinitia potentiometric head in the NSAS and the schemes
of the extraction rates. Initial heads adapted from Ball (1927) and Sandford (1935).



@ Chapter 6 Regional model 77

Thetotal actual extraction rates of Dakhla oasis given in cubic meter per day areillustrated
by a chart in Figure 6.8. The groundwater extraction scenarios are based on the
anthropogenic groundwater demand for domestic, agriculture, and industrial use, aswell as
the depth to groundwater owing to this discharge in every stressed areain each.
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Figure 6.8. Cluster chart represents the total extraction rates of the Dakhla oasis in time
since 1960. Source MPWWR (1999) and personal contact (2005).

6.2.6 Initial conditions

Theinitial conditions and historical groundwater levels are compulsory input items so as to
have the ability to start the calculations or the calibration processes in the transient
modeling schemes. For this purpose contour maps of potentiometric levels for the aquifer
have been derived from the groundwater contour map of Ball (1927) and its modification
that was presented by Sandford (1935). In addition, the available individual records of the
groundwater levels before or around the year 1960 were also taken into account. As the
New Valley project had started first in 1960, these maps are considered representative data
inputs for theinitial head records (Figure 6.7).

6.2.7 Recharge

As discussed in sections 4.5.2.1 and 4.5.2.2, the only possible modern recharge for the
NSAS is represented by the seepage from the surface water of Nile and Lake Nasser, and
the episodic infiltrations occur at the more humid regions in the most southern corner of
the aguifer. Recharge through infiltration is estimated by 5-15 mm/y (Sonntag 2001). This
amount was applied to the model as three recharge regionsincreasing in rate to the south.
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6.2.8 Evapotranspiration

The evapotranspiration is commonly applied to the oases and depressions (refer to section
4.6), where the groundwater level occurs immediately close to or above the ground surface
(Figure 6.2). The estimation of the evapotranspiration of the NSAS corresponds to a mean
of 10-15 mm/year (Ahmad 1983; Sonntag 1986; Sonntag and Christmann 1987; Nour
1996).

6.2.9 Discretization

An advantageous ability in the finite element modeling systems is that they allow the
independently spatial refinement of the areas in consideration within the whole model. The
model was refined in the Dakhla oasis and Lake Nasser to have a mesh net with lateral size
of the mesh elements up to 500 m. In the other oases and along the Nile the elements’ size
ranges from 500 m-6 km according to data density. In general the model has over 1.3x10°
triangular prismatic mesh elements with 702x10° mesh nodes for every model dice. The
finite element grid was generated manually by applying different region classes according
to the hydrogeological conditions and modeling interests.

Based on the available data, the model was discretized vertically into eight layers as shown
in Figure 6.4. So as to rectify the hydraulic conductivities these layers were further
discretized into three layers each, except for the first and the last one, where each of them
became two layers. Digitally the model, therefore, had 22 layers or 23 dlices.

The time discretization was applied using the automated time step control, which is often
appropriate for non-linear unsaturated simulations where the estimation of a time step
history is usualy difficult to find and the updating effort of the matrix systems occurs in
any case.

6.3 Calibration

The groundwater flow model of the NSAS was calibrated principally under transient
conditions by use of the available historical hydraulic head records as calibration targets
and was adjusted using a trial and error parameter estimation method through a series of
groundwater flow simulations. Automated parameter estimation techniques were
attempted, but there are not enough different types of complete observation data for these
techniques to be successful. The calibration process was designed for the period 1960-2005
(from the beginning of the New Valley Project until the last available field record).

Some of these records, however, endure temporal discontinuities and are poorly distributed
spatialy relative to the extent of the whole study area. For the areas where no observation
data are available, the calibration relied principaly on the hydraulic gradient and flow
direction (Figure 6.9). Other factors were considered during the calibration, including the
following: 1) Matching the simulation results to the conceptual model of the groundwater
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flow system for the period 1960-2005, excluding the anthropogenic activities. This step
included distribution of recharge and natural discharge areas, directions of flow and
magnitude of hydraulic gradient among the system, as well as the natural decay of
hydraulic head as given in Sonntag (2001). 2) Calibration through comparisons between
the calcul ated heads and the field records of hydraulic head by applying the anthropogenic
activities. 3) Maintaining the reasonable values range of the hydraulic parameters as given
from the field data. 4) Maintaining reasonable magnitudes of regiona aquifer recharge as
given by Gossel et al. (2004).

3 %

"\‘SQL__, Simulated hydraulic head

- ™. _~ Initial hydraulic head
(Ball (1927) and Sandford (1935))

® | ocality of observations
values are given in m (amsl)

0 100 200 300 400
 — | — ] Kilometers

XrE 5E an-!-E &
Figure 6.9. The result of model calibration under transient conditions and the spatial

distribution of the field observations.

Measures of goodness-of-fit typically summarize the discrepancy between the simulated
values and the observed ones. The goodness-of-fit of a particular suite of input parameter
values was evaluated visually by comparing contour maps of simulated versus measured
hydraulic heads in each model layer and quantitatively by computing summary statistics of
the residuals between simulated and measured hydraulic heads. The calibration was held
by using the historical records of hydraulic head data of 56 wells in different locations
(Figure 6.9). An accuracy analysis of water level data provides a calibration target of
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acceptable margin of error (Table 6.2). Because too few complete records exist for the
NSAS, most of the observations are analyzed as a single set.

For the complete head records (records from 1960-2005, some of them with gaps), the
residuals, or difference between simulated and observed heads, ranged from -12.02 to
11.95 meters with a mean of 0.42 m, a root mean square of 2.22 m, and a calibration fit
(Kuniansky and Danskin 2003) of 0.005 (Table 6.2, Figure 6.10). The mean of residuals
indicated that the mean difference between computed and observed water level is skewed
dightly positive (Figure 6.10). The root mean square is the sguare root of the average
deviation of residuals from zero. The residuals are assumed normally distributed over the
1:1 line of the scatter diagram (refer to the histogram in Figure 6.10). The histogram shown
in Figure 6.10 depicts the frequency range of the projections of the residuals on the axis
perpendicular to the 1:1 line. It is skewed to the smulated heads, which indicates that
simulated heads are slightly higher than the measured heads. This is supported with the
positive overall mean residual error shown in Table 6.2.

The highest head discrepancies were located within or in the vicinity of the depressions,
where steeper hydraulic gradients occur. At these spots, small changes to the calibration
parameters led to large head variations. Hydrographs of history matching (referred to by
others as model verification) were used for wells in locations of the model for which long-
term water-level datawere available (Figure 6.11).

Table 6.2. Calibration statistics for simulated hydraulic heads of the NSAS.

Calibration statistics

Number of observations 928
Range of residuals (m) 23.97
Minimum residual (m) -12.02
Maximum residual (m) 11.95
Mean residuals (m) 0.42
Standard deviation of residuals (m) 2.19
Root mean square residuals (m) 2.22
Cadlibration fit: standard deviation of residuals 0.005
divided by average range of observed values
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Figure 6.10. Scatter diagram showing simulated vs. measured heads at calibration targets.
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2005).
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6.4 Linkage with modeling systems

Computational grids for numerical models must be optimized to produce accurate and
stable numerical solutions such that some geometric generalizations may be done in
practice (Anderson and Woessner 1992). As a result, multi-layered hydrostratigraphic
models are usually designed to fit the specific requirements of both the numerical
modeling strategy and a particular software package (e.g., MODFLOW or FEFLOW). The
main advantage is that the hydrostratigraphic model is readily available for numerical
modeling. With such an approach, a model tends to have, as much as the data alow, the
stratigraphic details required by the most demanding application of the project.

The first attempt in this work was to create a groundwater flow model using visual
MODFLOW. The model was built and designed to have 320 columns and 338 rows with
equal dimensions of 5 km in each layer. Vertically it was divided into 23 slices. During the
calibration phase MODFLOW ran completely unstably and proved extreme unexpected
fluctuations due to the resulting dry cells in the vadose zone (which emphasizes the
unsuitability of MODFLOW for the complex saturated/unsaturated zone problems).
Attention was then paid to further development of groundwater flow modeling using
FEFLOW. FEFLOW is especialy suitable for problems involving complex model
architecture and can deal conveniently with saturated/unsaturated problems. The database
was oriented to help produce proper input data sets for FEFLOW. The discretization
attempted for FEFL OW was discussed in section 6.2.9.

6.5 Regional model output

The calibrated regional model was first used to forecast the changes in the flow regime that
result from the natural stresses and the anthropogenic activities on the aquifer resources
during the coming 100 years. In the analysis procedure of the simulation results, emphasis
was given to the changes in hydraulic head, drawdown, depth to groundwater, as well as
the groundwater balance to evaluate the potential and response of the aquifer to the stresses
above mentioned within the prediction period. The current hydraulic head distribution and
drawdown (state 2005) are represented by Figures 6.12 and 6.13, respectively.

6.5.1 Hydraulic head

In general, the direction of groundwater flow within the regional model areais kept by the
origina trend of the initial head postulated by Ball (1927) and Sandford (1935) that is
shown in Figure 6.7. However, as expected, the values and local trends of these contours
have some changes within the depressions like the Dakhla and Kharga oases and
development areas like East Oweinat, where new contour lines with lower values appeared.
Table 6.3 gives a representation of the average hydraulic head, drawdown, and depth to
groundwater in the stressed area within the aquifer.
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The major changes in the pattern of the groundwater contour lines for scenario 1 and
scenario 5 for the years 2050 and 2100 (refer to Table 6.1 for the extraction values) are
shown in Figures 6.14 to 6.17. For scenario 1, the contours started to change dlightly,
especialy in the Egyptian oases (i.e., Kharga, Dakhla, Farafra, and Bahariya), by 2050 to
expose further slight changes by 2100. However, these changes are still local changes and
do not extend the depression to the neighboring one.

The situation is completely different with the results of scenario 5, as the full capacity
extraction rates induce noticeable changes in the groundwater flow directions and patterns
at amost all of the stressed areas by 2100 as seen in Figure 6.17.

6.5.2 Drawdown

Before the project of the development of the New Valley has started, or rather before year
1960, there was no obvious drawdown within the studied depressions. Once the successive
groundwater extraction was in progress, the amount of the groundwater stored in the
aquifer started decreasing, leaving a noticeable decline in the potentiometric level. The
performed simulations helped in reading and trailing this decline in hydraulic head within
the interest areas (Table 6.3).

