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Abstract The origin of the vast amount of water of the Nubian 
aquifer system in northeast Africa has been under controversial 
discussion among hydrogeologists. Does the water flow under more 
or less steady state conditions from intake beds in the humid 
Tibesti mountains or in the Ennedi mountains in Chad? Or was it 
recharged locally in the vicinity of the present oases during an 
earlier more humid climate so that present extraction actually means 
groundwater mining under unsteady conditions? An answer from a 
hydrodynamic point of view is presented using a two-dimensional 
horizontal finite element groundwater model simulating large-
scale flow from the Chad to the Qattara depression. It includes a 
leakage concept for the confined northern part in order to 
simulate possible recharge in the vicinity of the east Saharian 
depressions during humid phases. According to steady state 
simulations, infiltration solely in the southern highlands does not 
suffice to maintain the presently observed water levels. Large-scale 
flow from the Chad highlands to the Qattara depression is 
insignificant. Thus the system was mainly filled by local recharge. A 
calibration for the 1960-1980 period was carried out on the model 
in order to adjust geological system parameters in the vicinity of the 
Egyptian depressions. An 80 years simulation for the future 
extraction of planned pumping centres in Egypt and Libya leads to 
the conclusion that there will be little interference between them in 
the unconfined part but a common drawdown cone in the 
Egyptian New Valley area. Some water extracted in Egypt will be 
drawn from Sudan and Libya. The existing projects in Egypt and 
Libya extract about 0.5 km3 year"1, being the same order of 
magnitude as the natural groundwater discharge. The combined 
future projects would extract 5 km3 year"1, which is about ten times 
the natural outflow. Thus these projects would change the 
natural groundwater flow system completely. A comprehensive 
explanation of the aquifer behaviour seems to indicate a ground
water age far beyond the apparent 14C ages. Groundwater mainly 
flows between regions of (former) recharge and discharge. The 
presently extracted groundwater of the Egyptian oases was formed 
to a great extent during several humid phases in the unconfined 
part of the Nubian Aquifer in south-west Egypt. This part of the 
aquifer has been in a depleting process for several thousand years. 
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Un modèle de l'écoulement des eaux souterraines dans le système 
aquifère Nubien 

Résumé L'origine de l'immense quantité d'eau dans le système 
aquifère Nubien en Afrique du Nord-Est est discutée par les 
hydrogéologues depuis longtemps. Est-ce que l'eau coule en régime 
plus ou moins permanent depuis les régions montagneuses 
relativement humides du Tibesti ou de l'Ennedi au Tchad? Ou est-ce 
que l'eau souterraine était alimentée dans le voisinage des oasis 
d'aujourd'hui pendant une période passée de climat plus humide. 
Dans ce cas-là l'extraction serait une exploitation de ressources en 
régime non permanent. Une réponse d'un point de vue hydro
dynamique est présentée à l'aide d'un modèle d'éléments finis 
horizontal bidimensionel, pour simuler l'écoulement à l'échelle 
régionale du Tchad jusqu' à la dépression de Qattara. Les couches 
encaissantes dans le nord sont considérées comme semi-perméables, 
pour simuler une alimentation éventuelle autour des dépressions 
Sahariennes pendant des phases plus humides. Suivant les simula
tions du régime permanent, une alimentation limitée aux 
montagnes du Sud ne suffit pas pour conserver les niveaux piézo-
métriques observés. L'écoulement à l'échelle régionale du Tchad 
jusqu'à la dépression de Qattara est insignifiant. Donc, le système 
était rempli surtout par alimentation locale. Le modèle a été 
calibré pour la période de 1960-1980, afin d'ajuster les paramètres 
géologiques du système dans le voisinage des dépressions 
Égyptiennes. La simulation de l'extraction dans les centres de 
pompage proposés en Egypte et en Libye pendant 80 ans montre 
qu'il y aura peu d'interférence entre eux dans la section captive, 
mais qu'il y aura un cône d'appel commun pour la région de New 
Valley en Egypte. Une certaine quantité d'eau extraite en Egypte 
viendra du Soudan et de Libye. Les projets déjà existants en Egypte 
et en Libye extraient environ 0.5 km3 an"1, c'est dans l'ordre de 
grandeur du débit naturel. L'ensemble de projets futurs extrairait 5 
km3 an"1; dix fois le débit naturel de l'aquifère. Une interprétation 
comprehensive du comportement de l'aquifère semble indiquer des 
âges de l'eau souterraine bien plus élevés que les âges apparents au 
radiocarbone. Les eaux souterraines coulent principalement entre 
les régions (anciennes) de recharge et celles de décharge. Les eaux 
extraites aujourd'hui dans les oasis Égyptiennes, ont été formées 
en grande partie pendant plusieurs phases de climat humide dans 
les nappes phréatiques de l'aquifère Nubien en Egypte du 
sud-ouest. Cette partie de l'aquifère est dans un processus de 
vidange depuis plusieurs milliers d'années. 

