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Finally this discussion shows that the confined groundwater in the Nubian Aquifer System has o~v~~us
ly been for~ed in the area of influence around the depressions, by infiltration of local paleo-prec:~, a-

. . . 
0 

the ex onential decay of the groundwater mass is in the order of some ou-
::~~· ::~sr:~~;~t~~~st~:~at:vely fa~t decay requires the existance of high groundwater levels during holo-

y t er"ods which has been concluded from the geomorphological finding (PACHUR 1982). Groundwater 
cene w~ Pd,. 'holocene periods however, seems to be contradicted by the groundwater isotope data, 

:~~:~t:~:ld~:,::stly pleistocene ;roundwater ages (SONNTAG 1982). This discr~pancy coul~ be d~: ~~u:h:ould 
fact, that more or less all groundwater samples investigated stem from Sahar1an depr~ss1ons. . t l 
be, that holoçene groundwater having been formed in the area around have not yet arr1ved at th1s na ura 

discharge locations. 
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ZUSAMMENFASSUNG 

SOME ASPECTS OF A NEW GROUNDWATER 

MODEL FOR THE NUBIAN AQUIFER 

SYSTEM 

by 

M. HEINL and R. HOLL}(NDER 

Berlin 1984 

Das Konzept fUr ein Grundwassermodell fUr das Nubische Aquifersystem im Osten der Sahara wird vorge
stellt. In einem Oberblick Uber das derzeit beobachtete Strlimungsbild wird gezeigt, daB das Klima im grëB
ten Teil des Gebietes heute voll arid ist, daB es aber frUher Uberall humide Verhaltnisse mit Grundwasser
neubildung gegeben hat. Die zentrale Frage, zu deren Lësung das Modell beitragen soll, ist die Frage nach 
dem Ursprung des reichlich vorhandenen Grundwassers. Anhand grundsatzlicher Oberlegungen zur Modellierung 
von Grundwasserstrëmungen wird gezeigt, daB das Modell das ganze Aquifersystem umfassen und die humiden 
Klimaphasen einschlieBen muB. Es werden mëgliche Lastannahmen genannt, mit denen gerechnet werden kann, 
obwohl fUr die vorgeschichtliche Zeit keine direkten Beobachtungen vorliegen. Dementsprechend wi rd das Mo
dell verschiedene Mëglichkeiten fUr die Entstehung der heutigen Grundwasserstrëmung zeigen, die aufgrund 
sonstiger Beobachtungen als mehr oder weniger wahrscheinlich eingestuft werden kënnen. 

ABSTRACT 

A conception of a groundwater model for the Nubian Aquifer system in the eastern Sahara is presented. 
From a general view of the groundwater flow as observed today, it is certain that the climate in the major 
part of the area today is completely arid, but that in former times the entire basin was under humid con
ditions enabling groundwater recharge. The central question to the solution of which the model should con
tribute is the question of the origin of the abundant groundwater. It is shown in view of general consid
erations about groundwater models that the model should comprise the whole aquifer system and should in
clude the humid climatic periods. Possible hypotheses for forcing-functions are discussed; these can be 
used in the calculations, although no direct observations exist for prehistoric times. Accordingly, the 
model will show different possible evolutions of the piezometric heads observed today. With the aid of 
other observa~ions these possibilities can be classified as more or less probable. 

RESUME 

On présente ici la conception d'un modèle mathématique pour les eaux souterraines dans la nappe aqui
fère de Nubie dans le Sahara oriental. Dans une vue générale de 1 'êcoulement, comme il se présente au.
jourd 'hui, il est précisé que le climat de la partie principale de la region est maintenent complètement 

