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1. ZUSAMMENfASSUNG 

Das Nubische Aquifersystem ist das ôstlichste der grol3en Grundwasserbecken der Sahara. Es setzt sich 

aus mehreren Teilsystemen in Agypten, Libyen, Sudan und Tschad zusammen. Die Gesa~toberflache b~tr3gt c~. 

2 Mill. km2. Der teilweise mehrere Kilometer machtige Aquifer besteht aus Nub1schem Sandste1n, der 1m 

Norden durch schlechtdurchlassige marine Ablagerungen gespannt wird. . 
Bei einer Nord-Stld-Ausdehnung von 1500 km umfaBt das System die ganze Breite der Sahara vom 14. bis 

zum 30 . Breitenkreis und liegt heute bis auf die stldlichen Randgebirge in der hyperariden Klimazone mit 
Niederschlagen unter 10 mm/Jahr. Trotzdem sind die machtigen Sandsteine fast vollstandig mit G~undwasser 
geftlllt, das an wenigen oasen nattlrlich austritt und in neuerer Zeit auch kUnstlich gefôrdert w1rd. 

Uber die Herkunft des Grundwassers gab es bisher zwei Theorien. Die erste besagte, daB das 
Grundwasser aus den Gebirgen am Stldrand der Sahara in die Depressionen im Zentrum und im Norden des 
Beckens strômt und auch heute noch stândig ergânzt wird. Nach der anderen Theorie wur~e d~s Grund~asser 
in frtlheren Feuchtphasen autochton gebildet, und die Vorrate verringern sich langsam se1t d1eser Ze1t. 

Ftlr beide Hypothesen gibt es wichtige Anhaltspunkte. Auf der einen Seite fallen die Grundwasserhôhen 
. 'f t von 600 bis 800 m im SUden bis unter den Meeresspiegel in der Qattarasenke. 1m Aqu1 ersys em . 
Da das ganze Gebiet mit teilweise sehr machtigen Sandsteinen bedeckt ist, mul3 man annehmen, da3 es be1 
dem G talle einen kontinuierlichen Grundwasserstrom von SUden nach Norden gibt. Deshalb glaubte man 
allgem:in, daB das in den agyptischen oasen austretende Grundwasser aus regenreicheren Gebiet~n im 
Bereich Tibesti _ Erdi _ Ennedi stammt. DarUber hinaus nahm man an, daB man groBe BewâsserungsproJekte 

aufbauen kônnte, die ihr wasser aus den sUdlichen Randbereichen beziehen. 
Auf der anderen Seite stehen die Grundwasserdatierungen, die ein Probenalter von 10.000 bis zu 

einigen Millionen Jahren ergeben. Eine Ver3nderung des Alters oder d~r Zusammensetz~ng der stabilen 
Isotope D und 1so entlang hypothetischer flieBwege lieB sich nicht nachwe1sen. AuBerdem 1st bekannt, daB 

es in unregelm3Bigem Rhythmus von einigen Tausend oder 10.000 Jahren einen st3ndigen Wechsel von feucht
und Trockenphasen gegeben hat. Daraus wurde allgemein geschlossen, daB das Grundwasser lokal gebildet 
wurde und sich groBrâumig tlberhaupt nicht bewegt. Der nattlrliche Au~tritt in den Oasen und die kUnstliche 
Entnahme von Grundwasser wurde deshalb als Abbau der Vorrate aus frUheren humiden Klimaphasen angesehen. 

Zwischen beiden und innerhalb beider Theorien gibt es mehrere Widersprtlche, von denen hier nur die 
wichtigsten genannt werden sollen: Bei einer groBraumigen Strômung mtll3te eine Verânderung des Alters 
entlang der FlieBwege feststellbar sein, da sich das Grundwasser nur wenige Meter/Jahr bewegt. Ohne 
groBraumige Strômung dagegen fehlt bei der groBen Transmissivitat eine Erklarung ftlr den groBraumigen 
Gradienten. Bei der oatierung mit 14C wurden Alter um 20.000 Jahre bestimmt, wahrend ftlr âhnliche Proben 
mit He-Ar 2 Millionen Jahre gemessen wurden. Schwierigkeiten bei der Theorie autochtoner Grundwasser
bildung macht auch die fehlende Zunahme des Grundwasseralters tlber die Tiefe, die bei lokaler 

Infiltration zu erwarten ware. 
In der vorliegenden Untersuchung wurde versucht, die Herkunft des Grundwassers vom hydrodynamischen 

standpunkt aus zu klaren. Dabei wurden die Forschungsergebnisse aus verschiedenen Bereichen zusammen
gefaBt und in numerischen Modellen auf ihre Vertraglichkeit mit den hydrologischen und hydrodynamischen 
Bedingungen geprtlft. In einem Strômungsmodell des gesamten Nubischen Aquifersystems wurde zunachst 
berechnet, wie die Grundwasserstrômung bei einem môglichen Gleichgewichtszustand unter huroiden bis 
semiariden Bedingungen aussah. Die Veranderung der Grundwasserstande in einer nachfolgenden ariden 
Phase wurde in einer instationaren Langzeitrechnung tlber 8000 Jahre simuliert. Das Modell wurde anhand 
von detailierten Beobachtungen aus den Jahren 1960 bis 1980 in einer Kurzzeitrechnung geeicht. Die 
variation der Grundwasserstrômung mit der Tiefe wurde durch Simulationsrechnungen an einem Ver
tikalschnitt untersucht. In einem exemplarischen vertikalen Strômungs- und Transportmodell wurde der 

Eintrag und die Vermischung von ·14c im Grundwasser simulie.rt. 
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Die Ergebnisse der Untersuchung lassen sich folgenderma~en zusammenfassen: Nach Trockenphasen konnte 
Grundwasserneubildung groBflachig im gesamten Aquifersystem erfolgen. Mit auBergewôhnlich geringen 
Infiltrationsraten von 1 bis 10 mm/Jahr lieB sich auch unter semiariden Klimabedingungen ein stationarer 
Strômungszustand aufrechterhalten, bei dem im Wesentlichen dieselben Oasen existierten wie heute. Die 
Infiltration wurde dabei von hydrogeologischen faktoren wie geringem Gradienten und nicht von klima
tischen faktoren begrenzt. Es bildete sich wahrend dieser Zeit kein einheitlicher, durchgehender Gradient 
von Stldwest nach Nordost aus. Das Grundwasser strômte vorwiegend zwischen den hôher gelegenen 
Neubildungsgebieten und den nachstgelegenen Depressionen. Nur ein kleiner Teil des Grundwassers legte 
grllBere Entfernungen zurtlck. Eine groeraumige Strômung wird erst mit zunehmender Ariditât im Laufe von 
Jahrtausenden bedeutender. Grundwasserneubildung gab es gleichermaBen im ungespannten wie im gespannten 
Bereich. In weiten Teilen des Systems war die Grundwasserneubildung jedoch eingeschrankt, da wegen des 
fehlenden Gefalles kein Grundwasser hatte abflieBen kônnen oder, wie in den Depressionen und dem Niltal, 
gânzlich unmôglich, da es sich dort inrner um Abstromgebiete gehandelt hat. Far die verschiedenen 
Teilgebiete wurde eine Grundwasserbilanz aufgestellt. 

Bei feuchterem Klima konnte der Grundwasserstand nur unwesentlich ansteigen, dadas Grundwasser dann 
flachenhaft durch Verdunstung und die sich bildende Vegetation verbraucht wurde. Bei Unterschreitung der 
o.g. geringen Infiltrationsraten setzte dagegen ein instationarer Auslaufproze6 ein. Die Langzeitsimu
lation ergab, daB dies im Norden vor ca. 8000 Jahren, im Stlden vor wesentlich ktlrzerer Zeit begann. Das 
heute in den Oasen austretende Wasser wird zum grôBeren Teil aus dem Speicher des ungespannten 
Stldens erganzt. Auch aus den hôheren Schichten des postnubischen Aquifer flie6t noch Wasser nach. fUr den 
AuslaufprozeB wurden ebenfalls Grundwasserbilanzen far die einzelnen Teilgebiete aufgestellt. 

Die Modellrechnungen widerlegen eindeutig die in allen bisherigen Modellrechnungen vertretene 
Ansicht, der "natarliche", d.h. durch ktlnstliche Entnahme unbeeinfliJ3te Zustand, sei stationâr. Dies 
wurde zusatzlich durch eine stationare Simulation mit veranderten geologischen Parametern belegt. Rezente 
Grundwasserneubildung in stldlichen, westlichen und zentralen Hochlagen sind ftlr die ktlnstlichen 

Grundwasserentnahmen bedeutungslos. Wâhrend aber das Absinken des Grundwasserspiegels im "nattlrlichen" 
Zustand nur im Verlauf von Jahrhunderten oder Jahrtausenden zu bemerken ist, sinkt der Grundwasserstand 
bei ktlnstlicher Entnahme innerhalb weniger Jahre bedeutend ab. Deshalb kann der "nattlrliche" Zustand 
leicht für stationar gehalten werden. Für das Verstandnis der Strômung und bei der Bestimmung der 
Randbedingungen far ein Prognosemodell ist die frage des Grundwassergleichgewichts von grol3er Bedeutung. 
In der vorliegenden Untersuchung wurde dieses Problem durch Simulationen mit unterschiedlichen Zeit
schritten gelôst. Mit der Langzeitrechnung wurden die (instationaren) Anfangsbedingungen ftlr die 
Kurzzeiteichung berechnet. lm gleichen ZeitmaBstab werden hieran die Prognoserechnungen anschlie6en. 