INTRODUCTION 

The Nubian aquifer system (Fig. 1), one of the largest groundwater systems 
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of the Sahara, is formed by two major basins: the Kufra Basin in Libya, 
northeastern Chad and northwestern Sudan, and the Dakhla Basin of Egypt. 
In addition, the aquifer area includes the southernmost strip of the 
Northwestern Basin of Egypt and the Sudan Platform. The total area is 
about two million square kilometres. 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 outcrop at the 

Fig. 1 Location map of the Nubian aquifer system. 
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rim of the Chad basin. In the 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 centre of the basin, where the average precipitation is less than 5 mm 
year"1, there are several thousand metres of saturated sandstones. Obviously, 
there is 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 is based on observations of groundwater levels and postulates 
a large-scale flow from mountainous recharge areas in the southwest (Tibesti, 
Ennedi) to northeast 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 which is 
based on investigations of groundwater isotopes, groundwater had been 
formed locally in the surroundings of the present discharge areas during a 
more humid climate prevailing all over the present desert. If so, groundwater 
extraction must be regarded as mining of an unrenewable resource under 
unsteady conditions. 

Objectives of the investigation 

The objectives of the investigation were twofold: to clarify the natural flow 
conditions and to assess the impact of artificial stress on the system. These 
two processes imply two different time scales. 

Regarding natural flow conditions over several thousand years, the 
following questions had to be answered: 

Is the aquifer recharged at intake beds in humid areas of the Ennedi 
or Tibesti mountains? Or was it recharged in the vicinity of the 
present oases during an earlier more humid climate? 
When was the groundwater recharged and is the aquifer still recharged 
at present? 
Does the groundwater travel large distances from Chad to Qattara or 
is its travel distance locally restricted? 
Is the water flowing under more or less steady state conditions or has 
it been in an unsteady depleting process even before artificial 
extraction started in 1960? 
Was the groundwater in the northern part of the aquifer recharged by 
leakage through the confining beds during earlier humid periods? 
How does the aquifer react to climatic changes? 
Are the different geological basins of the Nubian Aquifer system 
hydraulically connected? 
Is the groundwater flow restricted to the upper layers of the aquifer? 
How can the 14C ages be explained? 
In order to assess the impact of artificial groundwater extraction during 

the past decades, it was of interest to find out: 
Is the present recharge significant for present or future extraction schemes? 
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How does the aquifer react to artificial extraction? 
Is an interference of drawdown cones of future pumping centres to be 
expected? 

Model concept 

A two-dimensional horizontal finite element model was chosen as a basic tool 
for the simulation of the Nubian aquifer system. Given the vast extent of the 
Nubian aquifer, an essentially horizontal flow was assumed. This assumption 
was verified with a vertical model of a typical cross-section. 

The finite element grid covered an area of two million square 
kilometres. Thus large distance flow from the Chad to the Qattara depression 
could be modelled as well as the transition from a semi-arid climate to the 
present hyper-arid conditions over several thousand years with a corre
sponding flow distance. 

The model was designed as a closed system. In this way, reliable 
zero-flow boundary conditions could be identified at the outcrops of the 
basement, i.e. the natural boundaries of the system. All groundwater flow, 
recharge and discharge, occurred within the model. 

The confined part of the system in the north was considered as a "leaky 
aquifer", allowing vertical water exchange between the Nubian aquifer and 
overlaying sediments, i.e. exfiltration to the large Egyptian depressions like 
Kharga or Dakhla and possibly infiltration from highlands. 

