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a b s t r a c t

The recent delineation of a vastly expanded Holocene paleo-lake (the Northern Darfur Megalake which
was originally mapped as the West Nubian Paleolake and here will be referred to as WNPL–NDML) in
Darfur in northwestern Sudan has renewed hopes for the presence of an appreciable groundwater
resource in this hyper-arid region of Eastern Sahara. This paleolake which existed within a closed basin
paleo-drainage system might have allowed for the collection of surface water which was subsequently
infiltrated to recharge the Paleozoic–Mesozoic Nubian Aquifer. However, the presence of surface expo-
sures of Precambrian crystalline rocks in the vicinity of the paleolake has been taken as indicating the
absence of a thick Paleozoic–Mesozoic sedimentary section capable of holding any meaningful quantity
of groundwater. This work integrates surface geology and gravity data to show that WNPL–NDML is
underlain by NE-trending grabens forming potential local Paleozoic–Mesozoic aquifers that can hold as
much as 1120 km3 of groundwater if the sedimentary rocks are completely saturated. Nevertheless, it
is advised here that recharge of the Nubian aquifer under WNPL–NDML is insignificant and that much
of the groundwater is fossil water which was accumulated during different geological times much wetter
than today’s hyper-arid climate in Eastern Sahara. Excessive extraction will lead to quick depletion of this
groundwater resource. This will result in lowering of the water table which in turn might lead to the dry-
ing out of the oases in the region which provide important habitats for humans, animals and plants in
northern Darfur.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Eastern Sahara is one of the driest places on Earth. Today, this
region receives a meager annual precipitation of less than
50 mm/year. However, unlike the hyper-arid climate that domi-
nates Eastern Sahara today, this region experienced wetter climate
�9000 years ago during the early Holocene time and also earlier
geologic times during the Pleistocene. This wetter climate in East-
ern Sahara has been documented from sedimentological, paleonto-
logical, archeological, remote sensing, and isotopic studies
(McCauley et al., 1982, 1986; Gabriel and Kröpelin, 1984; Heinl
and Brinkmann, 1989; Pachur et al., 1990; Wendorf et al., 1994;
Szabo et al., 1995; Abdelsalam et al., 2000; Hoelzmann et al.,
2000, 2001; Pachur and Hoelzmann, 2000; Abell and Hoelzmann,
2000; Rodrigues et al., 2000; Kuper, 2006; Kuper and Kröpelin,
2006; Ghoneim and El-Baz, 2007; Robinson et al., 2007; Paillou
et al., 2009).

In Darfur in northwestern Sudan, the wetter Holocene period is
reflected in the presence of a paleolake (Fig. 1), the presence of
which was first suggested by Gabriel and Kröpelin (1984) who
reported the presence of Holocene lake sediments in northwestern
Sudan. Subsequently, Pachur and Rottinger (1997) presented
evidence for the presence of the paleolake from the analysis of
the Shuttle Imaging Radar (SIR)-C/X-band Synthetic Aperture Ra-
dar (SAR) data and called it the West Nubian Paleolake (Fig. 1).
Abell and Hoelzmann (2000) and Hoelzmann et al. (2000, 2001)
used stable isotopic studies to conclude that the paleolake was
filled with fresh water provided by 500–900 mm/year precipita-
tion resulting from the 800 km northward shift of the Inner Trop-
ical Convergence Zone (ITCZ) in Africa. Hoelzmann et al. (2001)
used radiocarbon dating and archeological studies to show that
the paleolake had existed between 9400 and 3800 years with an
intensive human inhabitation between 6300 and 3500 years.