Author's add ress: Dr.-Ing. Manfred Heinl and Di pl .-Ing. Rob.ert Hollander, Ins t it ut fUr Wasserbau und Was
serwirtschaft, Technische Universitat Berl in. POB. 1.00320, D - 1000 Berl in 10 
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aride, pourtant dans les temps précédents dans le bassin entier le climat était humide et la nappe aquifère 
était rechargée. Le problème principal dont le modèle doit aider a resoudre, est la question d'origine des 
eaux souterraines abondantes. Il est montré par raisonnement général sur les modèles mathématiques pour 
les eaux souterraines, que le modèle doit comprendre la nappe aquifère entière et doit considérer les 
périodes du climat humide. Des hypothèses possibles pour les ~onditions initiales et les apports sont dis
cutées. Elles peuvent être uiilisées dans les calculs, malgré qu'il n'y a pas d'observations directes pour 
les temps préhistoriques. En conséquence le modèle montrera des évolutions différentes possibles des ni
veaux piézometriques d'aujourd'hui. Al 'aide d'autres observations elles peuvent être classées comme plus 
ou moins probables. 

1. MODELS OF GROUNDWATER FLOW IN THE NUBIAN AQUIFER SYSTEM 

The Nubian basin is the most easterly one of the big aquifer systems of the Sahara. Covering an area 
of more than 2 mill. km2 , it includes the major part of Egypt, the southeastern part of Libya, the north
eastern part of Chad, and the northern part of Sudan. The aquifer consists mainly of sandstone with inter
calations of less permeable layers. In the west, the east, and the south basement outcrops form the borders 
of the basin. In the southwest, between Ennedi- and Tibesti-mountains, the sandstone layers are connected 
with the Chad basin. In the north the aquifer system is closed by marine formations of very low permeabil
ity. 

Near the 25th parallel the aquifer dips to the north, so that the whole northern part is covered by 
confining layers. The oases Kharga and Dakhla are situated in the confined part of the aquifer system. 
The mean elevation of the surface at the southern border of the area is 600 m above mean sea level and 
slopes more or less regularly to sea level in the north, having a diameter of 1500 km, resulting in a mean 
slope of about 0.3 t. The regular surface is interrupted by mountain areas like Uweinat and Gilf Kebir. 
The most important depressions are Siwa, Quattara, Bahariya, Farafra, Dakhla, Kharga, and Kufra. 

In former times groundwater was discharged in natural springs in the oases. In recent times discharge 
has been expanded by the drilling of deep wells which are situated mainly in the confined part of aquifer 
system. The distances between different groundwater observation points frequently exceed 100 km. An im
pression of the vastness of the area and the distribution of observation points is given in Fig. 1, where 
numerous wells concentrated in one oasis are represented by one observation point. Neglecting local ex
ceptions, it becomes obvious that the groundwater 1evel, or hydraulic head, is not very deep below the 
land surface, or it could be even above the land surface in the northern oases. From this it can be con
cluded that the groundwater also follows a mean slope of about 0.3 t. Considering this slope and the very 
high aquifer thickness, encountered in most parts of the Nubian basin, it seems reasonable to assume that 
a regional groundwater flow exists from the southern highlands to the north of the basin. 

Today in the major part of the Nubian basin an extremely arid climate prevails. There are extended 
areas with an estimated mean annual precipitation of 1 mm. Only in the southwestern mountain areas, in 
the southern parts, and perhaps at the eastern border of the Nubian basin, cou]d the annual amount of pre
cipitation allow a certain groundwater recharge today. More than 20.000 years ago, and possibly later, 
during some shorter periods of time the climatic conditions were humid enough to charge or recharge the 
aquifer system. The groundwater that flows freely or is pumped in the oases today could have originated 
from a slowly discharging reservoir that was filled in prehistoric times. Excluding any recharge today 
the present groundwater gradient would have to be attributed to other phenomena. Another possibility is 
that the groundwater is recharged by the assumed regional flow from southern marginal areas. 

This question can only be answered by calculations that take into account the fonner and recent flow 
conditions in areas where groundwater recharge is and has been possible. Therefore, a numerical groundwa
ter model is constructed that simulates the long-term regional groundwater flow. The model may contribute 
to the clarification of the range of time during which climatic changes influenced the groundwater flow 
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as well as the importance a limited groundwater recharge at marginal areas had during periods as arid as 
the present one. 