The geological system parameters, viz. transmissivity, storage coefficients 
and leakage factors, were deduced from field data (Hesse et al, 1987). They 
were determined for each stratigraphie unit of the Nubian sequence and 
applied over the whole spatial extension of the corresponding formation in 
order to obtain regional characteristics. These geological parameters were 
considered to be constant for all simulation runs. The time dépendance of 
the storage coefficient was taken into account by modifications in the 
prediction runs. The ground level was considered an upper boundary of the 
water table under humid conditions and was carefully taken from different 
maps and reports. 

Hydrographs of water levels of lakes, oases or wadis were introduced as 
fixed head boundaries and the corresponding discharge calculated by the model. 
Information on paleo-lake levels was mostly gathered from Pachur et al. (1987). 

SIMULATION OF THE NEW VALLEY EXTRACTION 1960-1980 
(CALIBRATION) 

The numerical groundwater model may be regarded (for every nodal point) as 
a fixed geological system described by storativity, transmissivity and leakage 
coefficients and variable hydrological boundary conditions. In a simplified 
view, the geological system transforms an input function (recharge or 
discharge) into an output (potential head). 

In order to determine the geological system parameters, the input and 
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output have to be known. Once the system parameters are known, different 
recharge and discharge mechanisms may be tested and the calculated 
potential heads compared to observed values in order to evaluate the 
corresponding recharge-discharge concepts. 

Some general problems may be mentioned: 
The storage coefficient for artificial extraction from deeper layers of the 
aquifer might be time-dependent and not equal to the value for 
natural flow under water table conditions. 
There might be several combinations of transmissivity and leakage values 
that lead to satisfactory results. Values are not known in all nodal 
points and are not always exact. 
The discretization of the spatial network and the time-step is rather 
broad in the oases. 
Some of the assumptions and results cannot be verified since exploration 
bores are lacking in some areas. 
Hydrogeological characteristics of Postnubian aquifers were not known in 
detail and could not be simulated. 
For the Egyptian Oases called "New Valley" both input and output of the 

system are known. This offers the opportunity to adjust the estimates of the 
geological system parameters. Given a mean annual precipitation of a few 
millimetres and a potential evaporation of several thousand millimetres per year, 
recharge to the Nubian aquifer can be assumed to be zero in this area. Discharges 
of 1675 shallow and 458 deep wells were measured by Egyptian authorities (Fig. 
2) once a year during the 1960-1980 period as were the levels of observation 
wells. With the given discharge, the geological parameters were modified in a way 
that the drawdown hydrographs of 29 observation wells were matched best by the 
calculated potential heads (Fig. 3). 

The calibration was done by an iterative process starting with a long 
term simulation of 8000 years depletion of the steady state filled up aquifer. 
The final state of this long term run was used as the transient initial 
condition for the 20 years simulation of the New Valley extraction. 

In the course of the calibration, transmissivity had to be modified in 
detail in order to take distinct local inhomogeneities into account. A 
considerable reduction of the previously estimated leakage factors had to be 
applied in the confined part of the aquifer outside the oases. Leakage 
coefficients range from 3 x 10"3 year"1 in the oases to 8 x 10"7 year"1 outside. 
Storativity in the unconfined part was increased to 0.5% and left at 10% in 
the unconfined part. 

The accuracy of the geological parameters and the regional validity of 
the groundwater model may be judged from the agreement between 
calculated and observed groundwater heads in places that had not been used 
for calibration. In the well fields of the New Valley oases in Egypt, the East 
Oweinat Project area close to the Sudanese border and Kufra Oasis in Libya, 
observed water levels were met with an accuracy of about one metre. 

The geological parameters were conceived on a regional scale. Local 
inhomogeneities and uncertainties about the ground level explain locally 
restricted divergences of more than one metre in both directions between 
observed and calculated potential heads. 
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Fig. 2 Artificial extraction in the oases of the New Valley 
project during the calibration period 1960-1980. 

SIMULATION OF NATURAL GROUNDWATER FLOW 

In order to test different flow hypotheses, appropriate boundary conditions, i.e. 
recharge and discharge patterns, were applied to the fixed geological system. 