Durch Simulationsrechnungen an einem Vertikalschnitt wurde gezeigt, daB sich innerhalb des nubischen 
Aquifers eine horizontale Strômung bis in groBe Tiefen hin ausbildet und das Wasser nicht wie bisher 
angenommen stagniert. Infolge langer FlieBzeiten und wechselnder flieBrichtungen kann es jedoch sehr hohe 
Alter erreichen. lm Vertikalmodell wurde auBerdem der Grundwasseraustausch zwischen nubischem und 
postnubischem Aquifer quantifiziert. 

Die Bewegung von Isotopen im Grundwasser wâhrend der Neubildungs- und Auslaufphase wurde an einem 
typischen Vertikalschnitt in einem Strômungs- und Transportmodell verfolgt. Es zeigte sich, da3 die 
Vermischung der an der Oberflache eingetragenen Isotope bei der Strômung im Aquifer und bei der 
Entnahme im Brunnen das aus der Probe berechnete "Alter" entscheidend beeinfluBt. Die fehlende Systematik 
bei den Grundwasserproben aus dem New-Valley-Bereich l:v3t sich auf die Vermischung von unterschiedlichen 
Anteilen jtlngeren Wassers mit dem überwiegend sehr alten Wasser in den mehrere hundert Meter langen 
Filtern der Brunnen und den unterschiedlich langen FlieBwegen erklaren. Ein RückschlLC auf das Klima 
wâhrend der Neubildung ist nur môglich, wenn die Parameter ftlr die Vermischung genau bekannt 
sind, oder wenn bei geringer Machtigkeit des Grundwasserleiters oder ausgepragter Schichtung die 
Vermischungsvorgange eine untergeordnete Rolle spielen. 
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Auch Einzelfragen wie die Strômungsrichtung an der agyptisch-libyschen Grenze oder am SUdostrand des 
Modells konnten geklêrt werden. So wurde im Bereich Oongola ein Abstrom aus dem nubischen Aquifer in 
Richtung Nil nachgewiesen. Ourch den Vergleich von hydrologischen und geologischen Oaten konnten an 
einigen Stellen auch die Kenntnisse der Hydrogeologie verbessert werden. Z.B. mul3 der Ubergang 
vom Oakhlabecken zum Oberen Nilbecken bereits westlich von Kharga liegen, da sich hier sonst zu Zeiten 
humiden oder semiariden Klimas ausgedehnte Seen gebildet hatten, Uber deren Existenz aber nichts bekannt 

ist. 
Oie vorliegende Untersuchung konnte zwar den Weg eines bestimmten Grundwasserpartikels nicht von der 

Neubildungs- bis zur Austrittsstelle verfolgen. Mit Hilfe des numerischen Grundwassermodells konnten aber 
die schon vorhandenen Erkenntnisse quantitativ verbunden werden. Dabei bot das Modell zusatzlich den 
Vorteil, daB der zeitliche Ablauf der Grundwasserstrômung vorstellbar gemacht wurde. Dadurch konnte das 
grundsêtzliche Verstandnis der unter hyperariden Bedingungen vorgefundenen immensen Grundwasservorrate 
wesentlich verbessert werden. Nur dieses Verstêndnis ermôglicht schlié3lich auch eine sinnvolle Nutzung 
der Grundwasserreserven. Die vorliegende Untersuchung hat auBerdem gezeigt, da durch die VerknUpfung von 
Forschungsergebnissen verschiedener Disziplinen mit hydrodynamischen Ansatzen ein umfassender Beitrag zur 
Erforschung eines hydrologisch-geologischen Systems geleistet werden kann. 

ABSTRACT 

The or1g1n of the groundwater in the Nubian aquifer system was investigated by means of numerical 
models of flow and transport. In a regional flow model of the whole system steady-state groundwater 
conditions under humid or semiarid climate were simulated. In long-term transient runs, the decline of 
the groundwater surface under arid climate was investigated. For transient calibration, data from the 
New Valley Project in Egypt were used. In a vertical cross section along the 29th meridian, leakage and 
vertical distribution of flow velocities were investigated. The behaviour of environmental isotopes 
during recharge and discharge phases was simulated in a flow and transport model of a typical vertical 
cross section. 

Groundwater balances were established for different subregions for steady-state and transient 
conditions. It was shown that groundwater had been recharged over most of the model area. Flow between 
local recharge and discharge areas was much more intense than large distance flow. Under arid 
conditions, recharge is substituted by outflow from the storage, mostly from the unconfined part. 
Transient and steady-state simulations clearly indicated that the pre-development conditions already had 
been in a non-equilibrium state. Thus, initial and boundary conditions for local prediction models have 
to be determined by long-term transient calculations. 

2. INTRODUCTION 

The Nubian aquifer system (fig. 2.1), one of the largest groundwater systems of the Sahara, is formed 
by two major basins: the Kufra Basin of Libya, northeastern Chad and the northwestern corner of 
Sudan and the Dakhla Basin of Egypt. In addition, the aquifer area includes the southernmost strip of the 
Northwestern Basin of Egypt and the Sudan Platform. The total area is about two million square 
kilometers. The aquifer mainly consists of continental sandstones and intercalations of shales and clays 
of shallow marine and deltaic origin. To the south, east and west, the aquifer is limited by 
basement outcrops. In the southwest, the sandstone layers crop out at the rim of the Chad basin. In the 
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northwest, the sandstones are connected to the Sirte basin. In the north, a possible groundwater current 
is limited by the freshwater-saltwater interface. North of the 25th parallel, the aquifer is confined 
under thick marine shales. 

In spite of the hyperarid climate, there are huge groundwater reserves. In the center of the basin, 
where the average precipitation is less than 5 mm/year, there are several thousand meters of saturated 
sandstones. Obviously, there has been no recent groundwater recharge in most parts of the system. For the 
origin of the groundwater, two concepts have been under discussion: The first and older one 
postulates a large-scale flow from mountainous recharge areas in the southwest (Tibesti, Ennedi) to 
northeastern discharge areas. Present recharge and a more or less steady-state are assumed in this 
concept. Thus groundwater can be considered a renewable resource. According to the second concept, 
groundwater had been formed locally in the surroundings of the present discharge areas while 
a more humid climate prevailed all over the present desert. Groundwater extraction then must be regarded 
as groundwater mining of an unrenewable resource under unsteady conditions. 

The concept of regional flow was first described by BALL (1927) and SANDFORD (1935). They observed a 
regular gradient in the 9roundwater surface at water holes in Egypt, Libya, Chad and Sudan. Having 
constructed a net of contour lines (fig. 2.2), they concluded that groundwater flow follows the gradient 
from some unknown "intake beds" in the southwest up to the Egyptian oases. Up to now, this concept is 
still maintained in all regional groundwater models. However, these models do not simulate the flow from 
areas of possible recent recharge, nor do they estimate the groundwater recharge in those areas. 

The concept of autochtonous recharge is based mainly on the interpretation of groundwater isotopes. 
The calculated age of groundwater samples ranged from 10,000 up to several million years. No age 
gradient along hypothetical stream lines has been observed. From the change in stable isotopes, no flow 
direction or velocity could be seen. Therefore, the isotope hydrologists concluded that there is no 
groundwater movement, and that the groundwater originates from more humid climatic phases about 10,000 
and more than 20,000 years ago. 

Several contradictions can be observed in applying these two concepts: The flow concept cannot 
explain the lacking age gradient; the no-flow concept cannot explain the observed hydraulic gradient 
together with the large transmissivity. According to the method. used, datings of similar groundwater 
samples result in different ages. In the Kharga Oasis, 1 ~C - groundwater ages were determined to 20,000 -
30,000 years (THORWEIHE, 1982), while the Helium-Argon method led to more than 2 million years (HIMIDA, 
1967). No significant variation of radiocarbon age with sampling depth has been found, as should be 
expected in a concept of local infiltration. 

The present investigation, which is based on numerical models of groundwater flow and transport, 
gives a comprehensive explanation of the groundwater situation. These working methods can dissolve some 
contradictions and answer the following questions: 

- When and where was the groundwater recharged ? 

- Had the groundwater flow been in a steady-state equilibrium condition before artificial extraction 
started ? If not, does recent recharge significantly contribute to the present groundwater flow 
pattern ? 

- Can the system be regarded as a hydrogeological unit with regional flow through the whole system ? 
- Is the groundwater f low restricted to the upper layers or does it include the entire sediment 

thickness ? 

How does the aquifer system react to climatic changes, especially to transition from semiarid to 
hyperarid climate ? 

- Was there groundwater recharge by vertical infiltration through the Postnubian shales in the 
confined part, as indicated by radiocarbon dating ? 

Although the hydrogeological parameters of the system have been assumed as known values in general, 
some anomalies could be detected by the reconstruction of the observed flow pattern. 

Finally, the numerical model gives a quantification of the groundwater flow in the whole system and 
its sub-systems. 
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3. METHODOLOGY AND REALIZATION OF THE INVESTIGATION 

The present investigation is based mainly on numerical models of groundwater flow and transport. 
Thus, the above questions, which are investigated in the Special Research Project by different 
methods, are solved here from the hydrodynamical point of view. The results of the various subprojects 
are compiled and tested in the models for their hydrodynamic implications. 

After a period of collecting and procuring data and information and analysing previous investigations 
and groundwater models, a concept for the groundwater fl ow and a simulation model were developed (HEINL 
and HOLl.}l.NDER, 1984). Since the two theories on the groundwater situation had to be investigated, the 
model had to take into account both possibilities: recent recharge in the southwestern highlands and 
regional flow on one hand, and paleo-recharge all over the region and long-term outflow on the other. 
Therefore, a model of the whole system, including areas of possible recent recharge, with no-flow 
boundaries was designed. The size of the system (about 1500 km diameter) implied a simulation period of 
several thousand years, which allowed simulation of the paleo-recharge. 