Recently, Ghoneim and El-Baz (2007) used Digital Elevation
Models (DEMs) extracted from the Shuttle Radar Topography Mis-
sion (SRTM) data to significantly expand the boundaries of the
paleolake and renamed it the Northern Darfur Megalake (Fig. 1).
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The identification of this much larger paleolake led to the notion
that there must once have been a large body of surface water that
seeped to recharge the Nubian aquifer, therefore, the hyper-arid
Darfur region may be sitting on a huge supply of groundwater
(Ghoneim and El-Baz, 2007). The implication of this possibility is
significant since the ability to extract groundwater from beneath
Darfur could contribute to providing adequate water resource.
The drilling of 1000 wells is thought to be key in providing water
for the Darfuris (Friedman, 2007). However, the presence of such
groundwater resource has been challenged by many scientists,
and their positions are summarized in Butler (2007). The argument
is that the Nubian aquifer is not thick enough beneath Darfur to
hold any significant amount of groundwater due to tectonic uplift,
which resulted in the exposure of Precambrian crystalline rocks to
the surface. For the rest of this article the West Nubian Paleolake
and the Northern Darfur Megalake will be referred to as WNPL–
NDML.

This work recognizes the need to understand the structural
complexity of the region covered by WNPL–NDML. Since northern
Africa has been affected by a number of Phanerozoic extensional
tectonic events (Schandelmeier and Reynolds, 1997), it is antici-
pated that this region is underlain by extensional structures filled
with Paleozoic and Mesozoic sedimentary rocks that can serve as
localized aquifers. Given the scarcity of surface and sub-surface
geological and geophysical data, this work relied on the integration
of geological maps by Wycik et al. (1990) and gravity data from the
Earth Gravitational Model (EGM) 2008 gravity model (Pavlis et al.,
2008). These data are used to construct E–W trending geological
cross sections for the region covered by WNPL–NDML. The cross
sections are then used to construct an isopach map to the depth
of the Precambrian crystalline rocks and to estimate the potential
groundwater storage capacity of the Paleozoic–Mesozoic sedimen-
tary section. Results of this work are subsequently discussed in
relation to rechargability of groundwater, and environmental
impact of groundwater extraction.

2. The West Nubian Paleolake and the Northern Darfur
Megalake

The region occupied byWNPL–NDML extends in the northwest-
ern corner of Sudan, and it is bounded by longitudes 24�E–27�E and

latitudes 17�300N–20�300N (Fig. 1). The central part of this region is
relatively flat with a mean elevation of �550 m. However, this flat
region is surrounded by up to 1500 m elevated regions represented
by the southern extension of the Uweinat uplift in the north, the
northern extension of the Darfur dome in the south, and the Ennedi
and Erdi Ma mountains in the west (Fig. 1). The low-lying WNPL–
NDML region is separated from the Nile basin drainage system by a
N-trending elevated terrain referred to here as the Rahib ranges
(Fig. 1). The Uweinat uplift and the Rahib ranges expose Precam-
brian crystalline rocks, whereas the Darfur uplift is dominated by
Cenozoic volcanic rocks. The Ennedi and Erdi Ma mountains are
dominated by Paleozoic sedimentary rocks. Mesozoic sedimentary
rocks are exposed within the WNPL–NDML low-lying terrain.

Various methods were employed to calculate the area of WNPL–
NDML and the volume of water it contained. Analyzing SIR-C/
X-SAR data, Pachur and Rottinger (1997) calculated the size of
WNPL at 17,864 km2. Hoelzmann et al. (2000) analyzed Landsat
Thematic Mapper (TM) data and estimated that the size of WNPL
varies between 1100 and 7000 km2. In another study, Hoelzmann
et al. (2001) used a series of differential Global Positioning System
(GPS) surveys to produce the first precise measurement of WNPL
area at 5330 km2 (using a lake level of 550 m). Ghoneim and El-Baz
(2007) used SRTM data to propose new estimates for the area of
WNPL and the volume of water it contained. Using a lake level
of 550 m, Ghoneim and El-Baz (2007) calculated an area of
8133 km2 for the paleolake and a volume of 372 km3 for the water
it contained. In a different scenario, Ghoneim and El-Baz (2007)
adopted a lake level of 555 m to show that the area of the lake will
increase to 11,230 km2 allowing for 547 km3 of water to be
contained within it. Additionally, Ghoneim and El-Baz (2007)
proposed a new paleo-shoreline for the paleolake (NDML) at an
elevation of 573 ± 3 m. The new shoreline resulted in the expan-
sion of the paleolake to cover an area of 30,750 km2 and a water
volume of 2530 km3.