Steady state initial conditions under semiarid climate 

It was assumed that, during some earlier period, precipitation and subsequent 
infiltration over the entire present desert were high enough to maintain a steady 
state. Discharge areas were essentially the same as the oases at the present time 
and were introduced by fixed potential heads at their earlier levels if known. 

The recharge distribution was determined by an iterative process 
order to meet the following conditions: 

the recharge should be as high as possible; 
the water-bearing sandstones are saturated and water levels are at 
slightly below the ground surface; 
the potential head should be higher than today; and 
recharge through wadi floors was assumed by fixed potential heads 
Wadi Howar and the rim of the Tibesti mountains 

The results (Fig. 4) may be summarized as follows: 
A semi-arid steady steady state may be maintained with as little as 10 mm 

in 

or 

m 
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year"1 recharge in the Ennedi, Oweinat and Gilf Kebir mountains. 
Recharge is limited by the small surface gradient and not by lack of 
precipitation. 
The plains and depressions have never been recharge areas, since water 
always was close to the surface. 

Fig. 4 Recharge distribution and fixed potential heads for steady 
state initial conditions. 
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There is no uniform gradient towards the northeast. The potential head 
distribution reflects the shape of the ground surface (Fig. 5). 
Groundwater flow occurs between areas of recharge and discharge in all 
parts of the Nubian aquifer system. 
A small large-scale flow is superimposed on this locally restricted 
regional flow pattern. 
There is limited recharge through the confining beds in the highlands of 
the confined northern part of the aquifer that may explain low 14C 
19 28 i 32 33 3< 

21 22 23 24 25 26 27 28 29 3 B 31 

Fig. 5 Groundwater contour lines for steady state initial conditions. 
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values in the confined part. 
With a slightly increased recharge, new discharge areas i.e. shallow lakes 
and vegetated areas, start to occur at the intersection of the hill slopes 
and the plains and spread with increasing recharge over the entire 
present desert. 

Simulation of possible present steady state conditions 

Ball (1927) assumed the groundwater system to be in a steady state with 
infiltration in the southern highlands. The possibility of such a steady 
state was investigated. Recharge was simulated by a fixed head in the 
Wadi Howar, according to a concept described by Sandford (1935). 

Under such conditions, a large-scale flow develops from the southern 
highlands to the Qattara depression. However: 

Even with an unrealistically high transmissivity the groundwater level 
drops below observed water levels in the waterholes in northern Sudan 
and southern Egypt. 
Under such conditions, oases like Nukheila, Atrun, Laqia 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. 
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 rather independent 
from boundary conditions 1000 km south. 
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 southeast highlands. The transmissivity 
distribution, together with the low surface and groundwater gradients does not 
permit sufficient groundwater flux to maintain the present natural discharge 
areas at those oases. 

Simulation of unsteady groundwater flow after transition to hyperarid climate 

The most realistic concept for natural flow conditions within the Nubian 
aquifer system is a gradual decrease in storage along with climatic change 
and some limited recent or subrecent recharge in the highlands. Starting 
from the steady state with filled up conditions, the aquifer's behaviour was 
simulated over 8000 years after cease of recharge. Only in the southern 
Erdi and Ennedi highlands recharge lasted a further 4000 years. 

The results of the simulation runs may be summarized as follows: 
Recharge in the southern parts of the system continued for several 
thousand years longer than in the north (see Pachur & Krôpelin, 
1987). Otherwise, the oases at a high geodetic level like Nukheila (500 
m) or Kurfa (400 m) dry out. 
Increasingly aridity is expressed by decreasing discharge (Fig. 6) in the 
oases. Water levels do not drop considerably below surface levels as 
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Fig. 6 Discharge hydrographs for different depressions. 

long as the depressions remain natural discharge areas. 
Increasing aridity is expressed by decreasing water levels in other parts 
(Fig. 7), particularly the former recharge areas. 
Recharge of the Nubian Aquifer by downward leakage remains more or 
less constant at a low level. It constitutes less than 10% of the 
discharge in the Egyptian depressions. 
A large-scale flow becomes more important with increasing aridity. 
Under natural conditions, most of the discharging water is taken from 
the storage of the unconfined Nubian aquifer, but some is taken from 
the storage of the confined Nubian aquifer. 
In the time scale of natural changes, the Nubian groundwater system 
had been in an unsteady state of outflow, where the discharge is taken 
from storage, before artificial extraction started. This outflow process 
was slowed down or interrupted by local infiltration occurring in the 
central and southern highlands. 