This report wi ll describe the concept of this new mode1. As the present approach is different from 
that to earlier models in this area, some general remarks about the simulation of groundwater flow will be 
given first. 

2. PRINCIPLES OF GROUNDWATER MODELS 

There are various possibilities of constructing models. Today the most common ones are based on the 
Finite Element Method (FEM). If a two-dimensional horizontal approach is used with the FEM the natural 
groundwater level is approximated in the model by the calculated groundwater heads at a finite number of 
nodal points. Between these points the groundwater head will be obtained by appropriate interpolation. 
Assuming that all parameters of the porous medium can be determined with sufficient accuracy. the approx
imation will be the better the more nodal points (or finite elements) are employed. But if only rough re
gional mean values of the medium's distributed characteristics are known, a detailed model network would 
fake a degree of accuracy that does not exist due to basic model preconditions. 

The accuracy of a model as a representation of a natural process is influenced by two factors: 
- The natural process itself has to be known as completely as possible, so that remaining gaps of in

formation can be closed by applying general physical laws. Incomplete knowledge of the physical process 
will lead to inaccurate results. This represents the main difficulty in groundwater models. 

- Then the natural process has to be transferred carefully to a modelled process. Mistakes in this 
transfer process occur when for a certain natural phenomenon no parameter can be introduced into the model. 
For example, the necessary simplifications of the groundwater equation lead to certain restrictions of 
application, so that sometimes some physical processes can only be taken into consideration indirectly. 

In general, the former factor has a greater influence on the accuracy of groundwater models than the 
latter. 

In the field of mathematical groundwater investigation the model system is defined by system-parameters 
such as model-geometry, storage coefficient, thickness, and permeability of the aquifer. In the FEM local 
(or regional) mean values of these parameters are attached to each element. Then the model is checked to 
determine whether it gives the correct excitation-response relationship of the natural aquifer. This is 
done during the calibration phase by employing forcing-functions of which the natural effect is known. 
Forcing-functions are specific groundwater recharges or discharges which have occured over a longer or 
shorter period of time and which have led to well-known changes of groundwater levels in the area under 
consideration. If these changes are simulated incorrectly, the system-parameters are refined, so that in 
the end model and nature correspond closely enough to permit predictions. 

3. DIFFERENCES TO EARLIER GROUNDWATER MODELS IN THE NUBIAN AQUIFER SYSTEM 

Former groundwater models always covered only parts of the Nubian Aquifer system (fig. 2). In all these 
models the assumed relationship to the entire system strongly influenced the results. For the first time 
now an approach to models is investigated that comprises all important parts of the Nubian Aquifer system 
(fig. 3). With regard to system-parameters and forcing-functions some general differences from earlier 
models can be shown. 
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2: Groundwater models for parts of the Nubian Aquifer System 
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3.1 System parameters 

Inaccuracies occur when the information about system-parameters is insufficient and no definition of 
appropriate forcing-functions is possible to complete it. In recent years extensive activities with respect 
to geology and development have considerably expanded our knowledge about single aquifers and aquifer re
actions in the Nubian Aquifer system. This allows a much better estimation, than was possible in former 
models, of the regional or local mean values of aquifer thickness and of permeability in the central parts 
of the area. The same amount of information about the marginal areas is not available, especially with 
regard to the location and hydraulic impact of geological disturbances which could influence regional 
groundwater flow. This is a disadvantage that could cause errors, but it is hoped that the consideration 
of the entire system will help to avoid misinterpretations. As in any other model, during calibration an 
attempt must be made to refine estimations and to exc1ude false assumptions. 

Because of the vast extension of the area the use of a two- or more-layered model to simulate the re
gional groundwater flow seemed questionable. In contrast to e.g. BARBER and CARR (1976), therefore, it 
was decided that the model should be one-layered. Nevertheless, in the confined northern part a simulation 
of upward leakage to younger formations has to be possible. Thus, in that part the incorporation of leak
age-factors and pressure head differences to younger formations leads to a quasi two-layered approach. The 
geological analysis does not provide sufficient information as to which layers can be comprised in the 
model and which do not have any influence on the regional flow. The comparison of hydraulic aspects in 
local parts of different cross-sections help to answer these questions. 

