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AUTOCHTHONEOUS GROUNDWATER IN THE CONFINED NUBIAN SANDSTONE AQUIFERS 

by 

C. SONNTAG 

ZUSAMMENFASSUNG 

Ein Vergleich der hydrogeologischen Situationen in der Ostsahara und im GroBen Artesischen Becken Au
stral iens stUtzt die Vorstellung Uber eine Uberwiegend autochthone Entstehung der Grundwasser im Nubischen 
Aquifersystem. Unter ariden Klimaverhaltnissen bewirkt der natUrliche AbfluB ungespannten und gespannten 
Grundwassers in saharische Senkengebiete eine exponentielle Abnahme der Grundwasservorrate. Dieses AbfluB
verhalten kann mit Hilfe eines instationaren hydraulischen Modells simuliert werden, das mit den Befunden 
der Isotopen-Grundwasserdatierunq im Einklang steht. 

ABSTRACT 

' An intercomparison of the hydrogeoloqical situations in the Eastern Sahara and in the Great Artesian 
Basin of Australia supports the idea of autochthoneous and thus fossil groundwater in the Nubian Aquifer 
System. The natural discharge of unconfined and confined groundwater into Saharian depressions causes an 
exponential groundwater decay during dry climatic periods. This decay can be simulated by means of a non
steady hydraulic model, which fits the groundwater ages obtained by isotope dating. 

RESUME 

Une comparaison des situations hydrogeologiques dans l'Est saharien et dans le grand bassin artesien 
de 1 'Australie, appuie 1 'idee d'une origine autochtone des eaux souterraines dans le systeme d'aquifere 
nubien. D'ecoulement naturel de la nappe captive et libre dans les regions des depressions sahariennes 
provoque, sous des conditions climatiques arides, une diminution exponentielle des reserves en eau souter
raine. Ce phenomene d'ecoulement peut~tre simuler al 'aide d'un modele hydraulique instationnaire que est 
en harmonie avec les resultats de la datation isotopique des eaux souterraines. 

1 . THE PROBLEM 

The fresh water reserves of the Eastern Sahara are mainly contained in the vast Nubian Aquifer System 
(NAS), which extends over an area of more than 1 million km 2 from North Sudan and NE Tchad across SE Libya 
and the Western Desert of Egypt towards the Mediterranean. Apart from calcareous sediments in the north, 
huge sandstones deposits of varying thickness (THORWEIHE 1982) and thus varying transmissivity (EZZAT 
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1974) form the predominant aquifer type. Interbedded clay and marl layers stratify the groundwater body 
into an upper unconfined groundwater layer and one or more confined groundwater bodies underneath. Though 
various faults have been detected recently, NAS is still considered to be hydraulically interconnected 
over the entire area. The groundwater surface (hydraulic head) roughly follows the gentle slope of the 
ground surface from south to north. The hydraulic gradient of about grad h = 0.5 x 10-3 is often consid
ered to drive a large-scale groundwater flow from rainy mountaineous terrain in North Sudan and NE Tchad 
towards the Mediterranean. If this were true, the distance velocity of this flow would be expected to 
range in the order of v = 6 meters per year. This number is based on Kh = 4 x 10-5 m/s for the mean hori
zontal permeability of the Nubian Sandstone and on p = 0.1 for its total porosity (BARBER and CARR 1976). 

In this context the question arises, whether the groundwater in the Nubian Aquifer System has been 
formed by local precipitation during wet climatic periods in the past (autochthoneous origin) or/and by 
large-scale groundwater movement from the southern margin of the Eastern Sahara (allochthoneous ground
water). The isotope data of more than 200 groundwater samples from various locations of the Western Desert 
of Egypt and from SE Libya supports the idea of predominantly autochthoneous groundwater origin (SONNTAG 

14 . 
1982). This results from the C-groundwater ages, which range between 20.000 and 50.000 years B.P. with-
out any spatial trend along the assumed flow direction. This is particularly true for the artesian ground
waters from Saharian depressions. These artesian groundwaters contain detectable 14c up to 5 percent mod
ern carbon. Moreover a spatial variation of Deuterium and Oxygen-18 in groundwater has been found. If the 
groundwater in NAS is exclusively due to inflow from the southern margin of the Eastern Sahara (allochtho
neous origin), a continuous increase of the groundwater age by about 150.000 years or even more would have 
to be expected along the total flow distance of 1 .ODO km from south to north and with a mean distance 
velocity of 6 m/y or less. Groundwater ages of more than 50.000 years B.P., however, are beyond the time 
span of 14c-dating, so that the groundwaters in the northern part of NAS should have no detectable 14c 
at all (less than 0.5 percent modern carbon). The rather convincing isotopic evidence of autochthoneous 
groundwater origin in the NAS, particularly in its confined strata, needs, however, a plausible hydraulic 
interpretation. 