PREDICTION OF THE DRAWDOWN CAUSED BY ADDITIONAL 
EXTRACTION IN EGYPT AND LIBYA 

The model, which was tested in retrospective simulation of long term and 
short term development of the groundwater flow pattern could now be used 
to predict the drawdown caused by existing and planned extraction projects. 
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Fig. 7 Drawdown 8000 BP - 1960. 

Since it covers the whole system across the political boundaries, it was particularly 
adapted to investigate the large-scale interaction of those projects. 

Assumed extraction data 

The simulated extraction plans in Egypt and Libya are compiled in Fig. 8. 
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According to GPC figures (General Petroleum Company, 1986), Egypt plans to 
increase the extraction by 2359 x 106 m3 year"1, in addition to the 1980 value of 
417 x 106 m3 year1. 

The Libyan extraction figures are taken from a model study by Abufila 
(1984) and include only projects situated in the Nubian aquifer model area. 

Total assumed extraction in Egypt is 2800 x 106 m3 year4 and 2200 x 106 

m3 year"1 in Libya. Total extraction imposed on the Nubian aquifer is 5 km3 

year"1, 14 x 106 m3 day"1 or 160 m3 s"1. 



439 Groundwater model of the Nubian aquifer system 

Results of the prediction 

The groundwater flow pattern at the beginning of the new projects in 1990 
(Fig. 9) is still marked by natural flow to the oases. Artificial extraction has 
only locally restricted influence on the flow pattern, however dominant in 
affected areas. In 2070, after 80 years of additional extraction, deep drawdown 
cones will have been formed (Fig. 10). In the unconfined part of Egypt the 

'9 22 21 22 23 2, 25 z6 zl 28 29 ™___^L—?l-

22 23 - 24 25 26 27 

Fig. 9 Groundwater contour lines in 1990 (beginning of additional 
extraction). 
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Fig. 10 Drawdown 1990-2070 (after 80 years of additional 
extraction). 

new Farafra projects are now in the centre of a common drawdown cone 
between Bahariya and Dakhla. It will also include Siwa and Kharga and a 
small part of Libya. The model predicts a maximum drawdown of 130 m in 
Bahariya and Farafra. The extraction in E-Oweinat and Qena-Laqita will 
cause separate drawdown cones, also exceeding 100 m. 

In Libya the S-Sarir project situated at the model boundary causes a 
very deep drawdown, although only one third of the planned extraction has 
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been imposed on the Nubian aquifer, but transmissivity at the boundary of 
the aquifer system is very low. The five projects around Kufra with a 
combined extraction of 1700 x 106 m3 year"1 form a common drawdown cone 
with a maximum depth of 50 m. This is much less than the Egyptian 
E-Oweinat project, because the aquifer is much thicker in Kufra and the 
extraction is distributed over a larger area. 

The predicted drawdown figures are similar to those calculated by 
Abufila (1984) in a Libyan regional model which is probably based on better 
hydrogeological information in that part. The prediction for East Oweinat is 
similar to the simulation by General Petroleum Co. (1984). Nevertheless, 
the simulated drawdowns cannot be taken as exact predictions for certain 
projects. The calibration of the model described herein was restricted to the 
vicinity of the New Valley project. In all other parts, including Qena-Laqita, 
Siwa, E-Oweinat and also Libya, the predictions can only be estimates. 
Furthermore, the predicted drops of groundwater levels would essentially 
change storativity and transmissivity and would also induce three-dimensional 
flow in a layered aquifer. In the model such conditions were not taken into 
account. 

In Bahariya, Farafra, Qena-Laqita, and possibly in Siwa and Dakhla, 
changes to unconfined conditions would occur. In that case the drawdown 
would slow down considerably. In the simulation, storativity was increased to 
1% in the centre of the drawdown cones during the extraction. Thus the 
change to semi-confined conditions has been approximated. For an exact 
prediction (if possible), much more information is needed about the base of 
the confining layers, but this will be the subject of local prediction models. 