In the model, various types of data are implemented: geological, topographical, geodetical, 
hydrological, meteorological and paleoclimatical data have been used for the simulation of groundwater 
flow. Groundwater isotope data have been used for long-term calibration and well-extraction data for the 
short-term. Two program systems were used for the simulations: the Finite-Element-program GRUWA, 
developed at the Institute of Water Resources and Hydraulic Engineering (SCHULZ, 1982), and a 
Finite-Difference-program for groundwater flow and transport (HOLIJ\NDER, 1986). 

The present investigation can be divided into different parts. In an earlier stage, a first FEM-model 
had been developed, with which steady-state as well as transient long-term simulations had been carried 
out (BRETSCHNEIDER et al., 19B5; BRINKMANN and HEINL, 1986; BRINKMANN et al., 1987). Later, additional 
data on geology, topography and groundwater extraction became available, allowing the network to be 
adjusted and much refined. In this new model (fig . 3.1) the development of the present groundwater 
situation was determined in a retrospective simulation. 

As the init ial point for the calculations, a steady-state was chosen which allowed groundwater 
recharge all over the model area, so that the groundwater level was near the ground level. Such an 
initial state was thought to be the lowest possible steady state in times of semiarid climates, from 
which an unsteady long-term calculation could start. The simulation of these 'filled-up' conditions 
allowed the identification of potential recharge and discharge regions by compiling the water balance. 

Alternatively, a steady state with infiltration in the southwestern highlands was simulated in order 
to show the possibility of a steady-state equilibrium under the present arid climate. In this run the 
hydrogeological input data was varied within the limits of uncertainty. 

Starting from the initial filled-up conditions, the transient long-term calculations of horizontal 
groundwater flow gave some information about the reaction of the aquifer to climatic changes during the 
last 8000 years . It showed the phase of outflow the system had been in before artificial extraction 
started. This variant also served for determining the initial state for short-term calibration. 

In the area of the Egyptian oases, continuous observations of groundwater levels and artificial water 
extractions are available for the period from 1960 to 1980. Therefore, this important model area was 
chosen for a calibration of hydrogeologic parameters. The short-term calibration in the Egyptian oases is 
a tool for critical control of the assumptions in large-scale and long-term investigations. On the 
other hand, this calibration is the basis for estimations of potential future groundwater management in 
the area of the New Valley Project. 

The dependence of groundwater velocity on depth and the process of in and exfiltration especially 
through the confining layers were investigated in two models of a vertical cross section, running through 
Dakhla and Bahariya. In a steady-state flow model, also based on the FEM-system GRUWA, the filled-up 
conditions and the alternative regional flow (sect. 4.1 and 4.2) were simulated. In a Finite-Difference 
model of flow and transport, the change of radiocarbon in and perpendicular to the flow direction was 
simulated for various climatic conditions, in order to give a more realistic basis for the calculation of 
14 C groundwater ages. 
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Fig. 3.1: Finite-Element network for the Nubian aquifer system 
(- - - : Sector for short-term calibration results) 
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4. STEADY-STATE HORIZONTAL FLOW SIMULATION 

4.1 Initial Steady-State Filled-up Conditions 

The proven climatic change in the Sahara resulted in a delayed lowering of the water table. 
It was intended to simulate the development of groundwater flow from a situation under humid 
conditions to the current hyperarid conditions. Starting point for these calculations was a filled 
aquifer that existed at some earlier time. Filled-up conditions mean that the water-bearing sandstones 
were saturated up to the surface and that the potential waterhead was located at surface or 
slightly below. Such a state is likely to have existed some 8000 years ago. Even under the wetter 
conditions of a semiarid climate, the water table could not rise considerably above the present ground 
because it would have been carried away by surface run-off or evapo-transpiration. 

The process of filling a half-depleted aquifer takes only a small fraction of the time that is needed 
for depletion (VAHRSON, 1986). Therefore, a filled aquifer is considered to be under steady-state 
conditions as soon as the annual precipitation exceeds a certain amount. Under humid conditions several 
steady- states might be possible, depending on the variability of the recharge and discharge pattern. We 
consider a lowest possible steady state as the initial condition for transient calculations. The oases in 
this state were essentially the same as today. At a few points, additional discharge areas had to be 
simulated in order to keep the water level below the ground surface. 

4.1.1 Input Data 

The large-scale groundwater flow was simulated with the help of a finite-element network considering 
the geological setting as a fixed system with variable hydrological boundary conditions. 

Sorne new aspects of the present study were: 
- a large-scale finite-element network comprising an area of 2 mill. km 2 to simulate a large-scale 

groundwater flow over more than 1500 kms. 
- a time scale of several thousand years for transient calculations to take into account the low flow 

velocities due to the small gradient as well as climatic changes. 
- a possible recharge to the Nubian aquifer by leakage from the Postnubian under humid conditions. 

4.1.1.1 The Geological System 

The Nubian aquifer was considered unconfined in the areas south of the 25th parallel and confined 
under several hundred meters of shales in the North. In cooperation with Subproject 84 several geological 
cross sections were established for the research area (HESSE, et al., same issue). The evaluation of 
pumping tests led to the assignment of representative permeability values to the different geological 
strata and consequently to hydrogeological cross sections. The horizontal permeabilities of the different 
Nubian layers were integrated over the entire sediment thickness resulting in the transmissivity 
distribution along the described cross sections (fig. 4.1). In geologically homogeneous areas, the 
transmissivity values then were attributed to the model elements (fig. 4.2). This procedure implies two 
assumptions: 

- Changes in water level do not noticeably affect the value of transmissivity. 
- Groundwater flows throughout the whole sediment thickness. 

Both assumptions have been justified by the results. 
A modification of the originally calculated transmissivities was introduced in the East OWeinat study 

area, where detailed geological work, pumping tests and a mathematical groundwater model provided a 
sound data base (GPC, 1984). 
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Fig. 4.1: Transmissivity distribution along cross sections in the Nubian aquifer system 
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In Kufra a filled-up steady-state led to a lower hydraulic head than observed today (or made 
"recharge" necessary in order to maintain the head at the current level}. In this area, the 
transmissivity also had to be modified sa that the flow from Nubian Kufra Basin to Postnubian Sirte Basin 
was considerably reduced. 

At the western border of the Kharga Oasis the transmissivity had to be reduced likewise. This led ta 
the conclusion that the discontinuity between the Dakhla Basin and the Upper Nile Platform is 
situated some 50 km west of the site indicated in the geological cross section, i .e. south of Gebel Abu 
Tartur. 

For the first time, the Nubian aquifer was considered as semi-confined in the north and a possible 
recharge from the Postnubian was accounted for. The apparent 14 C groundwater ages of 25,000 ta 
35,000 years in Farafra and Bahariya cannot be explained by a purely horizontal flow from the unconfined 
parts of the aquifer. The flow time exceeds the observed values . Thus, a shorter way was introduced to 
the model by leakage. 

For the northern part, the leakage coefficient was calculated from the vertical permeability of the 
confining beds (fig. 4.3}. The vertical permeability was estimated to be in the order of 1/10 of the 
horizontal permeability. This estimation figure was confirmed by the results of the vertical flow 
model. 

When designing the final network, special attention was paid to the topography, since ground surface 
was considered an upper limit for the groundwater head. Location coordinates and altitudes above sea 
level were taken from maps in several scales (TPC, ONC, geographical maps of Africa 1 : 1 000 000, 
geological and topographical maps prepared by Subproject D 1). Additional information was gathered from 
gravimeter lines, the GPC reports on the East Oweinat area, and a list of well locations and coordinates 
from GPC. A representative ground level was then assigned to each nodal point of the network. The ground 
surface relief as simulated in the model is shown in fig. 4.4. 

Fig. 4.3: Leakage coefficients in the confined part of the Nubian aquifer in 10- 4
/ year 
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4.1.1.2 Hydrological Boundary Conditions 

The Finite-Element model had been designed as a closed system with (almost) no-flow across the model 
boundaries. No-flow boundaries could be easily located at the basement outcrops. As a result, there was a 
groundwater flux from recharge ta discharge areas within the model. 

The geological parameters were considered as given values. The groundwater flow then is ~ependent on 
the hydraulic head and possible vertical recharge or discharge only. The hydraulic head can be 
determined more accurately than the corresponding vertical flow when certain boundary conditions are 
formulated. 

lst order boundary condition (potential head) 

A number of nodal points represent discharge areas, i.e. oases with natural vegetatio~. In these 
areas, the potential head is known to be about surface level. For some oases, holocene lake levels 
could be determined (EDMUNDS et al. 1979, Subproject B2). For steady-state calculations, the water levels 
in such oases were introduced as fixed head boundaries. The corresponding discharge then was calculated 
by the ground water model. 

For wadis in the unconfined part of the aquifer the same mechanism was . applied. In wadis too, the 
groundwater head used to be and still is (cf. Wadi Howar) close to the wadi floor. However, in this case 
bath recharge and discharge are possible physically. The upstream (flowing) part of a wadi might act as a 
source for the the groundwater body (recharge) while the downstream part (possibly w··yh vegetation) could 
be a drainage channel (discharge) (fig. 4.5). 

2nd order boundary condition (recharge and discharge pattern) 

The model boundaries were designed as no-flow boundaries. Sa the recharge and discharge pattern 
became of primary importance. Discharge was taken into account implicitly by a fixed potential head in 
the oases (cf. fig. 4.6). In areas outside the depressions, where the present groundwater level is some 
ten meters below the surface,it is neglected. 

humid conditions: 

discharge fran the aquffer 

arid conditions: 

recharge to the aqu1fer 

Fig. 4.5: Recharge or discharge from a wadi 
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Effective recharge ta the groundwater body was directly assigned ta the nodal elements. Fieldwork by 
Subproject 82 indicated that holocene precipitation never exceeded 250 rrun/year. 10 % of this amount was 
used as the initial value for the infiltration rate. Under steady-state conditions, however, even this 
low estimate proved ta be much tao high. Thus the recharge distribution was established iteratively in 
order ta meet the following conditions: 

- Recharge under humid conditions should be as high as possible. 
- The potential head should be at or below surface level. 
- The potent ial head should be higher than it is today. 