Sedimentological, paleontological and isotopic studies indicate
that WNPL–NDML existed during the late Holocene (between
9400 and 3800 years). However, other absolute age determination
argues for a relatively greater ages of other Saharan paleolakes.
Based on radiocarbon dating of carbonate samples from some
Eastern Sahara paleolakes, Wendorf et al. (1994) suggested that
many of these lakes existed during the late Pleistocene, 20,000–
40,000 years ago. Szabo et al. (1995) also used radiocarbon dating

Fig. 1. Digital Elevation Models (DEMs) extracted from the Shuttle Radar Topography Mission (SRTM) data showing the location (A) and the extent (B) of the West Nubian
Lake as mapped by Abell and Hoelzmann (2000) and Hoelzmann et al. (2000, 2001) and the Northern Darfur Megalake as mapped by Ghoneim and El-Baz (2007).
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to determine five different paleolake events developed in Eastern
Sahara during the Pleistocene and Holocene periods. These
paleolakes span the periods 320,000–250,000, 240,000–190,000,
155–120,000, 90,000–65000, and 10,000–5,000 years ago.

The region surrounding WNPL–NDML was dominated by three
paleo-drainage systems, with the paleolake drainage system
formed within a closed basin (Fig. 2). The region to the northeast,
in southwestern Egypt and northwestern Sudan was dominated
by a NE- and SE-flowing drainage system originating from the
Uweinat uplift and the Gilf Kebir mountains (Fig. 2; Abdelsalam
et al., 2000; Robinson et al., 2007). Northwest of WNPL–NDML,
N-flowing drainage system dominated (Fig. 2; Paillou et al.,
2009). This drainage system originated from El Fayoud and El
Akdamin mountains in northeastern Tibesiti, and northern
Uweinat-Gilf Kebir-Abu Ras mountains (Fig. 2; Paillou et al.,
2009). The NDPL-WNPL is characterized by a closed basin paleo-
drainage system in which the drainage originating from the Enndi
mountains in the southeast were flowing NE-ward and that origi-
nating from the Erdi Ma mountains and Uweinat Uplift in the
northeast and north were flowing SE-ward and S-ward, respec-
tively (Fig. 2; Hoelzmann et al., 2001; Ghoneim and El-Baz,
2007). The drainage system originating from the Rahib ranges in
the east was flowing W-ward (Fig. 2).

3. Regional tectonic setting

Northeastern Africa has a long Phanerozoic history of intra-
plate deformation as summarized by Schandelmeier and Reynolds
(1997), a synthesis that will be used here to provide regional tec-
tonic context to the geology of WNPL–NDML. The oldest of these
deformation events may be the reactivation of Precambrian struc-
tures during the early Cambrian, resulting in the development of
the NE-trending Central African Shear Zone south of WNPL–NDML
and the Trans-Africa Lineament to the north (Fig. 3; Schandelmeier
et al., 1987a,b; Schandelmeier, 1988; Schandelmeier and Pudlo,
1990; Schandelmeier and Reynolds, 1997). Despite the multiple

reactivations of these shear zones between the Cambrian and Car-
boniferous and the formation of sedimentary basins to the north-
east and southwest of them, no major extensional structures
developed within the WNPL–NDML region.

At the end of the Carboniferous much of the region around
WNPL–NDML was under an erosion or non-depositional regime,
and the Precambrian crystalline rocks were exposed to the surface.
Extensional structures may have formed within the WNPL–NDML
region and the surrounding areas during the Permian to middle
Jurassic where NE- and ENE-trending grabens were formed
(Fig. 3). These grabens received sediments from the north and
northeast in the form of continental sandstones and conglomerates
(Fig. 3).

The WNPL–NDML region continued to be under an erosion or
non-depositional regime throughout the late Triassic and Jurassic.
However, this changed when continental sandstone began to be
deposited throughout northeastern Africa in the early Cretaceous.
Deposition of continental sandstone continued throughout the Cre-
taceous, and in the WNPL–NDML region it might have been accom-
panied by the development of NE-trending grabens. Throughout
the Tertiary, the WNPL–NDML region was once again under an ero-
sion or non-depositional regime.