The groundwater flow pattern after 80 years of additional extraction 
(Fig. 11) is marked significantly by the exploitation. The groundwater level 
in Farafra and Bahariya will have dropped to the Qattara level. In the 
E-Oweinat area the natural groundwater flow from southwest to northeast is 
intercepted in a limited area. The deviation of groundwater flow is also seen 
in Fig. 12, where the depth-integrated velocity is shown by arrows. The 
artificial groundwater discharge far exceeds regional groundwater flow. 

CONCLUSIONS 

Groundwater balance 

The groundwater flow during different phases of climate and artificial 
extraction has been quantified by the numerical model for the following 
simulated flow conditions: 

steady state filled up conditions; 
transient long term change to arid conditions; 
artificial drawdown by existing projects (New Valley and Kufra); and 
drawdown by planned extended projects. 
The long term and short term changes in groundwater storage together 

with the change in recharge and extraction for the whole Nubian aquifer 
system have been compiled in Fig. 13, where both changes are shown to 
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Fig. 11 Groundwater contour lines in 2070 (after 80 years of 
additional extraction). 

different time scales. 
At the beginning of the long term simulation 8000 years ago, the 

recharge is reduced from 2400 to 800 x 106 m3 year"1 in the Ennedi 
mountains. The discharge decreases slowly, since it depends only on 
groundwater level. At first, the insufficient recharge is replaced by extraction 
from the storage (1600 x 106 m3 year"1 8000 years ago). After 4000 years, 
when recharge in the Ennedi mountains stops, this is also substituted by the 
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Fig. 12 Groundwater flow directions and integrated velocities in 
2070 (after 80 years of additional extraction). 

storage. After both changes the groundwater level declines, and consequently 
groundwater discharge diminishes. As the system tends towards a steady state, 
the annual extraction from groundwater storage declines. 

Since this is a very slow process, it can only be seen at a long term 
scale. Artificial groundwater extraction is a very rapid change in groundwater 
discharge, being directly pumped from storage. Therefore, the curves of 
extraction and storage are parallel at the short term scale. Since natural 
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Fig. 13 Change in groundwater storage 8000 BP-2070. 

discharge is not significantly diminished by artificial extraction, the system has 
to cover both natural and artificial extraction. 

At the beginning of extraction in 1960, natural outflow was 550 x 106 

m3 year"1. The existing projects in Egypt and Libya extract approximately the 
same quantity. The planned projects would extract 5000 x 10° m3 year"1. This 
is nearly ten times the natural discharge. Natural groundwater flow, which, up 
to now, is not much affected by the existing projects would be completely 
changed by these schemes. It has to be mentioned again that prediction of 
the effects of such projects becomes less reliable, since essentially it is an 
extrapolation of existing flow conditions. 

General aquifer behaviour 

Simulation on the large-scale numerical groundwater model revealed some 
dynamics of the Nubian aquifer system: 

Based on paleoclimatic evidence (Pachur et al., 1987) it is assumed that 
there has always been a change between humid and arid phases, each lasting 
for several thousand years. After an arid depletion, the aquifer is quickly 
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replenished over large areas in the entire unconfined part as soon as humid 
climatic conditions set in. This filling process ends when recharge and 
discharge balance each other, i.e. in a humid steady state. Such a state 
probably existed 8000 years ago. 

Such a humid state may be maintained with as little as 10 mm year"1 

recharge in the highlands. No recharge then occurs in the depressions and 
plains. Recharge and large-scale flow are limited by relatively small gradients. 
Most of the recharged water discharges to areas nearby; only a minor part 
reaches more distant areas at a lower level. The Nubian aquifer is a 
continuous system. However, the regional flow across the system is very small 
compared to the flow within sub-regions of the system. 

During a humid phase, some limited recharge may also occur in the 
northern confined part of the aquifer. The low permeability of the confining 
layer is compensated by a high vertical gradient. This local recharge in the 
confined part only constitutes a small fraction of the discharge of the 
confined oases. The overwhelming part of their waters originate from 
horizontal flow from the unconfined part. A small local infiltration does, 
however, explain measured 14C values of the confined part. 