2. NUBIAN AQUIFER SYSTEM AND THE GREAT ARTESIAN BASIN OF AUSTRALIA 

It seems useful to compare the hydrogeological situation of the Nubian Aquifer System (NAS) with the 
one of the Great Artesian Basin (GAB) in Australia. The sandstone aquifers of this large, multi-layered 
confined groundwater basin are uplifted and exposed at the eastern margin of the basin, where recharge 
occurs at an annual precipitation rate of about 500 mm/y. The high groundwater level in this recharge area 
drives a large-scale groundwater flow through the basin towards its southwestern, western and southern 
margin, where natural discharge occurs from springs. Hydraulic model estimates have predicted a continuous 
age increase ranging from modern groundwater in the recharge area to about 2 million years old ground
water in the discharge area (CALF and HABERMEHL 1983). This age pattern has been confirmed by 14c- and 
36cl-groundwater dating: The 14c-age increase at high 36cl-level at the beginning of the long subsurface 
flow path (about 1000 km) is followed by an increase of the 36cl-groundwater ages at non-detectable 14c. 

In our opinion the completely different groundwater age patterns of NAS and GAB are primarily due to 
the different hydraulic situations in the two areas. The extremely flat topography of GAB and the compar
atively high elevation of the recharge areas of its confined aquifers cause the hydraulic head to be above 
ground level everywhere in the basin. Under these artesian conditions there is no way to contaminate old 
confined groundwater by infiltration of modern soil water through the confining beds. Conversely, confined 
groundwater is continuously leaking into the unconfined groundwater above. The filter velocity of this 
slight vertical groundwater flow through some ten meters thick aquicludes is in the order of millimeters 
per year at least. Numbers of this order of magnitude are obtained under the assumption, that the vertical 
permeability of homogeneous clay and marl layers is in the order of KV= 10-tO m/s (TODD 1963), whereas 
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the vertical hydraulic gradient across the aquiclude is in the order of one. 
ted flow protects the artesian groundwater efficiently 

This very low , upwards direc
aga inst any tracer supply (here 14c and 36cl) from 

the unconfined groundwater above. 

As it might be suspected now, this protection does not exist in case of the Nubian Aquifer System. Due 
to the relief structure of the Eastern Sahara artesian groundwater i·s found in the comparatively small 
depr~ssion areas only, which are considered to be natural discharge centers of the unconfined and deep 
confined groundwater from the area around. At some locations this discharge is visible (small springs 
groundwater lakes, ~e~ soil areas with wild vegetation and salt marshes). In most parts of the de res~ion 
areas, however, unvisib~e groundwater discharge occurs by capillary rise from the groundwater sur~ace fol
~owed by ~ate~ vapour diffusion through the uppermost dry soil layers. This groundwater evaporation from 
ar:en s~ils is, of course, much lower than the evapotranspiration of wet soils with plant cover It de

pen s mainly on the depth of the groundwater and on the soil moisture properties of the uns atura~ed soil 
zone. As an example, at a groundwater depth of 1 meter the annual evaporation rate is in the order 
to 100 mm, at 10 meters depth ho 1 0 of 10 

• wever, on Y .2 mm/y are being evaporated (SONNTAG, in prep.). 

3. GROUNDWATER ORIGIN AND GROUNDWATER DECAY IN THE EASTERN SAHARA 

. The groundwater discharge from the depression area is balanced by radial inflow of unconfined and con
fin:db groundwater from the elevated environment around the depression. Without any groundwater rep~ish
me:. lyd~oc~l rec~arge (negligible at the present arid climate) or by large-scale groundwater inflow this 
r; ~~ isc arge into the .depressions leads to a continuous groundwater mass decay and thus to a dra~down 
o e groundwater le~el in the vast area outside the depressions, which is at about 50 meters below 
ground at present. This number is a very rough estimate of the average 

depth of the piezometric surface 
~nd of the wate~ ~able in the Eastern Sahara. According to our autochthoneous origin hypothesis this 
groundwater aridization" is still · 'th 

. going on wi an average groundwater drawdown rate in the order of a 
ce:time:er per.year o~ a meter per hundred years, which can hardly be observed over commonly short ground-

;:re~h: ;er~ation periods. We arrive at this number by critical inspection of a recent groundwater balance 
. . as ern Sahara (AHMED 1983). The groundwater balance of the Dakhla Basin (THORWEIHE 1982) . ld 

a similar number. yie s 

.THORW~IHE's approach.is based on the assumption of an exponential groundwater decay during arid cli-
matic periods. A hydraulic model estimate describes this natural groundwater deca b . 