The results obtained from scenario 1 indicate that the major cones of depression are
centered in the Kharga and Dakhla oases with average drawdown of 40 m and 42 m by
2050, respectively. This amount of decline in hydraulic head increases further for both
oases to reach an average of 55 m by 2100. Nonethel ess, the amounts mentioned above are
an average drawdown, which does not hinder the existence of drawdown values that
exceed 50 m by 2100, for example, within the well fields of Kharga city in the Kharga
oasis or east of the Dakhla oasis. At the other depressions and the East Oweinat area,
gentle cones of depression are formed without exposing anomalies of the hydraulic
gradient or deepness of the cones of depression (Figures 6.18, 6.19).

However, with application of scenario 5, very steep hydraulic gradients and wide, deep
cones of depression were created around the well fields by 2100 in Kharga, Dakhla, and
East Oweinat in Egypt; Kufra, Serir, and Tazerbo in Libya; and Lagiya in Sudan (Figures
6.20, 6.21). The cones of depression around Dakhla, Farafra, and Bahariya are now
extended to build a huge single cone of depression gathering the whole area occupied by
the three oases. The two meter drawdown line is now located about 145 km south of the
well fields of the Dakhla oasis. In the East Oweinat area, the cone of depression extends to
the south beyond the state boundary between Egypt and Sudan to form a very deep cone of
depression with an average value of 162 m (Table 6.3) and a maximum value exceeding
200 m at several locations by year 2100 within the East Oweinat area (Figure 6.21).



84

Regional model

Chapter 6

punoJBb mopq = |6q "(E8ET e NSU0) JBded pue 0Jn3) eate ydes Joj yidep Buiyl] 21wouods ayl st (W £9) “|em Buimol) suesw ubs an-

8¢t 89 S 0cT 0L L Glc qee 86¢ S (W ETT)
1°10)7
ST 6 S or T .| 8| eee| see| T e
291 86 g'ce Si4) 08 S S0T 0T 104 S (W 00T)
0S¢ FUBMO 3
Ge 6¢ g¢e 8T 1T S zee 6€C Gve T .
14" L V- Ve LT 9 6¢- ac- TT- S (W szT)
5" emis
L 4 V- 1} oT 9 0c- GT- TT- T
8¢ 6 ct- Ly 8¢ L T8 00T Tt S (W $2T)
8¢t eALeyeg
S €- 4% 2 9T L 70T Tt 12T T
oe S LT- qS og 8 08 Q0T LCT S (W STT)
GeT el
8 G- LT- €e 0¢ 8 20T qTT LCT T
oc TC 11T qS oY oe 0c Ge 514 S (W gg)
st eb.reyd
oc TC 11T qS oY oe 0c Ge 514 T
TS o 6- a8 09 T4 GS 08 qTT S (W £9)
ovt elpea
TC 8 6- qS v T4 a8 86 GTT T
00T¢ 0S0¢ S00¢ 00T¢ 0S0¢ S00¢ 00T¢ 0S0¢ S00¢ (lswe w)
OLeusdS pesy Uo11ed07
(16g w) Jerempunolb o] Yidep (w) umopme.q (swe w) peay o1nelpAH eniu|

'SVYSN 98U JO Seae passalss oyl 10} Bempunolb 01 yidep pue umopiaelp ‘peay d1nelpAy ul ssbueyo aielony ‘€9 a|geL




@ Chapter 6 Regional model 85

The Kufra oasis is not that much different from the situation in East Oweinat, as the
average drawdown there is about 128 m and a maximum drawdown value that exceeds 200
m is also recorded. Selected results of scenarios 2, 3 and 4, are shown in Appendix A.
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Figure 6.12. The distribution of the simulated hydraulic head of the NSAS by 2005 in
comparison to theinitia heads of year 1960.
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6.5.3 Depth to groundwater

The calculated water depths within scenario 1 in all stressed areas (except for the Kharga
oasis) indicate that the simulated groundwater exploitation rates in this scenario for these
areas are obviously lower than the permissible/potential rates for the coming 100 years. As
for all smulated areas, except for the Kharga oasis, the groundwater depths are still away
from the postulated economic lifting depth for irrigation (Euro and Pacer Consultant 1983;
RIGW 1999) (Table 6.3). In the Kharga oasis, only at the middle and north of the oasis
should the extraction rates be slightly decreased.

In scenario 5, the extraction rates are still feasible for Siwa, Bahariya, Farafra, and most of
the area of the Dakhla oasis, where the economic lifting depths are not exceeded. The
simulation results indicate that the extraction rates in the East Oweinat area and the Kufra
oasis are much higher than the affordable rates to keep the economic development of these
areas. The depth to groundwater in the East Oweinat area will exceed 98 m by 2050 and
162 m by 2100 if the full capacity of extraction rate (1.2 km?3/year) is applied. A similar
negative impact was obviously shown in the Kufra oasis. Therefore, it is concluded that the
extraction rates of scenario 5 (the planned extraction rates) for both the East Oweinat area
and Kufra could be feasible, but only for too short time and not for the long sustainable
development of the NSAS.
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Figure 6.14. Simulated
hydraulic head for the
lower aguifer of the
NSAS by 2050. The
extraction rates  of
scenario 1 are proposed
to be constant until
2100.

Figure 6.15. Simulated
hydraulic head for the
lower aguifer of the
NSAS by 2100. The
extraction rates  of
scenario 1 are proposed
to be constant until
2100.
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Figure 6.16. Simulated
hydraulic head for the
lower aguifer of the
NSAS by 2050. The
extraction rates  of
scenario 5 are proposed
to be constant until
2100. Contour interval
25m.

Figure 6.17. Simulated
hydraulic head for the
lower aguifer of the
NSAS by 2100. The
extraction rates  of
scenario 5 are proposed
to be constant until
2100. Contour interval
25m.
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The optimization process of the model for East Oweinat area and Kufra oasis in terms of
the abstraction rates shows that scenario 3 (Table 6.3) is the best option for the
groundwater management. The average depth to groundwater by 2100 will not exceed 90
m and 85 m for Kufra and East Oweinat, respectively, in this scenario. So it is concluded
that scenario 3 is economically the optimal development scenario at these areas.

6.5.4 Groundwater balance

It was proven by referring to the radiocarbon age dating and the stable isotopes that the
groundwater in the NSAS is fossil water (age >5,000 years), and no recent formation is
detectable. Nonetheless, this does not exclude the possibility of groundwater influx
between the adjacent reservoirs within the system. If there is any groundwater supply from
the south, this should be attributed to groundwater recharge within and/or surface runoff
from a fairly narrow band of rainy, mountainous terrain along the Tibesti-Ennedi-Darfur
water divide between northern and central Africa.

A groundwater balance for the NSAS for the period 1960-2100 was calculated using both
the actual extraction rates (scenario 1) and the planned extraction rates (scenario 5) for the
prediction period to obtain a more genera picture of the behavior of the aquifer system to
the different anthropogenic activities. The groundwater balance can be expressed as change
in storage which equals the sum of the inflow and outflow from the system. The inflow is
represented by the limited areal recharge in the south and the influx from the water body of
the Nile and Lake Nasser to the aquifer. The outflow is the sum of the natural discharge
into and from depressions (seepage, evaporation, and/ or evapotranspiration), water outflux
to the Nile, and the artificia discharge from pumping wells. Figures 6.22 and 6.23
represent the flow components of the NSAS for scenario 1 and 5, respectively, while
Figures 6.24 and 6.25 show the decrease in groundwater volume as a response to the
application of the discharge rates of scenario 1 and 5, respectively.

It can be concluded that the annual change in storage is typically contingent on the changes
of the extraction rates in both scenarios, except for the very beginning of the simulation,
where the extraction rates were relatively small and the change of storage was affected to
some extent by the inflow component. For example, in scenario 1 (Figure 6.22) the
extraction rate decreases gently to reach about -0.5 km3 by 1980. In the same case the
annual change in storage reaches about 0.3 km3 after a little swaying from positive to
negative values at the very beginning of the simulation. The parallelism between these two
components indicates that every additional extraction is groundwater mining.

It is also concluded that during the period from 1960-2005, the total artificial discharge by
pumping increased from 0.16 km?3/y to 1.8 km3/y (about 1500%), while inflow stayed still
amost the same (thisis the caseif the actual extraction rates are still constant until 2100).
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From figure 6.24, it can be seen that the groundwater volume decreased by about 42 km3
by 2000. If the present extraction rates are kept the same, the predicted decrease of
groundwater volume will be about 354 km? by 2100. However, by applying scenario 5, the
groundwater volume decreased about 10 timesto have avalue of 1,491 kmg.

Groundwater balance [km3/y]

= = = = = = = = a2
-2 T T T T T T T T T T T T T T T
1960 1961 1970 1980 1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Year
‘—‘-Flux in + Flux out == Extraction Areal Recharge == Areal Discharge =#=Change in Storage ‘

Figure 6.22. Groundwater balance for the NSAS for the period 1960-2100, scenario 1.
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Figure 6.23. Groundwater balance for the NSAS for the period 1960-2100, scenario 5.
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Figure 6.24. Cumulative decrease in groundwater storage of the NSAS for the period 1960-
2100, scenario 1.
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Figure 6.25. Cumulative decrease in groundwater storage of the NSAS for the period 1960-
2100, scenario 5.
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4

Local Model
Dakhla Oasis

7.1 Introduction

The populated areas in Egypt constitute only 6% of Egypt's total area. Some 99% of al
Egyptianslive in the Nile valley. Therefore, the quickly growing development in Egypt has
required big movements of investments and people from the Nile valley towards the
Western Desert. In that case, fresh water supply is an essential and feasible option that can
cover the wide gap between the available capacities and the accel erating demands.
Geographically, the Western Desert, including the Mediterranean littoral zone and the New
Valey, comprises 68% of Egypt’s total area. The New Valley consists of three oases,
Kharga, Dakhla, and Farafra (Allam et al 2002).

Dakhla is the biggest oasis in the Western Desert and lies farthest away from the main
settlements of Egypt with about 75,000 inhabitants (2003 estimate) who live in 17 different
settlements. The whole depression of the Dakhla oasis comprises a number of smaller
oases, separated by hills or desert, but never far in between. Among the 17 settlements,
only Mut and Qasr qualify as towns (Brookes 1993). Villages of Tenieda and Baat
dominate the east. Mut, in the middle, is the largest settlement in the oasis with 15,000
inhabitants, while Qasr and Mawhoub are located in the west (Figure 7.1).

Dakhlais situated above sealevel, as high as an average of 122 meters. The lowest point of
the Dakhla oasis, about 88 m (amdl), lies in West Mawhoub (Figure 7.1), and the oasis
surface rises gradually southeastward. Altitudes range from 110 to 140 m above sea level
(Kleindienst et al. 1999).