4. Stratigraphy

The WNPL–NDML region is dominated by Paleozoic and Meso-
zoic sedimentary rocks overlying Precambrian crystalline rocks.
Figs. 4 and 5 are modified fromWycik et al. (1990) to illustrate sur-
face exposure of various formations and to show a generalized
stratigraphic column of the WNPL–NDML region, respectively.

4.1. The Precambrian crystalline rocks

The WNPL–NDML region lies within the Saharan Metacraton,
which is dominated by Precambrian crystalline rocks that span
much of the region west of the Nile in western Sudan and

Fig. 2. Paleo-drainage systems in the eastern Sahara as mapped by Abdelsalam et al. (2000), Ghoneim and El-Baz (2007), Robinson et al. (2007), and Paillou et al. (2009).
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southwestern Egypt (Abdelsalam et al., 2002). This region is made
up of medium- to high-grade gneisses and migmatites ranging in
age from Archean to Neoproterozoic (Abdelsalam et al., 2002).
North of WNPL–NDML, the Precambrian crystalline rocks are ex-
posed in the Uweinat uplift (Fig. 1). The Precambrian crystalline
rocks are also exposed immediately east of WNPL–NDML. These
rocks constitute the N- to NE-trending Jebel Rahib fold and thrust
belt (Fig. 4) which is made up of low-grade green-schist facies ma-
fic and ultra-mafic rocks interpreted as a Precambrian ophiolite
formed between 860 and 740 Ma (Abdel-Rahman et al., 1990;
Schandelmeier et al., 1990).

The Precambrian crystalline rocks extend eastward from Jebel
Rahib fold and thrust belt until the Red Sea Hills (Fig. 1). This indi-
cates the lack of a thick Paleozoic–Mesozoic sedimentary cover
east of WNPL–NDML. The region west of WNPL–NDML is domi-
nated by exposures of Paleozoic sedimentary rocks, but no expo-
sures of Precambrian crystalline rocks are encountered until the
Tibesti and then Tuareg Shield (Fig. 1). However, the Precambrian
crystalline rocks are exposed north and south of WNPL–NDML,
indicating the lack of a thick Paleozoic–Mesozoic sedimentary cov-
er in these regions as well.

4.2. The Paleozoic sedimentary section

The Paleozoic sedimentary rocks crop out in the eastern and
western sides of WNPL–NDML, but they are rarely encountered
within the paleolake area itself (Fig. 4), suggesting that they may
be buried under the Mesozoic sedimentary section. This sedimen-
tary section, which is �400 m thick, is divided by Wycik et al.
(1990) into several formations starting with a �50 m thick
Cambrian to Ordovician formation that sits uncomfortably on the
Precambrian crystalline rocks and contains basal conglomerate
and coarse sandstone (Fig. 5). The Cambrian–Ordovician formation
is overlain by a number of other Paleozoic formations that are
Silurian to Carboniferous in age (Fig. 5). The lower part of the
Paleozoic section, above the Cambrian to Ordovician formation,
consists primarily of well-sorted coarse-grained sandstone with
minor shale beds. This part of the section is �100 m thick and is
thought to have been deposited within braided stream systems.
This is followed by a �50 m thick formation composed of fluviatile

sandstone. The upper part of the section is�200 m thick consists of
well-bedded lacustrine and fluvial sandstone with some silt and
shale beds followed by quartz sandstone and conglomerate beds
(Fig. 5).

4.3. The Mesozoic sedimentary section

The Mesozoic sedimentary section is exposed within WNPL–
NDML and also to the northwest of it (Fig. 4). It has been divided
by Wycik et al. (1990) into a number of formations spanning the
Permian and the Cretaceous period with a total thickness of
�2200 m (Fig. 5). Much of the section is dominated by medium- to
coarse-grained sandstone deposited in braided and low-sinuosity
stream systems. However, the upper part of the Mesozoic sedimen-
tary section,which is Campanian–Maastrichtian in age, is composed
offine-grained sandstonewith silt andclaybeds (Fig. 5). The thickest
formation in this section is Turonian–Santonian in age (the Aptian,
Cenomanian and Coniacian are missing), composed of medium to
coarse-grained fluvial sandstone and reaches �1500 m (Fig. 5).