3rd order boundary condition 

In the confined part of the aquifer, recharge was simulated by a leaky-aquifer concept. The potential 
head in the upper aquifer was assumed to have been close to the surface level during humid phases. 
Horizontal flow in the upper, Postnubian aquifer was neglected. Recharge to the Nubian aquifer and 
discharge from the Nubian aquifer in depressions was then calculated from the potential head differences 
and the leakage factors of the confining beds. 

4.1.2 Sorne Implications of Steady-State Filled-up Conditions 

As a first estimate, the geological system, i.e. transmissivity and leakage, were taken as fixed and 
known values. However regional distribution and height of annual recharge had to be reduced drastically 
in order to comply with the conditions mentioned above. At the end of calibration for the highlands of 
Gilf Kebir and Erdi-, Ennedi mountains, an annual recharge of 10 11111 was assumed (cf. fig 4.6). Since 
groundwater had already reached surface level, no recharge was possible on the plains. 

For continuity reasons, the recharge by infiltration must equal the groundWater flow under 
steady-state conditions. Infiltration , and consequently the groundwater flow itself, can therefore be 
limited from two sides (cf . fig . 4. 7) : 

Height and distribution of precipitation, in connection with an appropriate infiltration model that 
takes into account factors like soil properties and surface relief, limit the amount of possible recharge 
from the climatic side. The hydraulic conductivity of the aquifer system, defined by the transmissivity 
and the gradient, limit the flow from the side of geology. Only if possible recharge from precipitation 
is smaller than the hydraulically possible flow, then recharge is controlled by climatic factors . 

Climatic boundary 

Preci pi tat ion 

lnfi 1 tration 
Mo del 

possible 
recharge 

Limitation by 
climatic boundary 
conditions 

Geologi ca 1 boundary 

h !! z 

Transmissivity 
Gradient 

hydrauli cal 1 y possible 
maximum recharge 

Limitation by 
geological boundary 
conditions 

Fig. 4.7 : Climatic and geological boundary for large-scale groundwater recharge 
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The consequent behaviour of an aquifer is explained in fig. 4.8. In the highlands left of section (1) 
a high infiltration rate is possible if precipitation is abundant. The high infiltration rate generates a 
large groundwater flow Q1 • This groundwater flow Q1 through section (1) can be larger than Q2 flowing 
through section (2) since both transmissivity T1 and gradient 11 are larger than T2 and 12 • The 
groundwater flow, and consequently the effective recharge to the considered system, is limited by the low 
values in section (2). Surplus water rises to the surface and evaporates or is carried away by surface 
run-off. It formes shallow, locally-restricted groundwater reservoirs which have been dry a long time for 
lack of recharge. Under humid conditions, therefore, we expect shallow lakes or fountains at 
intersections of hill slopes with plains. On plains or in depressions no recharge is possible since the 
groundwater table is already at or close to surface level. Water from precipitation remains at the 
surface and may form temporary lakes and finally evaporate. 

a, > a2 

Fig. 4.8: Groundwater recharge limited by geological factors 

It is obvious that the recharge used in mathematical models depends on the scale of the model and 
respectively the distances between the nodal points. For a detailed study of a particular recharge area, 
the network has to be much more refined. The recharge as well as the discharge would increase. However, 
this flux is of local importance only. It had to be neglected in the present study since large-scale flow 
was ta be investigated. 

The simulation of recharge and groundwater flow indicated that even under semiarid conditions, 
infiltration is limited by geological factors. Since these factors do not vary in hydrologie time scales, 
recharge and groundwater flow were said to be in steady-state conditions which may be called filled-up 
conditions. Recharge in this case is not limited by lack of precipitation but by the distribution of 
transmissivity and gradient. 

4.1.3 Simulation Results 

In our simulations, natural discharge by evapo-transpiration was restricted to depressions and oases. 
Strictly speaking, under these conditions, a humid filled-up aquifer is not possible. Because of the 
spatial distribution of the transmissivity, the groundwater head in the highlands either will be far 
below surface level or will rise above the ground on extended areas in the plains and cause large 
discharge surfaces. Thus, filled-up conditions as described in this report represent a possible semiarid 
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steady-state with discharge restricted to single waterholes and depressions only. Such a steady state can 
be maintained with as little as 10 mm recharge in the Ennedi, Oweinat and Gilf Kebir highlands. 

The simulated groundwater contour lines (fig. 4.9) of the steady-state initial conditions show a 
similar shape as Ball's contour lines (fig. 2.2), i.e. a general direction of the gradient from southwest 
to northeast. BALL (1927) first proposed the concept of a regional steady-state groundwater flow, which 
has been followed up to now by authors of modern regional models of the system (AHMAD, 1983; AMER et al., 
1981; EZZAT, 1976). Linking contour lines to transmissivity values and regarding the flow (cf. 
fig. 4.11), the two different conceptions of the groundwater flow can be distinguished: Ball's contour 
lines show a regular groundwater table except for some irregularities between Farafra and Bahariya 
oases. He concludes that there is a unidirectional flow. The simulated contour lines show the influence 
of the surface relief on groundwater flow during a time when recharge was possible all over the area. The 
mathematical model indicates flow in several directions from recharge to discharge areas. 

This can also be seen from the groundwater balance (tab. 4.1) for certain subareas shown in 
fig. 4.10. ln- and exfiltration quantities are given in million m3 /year. The groundwater mainly flows 
between locally-defined recharge and discharge subareas. This flow is superimposed on a small amount of 
large-scale regional flow. Although the potential head generally declines to the northeast, a large-scale 
flow from the Ennedi or Tibesti mountains to the Qattara depression is of minor importance during 
pluvial times. Local recharge through central mountains like Oweinat or Gilf Kebir induced a formerly 
unknown steeper gradient towards other directions and fed some parts of the discharge in Kufra or Selima. 
This phenomenon had been neglected a long time, since the remains of the groundwater mound could not be 
found for lack of data. The large-scale flow becomes more important after a period of several thousand 
years of hyperarid climate as shown in the transient simulation. 

Tab. 4.1: Groundwater balance for different subregions (shown in fig. 4.10) in mill. m3 /year for 
steady-state initial conditions 

Reg ion conf. Code Recharge Discharge Net Balance 
unconf. 

Libye, north c 1 1 · 160 - 159 

south without Tibesti u L 331 -244 87 
Egypt West u w 404 -194 210 

East u E 267 -241 26 
Egypt North West, Oattara c 2 109 -452 - 343 

Siwa c Si - - 30 - 30 
Egypt North c 3 454 90 364 

Baharia c B - 52 52 
Farafra c F - 19 19 

West of Nile c 4 153 - 37 116 
North East c 5 69 -138 69 

East of Kharga c 6 283 - 37 246 
South of Kharga c 7 13 - 47 34 
Kharga c K - -256 • 256 
Dakhla c D - -270 • 270 

Sudan u s 300 - 196 104 
Chad u c 1336 1257 79 

3720 • 3720 0 
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Sorne particular aspects of the groundwater balance have to be emphasized: 
1. Recharge during humid phases is not limited to the unconfined part of the aquifer. In higher parts of 

the confined part, recharge by downward leakage from Postnubian sediments occurs as well. This 
recharge is of the same magnitude as in the unconfined part. This concept explains the rather low 
carbon ages of groundwater in northern Egyptian oases. 

2. For the confined part of the Nubian aquifer, the discharge by upward leakage has always exceeded the 
recharge by downward leakage. Thus the water in the Egyptian depressions has, to a certain degree, 
always been due to lateral flow from the unconfined part. 

3. Most of the water from the total recharge in the Chad highlands directly discharges at the rim of the 
Chad Basin and only a minor percentage leaves the area towards Sudan. Thus the Ennedi rains are rather 
insignificant for a large-scale perspective. The highest flow towards the Egyptian depressions cornes 
from southwestern Egypt, i.e. Oweinat and Gilf Kebir area. 

In a different steady state, much wetter conditions were simulated. When the maximum possible 
groundwater recharge surmounts 100 mm/a in the highlands, extended discharge areas appear that are not 
limited to the depressions and present oases. Groundwater then discharges almost anywhere between the 
Gilf Kebir and Kharga, between Dakhla and the Selima Sandsheet. The whole area then would have been 
covered with considerable vegetation and lakes. 

Due to the homogeneity of the aquifer combined with the flat gradient, a small variation in 
precipitation or in recharge affects rather large areas. Thus the reported fluctuations of vegetation 
areas do not need to be linked to drastic climatic changes but can be explained by a minor alternation of 
precipitation lasting over a long period of time. 

4.2 Possibility of a Steady-State with Recharge from the South 

BALL (1927), SANDFORD (1935), HELLSTRüM (1939) and later EZZAT (1974) considered the groundwater 
under the Nubian Desert to be in somewhat steady-state conditions before artificial extraction started. 
According to this concept, the groundwater is recharged in intake beds at the Ennedi, Erdi and the 
Tibesti mountains where the amount of rainfall is higher than in the desert. The groundwater then moves 
in a northeastern direction via smaller oases in northern Sudan or southeast Libya to the large Egyptian 
depressions (cf. fig. 2.2). In order to prove or disprove this concept, several steady-state 
calculations were carried out. 