Originally, Dakhla was fed by about 520 springs and ponds, but in modern times many
have dried out, and others only work with electric pumps. The economy of Dakhla is based
on agriculture, production of handicrafts, and some tourism. Before the road was
constructed, Dakhla must have felt like a planet of its own, where only a few inhabitants
ever came as far as the neighboring oases Kharga and Farafra.
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As to climate, the Dakhla oasis belongs to the rainless part of Egypt (Brookes 1993;
Kleindiest et a. 1999). The hottest months are June, July, and August (with a mean
maximum temperature of 37.7°C). The coldest month is January (with a mean minimum
temperature of 4.0°C).

7.2 Locality

The Dakhla oasis is located in the South Western Desert of Egypt, ca. 120 km west of the
Kharga oasis, about 300 km west of the Nile valley and about 300 km southeast of Farafra
oasis, between longitudes 28°15- 29°40' E and latitudes 25°00' - 26°00' N (Figure 7.1).
Dakhla is connected by a main road with the Farafra oasis 300 km northwest and the
Kharga oasis 190 km east. The oasis is about 155 km long from southeast to northwest,
with a maximum width of about 60 km.

7.3 Geomorphological background

The topography and geology of the New Valley in genera and the Dakhla oasis in
particular has been a subject of different studies (e.g., Beadnel (1905), Mitwally (1953),
Hermina et al. (1961), Said (1961), Awad and Ghobria (1965), Hermina (1967), Mansour
(1973), Ezzat (1975,1976), El-Younsy (1978, 1984), Klitzsch et al. (1987), Hermina
(1990), Brookes (1993), and Wycisk (1993)). A brief discussion is given below.

The main topographic feature of the Dakhla oasis is the steep scarp, which bounds and
overlooks the depression of the oasis on its northern side. It is irregular in its outline, but
generally it extends in a WNW-ESE direction for more than 250 km. It is broken into a
number of promontories by well-marked indentations, the most important of which occur
to the east of Qasr, northeast of Balat, and to the east of Tenieda. A gradual slopeisformed
up to the plateau at these indentations (EI Younsy 1984). The face of the scarp is
essentially composed of Upper Cretaceous to Paleocene shale and mudstone and is
generally capped by limestone and chalky limestone. The height of this scarp ranges from
400 m (amdl) to the west and rises gradually to reach about 580 m (amsl) northeast of
Teniedavillage (Figure 7.1).

The depression of the oasis extends from Tenieda in the east to Mawhoub West in the
west. It is excavated in the Nubian red clays. The depression is represented by an immense
plain, which extends from the Kharga oasis in the east to the farthest west of the Dakhla
oasis and is dtill opened to the south and southwest, where its floor gradually merges
southward into the Nubian Sandstone higher plain (Brookes 1993). The plain has a floor
that consists mainly of red clays related to Quseir Shale-Formation (refer to section 7.4)
and covered in some localities by aluvium deposits, which are partialy cultivated (El-
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younsy, 1984). Sand dunes frequently cover the scarp face in various localities, as well as
areas in the depression of the oasis. The major sand dunes form a north-northwest/south-
southeast trend extending to the west of Qaret EI-Mawhoub (Edmonstone). Gebel
Edmonstone is a single isolated hill in the whole depression of Dakhla. It is a detached
portion (or an outliner) of the plateau and occurs about 18 km west of Qasr. This
conspicuous hill has a height of about 465 m (amsl) and about 300 m above the depression
plain (Brookes 1993).

7.4 Geological background

Commonly, the successive sedimentary formations within the Dakhla depression dip

steadily northward at a very small inclination. Consequently, every formation has a wide

outcrop. In general, these formations crop out at the cliff to the north of the depression and
they do not appear in the oasis depression itself (Ezzat 1976). The late Mesozoic-Early

Cenozoic rocks, which build the primary sedimentary cover in the area under discussion,

are subdivided into a number of mappable lithostratigraphic units. The units are classified

generally into two categories: (a) a Jurassic-Campanian sequence, predominantly
continental but with marine intercaations, and (b) a Campanian-Lower Eocene
transgressive-regressive open marine sequence. A summary of the depositiona history in

the Dakhla oasisis given below as discussed in Hermina (1990).

(@) Jurassic-Campanian sequence

The Jurassic-Campanian segquence includes the predominantly continental sandstone and

clay beds that were formerly lumped under the term “Nubia’. These are from base to top:

The Six Hills Formation (Late Jurassic-Lower Cretaceous), the marine shale of Abu Ballas

Formation (Aptian), Sabaya Formation (Albian-Early Cenomanian), the marine claystone

of Maghrabi Formation (Cenomanian) and Taref Formation (Early Turonian) (El Naggar

1970; Barthel and Boettcher 1978; Barthel and Hermann-Degen 1981).

(b) The Campanian Transgression

The sequence from base to top is described in brief asfollow:

» Quseair Formation = Mut Formation (Youssef 1957). It is composed of variegated shale,
siltstone, claystone, and flaggy sandstone containing freshwater gastropods and plant
remains. It covers extensive areas in the Dakhla depression and participates as well,
with varying thickness, in the formation of the foothills of the bordering scarp. The
Quseir Formation forms the floor of the excavated depression (Herminaet al. 1961).

= Dawi Formation= Phosphate Formation (Awad and Ghobrial 1965). The Dawi
Formation is a phosphate-bearing unit alternating with black shale and limestone.

= Dakhla Formation (Said 1961). The Dakhla Formation consists of dark-grey shale,
marl, and clay with intercalations of calcareous sandy and silty beds along the scarp
face; it also covers parts of the plain in the west of Dakhla. The tota thickness at the
type section north of Mut town is about 230 m.
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» Kurkur Formation (Issawi 1969). It is formed by successions of marl, marly limestone,
and dolomite laterally replacing the upper part of the Dakhla Formation. It forms the top
of the scarp; it gradually decreases in thickness and disappears in the sections to the
northwest of Mut.

= Tarawan Formation (Awad and Ghobrial 1965). It consists of fossiliferous, partly
marly, or chaky, yellowish white limestone grading into limestone, impure limestone,
or dolomite.

» Garra Formation (Issawi 1969). White, thick-bedded, partly chaky limestone beds
make up Garra Formation.

* Esna Formation (Said 1960). It is composed of greenish-grey open marine shale with
allochthonous cal careous i ntercal ations becoming more common towards the top.

= Thebes group (Said 1962). The Thebes group is composed of brown limestone with
shale interbeds laterally grading into greenish-white limestone with chert.

= Mingar El Talh Formation (Hermina and Lindenberg 1989). This is a light colored
continental to lacustrine sandstone with root marks and yellow siltstone capped by platy
lacustrine limestone.

The Quaternary sediments are represented by the significant aeolian accumulations that
occur in the depression. The playas in the area under discussion are found in the area
between Tenieda and west of Mawhoub. The lacustrine playa deposits are made up of
horizontal aternating bands of soft, friable sand, clay and silt with plant remains. Salt
crusts resulting from capillary rising groundwater build up 10-20 cm thick layers and in
some places intercalate the lacustrine deposits (Embabi 1982; Maxwell 1982; Kroepelin
1990; Pachur 1999).

7.5 Water quality

The salinity of groundwater of the NSAS in Egypt changes both horizontally and
vertically. The salinity of water increases from SW to NE as well as the hydraulic gradient
and usually decreases with depth: e.g., the Kharga and Dakhla oases, where the salinity
decreases from about 500 ppm in the upper aquifer to about 200 ppm in the lower one
(Dahab 1998; Allam et al. 2002).

Generdly, the groundwater of the Nubian series of the Dakhla oasis is mainly fresh. The
groundwater temperature ranges between 27 °C and 38 °C, depending on the depth. The
TDS (Tota Dissolved Solids) of the groundwater in most parts of the Dakhla areais fairly
less than 500 ppm, representing great differences in salinity from one place to another
(Idris and Nour 1990; Dahab 1998). It can be concluded that the water in genera is marked
by low salinity in the eastern part of the oasis, where the TDS has an average of 150 ppm:
e.g., in Tenieda and Balat (two villages existing to the farthest east of the oasis (refer to
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Figure 7.1). However, the salinity increases westward until it reaches its maximum values
in Mut, Hindaw, and Rashda (average value is 2,000 ppm) (Diab 1972; Soltan 1997). The
ion content of the groundwater of the Dakhla oasis ranges from low to high depending on
the area.

The electrical conductivity (EC) exposes enormous values, especially in the west of the
oasis. On the contrary, in the east of the oasis, moderate EC values are dominating. The EC
ranges from 133.3 uS/cm in the eastern part of the oasis to a highest value of 7,000 uS/cm
in some parts to the western area of the oasis (Dahab 1998). Hard water is the dominant
feature of water within the Dakhla oasis, where the total hardness of most localities
exceeds 150 mg/l, so water is designated as hard (maximum permissible limits are set
according to the World Health Organization, WHO, European Standards, 1984). These
relatively high values of TDS and EC are related mainly to the occurrence of playa
deposits and salt crusts in the middle and west of the oasis.

7.6 Model input and structure

As discussed in Chapter 6, a regional groundwater flow model for the whole NSAS was
developed and calibrated to help correctly define the boundary conditions of the area of
interest as well as to serve as a base model for the local modeling approach. Consequently,
the data input is also valid and further used for the local modeling with some additional
adjustments and refinement for the Dakhla area according to the locations of the pumping
wells. This approach allowed precise analysis of the pumping and the resulting drawdown
in the Dakhla oasis during the simulation period 1960-2100.

There are 523 private and/or shallow wells and 313 deep wells extracting the upper and
lower aquifers, respectively, in the Dakhla oasis. These wells are entered into the model
based on their horizontal and vertical coordinates. For the wells that numerically overlap
(when they are too close to each other) or fall in the same numerical cell, their extraction
rates are summed up and gathered to one pumping center. If a certain well is tapping both
the shallow and the deep aguifer, then it is divided into two numerical wells at the same
node. The actual extraction rates are given to the model for scenario 1 (refer to section
6.2.5.3) and the extraction rates from the other scenarios are shared out on the wells
proportionally. Figure 7.3 illustrates the horizontal distribution of the pumping
wells/pumping centers within the Dakhla oasis; on the other hand, Figure 7.4 represents
simplified cross sections for selected locationsin the area.

7.7 Model output

The local prediction simulation was used to evaluate five possible future development
plans for the NSAS in the Dakhla oasis in an attempt to explore the hydrologic feasibility
of these plans and the sustainability of the aquifer under each extraction scheme.
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The prediction period extended from year 2005 to 2100. The assumed groundwater
extraction rates for each scheme are presented in Table 6.1 and Appendix B1.