3.2 Forcing-functions 

In order to carry out a meaningful calibration a pattern of forcing-functions has to be chosen that 
affects the whole system. A water level change should occur not on1y in one small part, but in every part 
of the system. Therefore, information on a sufficiently long period is required. If a model is established 
for steady state prediction runs only, provided the area is small and serious errors of the system para
meter distribution are not expected, then sometimes as so called "steady state" calibration, consisting 
of different hydrological states, may be economically justified. In an area of vast extension with low 
groundwater velocities a steady state calibration will lead to highly unreliable results. 

The main problem (see sec. 4) of the current investigations is the definition of forcing functions. 
This is also a point with regard to which some former models of the Nubian Aquifer system have been erro
neous. Proceeding from the presumption of a steady state flow, a high artificial discharge was assumed to 
equal the long-tenn recharge in a remote area, even though the short-term local discharge had affected 
only a very small part of the considered area. To obtain at least a rough correspondence with recorded 
or figured natural groundwater levels, high model permeabilities had to be imposed on the system, which 
then failed to simulate local depression cones correctly. So the presumption of a steady state led to a 
wrong pattern of forcing-functions as different phenomena had been considered as hydrau]ically connected. 
The calibration with incorrect forcing-functions resulted in doubtful system parameters, and the assump
tion of equilibrium led to high amounts of groundwater recharge which were difficult to justify by natural 
conditions. 

The large extensions of the model areas and the low groundwater velocities make the definition of 
forcing-functions much more complicated than the ascertainment of the system parameters. The question of 
initial conditions, former and recent groundwater recharge and discharge is actually the question of the 
origin of the groundwater in the Nubian Aquifer system, and thus a central topic of the Berlin-based spe
cial research project "Geoscientific problems of arid areas". 

Contrary to the usual models, the calibration of the present model demands a testing of different 
possible forcing-functions and at the same time a critical examination of the system's parameter distri-
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bution. Therefore, long-term and short-term calibration runs must be carried out simultane~usly'. Defi~ition 
and testing of hypotheses of discharge-recharge-patterns have to be done in close cooperat1on w1th sc1en 
tists in related fields. 

4. INITIAL CONDITIONS AND ELEMENTS OF POSSIBLE RECHARGE-DISCHARGE-PATTERNS 

4.1 Initial conditions 

The simulation aims at representing the flow-conditions of today, considering its distribution as gen
erally well known. Regarding the extent of the model area, it is sti11 doubtful whether the past change 
from humid to arid climate is still affecting the groundwater body or whether a new equilibrium has been 
reached in the Nubian Aquifer system. Therefore, the assumption of a steady state can not be regarded as 
a model precondition. The possibility of a further natural decline of the hydraulic head cannot be neglect-

ed. For the conduct of the necessary time-dependent calibration known initial conditions are required. The 
following hypothesis is used due to the lack of measurements : During a very ·1ong humid period, which ended 
about 20.000 years aga, the aquifer was fi11ed comp1ete1y. This humid period lasted long enough so that 
steady state "filled-up" conditions set in. An explanation of what this assumption implies in detail is as 
follows. 

In areas with water table conditions, the groundwater level was closely below surface . This was the 
case in mountainous areas as well as in valleys, because precipitation was sufficient and excess water was 
led off by evaporation and surface run-off. In some places lakes were formed. In the confined part of the 
aquifer system groundwater recharge was hindered by aquitards. On top of the a~uitards the porous medium 
was subject to the same conditions as in the unconfined part. In the lower Nub1an 1ayers g~oundwa~er re
charge took place mainly by flow coming from the more elevated unconfined areas of the Nub1an . A~u1fer sys
tem. The continuing humid conditions resulted in a pressure build-up which formed the precond1t1on for up
ward leakage. At the end of the humid period the pressure head in the confined area was 1aying in the range 
of the local surface elevation of the area, where unconfined conditions pass into confined ones. These 
initial conditions can be obtained by a steady state calculation. 