4.2.1 Geological System and Hydrological Boundary Conditions 

In a first variant, the geological system, i.e. the transmissivity distribution, was kept unchanged. 
In a second variant, the transmissivity between the Gebel Oweinat and the Nukheila basement outcrop was 
increased by the factor 10. Thus more favourable geological conditions were created that 

- made up for a possible uncertainty in the transmissivity value and 
- increased the groundwater flux to Egypt. 

The leakage factor in the northern part was reduced so that no recharge from the Postnubian to the Nubian 
aquifer was possible. 

Recharge was simulated by a fixed head in the Wadi Howar, according to a concept described by 
SANDFORD (1935). In addition, a direct recharge of 10 mm/a was introduced for the Erdi and Ennedi 
mountains. Recharge in the Tibesti was set to 20 mm/a. In the second variant, recharge in the Ennedi was 
increased to 15 mm/a. Higher infiltration rates would lead to open water surfaces. 
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4.2.2 Results 

The most obvious result in both variants was a considerable drop of the groundwater level over most 
of the Nubian Desert (fig. 4.12). 

In table 4.2 the observed water levels in some oases are compared with calculated values from the two 
variants. The essential conclusions are: 
1) Even with an unrealistically high transmissivity the groundwater level drops below the observed water 

levels in the waterholes in northern Sudan and southern Egypt. 
2) Under such conditions, oases like Nukheila, Atrun, Laquia Arbain and the waterholes along the Darb el 

Arbain are dry. Recharge from the Tibesti does not suffice for Kufra to exist as an oasis. 
3) The calculated water levels in Kharga and Dakhla are lower than the observed ones. No artesian 

water exists in Bahariya. 
4) The discharge in the oases Dakhla, Kharga and Farafra amounts to roughly half the value calculated at 

the end of 8000 years of arid climate (cf. Fig. 5.2) and is one order of magnitude below the value for 
a hu~id steady-state. No discharge occurs in Bahariya . 

5) Uncertainties about the geology of northern Sudan do not affect the calculated groundwater flow and 
potential head in the Egyptian depressions. The water level in the confined part is independent 
from geological conditions 1000 km south. 

Tab. 4.2: Observed and Calculated Water Levels in Sorne Oases (Recharge from the South) 

observed calculated 
Var. I Var. Il (T incr.) 

Nukheila 509 449 429 
Atrun 494 482 476 
L. Arbain 330 266 300 
Selima 264 228 243 
Bir Tarfawl 237 188 197 
Kufra 400 367 362 
Kharga 90 79 80 
Dakhla 155 132 133 
Farafra 158 119 120 
Bahariya 128 97 99 
Siwa 108 97 98 

The presently observed situation with waterholes and oases in the unconfined part of the Nubian 
aquifer cannot be explained by a steady state with recharge solely from the southeastern highlands. The 
transmissivity distribution, together with the low surface and groundwater gradients does not permit a 
sufficient groundwater flux to maintain the present natural discharge areas at those cases. Therefore, 
some of the water discharging at present must be taken from storage. Thus the concept of a steady-state 
with infiltration only from the south is unrealistic from a hydraulic point of view. 
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5. TRANSIENT SIMULATION OF HORIZONTAL FLOW 

5.1 Long-term Simulation 

5.1.1 Input Data and Assumptions 

Two steady-state flow patterns were simulated: The first one simulated recharge under semiarid 
conditions, the second one simulated regional flow without recharge in the central area of the system. 
The steady-state results indicate that the actual present flow conditions are between these two steady 
states. Therefore, the transient flow from semiarid up to the present conditions has been simulated in a 

retrospective calculation in the horizontal model. 
Transmissivity and leakage-factor distribution were taken from the steady-state calculation. Only 

minor changes which then were used for steady and transient calculations had to be introduced 
to the model. Storativity was assumed as 0.1 in the unconfined and 0.0005 in the confined part. The 
latter value is a rather rough estimation. Storativity values had been determined in a few pumping tests 
only. In addition, they are not representative for long-term regional flow. Therefore, the above 
estimation is based mainly on previous models and on the analysis of the New Valley project. Our 
short-term calibration will give a better estimate of the storativity in the confined part. The 
horizontal model is basically a one-layer model. Horizontal flow in the Postnubian aquifer was neglected 
because of low permeabilities. Orawdown of the groundwater level in the Postnubian aquifer was calculated 
from its discharge by leakage to the Nubian aquifer. Rising of the Postnubian groundwater level by upward 
leakage from the Nubian was also accounted for, but during simulation it never occured, since groundwater 
in areas of upward leakage (oases) already was at the surface level. A storativity value of 0.01 for 

the Postnubian aquifer fitted the observed Postnubian groundwater levels best. 
Since the exact time distribution of precipitation is not known, a complete stop of infiltration has 

been assumed at the beginning of the transient simulation. In general, after a certain simulation time of 
arid climate, the cases become dry, each oasis at a different time. In cases where the oasis is still 
existent, the simulation indicates that recharge in the vicinity has not stopped as long ago as the 
respective simulation time. As already mentioned, recharge and discharge in the confined part were 
simulated by the leakage concept. The initial Postnubian groundwater level had been assumed at surface. 
Discharge in the unconfined part was simulated by fixed heads. Fromage datings of lake sediments, the 
draw-down of lake levels in certain oases is known. For the following, a draw-down of the fixed head was 
assumed: Kufra 5 m, Laqiya 8 m, Nukheila and Selima 11 m draw-down in 5000 years. In the East Oweinat 
area, the surface gradient is so small that groundwater could not have been at a much higher level than 

today. 

5.1.2 Results of the Transient Simulation 

After the stop of infiltration, the groundwater dropped rapidly in the elevated recharge areas. In 
the unconfined section, where the initial recharge had been 10 mm/year, groundwater level dropped 60 m in 
1000 years in Ennedi and Gilf Kebir. ln the Tibesti mountains and the Red Sea Hills it dropped more than 
100 m. ln the confined part, groundwater level in elevated areas of downward leakage (recharge) dropped 
as well. On the plateau east of the Kharga Oasis, the draw-down was 60 min 1000 years. During the second 
millenium, when the climatic conditions remained unchanged, the draw-down was much less. Flow conditions 
were still clearly transient even after 8000 years, as was indicated already by the second steady-state 

simulation (sect. 4.2). 
In the depressions, a considerable draw-down below ground level is impossible as long as they 

remain natural discharge areas. In the unconfined part, this was accounted for by a declining fixed head, 
as mentioned above. However, the simulation resulted in a diminished discharge for some cases under arid 
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conditions. This can be shown by the discharge hydrographs (fig. 5.1). The first oasis to become dry was 
Nukheila, 2600 years after all infiltration stopped, followed by Kufra, 4500 years after recharge 
ceased. ln the East Oweinat area of Egypt, the westernmost Bir Terfawi becomes dry after 5000 years, but 
other waterholes still discharge after 8000 years. The combined discharge of the entire East Oweinat area 
would stop after 7000 years. 

100 

50 

3000 4000 5000 6000 7000 8000 years 

Fig. 5.1: Discharge hydrographs for different cases in the unconfined part 

Under transient arid conditions, discharge is fed by water from the storage, which can be divided 
into three parts: most of the water cornes from the drainage of the upper layers of the unconfined part. 
ln the confined part, water can be released by decompression of the Nubian aquifer or by leakage and thus 
by draining the upper layers of the Postnubian aquifer. The assumed storativities for these three parts 
have been 0.1, 0.0005 and 0.01 respectively. Therefore, the major part of the water cornes from the 
unconfined part, a considerable portion from the Postnubian storage, and a minor part only from the 
Nubian confined section. 

ln fig. 5.2 the discharge hydrographs for the depressions in the confined part are shown. Discharge 
of all oases would continue for more than 8000 years after transition to hyperarid climate; only in 
Bahariya would it stop after 8000 years, because groundwater would be deviated to the lower northern 
depressions. Discharge in Dakhla would decrease more rapidly than in Kharga for the same reason. The 
Kharga Oasis is separated from the other discharge areas by lower transmissivity, and still is fed ta 
some extent from the storage of the Postnubian. ln other investigations the discharge in Dakhla usually 
is considered to be higher than in Kharga. Our model simulates only the natural discharge by upward 
leakage, while other estimations include discharge of shallow wells in the first half of this century. 
Since the conditions for shallow wells have been more favorable in Dakhla, these wells yielded a higher 
discharge. 

A more complete picture is given by the leakage balance of the whole confined part (fig. 5.3). The 
hydrographs represent the sum of all upward and downward leakage in the model. Both components decrease 
rapidly after transition to an arid climate, whereas the net balance merely declines. After 5000 years 
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the recharge by leakage only amounts to half of the discharge. From this time on the major part of the 
discharge would be made up by groundwater flow from the unconfined storage. On the other hand, there is 
still a considerable recharge by downward leakage at the end of the simulation period, although the 
estimate of the Postnubian net porosity is rather low. Major recharge areas are the plateaus east of 
Kharga and north of Dakhla. 

250 
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100 
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Bahariya 

1000 2000 3000 4000 5000 7000 8000 years 

Fig. 5.2: Discharge hydrographs for different depressions in the confined part 

The change of the groundwater flow pattern also can be seen in the change of groundwater contour 
lines (fig. 5.4) and the discharge arrows (fig. 5.5). The interpretation of the groundwater balance 
indicates that the transition to arid climate occured at different times in different areas. Therefore, 
an intermediate time of 5000 years is presented here. The groundwater contours show a general 
decline of the groundwater surface. In some areas it is still above present values; in Kharga and Dakhla 
the pre-development observations are matched at 8000 years only. The graph of flow velocities and 
discharge shows a general retardation of the flow , accompanied by an equalization of velocities. In some 
areas changes in flow direction can be noticed. In the East Oweinat area, groundwater flows from the 
recharge area Gilf Kebir eastwards under initial humid conditions. After the decline of groundwater level 
on the Gilf, groundwater flow follows the axis of the Misaha Trough from south to north, while the flow 
direction at the Libyan border west of the Gilf changes from north to northeast. 