7.7.1 Scenario 1

In this scenario the actual extraction rates of 1.2x10° m3/d for the Dakhla oasis (Table 6.1
and Appendix B.1) are considered constant during the prediction simulation. As can be
seen from the initial hydraulic head (Figure 7.5), the original groundwater flow direction in
the Dakhla oasis was generally from southwest to northeast and followed the regional trend
of groundwater flow direction in the whole NSAS. This general trend is still roughly kept
by year 2005. However, cones of depression (COD) have appeared just around the well
fields of Tenieda, Balat, Mut, Qasr, and Mawhoub West (the east, middle, and west of the
oasis). This change in the flow direction is obviously noticed from the 120-m contour line
of hydraulic head. It shows that the flow direction changes and new locally closed contour
lines with lower head values of 110 and 100 m appear around the well fields (Figure 7.5).

These changes in the hydraulic head pattern will be further developed by year 2050 and
2100, as the hydraulic gradient changed from 4.6x10™ by year 2005 to 2.0x10° by year
2100 in the middle of the oasis, which induces the COD to be wider and deeper with time
(Figures 7.6 and 7.7). The COD are centered on the well fields (around major population
communities), forming an elongated shape from northwest to southeast following the
general depression trend of Dakhla oasis. By year 2005, the 3 m drawdown line lies about
30 km away from centers of the COD. The mgor decline in potentiometric surface is
observed around the well fields of Tenieda, Balat, and Mut, where the drawdown reaches
35 m at the center of the COD. Nevertheless, it is only about 12 m at Mawhoub West. This
indicates that the groundwater potentiality in the Dakhla oasis is rather good at the eastern
side of the oasis and gets obviously better westward, especialy at the area of Mawhoub
West.

Further simulation shows the decline of potentiometric surface increases to reach 50 m at
the east of the oasis, 60 m at the middle, and 20 m in the west by 2050 (Figure 7.9). The
COD developed further by 2100 to overtake the oasis boundaries. The maximum
drawdown of 75 m is recorded at Maasara village, whereas the 50 m COD covers the
whole east and middle of the oasis from Tenieda village to Qasr city (Figure 7.10). With an
average drawdown of 55 m for the oasis, the average annua change in hydraulic head of
the entire simulation period would be 0.57 m per year. Most of the wells in the middle and
west of the oasis were still flowing by year 2005 (Figure 7.11). This case changes
completely at the end of the ssimulation, as only a few wells in Mawhoub west will still be
flowing and the rest will dry out (Figure 7.12).
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However, the depth to groundwater in al the cultivatable areas within the oasis will be still
less than 75 m. At present, the depth to groundwater less than 100 m is considered
economical; hence, the application of this scenario is affordable for the groundwater
development in the Dakhla oasis. Y et this scenario is still under the permissible potentiality
of the NSAS in the Dakhla oasis.

7.7.2 Scenario 2

The total extraction rates were here increased by the a quarter of the full capacity
extraction rates of the planned development to be 1.33x10° m3d. These rates were shared
out between the production wells proportionally according to their actual extraction rates.
Even so, in different locations in the oasis, some extra virtual wells were set up. As a
consequence, the hydraulic head pattern started to change its direction locally from south
to north by the ssmulation year 2100 (Figure 7.13). As expected, the decline of the
potentiometric surface increased to reach its maximum value of 100 m at several localities
within the oasis by the same year, as shown in Figure 7.14. The depth to groundwater did
not exceed the 80 m limit at the east Dakhla depression, 60 m at the middle, and 35 m at
the west, which in turn indicates substantial system potential for additional water
production athough with the forecasted consequences such as further decline in
potentiometric surface.

7.7.3 Scenario 3

This scenario was considered to predict the consequences of the future development when
the artificial dischargeisincreased by half of the full capacity planned extraction rates. An
extraction rate of 1.46 x10° m¥d was subsequently applied.

Figures 7.15 and 7.16 represent the successive changes in hydraulic head during the
simulation by year 2050 and 2100, respectively. The core of COD reached the maximum
value of 80 m around Mut city by year 2050, as shown in Figure 7.17. At the same time, it
did not exceed 30 m at Mawhoub West and an average decline of the potentiometric
surface of 45 m over the whole oasis. The abstraction at the current pumping scheme was
found to balance the local inflow at the end of the simulation with a 75 m average decline
in the potentiometric surface in Dakhla oasis (Figure 7.18) and a maximum drawdown of
105 m at the middle of the oasis (the area between Ismant and Mut). Nevertheless, the
drawdown did not exceed 30 m at the Mawhoub West area.

At the end of the prediction, depth to groundwater at Mawhoub West area will mostly be
around the ground level at al well fields and will not exceed 25 m. In the Mawhoub area
the maximum depth to groundwater will be 50 m. However, between Qasr city and Mut
city the average water depth ranges from 50-75 m below ground level.
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Figure 7.19. Calculated depth to groundwater for the NSAS in the Dakhla oasis by 2100,
scenario 3.

To the east of Mut city the water level lies a little bit deeper, as the water depth ranges
from 50-100 m below ground level (Figure 7.19). The productivity of the aguifer at
implementation of this abstraction scenario is till high to very high, as it reaches 19,500
m?/day/m of drawdown. Based on the groundwater potentiality and devel opment ambitions
in the Dakhla oasis, this scenario was found to be the best development option for the
domestic, agricultural and industrial activities for the coming 100 years.

7.7.4 Scenario 4

An extraction rate of 1.6 x10° m?/d was simulated in this scenario, which is corresponds to
an increase of the extraction to 75% of the planned rates (Table 1). Successive changesin
the hydraulic head contour courses and the COD by year 2100 are shown in Figures 7.20
and 7.21. A distinct successive drop in the potentiometric levels is apparently noticed as a
response of the increase of the abstraction rates of this scenario. The core of the COD will
reach as so far as 120 m at the middle of the oasis. On the other hand, the 100 m COD will
cover the entire populated and planned reclaimed area of the Dakhla oasis, excluding the
Mawhoub West area, where the decline of the potentiometric level reaches 50 m as shown
in Figure 7.21. The depth to ground water will roughly reach 120 m below ground level at
the area east of Mut city, where the limit of 100 m water depth will be overtaken amongst
the most populated areas in the Dakhla oasis, evidently excluding Mawhoub West village.
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by 2100, scenario 4.



Chapter 7 Local Model - Dakhla Oasis 113

This indicates that the implementation of this abstraction scenario (scenario 4) is not
feasible for the development strategies in the Dakhla oasis.

7.7.5 Scenario 5

The attempt to simulate this scenario is to investigate the consequences of expanding the
groundwater abstraction rates in the Dakhla oasis to their full capacity planned rates of 1.7
x10° m3/d. It is aready expected from the simulation results of scenario 4 that the
simulation results would be even worse with the application of this scenario concerning the
decline in potentiometric surface and depth to groundwater. The changes in hydraulic head
and drawdown by years 2050 and 2100 are shown in Figures 7.22-7.25. Figure 7.26
illustrates the depth to groundwater from ground level by year 2100.

The drawdown will reach 95 m and cover the area between Ismant to Qasr by year 2050,
whereas this area will be covered by a 125 m drawdown by year 2100. The average
drawdown over the oasis at the end of the simulation will then be about 85 m, which means
that the average annual decline in hydraulic head is about 0.90 m/year. The areas of depth
to groundwater exceeding 100 m due to this scheme of abstraction will expand to cover
most of the villages east of Mut city.
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Figure 7.22. Simulated hydraulic head m (amdl) for the NSAS in the Dakhla oasis by 2050,
scenario 5.
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Figure 7.26. Calculated depth to groundwater for the NSAS in the Dakhla oasis by 2100,
scenario 5.
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It is also obvious, as discussed in the regional modeling, that every extracted cubic meter
from the NSAS is groundwater mining, which is clearly emphasized with the local
modeling of the Dakhla oasis and supported by the obvious successive decline of
potentiometric surface as a response to each abstraction scenario.

7.8 Socio-economic feasible use

The changing nature of social sustainability and inter-related risk of resource degradation
are the critical considerations when developing plans for the use of non-renewable
groundwater resource. Social sustainability contemplates the society’s needs and goals,
which are here certainly afactor of the groundwater resource availability, time, place, and
anthropogenic activities. However, there is no rigorous definition of the socia
sustainability. For these reasons, the use of “sustainability” in the context of “mining
aquifer storage” needs some clarifications. In this study the term sustainability is
interpreted in the “social context” and thus sustainability is not meant to imply preserving
the groundwater resource for generations to come but instead reconciling the use of the
non-renewabl e resource of the NSAS with the sustainability of human life.

As mentioned before, a depth to groundwater up to 100 m is considered economical today.
Based on this contemplation and the results discussed in section 7.7, it is concluded that
the best option for groundwater management in the Dakhla oasis in terms of groundwater
extraction is the implementation of an extraction rate of 1.46x10° m¥/d as introduced by
scenario 3 (section 7.7.3). The results of this scenario emphasize not only that the
economic depth to groundwater could be retained during the simulation period and maybe
beyond but also that the potentiality of the aquifer could be better utilized to meet the
proposed development plans. The implementation of scenarios 4 and 5 will be responsible
for creating a huge cone of depression that extends far away beyond the oasis borders, and
the depth to groundwater will exceed 100 m (bgl). Besides, the potentiometric head will
drop below the bottom of the first aquifer. This, in turn, will affect the phreatic water levels
and springs. Therefore, the wells extracting the first aquifer will dry out.
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Local Model
Lake Nasser -Tushka

8.1 Introduction

Groundwater and surface water are not isolated components of the hydrologic system but
instead interact in a variety of physiographic and climatic landscapes. Thus, devel opment
or contamination of one frequently affects the other. Groundwater flow to and/or from
lakes and rivers has always been estimated using smple flow nets (Hunt et a. 2003).
However, groundwater interaction with lakes and rivers can vary spatialy (Krabbenhoft
1986) and/or temporally (Sacks et a. 1999). To understand these interactions, a sound
hydrogeological framework is needed. Moreover, the groundwater flow pattern in the
vicinity of such hydrologic interaction domains is controlled not only by the configuration
of the groundwater and surface water level but also by the distribution of hydraulic
conductivity in the rocks, and the topographic and geologic effects as well (Sophocleous
2002). The best way for investigating interaction of groundwater with lakes is to integrate
the lake water levelsinto groundwater flow models.