:~ss:l-expa~sion solution ~f the differential equation controlling the non-steadyygr~u~::::e~ff~:: ~~~:1er
in:ee;pressions (SONNTAG, :n p~ep.). This numerical treatment shows, that the assumed exponential decay is 

a reasonable approximation of the complex groundwater discharge. It turns out that both d f 
~roundwater discharge, i.e. discharge by unconfined ~nd by confined groundwater flow.into the d mo es_o 
imply the.assumed exponential groundwater decay in the area around. Moreover, the confined deca:p::::i~:s, 
as effective as the unconfined one or at least within the same order of magnitude Th 
Nubian Aquifer System, which participates in the subsurface water cycle, . e upper part of the 

can therefore be handled l ·k 
unique phreatic groundwater body as THORWEIHE has done. i e a 

In o. ther words: the total vertical flow through the confining layers 
d being directed upwards in the 
a:p::;;ion,t~nd downw~rds in ~he area around it, is comparable with the horizontal flow along the confined 

. as e un~onfined aquifers. This is obviously due to the large ratio of horizontal to vertic l 
extensions (a ratio of 100 to 1000), and also to the ratio of the vertical h drauli . a 
confining layers versus the horizontal hydraulic gradient. Y c gradient across the 

Th8us the comparatively low permeability (between at least 10 -11 m/s f h 
to 10- I f 1 or omogeneous clay layers and up 

m s or eaky aquicludes (BARBER and CARR 1976· HABERMEHL · ) b -5 -4 ; . . ' • priv. comm, , ut between 10 to 10 
m s for Nubian Sandstone on the other hand) of the confining beds is efficiently being compensated. 
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Finally, this discussion shows that the confined groundwater in the Nubian Aquifer System has o~v~ous
ly been formed in the area of influence around the depressions, by infiltration of local paleo-precipita
tion . The relaxation time of the exponential decay of the groundwater mass is in the order of som~ thou
sand years only. This relatively fast decay requires the existance of high groundwater levels during holo
cene wet periods, which has been concluded from the geomorphological finding (PACHUR 198~). Groundwater 
formation during holocene periods, however, seems to be contradicted by the groundwater isotope data, 
which yielded mostly pleistocene groundwater ages (SONNTAG 1982). This discrepancy could be due to the 
f ct that more or less all groundwater samples investigated stem from Saharian depressions. It thus could 
b:, ~hat holocene groundwater having been formed in the area around have not yet arrived at this natural 

discharge locations. 
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SOME ASPECTS OF A NEW GROUNDWATER 

MODEL FOR THE NUBIAN AQUIFER 

SYSTEM 

by 

M. HEINL and R. HOLL'ANDER 

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 Stromungsbild wird gezeigt, daB das Klima im groB
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 Losung das Modell beitragen soll, ist die Frage nach 
dem Ursprung des reichlich vorhandenen Grundwassers. Anhand grundsatzlicher Oberlegungen zur Modellierung 
von Grundwasserstromungen wird gezeigt, daB das Modell das ganze Aquifersystem umfassen und die humiden 
Klimaphasen einschlieBen muB. Es werden mogliche Lastannahmen genannt, mit denen gerechnet werden kann, 
obwohl fUr die vorgeschichtliche Zeit keine direkten Beobachtungen vorliegen. Dementsprechend wird das Mo
dell verschiedene Moglichkeiten fUr die Entstehung der heutigen Grundwasserstromung zeigen,' die aufgrund 
sonstiger Beobachtungen als mehr oder weniger wahrscheinlich eingestuft werden konnen. 

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 observations these possibilities can be classified as more or less probable. 

RESUME 

On presente ici la conception d'un modele math~matique pour les eaux souterraines dans la nappe aqui
fere de Nubie dans le Sahara oriental. Dans une vue genera le de l 'ecoulement, comme il se presente au.
jourd 'hui, il est precise que le climat de la partie principale de la region est maintenent completement 
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