The effect of recent recharge in the center of the aquifer has been tested in a simulation run with 
continuing infiltration in the Gilf Kebir. In this alternative the oases of Kufra and Bir Terfawi run 
dry after 8200 years, i.e. 3500 years later than in the arid variant. The simulated recharge in the Gilf 
Kebir highlands was 10 mm/year in the same areas as shown in f ig. 4.6,. this is 264 mill. rrr/year, 
compared to the steady-state infiltration of 404 mill. m3 /year. under filled-up conditions (table 4.1). 
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Fig. 5.3: Recharge and discharge hydrographs for the confined part 

5.1.3 Interpretation of the Long-term Transient Simulation 

The steady-state results indicated that even very little recharge can keep the Nubian aquifer system 
in equilibrium conditions, but that without recharge in major parts of the system, groundwater would 
decline. The transient simulation showed how long it would take to change from the steady state under 
semiarid conditions to the pre-development conditions in the first half of the century. In areas of 
low transmissivity and storage capacity, the change takes only a few thousand years. In areas of distinct 
surface relief with higher storage capacity, the change may take up to 8000 years. For an exact 
reconstruction of the present flow conditions, the time distribution of precipitation and infiltration 
would be needed for several thousand years. From samples of lake sediments (Subproject B2), we 
know that a semiarid period with precipitation of about 250 mm/year ended some 8000 years ago. But the 
climatic conditions after this time were not always as arid as today. ALMASY (1939),for instance, 
reported about regular rain storms in the Gilf Kebir area. Thus, locally restricted minor interruptions 
of hyperarid climate occured even in recent or subrecent times. 

The transient simulation shows that the Nubian aquifer system already was in an outflow process 
before the New Valley project and other development projects started. The decline of the groundwater 
surface started about 8000 years ago, but it was slowed down or interrupted by local infiltrations 
occuring in the central highlands and other parts of the system. Steady-state and transient s imulations 
both indicated that the pre-development situation cannot be considered as equilibrium condition. The 
long-term transient simulation gives the (transient) initial condition for the simulation of the 
subsequent extraction projects. 
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Fig. 5.6: Location of observation wells for short-term calibration 
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5.2 Short-term Calibration 

The hydrologie data from the artificial draw-down caused by the New Valley project from 1960 to 1980 
are used for an unsteady short-term calibration of the hydrogeologic parameters (transmissivity, leakage
coefficient, storativity of the Nubian and porosity of the Postnubian layers) in the Egyptian oases. The 
aim of this calibration is to critically check the assumptions made in the large-scale long-term 
calculations. After calibration, water extractions foreseen for the oases will be simulated to estimate 
the depth and extension of future draw-down cones and their mutuan interference. The calibration runs 
have not been concluded yet. A final report on short-term calibration and forecast compilations will be 
given in May 1987. 

Although the calibration is carried out only for a restricted area of the model, the same network as 
in the large scale calculations is used. Thus, no boundary conditions for the New Valley Project area 
have to be determined. As a first estimation, the hydrogeological input parameters from the transient 
long-term flow simulation have been taken. They will be modified during the calibration and then be used 
for long-term and short-term calculations. 

The hydrological input data consist of observations of water extraction from 1675 shallow wells (less 
than 100 m b.gl.) and 458 deep wells (down to 1000 m b.gl.) These observations were analysed by Egyptian 
authorities. For the actual network elements, wells were grouped together, the extraction was added up 
and was finally given as a mean value for a year in ma/day. Table 5.1 shows the extraction 
for each oasis. 

For calibration purposes, the hydrographs of 29 observation wells were used. The locations of these 
wells are shown in the net sector chosen for presentation of the short-term calibration results (fig. 
5.6). 
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Fig. 5.7: Discharge by leakage and artificial extractions in the Kharga Oasis from 1960 - 1980 
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Fig. 5.9: Calculated draw-down 1960-1965 in the Egyptian oases area 
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Fig. 5.10: Calculated draw-down 1960-1980 in the Egyptian oases area 



·- 502 -

As initial conditions for this unsteady model calibration, the results of the unsteady long-term 
calculation are taken (see sect. 5.1.2). 

First calibration runs show that short-term calculations over a period of twenty years with a time 
step of less than one year may be executed with the same model used for long-term investiga
tions. The ratio between discharge by leakage and artificial groundwater extraction changes rapidly. The 
groundwater balance calculated for the Kharga Oasis shows that discharge by leakage decreases from the 
double to the half of artificial extraction (fig. 5.7). 

Figures 5.8 to 5.10 show the results of simulated extraction and represent the formation of draw-down 
canes. The groundwater levels in the unconfined area of the Nubian aquifer are almost unaffected by this 
draw-down (for the points of fixed head see sect. 5.1.2). 

From these first calibration runs the following conclusions can be drawn: 
- For the unconfined part, great changes of the storage coefficient (0.1) are not to be expected, 

because the simulated draw-down is of the same order as the observed one (for example South Mut 3m, 
compare Ezzats estimations (1974)). 

- There is no connection between the draw-down canes of Kharga and Dakhla in the west of Kharga, a 
result confirmed by the observations. The assumption of a discontinuity of transmissivities 
implemented in the long-term model, therefore, seems to be correct (see sect. 4.1.1.1). 

- The depth of draw-down in Bahariya (9m) is in the order of the observed one, indicatin9 that 
substantial modifications of storativity are not necessary. 

- Slight modifications in storativity are to be expected in Farafra and Dakhla, greater modifications 
are necessary in the Kharga Oasis and for the hydrogeological parameters outside the oases. 
The calibration will be finished in March 1987 and the final report including forecast calculations 

will be given in May 1987. 

6. MODELS OF A VERTICAL CROSS SECTION BIR-TERFAWI-DAKHLA-BAHARIYA · 

6.1 Regional Flow Madel 

Sorne important aspects of the groundwater flow cannot be investigated in a model of horizontal flow 
only. It had been assumed that the whole sediment thickness is active in groundwater flow. Pumping tests 
from deep wells indicate that the permeability in the lower part of the aquifer is in the same order of 
magnitude as in the upper part. Fresh water was found in the lower part of the section up to a depth of 
4000 m; only in the north does the saltwater interface underly the fresh water aquifer. Thus, from the 
geological and geochemical point of view, groundwater flow is possible in the lower part of the 
sediments. On the other hand, all groundwater flow is induced by potential head differences due to 
recharge and discharge. Therefore, it had to be investigated if these in- and exfiltrations at the 
surface can affect groundwater flow in layers several thousand meters below the surface. This depends to 
a large extent on the ratio of horizontal to vertical permeability of the water bearing sandstones and 
the presence and geohydrological properties of confining shale and clay layers. The interpretation of 
isotope measurements that resulted in apparent groundwater ages of some million years led to the 
conclusion that groundwater is stagnant in the lowermost sediment section, and that syngenetic water may 
be found there (SONNTAG,1986). 

Another aspect is the leakage concept of the present investigation. In all previous models the 
Postnubian shales have been assumed as impermeable. Leakage was taken only into account as discharge in 
the oases. On the other hand, radiocarbon ages in the northern part of the confined section do not differ 
significantly from ages in Dakhla and Kharga at the border between the confined and unconfined areas. If 
groundwater had flowed from the unconfined part to Bahariya, no more radiocarbon would be detectable 
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Permeability values in m/day 
1 o. 5 
2 5.0 
3 o. 01 
4 1. 0 
5 0.1 
6 0.1 
7 1. 0 
8 o. 001 
9 o. 001 

10 o. 01 
11 0.001 
12 0.001 
13 0.1 
14 o. 01 
15 0.1 
16 1. 0 
17 0.1 
18 0.001 

Fig. 6.1: Finite-Element network of the vertical flow model 
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there. The 14C present at recharge would have decayed beyond a measurable quantity during the long flow 
time. Recharge in the oasis itself has never been possible, as we have seen above. Thus, the presence of 
radiocarbon indicates that groundwater of an unknown quantity was recharged in the confined part through 
the Postnubian shales in less than the flow time from the unconfined part. 

Bath aspects of groundwater flow can be investigated in a model of a vertical cross section, in which 
the flow from the surface down to the basement is simulated. The hydrogeological cross section A 
(fig. 4.1) has been chosen for such a model. In this section, bath unconfined and confined parts are 
included. The model starts at the basement outcrops near Bir Terfawi, where the ground surface elevation 
is about 280 m asl. The section passes through the oasis of Dakhla, where the aquifer starts to be 
confined. Between Dakhla and Bahariya, thick Postnubian shales and limestones caver the Nubian aquifer. 
North of Bahariya there are faults with a displacement of several hundred meters, and the aquifer becomes 
less permeable. It is also closed by the freshwater-saltwater interface. 

The network of the vertical flow model is shown in fig 6.1, where horizontal permeabilities of 
different layers are indicated ; The ratio of anisotropy was varied from 1 to 100. It was found that this 
ratio, which takes into account the anisotropy within each formation layer, is of minor importance 
compared to the ratio of permeability of the different layers. A vertical permeability of 10 % of the 
horizontal value fitted the estimated hydraulic head distribution best. The same value has been assumed 
in the horizontal model. 

Two steady states were simulated in the model: filled-up conditions with recharge over the entire 
surface, and a steady-state regional flow from the south to Dakhla and Bahariya without recharge 
within the model area. Recharge was accounted for directly by infiltration at the .ground surface. 
Discharge was introduced indirectly by a fixed head at the floor of the oases, as in the horizontal 
model. 