In this chapter the groundwater-lake interaction in the area of Lake Nasser and Tushka was
investigated. A great effort was given to estimate the influent/effluent balances and
localities of Lake Nasser to/from the NSAS. Furthermore, the consequences of the
development of the new Tushka lakes at the west of Lake Nasser on the NSAS in terms of
the possibility of whether these water bodies recharge the aquifer have to be elaborated.

Lake Nasser is one of the largest man-made fresh water reservoirs in the world. It was
formed due to the construction of the Aswan High Dam (1959-1969). It formed of an
elongated water body of about 560 km long behind the Aswan High Dam, 196 km of
which are in Sudan (Lake Nubia), and a maximum width of 35 km, which is near the
Tropic of Cancer with an average width of 15 km (Kim and Sultan 2002). The water
volume in the lake fluctuates greatly seasonaly and from year to year, depending on the
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net annual volume of water it receives (Elewa 2006). The highest recorded water levels are
178 m above sea level (in 1996) and 182 madl (in November 1998), while the lowest level
recorded so far was 158 madl (in July 1988).

The lake covers a total surface area of 5,270 km? (85 % of which is in Egypt) and has a
storage capacity of some 157 km? of water. The average depth is about 25 m and maximum
depth is 130 m (Elewa 2006). During the irrigation seasons, seepage losses by distribution
canalsin irrigated fields contribute to elevated groundwater levels. Lake Nasser has a huge
resource of fish, with all its relative advantages.

The study area caught the attention of several authors, scientists, and even governmental
authorities, as geological, hydrogeological, hydrological, and climatic studies were
frequently held, among them Shatta (1962), El-Shazly et al. (1977), Tamer et a. (1987),
Aly et a. (1993), GARPAD (1998), Altorkomani (1999), RIGW (2001), Sallam (2001),
Kim and Sultan (2002), and Elewa (2006). A genera discussion of the outlines, geological,
hydrogeological, and hydrological features of this areais presented in section 8.2.

8.2 Site description

The study areais located between latitudes 22° N and 24° N and longitude 30° E and 33° E,
as shown in Figure 8.1a. The area west of Lake Nasser is commonly flat plain with hills,
ridges and scarps which are generally rugged and rough. The ground level ranges from
about 125 to 250 m amdl. A remarkable depression called the Tushka depression is located
to the west of the lake with a ground level that ranges from 125 to 200 m amdl. This
depression is used as a secondary fresh water reservoir of Lake Nasser. Once the water
level exceeds 178 m amdl in Lake Nasser, the excess of water storage is discharged into
this depression through a side canal, preventing the water level in Lake Nasser from
reaching dangerously high levels and acting as a safety vave for the High Dam.
Accordingly, four other lakes were formed in the Tushka depression.

The geology of the study area is dominated by a sedimentary succession ranging in age
from Jurassic to Quaternary, with exposures of igneous and metamorphic rocks belonging
to the Late Precambrian basement, in addition to the Tertiary foreland volcanics of the Late
Cretaceous and mid-Tertiary age (Elewa 2006). Figure 8.1 shows the location, a schematic
cross section along line SE-NW, and the geologic map of the area of interest. The
basement surface is uneven. It crops out near Lake Nasser in the middle of the study area
(Kim and Sultan 2002). The basement surface forms an impervious lower boundary for the
aquifer and acts as a barrier to the lateral groundwater flow in some locations. The lower
part of the sequence consists of undifferentiated conglomerate, sandstone and shale.
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Figure 8.1. Location map showing (@) the study area, (b) a schematic cross section, and (c)
a geologic map of the area with the location of cross section. (Geological map after
Conoco (1987) and USGS (2004), the cross section after Kim and Sultan (2002)).
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The middle part of the sequence is composed of coarse pebbly sandstone, fine sandstone
with siltstone, and shale intercalations. The two sequences are of Upper Jurassic to Lower
Cretaceous age. The upper part of the sequence is exposed in the northern part of the study
area. It is formed of sandstone capped by karstified Tertiary limestone (Kim and Sultan
2002).

Hydrogeologically, the basin under the area of interest is interconnected. The penetrated
Nubian section is formed of fining downward litho-facies. The relatively high water level
of Lake Nasser and the difference between its level and the groundwater level induce the
water body of Lake Nasser to expose influent conditions (Aly et al. 1993). The
groundwater flow direction in the area south of Lake Nasser is from southwest to
northeast, which means that it is following the general flow direction of the whole NSAS.

8.3 Model input and boundaries

The area of interest was already integrated in the calibrated 3D-regional groundwater flow
model of the NSAS. The initial and boundary conditions of the regional model were also
valid for this local modeling approach. Within the scheme of regional modeling, the water
body of Lake Nasser was considered a time-constant head (fixed head-boundary condition-
1% type). In the case of the local modeling approach, Lake Nasser is modeled a time-
dependent head boundary, where the fluctuations of the water level of the lake were taken
into account to simulate the response of the aquifer to these water level changes, especially
along the contact section. The discretization attempt of the study area was carried out to
produce mesh elements as small as possible. The resolution of these elements varied from
100 m to 500 m.

After the construction of Aswan High Dam, the surface water level in the lake rose from
116 m to 158 m amsl in 1970. Subsequently, the lake level fluctuated, reflecting the
intensity of the Nile inflows as shown in Figure 8.2. During the period of 1970-2005, the
lake level fluctuated between a minimum level of 158 m amd (in 1987) and a maximum
level of 182 m amd (by 1997).

The latest rise in lake levels induced Lake Nasser to overflow a spillway that was
constructed to channel excess lake water and create four lakes to the west of Lake Nasser
(Figure 8.3). These lakes were modeled as constant head boundary starting from year 1998.
The first lake covers an area of about 400 km? with alake level of 172 m amdl. The further
excess of water from Lake Nasser spread further west, forming three additional lakes
across alowland area of about 750 km? with lake levels of 162 m, 156 m, and 147 m amsl
westward, respectively (Yan et al. 2003). Due to the large surface area exposed by the lake
water, the average evaporation is high and is estimated to be about 16.4 mm/d (Aly et al.
1993). This high amount of evaporation equals roughly 20% of the lake inflow. On account
of the aridity of the area under discussion, no areal recharge was considered except for
what was applied to the regional model.
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The aquifer was simulated as a free-surface boundary able to fluctuate in response to
recharge from adjacent water bodies.

8.4 Model output

From the available observation records along the western side of Lake Nasser, it can be
concluded that after the construction of the Aswan High Dam, the groundwater levels in
the vicinity of the lake rose in response to the increase of water levels of Lake Nasser. This
increase in groundwater levels varies from one site to the other along the lake bank and
decreases westward as distance from the lake increases. The hydraulic head at most of the
observation wells in the vicinity of the lake was not only considerably elevated on account
of recharge from the lake, but it also reproduced the lake stage fluctuations as shown in
Figure 8.4. The hydraulic head at the farthest observation wells reflected only dlight
increase in their values.
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Figure 8.4. Hydrograph illustrating the changes in hydraulic head at selected observation
wellswest of Lake Nasser and how they reproduce the fluctuations of the lake levels.

The observation wells represented by Figure 8.4 lie within a maximum distance of 25 km
from the lake (Figure 8.3). The groundwater level rose in these wells with an average value
of 25 m. At the observation wells lying at different distances from the lake, the
groundwater level is still affected by the recharge from the lake. Nonetheless, these wells
are less sensitive to the fluctuations of the lake stage. However, the increase of the
groundwater level did not exceed 0.3 m at the farthest available observation well (Ow11).
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This 0.3 m increase in groundwater level at observation well Owll was obtained by the
simulation until year 1998; after that, the Tushka lakes were included in the simulation.
Therefore, the groundwater level was preferably affected by these lakes rather than Lake
Nasser.

During the simulation from 1964-1998, the pattern of hydraulic head in the study area kept
its direction from southwest to northeast. However, substantial changes occurred at the
front of the hydraulic head contour lines in the vicinity of and along Lake Nasser. The
recharge front of the 130-m contour line moved considerably westward from the lake to
have a maximum noticeable distance of 55 km from the lake west of Abu Simbil (for
locations refer to Figure 8.3). Figures 8.5 and 8.6 illustrate the progress of the recharge
front along Lake Nasser as comparison examples between the initial hydraulic head (the
hydraulic head of the study area until 1964) and the hydraulic head in year 1998,
respectively.

The reason for choosing year 1998 as an output point is to expose the changes of the
hydraulic head patterns and dynamics in the area just before the development of Tushka
lakes. At Abu Simbil and Tushka depression, the average movement rates of the recharge
front were 1.7 km/y and 0.8 km/y, respectively.
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Figure 8.5. Contour map shows the distribution of the initial hydraulic head around Lake
Nasser and the Tushka area before the construction of the Aswan High Dam.
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Figure 8.6. Contour map represents the distribution of the hydraulic head around Lake
Nasser and the Tushka areain 1998 just before the devel opment of the Tushka lakes.

At Kalabsha (in the north of Lake Nasser), the 100-m contour line moved about 35 km
southward to lie just under the foot of the Sinn El-Kaddab plateau. The average increase in
hydraulic head within the first inundated 20 km strip away from Lake Nasser is 32 m until
1998. Based on this conclusion, the groundwater volume that was added to the aquifer
storage in thisareais calculated to be about 281.5 kms,

After the development of Tushka lakes (Figure 8.3), those huge water bodies came in
direct contact with the NSAS in the west of Lake Nasser. These new water bodies were
modeled as a constant-head boundary condition starting from 1998, as discussed in section
8.3. Consequently, the hydraulic head pattern and direction as well as the aquifer storage
were affected by the sudden accumulation of water head on top of it. Figure 8.7 presents
the distribution of the hydraulic head in the study areain 2000 and 2005, respectively.
From Figure 8.7, it can be concluded that the hydraulic head pattern west of Lake Nasser
did not reveal significant changes from 1998 to 2000. Contrary to the expected dynamics,
the recharge front regressed dlightly at this time. This can be proved by the 150-m contour
line passing through the observation well Ow4. This regression is due to the drop of the
level of Lake Nasser from 182 m amsdl in 1997 to 175 m amsl in 2000.
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Figure 8.7. Contour map represents the distribution of the hydraulic head around Lake
Nasser and the Tushka area in 2000.