It can be safely assumed that a phase, as described above, did exist. Its re]atively long duration is 
uncontested, only the time of its end is estimated with less accuracy. It can be concluded that after _a 
relatively short period of time during the humid period steady state conditions set in. In the uncon~1ned 
part this required only a vertical flow. In the confined area the advance of pressure changes was qu~te 

rapid. Finally, it should be stated that the influence of the initial conditions is slowly red~c~d ~1th 
the progress of long-term simulation. The time that is needed for the development of a new equ1l1br1um 
after the change from humid to arid climate will be an important result of the simulation of the ground
water flow in the Nubian Aquifer system. It will answer the question of whether it was imperative to trace 
back the flow to the end of the last humid period. 

4.2 Groundwater recharge 

Sources of infiltration into a groundwater system may be local precipitation or waters of lakes and 
rivers that may originate from other areas. In the Nubian Aquifer system recent and former groundwater 
recharges have to be dinstinguished, Former recharge occured during several shorter periods within the 
simulated span of time. 

Today only the Nile River brings water from other regions into the area comprised by the model. But 
only two places are known where there is a direct connection of the Nile River with the Nubian Aquifer 
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system: In the Gezira-area near Khartoum, infiltration from the river to t he groundwater is proved (BGR, 
1979), but it is not clear whether this contributes to recharge t he ma in groundwater body of the Nubian ; 
at Dakka BALL (1927) describes a place where groundwater discharges into the river (see also section 4.3) . 

Today groundwater recharge by precipitation is l imited to very few areas . The highest recharge may be 
expected in the surroundings of Ennedi and Tibesti mountains . Though annuaJ precipitation is much lower 
than, e.g., in Western Europe, the rainfall intensity may permit a certain groundwater recharge. Other 
recharge areas today may be the north of Sudan and some places east of the Nile River in Egypt. Quantita
tive estimates of recharge have to rely on general infiltration models, but have to be subsequently re
fined by field-work. 

Former recharge is estimated by eva1uation of paleoclimatic information during the simulated span of 
time. These data do not provide for a very high accuracy. Nevertheless, it is certain that the groundwater 
recharge was much higher once and then deceased to the low rates of today. Whether this was a slow process 
or a relatively rapid one and also which oscillations were imposed is a matter that needs to be investiga
ted . In order to clarify this, various findings are evaluated and age-dating of groundwater samples is 
employed so that some definite discharge-recharge-patterns can be tested during the calibration runs of 
the model. 

4.3 Groundwater discharge 

It is imperative to distinguish between artificial and natural groundwater discharge. Considering the 
l ong- term reacti on of the grou ndwater body in t he past, the artificial discharges are of minor importance. 
Only in the last 50 years did they reach a magnitude that could induce distinctive groundwater level 
changes . Therefore , artificial groundwa ter discharge should be considered in short-term calibration runs 
only. When performing long-term cal ibration runs , only naturaJ discharge is taken into account. Natural 
groundwater discharge may occur in different ways: 

- Direct evaporation. 
- Natural springs in the oases, lakes. 
- Saltmarshes and sabkhas. 
- Other possibilities. 

4.3.1 Direct evaporation 

Groundwater discharge through direct evaporation can be excluded in all areas where large distances 
between groundwater level and ground surface are encountered. This is the case in mountainous areas and in 
the northern parts where the groundwater is covered by thick confining layers. In the southern parts of 
the Nubian Aquifer system there are areas where the groundwater level lies within the range of 20 to 50 m 
under the ground surface. Rough estimations by SONNTAG (1983) resulted in a possible water-vapor-trans
port in the upper layers which could yield an evaporation of a magnitude of about 2·10-2 nvn/a. The effect 
of such an amount of evaporation in a long-term calibration run has to be checked by testing computations. 