Filled-up conditions in the vertical model are shown in fig. 6.2. The flow in the unconfined part was 
found to be strictly horizontal. In spite of good permeability, only 1 mm/year can infiltrate, since the 
small surface gradient does not allow for more horizontal outflow to the north. A slightly higher flow to 

Fig. 6.2: Groundwater contour lines and infiltration rates for steady-state filled-up conditions 
Vertical section Bir Terfawi-Dakhla-Bahariya (29°E) 
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the Dakhla Oasis would be possible, if groundwater rose to the surface of the mountains south of Dakhla. 
This would imply an additional discharge area on the southern slope of these mountains. The highest 
possible flow rates occur when the groundwater level is at surface everywhere. This has been simulated in 
the model by a fixed head along the ground surface. In that case, groundwater discharge to the Dakhla 
Oasis would be twice the value shown in fig. 6.2. 

On the plateau between Dakhla and Bahariya, the water flows nearly vertically downwards. Between the 
top of the plateau and the bottom of the oases there is a head difference of about 300 m. Therefore, an 
infiltration of 13 mm/year is possible in this part despite the confining layers. This explains why the 
groundwater ages of Bahariya and Farafra are not significantly higher than those of Dakhla and Kharga. 

It should be noticed that during the filled-up conditions there is no flow from south to north across 
the whole section, since there are water <livides between the oases; while there is infiltraton on the 
plateau, groundwater flows out to Dakhla and Bahariya in bath directions. After a very extended arid 
period, the groundwater level between the oases drops to the same level as in the oases. Then 
regional flow may be possible. Such a flow condition is shown in fig. 6.3. Here, a regional flow has been 
imposed by fixed head at the southern border of the model and in Dakhla and Bahariya. In addition, a 
small exfiltration rate of 0.05 mm/year has been imposed on the whole surface. The result is a very small 
regional flow from the south to the Dakhla and Bahariya Oases. Since there is no more infiltration, 
the water <livides have disappeared. 

.... 

Fig. 6.3: Groundwater contour lines in steady-state arid conditions -
Vertical section Bir Terfawi-Dakhla-Bahariya (29°E) 

Under bath flow conditions of the vertical model, the flow lines within the Nubian series are 
horizontal. Thus the whole sediment thickness contributes to the groundwater flow and the use of a 
two-dimensional horizontal model is justified. An alteration of climatic conditions changes the flow 
direction down to the basement. So, a given groundwater particle in the Six Hills formation between 
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Dakhla and Bahariya which is flowing south to Dakhla under humid conditions might flow to the north after 
an extended arid period. After the next change to humid conditions it might change its direction again. 
Thus, we do not know if any groundwater particle flows across the whole aquifer system from south to 
north. 

It has to be mentioned that in the depressions, infiltration has never been possible, except after a 
complete desiccation of the aquifer, when groundwater level has fallen below the bottom of the 
depression. During a humid phase, the age of groundwater samples in Bahariya would be greater than the 
flow time from the surroundings to the oasis, which is several thousand years. This is of the same order 
as the ages measured today. Since there is continuous flow to the oases during humid and arid phases, 
there is always a portion of very old water. According to the method of dating, the result might be 
thousands or millions of years. 

6.2 Flow and Transport Model 

Isotope hydrology has determined groundwater ages by means of radiocarbon age-dating at many 
discharge and observation wells of the Nubian aquifer system (e.g. SONNTAG et. al., 1978, THORWEIHE, 
1982). While working on the groundwater model of the Nubian aquifer system, these data had to be used as 
background information. The question arose whether these determinations of groundwater ages were 
sufficiently accurate, as the conceptual models of isotope hydrology do not include the dispersive 
effects of groundwater flow. 

To study this problem, a vertical flow and transport model was set up for a typical section of the 
Nubian aquifer system in order to provide a better understanding of the diffusive-convective effects in 
Western Desert groundwater. By choosing representative values for model parameters and by testing 
different parameter sets, the mixing process and its dependence on the stratification of the Nubian 
aquifer system is illustrated. 

6.2.1 Input Data 

The simulation of the transport of tracers in groundwater requires a detailed knowledge of the 
groundwater flow distribution in the model area. Flow parameters and flow boundary conditions have 
eminent influence on the resulting tracer distribution. Therefore, the flow parameters and the regional 
vertical model (cf. sect. 6.1) could not be used here. 

The representative cross section of fig. 6.4 was compiled for the flow and transport model accordinQ 
to several cross sections by KLITZSCH and THORWEIHE (1984), pumping test information (JOINT 

VENTURE QATTARA, 1978) and stratigraphie descriptions of BISEWSKI (1982) and THORWt1HE (1982). This 
evaluation resulted in different ratios of horizontal to vertical permeabilities in the different layers, 
ranging from 1 (in the carbonate top layer) to 20 (in the aquitards). 

To test the effect of different permeability means on model results, three-layered and single-layered 
calculations were also carried out, taking the permeability averages on the basis of fig. 6.4. 

Due to the small groundwater gradients that are observed in the Western Desert, only small 
groundwater velocities are possible. Therefore, the extension of the model could be restricted to a 
simple vertical strip having a length of 

Dispersivity, as the main transport parameter, cannot be derived so easily from geological and 
hydrological data. Therefore, different sets of dispersivity distributions were introduced into the 
model. A log-normal distribution may be detected in the permeability data of Kharga and Dakhla repor
ted by BARBER and CARR (1976). Employing the stochastic approach of GELHAR and AXNESS (1983), this fact 
was used to estimate the order of magnitude of dispersivities. 

Sorption effects were considered to be negligible, even though an initial radiocarbon content of the 
infiltrating water of 85 % of its environmental concentration was assumed, which may be regarded as a 
very general consideration of chemical reactions and sorption in the upper layer. 
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kfx kf z nf 

-- - -
==10-7 1o-7 o. oo51t) Carbonate 

10-8 5.10-10 
Dakhla Shale 0.005 

1o-4 Mut Form. a 3.3•1o-5 o,2o 
" 10-6 5•10-B 0.01 

Taref Form. 1o-4 3.3•1o-5 o,2o 

Maghrabi 10-6 5•1o-B 0.05 

5•10-5 1,7.10-5 o.2o 
Sabaya Form. 

An, 'RAllcu1 .o-7 5 •10-9 0,01 

Six Hills Form. 5·1o-5 1.7.10-5 o,2o 

Paleozioc Form. 1o-5 3.3•1o-6 0.15 

*) estimated ae equivalsnt values for 
carbonate top-layer 

average ~f 1900 m : 4•1o-5
5 

6·1o-9 o,16 
average of 1700 m :4.3•1o- 1,5•1o-7 0,17 

Fig. 6.4: Permeabilities kf in m/s and porosities nf of the ten-layer flow and transport model 

RECHARGE - PHASE 

Llllllillilll 

l 1 ,,,~, ;; ,,,,,,,,,,,,,,,, 
~ q, c 

DISCHARGE - PHASE 

•. c, - ['.:::·:.·.~·.'.','.'::'.[- •• c, 

-I·-

Fig. 6.5: Simulation of recharge and discharge 

q - discharge 

C - ·concentration of. 14C 
at outflow-boundary 
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I - groundwater gradient 
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Two hydrological phases were simulated: a recharge phase, during which new groundwater was formed by 
infiltration, and a discharge phase with the top layer as a no-flow boundary (fig. 6.5). The recharge 
simulations were carried out until steady-state conditions for groundwater flow and tracer distribution 
were reached. The results served as initial and boundary conditions for the following discharge phase. 
The discharge runs simulated the influence of predominantly horizontal flow on the tracer distribution 
in the model. The results presented in this paper are based on a recharge of 2 DJTI/year during the 
recharge phase. This infiltration was chosen as the best approximation of representative hydrological 
conditions for the representative geology of the cross section in the model. 
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6.2.2 Results 

Ouring the recharge phase, hydraulic steady-state conditions were reached after 1000 years of 
infiltration. The change of permeability averages in the one-layered, three-layered, and ten-layered 
calculations did not have much impact on this result. The result that infiltration affects groundwater 
flow down to the deepest layers of the section is in agreement with the regional vertical flow model. 
The model extensions as well as the different anisotropy ratios in the different layers influence 
pressure contour lines and velocities in the deep layers. Fig. 6.6 shows steady-state pressure 
contour lines of a three-layer calculation and a ten-layer calculation, to illustrate the impact of 
simpler layering and less detailed consideration of anisotropy . 

The time required to reach a steady-state of the isotope concentration during the recharge runs 
was about 30,000 years. This result also was not much influenced by the different permeability averages 
or by the different dispersivity values. 

In the discharge runs this was different . As can be seen after the elimination of radioactive decay, 
the change in radiocarbon distribution depends on dispersivities and permeabilities. Fig. 6.7 shows a 
ten-layer calculation and a three-layer calculation, where the ten-layer calculation reaches a 
quasi-steady state earlier than in the three-layer case . 

Another general result is the observation that the sensitivity to dispersivity changes is reduced by 
a more detailed permeability distribution. This may be observed by comparing figs. 6.8 and 6.9. Fig. 6.8 
shows three-layer runs with low (o.L = 50 m) and high (o.L =layer thickness) dispersivity. Fig. 6.9 shows 
the corresponding ten-layer cases. The explicit consideration of aquitards in the upper half of the 
section of the ten-layer system reduces substantially the spreading of the tracer in the model. 
The ten-layer case with high dispersivities delivers a less dispersed tracer distribution than the 
three- layer case with low dispersivity. 

Figs. 6.8 and 6.9 are based on the same hydrological situation: 30,000 years of continuous 
infiltration of 2 mm/year to reach steady-state concentration are followed by 10,000 years of arid 
discharge without any infiltration. 

Despite the differences induced by different dispersivities and permeabilities, the concentration 
contour lines of each case show that it depends on depth and length of the well screen, whether a water 
sample contains, for instance, 1 % or 5 % C/C0 radiocarbon. Thus, an apparent age of 37,000 years or 
25,000 years may result under the same hydrological preconditions. 