In the Tushka depression, significant changes of the hydraulic head values and pattern have
occurred on account of the creation of the Tushka lakes. An average increase of about 25
m in the hydraulic head at this depression is encountered. These changes are emphasized
by the distribution of the hydraulic head in the study areain 2005 as shown in Figure 8.8.
Figure 8.8 indicates that the recharge front moves preferably to the northwest, west, and
southwest. These pretended directions of the recharge front are due to the fact that the
rising water level of the lakes leads to a damming up of the groundwater flowing from
southwest to northeast. The northeast of the lakes area is reduced because of basement
outcrops. To the northeast the area is characterized by relatively bad hydraulic conductivity
as well as the presence of uplifts that obstruct the lateral movement of the groundwater.
Also to the east, the transmissivity is reduced due to the low thickness of sediments and
basement outcrops (see Figure 8.1).

The recharge from the Tushka lakes directly affects the groundwater potentiality of the
Darb El-Arbaein area south of the Kharga oasis. The recharge front moved about 3 km
from 1998 until 2005 to the west and northwest away from Tushka lakes. That means it
moves about 425 m/year towards the west and northwest.
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Figure 8.8. Contour map represents the distribution of the hydraulic head around Lake
Nasser and the Tushka area by 2005.

8.5 Recharge from the lakes

The cumulative rise in surface water levels of Lake Nasser and the Tushka lakes, in
conjunction with the comparatively low groundwater levels around these surface water
bodies, encouraged a rapid increase in the hydraulic gradients and thus an increase in the
interaction flows (fluxes) from the surface water bodies into groundwater. Therefore,
surface water losses from Lake Nasser and the Tushka lakes contribute gresatly to raising
groundwater level, consequently, to recharge the NSAS close to them. The dynamic
behavior of the system can be visualized by means of quantitative analyses in terms of
water flux and mass balance. Figure 8.9 shows the cumulative flux from Lake Nasser and
the Tushkalakes into the aquifer system during the simulation period from 1960-2005.

Figure 8.9 indicates that the aquifer was recharged by an amount of 40.4x10™ m3 from
Lake Nasser in just one year after the constructing of the Aswan High Dam. The
cumulative recharge from Lake Nasser increased successively to reach an amount of
8.91x10" m3in 1998. The net cumulative recharge from Lake Nasser and the Tushka lakes
in year 2005 is calculated to be about 9.66x10™ m3. Certain key parameters affect the
sensitivity of the aguifer to recharge through the interactions between the lakes and the
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aquifer. The most important factors are the lake levels, the hydraulic gradient of the
groundwater, the aquifer thickness, and the hydraulic conductivity of the sediments.
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Figure 8.9. The cumulative recharge from Lake Nasser and the Tushka lakes to the NSAS
for the period 1964-2005.
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9

Summary and
Conclusions

Outlines

The Nubian Sandstone Aquifer System is a closed, non-renewable transboundary
groundwater system of a massive thickness and high water storativity but had been
undergoing arid to hyperarid conditions and has no significant recharge since about 5,000
years. It has a wide extent over Egypt, southeastern Libya, northeastern Chad, and
northwestern Sudan and lies between latitudes 14° and 30° N and longitudes 19° and 34° E.
The NSAS consists mainly of four structural basins, the major among them are the Kufra
Basin and the Dakhla Basin. The NSA'S comprises an area of about 2.35x10° km? and has a
maximum thickness of 4,500 m. The ground surface of the aquifer reveals a general slope
from SSE to NNW and ranges roughly from about 3,000 m to -134 m (amsl). The
hydraulic head ranges from 570 m (amsl) west of the Darfur areain Sudan and -78 min the
north of the system, in the Qattara Depression in Egypt. The modeled geometric volume is
about 3.5x10° km? and the calculated groundwater volume is about 212x10° km3. The
exploitation of the aquifer resources is increasing rapidly forming large cones of
depression around the groundwater extracting fields.

Objectives, model construction, and calibration

An integrated GlS-supported approach was proposed to create and develop a transient
three-dimensional groundwater flow model for the NSAS in order to define and calibrate
the regiona boundary conditions, to simulate the groundwater management options for the
different stressed areas within the aquifer, and to predict the environmental impact of the
present and future groundwater extraction schemes on the different exploitation sites. A
great effort was given to the development of a coherent, reliable conceptual model for the
NSAS to mimic the real world as close as possible. The regional model was used afterward
for the development and integration of local-scale (refined) models for the Dakhla oasis,
Lake Nasser and the Tushka area. The regional model was calibrated under the transient



Chapter 9 Summary and Conclusions 129

conditions using the trial and error method. The period 1960-2005 was chosen as a
calibration period based on the availability and tempora distribution of the data. The
calibration process indicated that the direction of the groundwater flow within the regional
model area is kept by the original trend of the initial head postulated by Ball (1927) and
Sandford (1935). However, the values and local trends of these contours showed some
changes within the depressions; like in the Kufra, Dakhla and Kharga oases and the
development aress; like in the East Oweinat, where new contour lines with lower values
appeared.

Current situation

By 2005 the simulation indicated that the average decline in hydraulic head ranges from 5
m in East Oweinat area to 30 m in Kharga oasis. The depth to groundwater was five, 11
and 22.5 m (bgl) in the Kufra oasis, Kharga oasis and the East Oweinat area, respectively.
While in the other Egyptian oases, the potentiometric level was still above ground level,
which means that the extraction wells were till under free flowing conditions. The
calibrated model was used for further prediction simulations to investigate the response of
the aquifer to the different management options in the next 100 years. The scenarios of
these prognostic calculations were elaborated disregarding the ongoing theoretical
discussions about the admissibility of prognostic calculations. The parameters of the
calibrated model were kept constant and the boundary conditions were adapted to the
scenarios.

Prediction schemes and results of regional model

Based on the actual and full capacity, planned extraction rates of the NSAS, five extraction
scenarios were suggested in an attempt to investigate the most feasible groundwater
management option in terms of the economic depth to groundwater (economic lifting
depth) and the groundwater demand.

The simulation of the actual extraction rates of scenario 1 (1,828.3x10° m3y) indicated that
by 2100 the average drawdown in the Dakhla and the Kharga oasis will be about 55 m and
in the Siwa oasis will be only 15 m, while in the Kufra oasis and the East Oweinat area the
average drawdown will not exceed 16 and 18 m, respectively. At the end of the simulation
the free flowing phenomenon will disappear all over the modeled area and the average
depth to groundwater will range from 5 m (bgl) in the Bahariya oasisto 36 m in the Kharga
oasis. In 2100 a groundwater volume of 354 km3 will be extracted from the aquifer storage.
It is concluded that by 2100 the lifting depth will be still economic and the current
extraction rates might be under the permissible, affordable rates for the groundwater
management of the NSAS.

The simulation of the full capacity, planned extraction rates of scenario 5 (6,077.3x10°
me/y) resulted in severe changes of the hydraulic head patterns within amost al of the
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stressed areas of the NSAS during the simulation period. The resulted average decline in
hydraulic head by 2100 will exceed 130 m in the Kufra oasis and the East Oweinat area.
The average depth to groundwater will increase successively during the simulation to
overtake the limit of 100-m (bgl) of the economic lifting depth in the Kufra oasis and the
East Oweinat area by 2100. The phenomenon of the free flowing wells will disappear from
the entire domain by 2030. Although the groundwater volume extracted from the aquifer
storage until 2100 exceeds roughly 1,400 kms, which is only 0.66% from the total
groundwater volume of the NSAS, the consequences are considered unpleasant, whereas,
the most of this volume was extracted from the oases or populated areas. At these areas the
decline in potentiometric surface and the depth to groundwater are increasing successively;
accordingly, the groundwater withdrawal will be too expensive or probably impossible.
The cones of depression that cover the Dakhla, Farafra, and Bahariya oases are engaged to
form a huge, connected cone of depression, which, in turn, induces the drawdown to
increase. In the East Oweinat area the cone of depression will overtake the state's
boundary between Egypt and Sudan. Since the natural annual recharge to NSAS istoo low
to support the planned, large-scale irrigated agricultural development that rely on
groundwater, the plan for groundwater development should be based upon an aguifer
depletion concept, which means that every extracted cubic meter form the NSAS is
groundwater mining.

Optimal management option, regional model

Based on the groundwater availability and demand, the proposed economic lifting depth,
and the development ambitions for the NSAS, the application of the extraction rates of
scenario 3 (3,952.8x10° m3/y) was found to be the best management option that meets
these topics. As by 2100 the average depth to groundwater will not exceed 90 m and 85 m
(bgl) in the Kufra and the East Oweinat, respectively (where the highest extraction rates
were applied).

L ocal model-Dakhla

The Dakhla oasis, which consists of 17 settlements, is the biggest oasis in southwestern
desert of Egypt. The first scenario was implemented assuming the actual extraction rates
(1.2x10° m3/d) are constant until the end of the simulation period (in 2100). By 2005
several changes could be seen in the hydraulic head patterns and flow directions, which are
indicated by the development of local flow patterns and noticeable cones of depression as a
response to the successive groundwater extraction in the last 45 years. A maximum
drawdown of 35 m was reached at the east and middle of the oasis. In spite of that, most of
the wells in the middle and west of the oasis are still free flowing. By 2100 the cone of
depression will overtake the boundaries of the oasis. A maximum value of drawdown of 75
m was recorded in the middle of the oasis. Only few wells at the west of the oasis will be
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still flowing and the rest will dry out. However, the depth to groundwater at al the
cultivatable areas within the oasis will be still less than 75 m (bgl). The average annual
change in hydraulic head of the entire simulation period would be 0.57 m per year. Based
on these results, it is concluded that the implementation of scenario 1 is affordable for the
groundwater management in the Dakhla oasis. However, this scenario is still under the
permissible potentiality of the NSASin the Dakhla oasis.

Optimal management option, Dakhla model

The simulation of scenario 3 (1.46x10° m3d) resulted in an average decline in the
potentiometric surface of 75 m in the Dakhla oasis and a maximum value of 105 m in the
middle of the oasis by 2100. However, the drawdown did not exceed 30 m at the end of the
simulation on the western side of the oasis. Depth to groundwater in the west of the oasis
will mostly be close to the ground level in all well fields and will not exceed 25 m (bgl) by
2100. In the middle of the oasis, depth to groundwater will range between 50-75 m and
will go deeper to the east of the oasis to reach a value of about 100 m. Based on the
groundwater potentiality in and development ambitions in the Dakhla oasis, this scenario
was suggested to be the best development option for the domestic, agricultural and
industrial activities for the coming 100 years. The implementation of scenarios 4 and 5 will
be responsible for creating a huge cone of depression that will be distant beyond the oasis
borders and the depth to groundwater will exceed 100 m (bgl). Besides, the potentiometric
head will drop below the bottom of the first aquifer. This, in turn, will affect the phreatic
water levels and springs. Therefore, the wells extracting the first aquifer will dry out.