4.3.2 Springs in the oases, 1akes 

Appropriate geologic conditions led to the formation of springs with artesian water in the oases north 
of the 25th parallel. It seems reasonable that the location of these natural springs is identical with the 
oases of the present time, although not all cases were directly connected with the Nubian Aquifer system. 
They were fed by water of younger formations. 

Geological and historical findings confirm that the groundwater level, or the artesian pressure were 
definitely higher in former times than they are today, WRIGHT et a]. (1982) report that a lake existed in 
Kufra 2,400 - 3,000 years ago whose water surface was situated about 5 m above the present (undisturbed) 
groundwater 1eve1. The former existence of larger lakes is also proved in Kharga. This indicates not only 
the velocity of the decline of the groundwater table but also allows some conclusions as to the former 
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arnount of natural evaporation in these places since the sheet of the lakes can be estimated . 

4.3.3 Saltmarshes and sabkhas 

The phenomenon of saltmarshes and sabkhas ïs traced back by BURDON (1977) to the former formation of 
lakes. He also gives estimates of evaporation rates .under. present conditions. Further indications of evap
oration and period of formation can be obtained from investigations of the salt crust thickness. Most 
sabkhas and saltrnarshes are situated in the confined part of the Nubian Aquifer system so that only in a 
few cases there is a direct connection to Nubian layers. Nevertheless, BURDON (1977) considers a definite 
influence on the regional groundwater gradient as possible. 

4.3.4 Other possibilities of natural groundwater discharge 

WRIGHT et al. (1982) and PALLAS (1980) suppose a discharge from Nubian formations to younger aquifers 
of the Sirte Basin at a geological sill north of Kufra . WRIGHT et al. (1982) estimate the magnitude of that 
discharge after the completion of numerical computations at 35 m/d and km. Considering groundwater level 
differences and the possible range of permeability this estimate is probable. 

Further discharge by upward leakage effects is assumed in the entire northern part of the Nubian Aqui
fer system by JOINT VENTURE QATTARA (1978). This follows not only from mass balance, but drillings indicate 
that hydraulic heads are considerably higher in deeper layers. Hydraulic head differences also confirm 
that the Nubian system in this region may be influenced by sabkhas and a natural discharge at the oases. 

Geological knowledge suggests that the Nubian Aquifer system is closed to the Meditarrenian sea in the 
north. Nevertheless, a certain discharge into other deep formations or a hydraulic influence by flow ef
fects cannot be totally excluded; computations should be carried out in order ta test these suppostions. 

As a formerly effective discharge an overflow into the Nile River should be mentioned; it is observed 
by BALL (1927) in the Dakka area now covered by Lake Nasser. The geological setting as well as the obser
vations of Ball suggest that this discharge was of the same magnitude as natural discharge in some oases. 
Therefore, it should not be neglected in long-term calibration runs. 

5. CONCLUS IONS 

The accuracy and reliability of the projected model cannot be compared ta a classic groundwater model. 
In the latter, detailed measurements over the whole calibration period are available. For the projected 
long-term model the geological knowledge is relatively good. The hydraulic knowledge about prehistoric 
times is more general. Only more or less plausible hypotheses can be tested by the model, which calculates 
their hydraulic effects. The resultant flow pattern can be tested for plausibility. In this process, find
ings from other branches of science can be used. For example, the calculated flow times can be compared 
to the measured groundwater ages. In this way the most reasonable forcing-functions are chosen. Within 
certain limits the system parameters may be varied as well. This can be done better in the short-time 
model, which will be developed simultaneously; it is calibrated like a classic groundwater model. 

In spite of these uncertainties the model will contribute a great deal to the understanding of the 
groundwater flow in the Nubian basin. The most prominent result will be the reasonably accurate natural 
recharge-discharge-pattern which is based on all the available geological and hydrological information and 
which, in addition, takes into account hydraulic compatibility by comparing calculations of aquifer reac
tions in the entire Nubian system. 
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