The water balance for steady and transient conditions shows that there 
is always a deficit in the confined part, which is compensated by regional flow 
from south to north because of the higher average elevation of the 
unconfined part. Under arid conditions, water comes mainly from unconfined 
storage. 

Humid conditions are characterized by high gradients, high flow rates, 
small-scale flow patterns from locally restricted reservoirs with short and long 
residence times in the same water reservoir. 

Arid conditions are characterized by small gradients, small flow rates, 
large-scale flow out of regional reservoirs with long residence times. 

Climatic changes influence the groundwater flow down to the basement. 
Groundwater movement at great depth is induced by variations in hydraulic 
heads at the surface, while mass is not exchanged. High groundwater ages can 
be sufficiently explained by low flow velocities. An exchange of the entire 
groundwater body takes a much longer time than a change in climate. 

The aquifer has never been entirely depleted. Changes in groundwater 
level occurred only in the upper tens or few hundred metres. Even after a 
very extended arid period, the aquifer can be depleted only to the level of 
the lowest discharge area (Qattara). 

Apparent 14C ages of 25 000 to 40 000 years are mixed "ages" and 
reflect the roughly 5% of water of the screened well intervals that was 
recharged during the last pluvial, 8000-6000 years ago. Other portions had 
been recharged during earlier pluvials. Their waters contain no C and lead 
to helium ages of several million years. Thus, the overwhelming part of the 
groundwater was not recharged 8000 or 20 000 years ago, but over millions 
of years throughout the whole continental history of the Nubian sequence. 

The apparent age of a groundwater sample, taken from a certain depth 
of the aquifer, is not only influenced 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, 
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it can be 1 million years determined by the He-Ar method, and at the same 
time 20 000 years determined by 14C method. 

Most of the groundwater in Egypt and Libya was recharged during 
humid and semiarid climatic periods in the unconfined parts of the aquifer. A 
large-scale flow with present recharge only is not sufficient to maintain 
equilibrium conditions under the present climate. Before artificial extraction 
began, the groundwater level already was declining slowly. 

Infiltration, supporting equilibrium conditions, stopped some 8000 years 
ago, but continued on a minor scale in different areas and time intervals. 
Possible subrecent groundwater recharge in the central or southern highlands 
is small and difficult to assess. The present recharge in Wadi Howar or the 
Tibesti mountains is only relevant for natural flow conditions in geological 
time scales. For artificial extraction it is negligable. The river Nile, acting as a 
drainage channel, does not recharge the sytem. 

The natural system with a time scale of thousands of years is under 
unsteady conditions. For artificial extraction in a time scale of tens of years 
these may be regarded as quasi-steady initial conditions. However, in any case, 
artificial extraction leads to a highly unsteady situation with almost the entire 
extracted water taken from storage. 

Sophisticated small-scale extraction schemes require detailed modelling. 
Boundary and initial conditions for such models may be determined by a 
regional model or by similar models which take into account the 
non-equilibrium of the pre-development state. When calculating the artificial 
drawdown, the "natural" decline of the groundwater level may be neglected. 
A steady-state calculation of initial conditions, however, will result in 
transmissivities too high if extraction figures are used. Still, any prediction of 
drawdowns for high extraction rates over 100 years is biassed if only small or 
zero extraction rates are measured over a short period of time. 

In Libya, the projects in and around Kufra will interfere with each 
other. Because of the large aquifer thickness, the drawdown in these projects 
is small compared to the E-Oweinat project area. Within the foreseeable 
future it is unlikely that Libyan projects could interfere with Egyptian projects 
because the distance is too large. In addition, the palaeozoic outcrops west 
of Gilf Kebir form a barrier for major groundwater flow. 

Pumping centres in the desert form extraction cones. Groundwater from 
the surrounding 100 or 200 kilometres flows into these cones. The water 
which had been recharged in the surrounding areas thousands of years ago is 
consumed within some decades in the centre of such cones (e.g. New Valley 
or Kufra). The disposable water for such a project is not the whole 
groundwater body but only the amount of water stored in the extraction 
cone. Groundwater extraction in the Nubian Desert is groundwater mining of 
a limited and non-renewable resource. Its costs and gains have to be carefully 
evaluated. 
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