L ocal model, L ake Nasser

Nasser Lake was formed due to the construction of the Aswan High Dam (1959-1969) and
has a storage capacity of 157 km3. The rising water levels of Lake Nasser since 1964
helped raising the groundwater level of the NSAS in the vicinity of its bank. Thisrisein
the groundwater level was calculated to have an average value of about 25 m in the
observation wells lying within a distance of 25 km from the lake. These wells reflected the
fluctuations of the lake level during the simulation. The average increase in hydraulic head
within the first inundated 20 km strip away from Lake Nasser is 32 m until 1998. Based on
this conclusion, the groundwater volume that was added to the aquifer storage in this area
is calculated to be about 281.5 km3. In Abu Simbil and Tushka depression, the average
movement rates of the recharge front were 1.7 km/y and 0.8 km/y respectively. After the
development of the Tushka lakes, an average increase of about 25 m in the hydraulic head
in the vicinity of the Tushka lakes (5 km strip) is encountered, especially to the west of the
lakes. The recharge front moved about 3 km from 1998-2005 to the west and northwest
away from the Tushka lakes. That means it moves about 425 m/year towards the west and
northwest. The cumulative recharge from Lake Nasser increased successively to reach an
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amount of 8.91x10™ m3 in 1998. The net cumulative recharge from Lake Nasser and the
Tushkalakesin year 2005 is calculated to be about 9.66x10™ ms.

Outlook and prospects

Close to the northern boundary of the NSAS, the situation is alittle bit complicated due to
the presence of the Saline-Freshwater Interface. This boundary was considered in this
study temporally constant, in spite of the fact that slight fluctuations are not completely
excluded. At the end of the regional-model ssimulations in this study, the groundwater level
decreased intensively in the Bahariya oasis, which means that the groundwater level gets
close to the mean sea level. This fact, in turn, raises the question whether if the Saline-
Freshwater Interface will be induced to move southward. Therefore, local groundwater
flow/transport modeling is due to be carried out for this region to focus on this topic.

The groundwater mining will certainly affect the hydrochemical properties of the
groundwater. Hence, Hydrochemical investigations are still needed in each stressed area
within the NSAS to investigate the impacts of the successive groundwater withdrawal and
irrigation activities on the water quality.

I sotope-dating techniques for the groundwater in the area west of Lake Nasser are to be
carried out to help in combination with groundwater modeling for an accurate estimation
of the water volume that is being recharged to the aquifer storage from Lake Nasser.
Further hydrogeological investigations in the Tushka depression should be carried out to
determine the vertical hydraulic conductivity in this area to ensure the precise simulation
of the groundwater-lake interaction between the NSAS and the Tushka |akes.

Due to the huge, modeled volume of the NSAS and the scarcity of the data, big data gaps
are gtill to be filled to improve the consistency and reliability of the modeled aquifer
geometry and parameters.

Since the current groundwater flow model for the NSAS is GIS-supported, it can easily be
used for any further simulation purposes. It can aso be updated to match the newly
situations or to be improved when new data are obtained.
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Appendix A.1. Data sources.

These sources include the institute of geological sciences at Martin Luther University
Halle-Wittenberg, Germany. As since 1997, the work team at the institute has been
working on the NSAS, developing groundwater flow models for the evaluation of its
resources. These studies were a main guide and comparison reference for this work.

Groundwater and Development Center in the Kharga Oasis, Egypt, Branch of Academy of
Scientific research and Technology in the Kharga oasis, Groundwater and Irrigation Center
in the Dakhla Oasis, Egypt. They have provided the author with some well logs,
observation records, well data, cross sections and the extraction rates of the Dakhla oasis.

The General Authority for Lake Nasser Development, the General Company for Research
and Ground Water (REGWA), Cairo, the Tushka Project and the Kingdom Agriculture
Development Company, Tushka, Egypt. From these authorities the author has got a lot of
information on Nasser Lake, i.e. Fluctuations of the lake, history records of |ake stage, and
observation data around the lake.

The published and internal technical and academic reports and literature, for example, the
Research Ingtitute for Groundwater (RIGW), Ministry of Public Works and Water
Resources (MPWWR) in Egypt, the Groundwater Authority (GWA), the Great Man-Made
River Authority (GMMRA) in Libya and the documents of CEDARE, UESCO and FAO.
From these reports the author has got the necessary data for building the structure model of
theregional NSAS, aquifer parameters, extraction rates, observation records and well data.
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Appendix A.2.
Simulated hydraulic
head of the NSAS by
year 2050 with the
implementation of the
extraction rates of
scenario 2. Contour
interval 25 m.

Appendix A.3.
Simulated hydraulic
head of the NSAS by
year 2100 with the
implementation of the
extraction rates of
scenario 2. Contour
interval 25 m.
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Appendix A 4.
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NSAS, suggesting the
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scenario 2 are constant
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Appendix A.6.
Simulated hydraulic
head of the NSAS by
year 2050 with the
implementation of the
extraction rates of
scenario 3. Contour
interval 25 m.
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Appendix A.8.
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NSAS, suggesting the
extraction rates of
scenario 3 are constant
until year 2100.
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NSAS, suggesting the
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Appendix A.10.
Simulated hydraulic
head of the NSAS by
year 2050 with the
implementation of the
extraction rates of
scenario 4. Contour
interval 25 m.
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Appendix A.11.
Simulated hydraulic
head of the NSAS by
year 2100 with the
implementation of the
extraction rates of
scenario 4. Contour
interval 25 m.
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1= 3= qE Appendix A.12.

' Resulting drawdown by
year 2050 for the
NSAS, suggesting the
extraction rates of
scenario 4 are constant
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Resulting drawdown by
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extraction rates of
scenario 4 are constant
until year 2100.
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Appendix A.14. Groundwater balance for the NSAS for the period 1960-2100, scenario 2.

'
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Appendix A.15. Groundwater balance for the NSAS for the period 1960-2100, scenario 3.
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Appendix A.16. Groundwater balance for the NSAS for the period 1960-2100, scenario 4.

Graoundwater balance [km3/y]
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Appendix B.1. Extraction rates of the individual settlement areas of the Dakhla oasis from
1960 to 2005, values are given in m¥/d.

Area

Year | Tenieda Balat Ismant Maasara SheikhWali | Mut

1960 23544.5 43155.8 8872.6 24625.1 3715.2 39893.0
1961 21996.1 40317.7 8289.1 23005.7 3470.9 37269.5
1962 22992.8 42144.7 8664.7 24048.2 3628.2 38958.4
1963 31344.1 57452.1 11811.8 32782.7 4946.0 53108.5
1964 36812.0 67474.5 13872.4 38501.6 5808.8 62373.1
1965 44213.3 81040.8 16661.5 46242.7 6976.7 74913.8
1966 42799.0 78448.4 16128.5 44763.4 6753.5 72517.4
1967 41273.2 75651.7 15553.6 43167.6 6512.7 69932.2
1968 43313.6 79391.6 16322.4 45301.6 6834.7 73389.2
1969 42924.7 78678.8 16175.9 44894.9 6773.3 72730.4
1970 44854.2 82215.4 16903.0 46912.9 7077.8 75999.6
1971 40689.1 74581.2 15333.4 42556.7 6420.6 68942.5
1972 38857.5 71223.8 14643.2 40641.0 6131.5 65838.9
1973 39272.7 71984.9 14799.7 41075.3 6197.1 66542.6
1974 40000.3 73318.5 15073.8 41836.2 6311.9 67775.3
1975 40350.0 73959.4 15205.6 42202.0 6367.1 68367.8
1976 40420.2 74088.2 15232.1 42275.5 6378.1 68486.9
1977 41675.7 76389.4 15705.2 43588.6 6576.2 70614.0
1978 41662.4 76365.1 15700.2 43574.7 6574.2 70591.5
1979 41464.5 76002.3 15625.6 43367.7 6542.9 70256.2
1980 45801.2 83951.4 17259.9 47903.5 7227.2 77604.3
1981 51115.0 93691.3 19262.4 53461.2 8065.7 86607.8
1982 58069.2 106437.9 21883.0 60734.5 9163.1 98390.7
1983 61414.2 112569.1 23143.6 64233.1 9690.9 104058.4
1984 65986.7 120950.4 24866.7 69015.5 10412.4 111806.0
1985 68058.2 124747.2 25647.3 71182.0 10739.3 115315.8
1986 72287.2 132498.8 27241.0 75605.1 11406.6 122481.3
1987 72891.2 120242.5 28991.6 72430.1 13673.0 96752.0
1988 72989.6 123673.0 26001.0 72496.1 9604.4 98529.5
1989 73512.4 134744.6 27702.7 76886.6 11600.0 124557.3
1990 74233.1 136065.6 27974.3 77640.4 11713.7 125778.5
1991 75130.6 123936.8 29882.3 74655.4 14093.0 99724.6
1992 77828.0 150465.0 24045.0 76859.0 8562.0 137549.0
1993 76395.3 140028.7 28789.1 79901.7 12054.9 129441.9
1994 80641.9 155094.8 25514.3 79648.7 9644.2 141855.9
1995 84339.6 162206.5 26684.2 83300.8 10086.4 148360.5
1996 83788.9 161147.3 26510.0 82756.9 10020.6 147391.7
1997 90476.3 174008.8 28625.8 89361.9 10820.4 159155.4
1998 84182.3 161903.8 26634.4 83145.4 10067.6 148083.7
1999 78675.0 151312.0 24892.0 77706.0 9409.0 138396.0
2000 72071.0 132102.5 27159.5 75379.0 11372.5 122115.0
2001 72241.0 119170.0 28733.0 71784.0 13551.0 95889.0
2002 67583.0 114512.0 24075.0 67126.0 8893.0 91231.0
2003 72695.0 112526.0 27293.0 74583.0 9246.0 110921.0
2004 63517.0 109837.0 29425.0 76305.0 10033.0 109587.0
2005 65467.0 112893.0 29427.0 73052.0 13336.0 105834.0
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Appendix B.1. continue