Dispersive phenomena are effective not only during the recharge phase but also during the discharge 
phase. Therefore, the hor izontal flow distance also determines how much mixing occurs, and thus how much 
radiocarbon is contained in a water sample of a well. 

The impact of the dispersive effects of groundwater flow on age-dating results is also displayed in 
fig. 6.10. Here a simplified piston-flow like infiltration is compared to a case of complete mixing 
(one-layer calculation with very high dispersivity), and to a three-layer case and a ten-layer case with 
high dispersivities. 

The ten-layer case is more different from the three-layer case than from the simplified infiltration . 
St i ll, the s implified infiltration delivers a radiocarbon concentration which is 6000 years "younger" at 
a depth of 200 m, and more than 10,000 years "older" below a depth of 600 m th:in the ten-layer case. 

These differences are obtained at the midpoint of the model. The dispers ive effects depend on the 
horizontal flow distance; they are lower in the first half and higher in the second half of the model. 
That means a well in the first half may give water of a different apparent age than the same well in the 
second half. Whether it is "older" or "younger" will depend on its actual depth. 

The model's results demonstrated that the apparent isotope age of a water sample does not necessarily 
indicate the time of groundwater formation in the Western Desert. The apparent highly depends on the 
construction of the well and the flow conditions around it. Different velocities in different layers, 
dispersive effects in the aquifer, and mixing in the well determine the amount of very old water and of 
younger water in the evaluated water sample. 
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Fig. 6.10: Madel results at the center of the model after 10,000 years of discharge compared with the 
simplified piston-flow infiltration 

Complete accuracy in interpreting radiocarbon data of a single well cannot be achieved because 
hydraulic and hydrological conditions of the past cannot be precisely reconstructed on a local basis. 
But by simulating representative conditions, the results of the model help to estimate the mixing effects 
in the Nubian aquifer system, and thus they improve the qualitative interpretation of radiocarbon 
analyses of Western Desert groundwater. 
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7. CONCLUSIONS 

The simulation of groundwater flow in steady and transient, horizontal and vertical models of flow 
and transport now gives a comprehensive explanation of the present groundwater situation. The questions, 
summarized in the introduction (sect. 2), can now be answered: 
- Groundwater was recharged over large areas in the whole system. During recharge periods, no 

large-scale flow occured. Most of the recharged water flowed to discharge areas nearby; only a minor 
part reached more distant areas at a lower level. Infiltration, supporting equilibrium conditions, 
stopped some 8,000 years ago, but continued on a minor scale in different areas and time intervals. 
The natural groundwater situation, i.e. the situation before artificial extraction, was already 
in an outflow process which started about 8000 years b.p. 

- The hydrogeological analysis showed that the Nubian aquifer is a continuous system. The regional flow 
across the system is, however, very small compared to the flow within sub-regions of the 
system. 

- Paleorecharge also occured in the northern, confined part of the aquifer. The low permeability of the 
confining layer is compensated by a high vertical gradient. The large-scale horizontal flow 
also affects layers in a depth of 3000 m. No stagnant water will be found here. The high groundwater 
ages can be sufficiently explained by low flow velocities only. According to this concept, very old 
water would also be found in intermediate layers of the aquifer. 

- The water balance for steady and transient conditions show that there is always a deficit in the 
confined part, which is made up for by regional flow from south to north. The reason for this is 
the higher average elevation of the unconfined part. Under arid conditions, water cornes mainly from 
the unconfined storage, but the Postnubian still contributes considerably to the groundwater balance. 

Although the exact development of the groundwater situation until today cannot be simulated because 
of the lack of climatic data, the simulation can be used for a more comprehensive description: There has 
always been a change between humid and arid phases. The time scale of the latest changes is several 
thousand years. Our simulation has shown that the reaction time of the aquifer is in the same scale. In 
addition, we have seen that very little recharge is needed to keep the groundwater level near surface 
level. The aquifer probably has never been entirely depleted. Changes in groundwater level occured only 
in the upper tens or a few hundred meters. Even during a very extensive arid period, the aquifer could 
not be depleted to a level lower than the lowest discharge areas. Thus, the overwhelming part of the 
groundwater was not recharged 8000 or 20,000 years ago, but over millions of years. The simulation showed 
that the groundwater flow is influenced by the climatic changes down to the basement. The exchange of the 
groundwater body takes a much longer time than the change of climate, however. The apparent age of a 
groundwater sample, taken from a certain depth of the aquifer, is not influenced only by the 
flow time of the groundwater particle from the recharge area. To a large extent it is the result of 
diffusive and convective processes in the aquifer and of mixing within the well. Thus, the apparent age 
of a groundwater sample can be 1 million years determined by the He-Ar-method, and at the same time 
20,000 years determined by 14 C-method. 

Finally, some conclusions can be given concerning the exploitation of the aquifer: While the system 
can be kept filled by a few mm/year, some mm/~ are needed for irrigation projects. This is a 
different order of magnitude. Thus, the natural movement of groundwater can be neglected in the plans of 
irrigation projects. If great parts of the desert should be irrigated by 5 mm/day, for example, the 
groundwater level would drop by 15 m/year, neglecting all horizontal flow. Therefore, the only possible 
exploitation is the irrigation of small areas at selected locations. These projects then form extraction 
cones, and groundwater from the surrounding 100 or 200 km flows into these cones. In the center of the 
cone (e.g. New Valley or Kufra), the groundwater formed in the surrounding area during the last thousands 
of years is consumed. The disposable water for such a project is not the whole groundwater body, but only 
that stored in the extraction cone. The development of the draw-down cones and the interaction of 
different pumping schemes can be predicted by the model. 
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8. FUTURE WORK 

The investigations with the regional model of the Nubian aquifer system have not yet been fully 
completed. First short-term calibration runs have shown that there is another timestep between long-term 
and short-term runs: the extraction of the shallow wells which have been built many decades ago. After 
the completion of the short-term calibration, it is planned to predict the consequence of different 
extraction schemes which are planned by the Egyptian government. Libyan plans are also to be included, as 
far as data are available. From the prediction runs, some general conclusions will be drawn concerning 
the interaction of well fields. 

The present investigation has been restricted to a hyperarid climate, because no hydrological data 
were available from possible recharge areas, and because recent recharge is insignificant for the Nubian 
aquifer system on a regional scale. The model showed hydrodynamic and hydrogeological conditions for 
regional recharge, in cases where the climatic conditions allow for enough infiltration. For an assumed 
groundwater surface, recharge and discharge could be quantified by the model for each subregion. 

The determination of recharge under nearly arid conditions is very important in regions where 
agriculture depends on groundwater. This question can be investigated in the south of the present model 
area, where precipitation varies between 50 and 500 11'111/year. Groundwater recharge will be investigated by 
different methods, including hydrology and hydrogeology. The groundwater model will be used in this study 
to calculate the recent groundwater recharge on the basis of the known groundwater surface and 
hydrogeolologic data. The aim of this planned investigation is to find a simple hydrological 
model for the determination of the average groundwater recharge under semiarid conditions. 
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EVALUATION OF LAND IN SW-EGYPT 

by 
F.ALAILY, R.BORNKAMM, H.KEHL and M.RENGER 

ZUSAMMENFASSUNG 

Es wurden Boden und Vegetation der semi- und extrem ariden Teile West-Agyptens untersucht. Nach der 
FAO - Klassifizierung wurden 21 Bodeneinheiten mit verschiedenen phases im Feld identifiziert. Die 
haufigsten Boden sind orthic Solonchaks, Lithosole, cambic Arenosole, haplic Yermosole, eutric Regosole, 
calcic Yermosole und chromic Vertisole. Eine Bodengesellschaftskarte für SW-Agypten im MaBstab 1:1000000 
wurde mittels geologischer Karten und LANDSAT Aufnahmen hergestellt. 

Da SW-~gypten praktisch niederschlagsfrei ist, wurde dort eine Standortsbewertung nwr für Bewasse
rungsfeldbau und für die üblichen in Agypten angebauten Kulturpflanzen durchgeführt. Diese Bewertung ist 
nach den Richtlinien für die Standortsbewertung der FAO (1976) durchgeführt worden. Die Bestimmung von 
Eignungsordnungen, -Klassen, -Subclasses und ~Einheiten erfolgte meist nach Auswertung der okologischen 
Bodenparameter. 

Die floristischen und vegetationskundlichen Erhebungen dienten der okosystematischen Bewertung ver
schiedener Landschaftseinheiten und wurden in einer okologischen Karte (Vegetation units) auf der Basis 
der o.g. Bodengesellschaftskarte zusammengefaBt. Arealgrenzen sowie die Verteilung autotropher und 
allochthoner Okosysteme lassen trotz der geringen klimatischen Unterschiede einen von SE nach NW 
verlaufenden Niederschlagsgradienten erkennen, der aufgrund der Topographie-, Baden- sowie Geomorpho
logie-Bedingungen verschieden wirksam ist. 

Unterstützt wurden die floristischen Aufnahmen von Untersuchungen der Samenbank, die eine Konzen
tration der Vegetation in Landschaftseinheiten mit hoher Reliefenergie bestatigten. 

ABSTRACT 

Soils and vegetation have been studied in the semi and extreme arid parts of west Egypt. According 
to the FAO soil classification 21 soil units of different phases were identified in the field. The most 
frequent soils are orthic Solonchaks, Lithosols, cambic Arenosols, 
calcic Yermosols and chromic Vertisols. By means of geological maps 
map at a scale 1:1.000.000 for south-west Egypt was established. 

haplic Yermosols, eutric Regosols, 
and LANDSAT images a soil association 
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