Area
Year | Hindaw | Oweina | Rashda | Qalamon Gedida | Moshiya | Bedkhulu
1960 13284.0 5605.9 13896.5 9392.8 | 15301.1 8569.7 11309.0
1961 12410.4 5237.2 | 12982.6 8775.1 | 14294.8 8006.2 10565.3
1962 12972.7 5474.6 | 13570.9 9172.8 | 14942.6 8369.0 11044.0
1963 17684.6 7463.0 | 18500.0 12504.4 | 20369.9 11408.7 15055.3
1964 20769.6 8764.9 | 21727.3 14685.8 | 23923.4 13398.9 17681.7
1965 24945.5 10527.1 | 26095.7 17638.5 | 28733.4 16092.8 21236.8
1966 241475 10190.4 | 25261.0 17074.2 | 27814.2 15578.0 20557.4
1967 23286.7 9827.1 | 24360.4 16465.5 | 26822.6 15022.7 19824.6
1968 24437.8 10312.9 | 25564.7 17279.5 | 28148.6 15765.3 20804.6
1969 24218.4 10220.3 | 25335.2 17124.4 | 27895.9 15623.8 20617.8
1970 25307.1 10679.7 | 26474.0 17894.1 | 29149.8 16326.1 21544.6
1971 22957.1 9688.0 | 24015.7 16232.5 | 26443.1 14810.1 19544.0
1972 21923.7 9251.9 | 22934.6 15501.8 | 25252.7 14143.4 18664.2
1973 22158.0 9350.8 | 23179.7 15667.5 | 25522.6 14294.5 18863.7
1974 22568.4 9524.0 | 23609.1 15957.7 | 25995.4 14559.3 19213.1
1975 22765.8 9607.3 | 23815.5 16097.2 | 26222.6 14686.6 19381.1
1976 22805.4 9624.0 | 23857.0 16125.2 | 26268.3 14712.2 19414.8
1977 23513.7 9922.9 | 24598.0 16626.1 | 27084.2 15169.2 20017.9
1978 23506.2 9919.8 | 24590.1 16620.8 | 27075.6 15164.3 20011.5
1979 23394.6 9872.6 | 24473.3 16541.8 | 26946.9 15092.3 19916.4
1980 25841.4 10905.2 27033.0 18271.9 | 29765.3 16670.8 21999.5
1981 28839.5 12170.4 | 30169.3 20391.8 | 33218.6 18604.9 24551.8
1982 32763.1 13826.2 | 34273.8 23166.1 | 37738.0 21136.1 27892.1
1983 34650.4 14622.6 | 36248.1 24500.6 | 39911.9 22353.6 29498.8
1984 37230.2 15711.3 | 38946.9 26324.7 | 42883.5 24017.9 31695.1
1985 38398.9 16204.6 | 40169.5 27151.1 | 44229.6 24771.9 32690.0
1986 40785.0 172115 | 42665.6 28838.3 | 46978.0 26311.2 34721.4
1987 423225 22518.9 | 44939.9 32946.9 | 46824.7 28476.0 34862.0
1988 40270.0 19072.8 | 43071.5 30234.6 | 45088.9 25449.1 32284.4
1989 41476.3 17503.2 | 43388.8 29327.0 | 47774.3 26757.2 35309.9
1990 41882.9 17674.8 | 43814.1 29614.6 | 48242.6 27019.5 35656.0
1991 43622.8 23210.7 | 46320.6 33959.1 | 48263.3 29350.9 35933.0
1992 43475.0 16155.0 | 43368.0 27603.0 | 45794.0 23662.0 36507.0
1993 43102.8 18189.6 | 45090.3 30477.1 | 49647.8 27806.5 36694.6
1994 45430.1 17427.1 | 45320.4 29161.3 | 47807.0 25121.7 38287.9
1995 47513.2 18226.1 | 47398.5 30498.4 | 49999.2 26273.6 40043.5
1996 47202.9 18107.1 | 47089.0 30299.3 | 49672.7 26102.1 39782.0
1997 50970.3 19552.3 | 50847.3 32717.5 | 53637.2 28185.4 42957.1
1998 47424.5 18192.1 | 47310.1 30441.5 | 49905.9 26224.6 39968.8
1999 44322.0 17002.0 | 44215.0 28450.0 | 46641.0 24509.0 37354.0
2000 40663.0 17160.0 | 42538.0 28752.0 | 46837.5 26232.5 34617.5
2001 41945.0 22318.0 | 44539.0 32653.0 | 46407.0 28222.0 34551.0
2002 37287.0 17660.0 | 39881.0 27995.0 | 41749.0 23564.0 29893.0
2003 48676.0 18979.0 | 44614.0 23802.0 | 40687.0 25384.0 29105.0
2004 37004.0 18980.0 | 40971.0 29054.0 | 47566.0 27956.0 31881.0
2005 37004.0 17318.0 | 40861.0 29054.0 | 47034.0 27956.0 31881.0
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Appendix B.1. continue

Area
Year Ezab Qasr | Qasr Mawhoub | Mawhoub West
1960 13990.6 19150.6 10759.8 50562.9
1961 13070.5 17891.1 10052.2 47237.7
1962 13662.8 18701.9 10507.7 49378.2
1963 18625.3 25494.6 14324.3 67312.9
1964 21874.4 29942.1 16823.1 79055.5
1965 26272.4 35962.2 20205.5 94950.3
1966 25432.0 34811.8 19559.2 91913.0
1967 24525.4 33570.8 18861.9 88636.3
1968 25737.8 35230.3 19794.3 93018.0
1969 25506.7 34914.0 19616.6 92182.9
1970 26653.2 36483.4 20498.4 96326.5
1971 24178.3 33095.7 18595.0 87381.9
1972 23089.9 31605.8 17757.9 83448.3
1973 23336.6 31943.6 17947.7 84340.1
1974 23768.9 32535.4 18280.1 85902.5
1975 23976.7 32819.8 18440.0 86653.5
1976 24018.5 32876.9 18472.1 86804.4
1977 24764.5 33898.1 19045.8 89500.5
1978 24756.6 33887.3 19039.7 89472.0
1979 24639.0 33726.3 18949.3 89047.0
1980 27216.0 37253.7 20931.2 98360.4
1981 30373.6 41575.9 23359.6 109772.1
1982 34505.9 47232.2 26537.7 124706.4
1983 36493.5 49953.0 28066.3 131890.0
1984 39210.6 53672.2 30156.0 141709.8
1985 404415 55357.1 31102.6 146158.3
1986 42954.5 58796.9 33035.3 155240.3
1987 47362.5 56000.5 38430.8 148276.6
1988 45664.6 54910.4 36104.4 153679.7
1989 43682.5 59793.4 33595.2 157871.5
1990 44110.8 60379.6 33924.6 159419.3
1991 48817.6 57721.0 39611.5 152832.2
1992 41567.0 55431.0 34575.0 153129.0
1993 45395.6 62138.3 34912.7 164062.6
1994 43474.4 57685.0 36307.6 157825.4
1995 45467.8 60330.0 37972.4 165062.3
1996 45170.9 59936.1 37724.4 163984.4
1997 48776.1 64719.7 40735.3 177072.4
1998 45383.0 60217.5 37901.5 164754.3
1999 42414.0 56278.0 35422.0 153976.0
2000 42826.0 58621.0 32936.5 154776.0
2001 46940.0 55501.0 38088.0 146954.0
2002 42282.0 50843.0 33430.0 142296.0
2003 45518.0 51728.0 32388.0 99426.0
2004 43363.0 53999.0 30451.0 153976.0
2005 43238.0 60964.0 30451.0 155576.0
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Appendix B.2. Simulated hydraulic head m (amdl) for the NSAS in the Dakhla oasis by
2030, assuming the actual extraction rates of 2005 are constant until 2100 (scenario 1).

Z WIFE
2
S

2SN

25°3'N

F 4 ’ -
ic
™
b | \“-—_

— 10— Initial head Road

— 10— Head 2030 T Scarp line
z ®  Village 0 10 20 30
E u City E—NEE — Kiometers

Appendix B.3. Simulated hydraulic head m (amdl) for the NSAS in the Dakhla oasis by
2070, assuming the actual extraction rates of 2005 are constant until 2100 (scenario 1).
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Appendix B.4. Simulated decline in hydraulic head (in meter) for the NSAS in the Dakhla
oasis by 2030, assuming the actual extraction rates of 2005 are constant until 2100,
(scenario 1).
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Appendix B.5. Simulated decline in hydraulic head (in meter) for the NSAS in the Dakhla
oasis by 2070, assuming the actual extraction rates of 2005 are constant until 2100,
(scenario 1).
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Appendix B.6. Simulated hydraulic head m (amdl) for the NSAS in the Dakhla oasis by
2050, assuming the extraction rates of scenario 2 are constant until 2100.
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Appendix B.7. Simulated decline in hydraulic head (in meter) for the NSAS in the Dakhla
oasis by 2050, assuming the extraction rates of scenario 2 are constant until 2100.
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Appendix B.8. Calculated depth to groundwater (in meter below ground level) for the

NSAS in the Dakhla oasis by 2100 assuming the extraction rates of scenario 2 are constant
until 2100.
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Appendix B.9. Simulated hydraulic head m (amdl) for the NSAS in the Dakhla oasis by
2030, assuming the extraction rates of scenario 3 are constant until 2100.
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Appendix B.10. Simulated hydraulic head m (amgl) for the NSAS in the Dakhla oasis by
2070, assuming the extraction rates of scenario 3 are constant until 2100.
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Appendix B.11. Simulated decline in hydraulic head (in meter) for the NSAS in the
Dakhla oasis by 2030, assuming the extraction rates of scenario 3 are constant until 2100.
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Appendix B.12. Simulated decline in hydraulic head (in meter) for the NSAS in the
Dakhla oasis by 2070, assuming the extraction rates of scenario 3 are constant until 2100.
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Appendix B.13. Simulated hydraulic head m (amgl) for the NSAS in the Dakhla oasis by
2050, assuming the extraction rates of scenario 4 are constant until 2100.
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Appendix B.14. Simulated decline in hydraulic head (in meter) for the NSAS in the
Dakhla oasis by year 2050, assuming the extraction rates of scenario 4 are constant until
2100.
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Appendix B.15. Caculated depth to groundwater (in meter below ground level) for the

NSAS in the Dakhla oasis by 2100 assuming the extraction rates of scenario 4 are constant
until 2100.
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Appendix B.16. Simulated hydraulic head m (amgl) for the NSAS in the Dakhla oasis by
2030, assuming the planned extraction rates of scenario 5 are constant until 2100.
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Appendix B.17. Simulated hydraulic head m (amgl) for the NSAS in the Dakhla oasis by
2070, assuming the planned extraction rates of scenario 5 are constant until 2100.
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Appendix B.18. Simulated decline in hydraulic head (in meter) for the NSAS in the
Dakhla oasis by 2030, assuming the planned extraction rates of scenario 5 are constant
until 2100.
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Appendix B.19. Simulated decline in hydraulic head (in meter) for the NSAS in the
Dakhla oasis by 2070, assuming the planned extraction rates of scenario 5 are constant
until 2100.
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