5. Methods

To aid in determining the sub-surface structure of the WNPL–
NDML area, a Bouguer gravity anomaly map is made from the
EGM2008 gravity model (Pavlis et al., 2008). The EGM2008 gravity
model was constructed from land, marine and airborne gravity
data, marine gravity anomalies derived from satellite altimetry,
and long wavelength gravity variations from the Gravity Recovery
And Climate Experiment (GRACE) satellite data. The resultant grav-
ity model is estimated to spherical harmonic degree 2160. Free-air
gravity and Bouguer gravity anomalies using the WGS84 Geodetic
Reference System as a datum were computed from the spherical
harmonic coefficients. The resultant grid (�3 km spatial resolu-
tion) is used in this analysis.

Since this work is interested in the geology of the upper crust, a
residual gravity anomaly map is created (Fig. 6A) to emphasize
anomalies caused by these sources. There are a number of tech-
niques that can determine a residual gravity field including the
wavelength filtering, the polynomial trend surface, and the iso-
static residual anomalies methods. Since there are no constraints

Fig. 3. Tectonic history of the West Nubian Paleolake and the Northern Darfur Megalake and surroundings between 250 and 220 Ma. After Schandelmeier and Reynolds
(1997).
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to help in defining the deeper structure (such as seismic refraction
models, seismic broadband analysis, or bore holes data) other than
the surface geology, the selection of which technique to be used is
ubiquitous. In this work both polynomial trend surfaces and wave-
length filtering are used since other methods such as the isostatic
residual method requires knowing the crustal thickness. Addition-
ally, a variety of bandpass filters and higher order polynomial sur-
faces are used in this study where similar anomaly patterns are
produced. As a representative residual gravity anomaly map, a
bandpass filter where wavelengths between 250 and 5 km are used
is shown in Fig. 6A.

The residual gravity anomaly map (Fig. 6A) shows a number of
gravity minima (labeled A–G) and gravity maxima (labeled 1–7).

Some of these gravity anomalies can be correlated with the surface
geology (Fig. 6B) and others cannot be correlated. To further ana-
lyze the sub-surface structure, four E–W trending geological cross
sections are constructed along latitudes 20�N, 19�N, 18�N, and
17�300N (Fig. 7). The cross sections are constructed by first deter-
mining preliminary geologically-based cross sections by projecting
the surface exposures of various formations within WNPL–NDML
(Fig. 4; Wycik et al., 1990) onto topographic profiles extracted from
SRTM DEMs. Uniform average thicknesses, as shown in Fig. 5, are
adopted for all formations. Then the cross sections are modified
based on gravity models constructed using a two and one-half
dimensional forward modeling algorithm using the surface geol-
ogy as constraints. Given the lack of a noticeable regional gravity

Fig. 4. Geological map of the West Nubian Paleolake and the Northern Darfur Megalake and surroundings. After Wycik et al. (1990).
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anomaly, a zeroth-order polynomial is used as a regional gravity
anomaly which is removed from each profile before modeling.
The gravity models are generated using the following densities:
2.57 g/cm3 for the Mesozoic sedimentary rocks, 2.63 g/cm3 for
the Paleozoic sedimentary rocks, 2.72 g/cm3 for ‘‘normal’’ Precam-
brian crystalline rocks, 2.87 g/cm3 for mafic Precambrian crystal-
line rocks, and 2.57 g/cm3 for felsic Precambrian crystalline rocks.
Since no samples or seismic p-wave velocity data are available to
determine different densities, the above densities are determined
using average density values from representative samples avail-
able in the literature (e.g., Telford et al., 1990). The density values
are modified during the modeling process and the final density val-
ues represent only one possible solution.

The final step in constructing the cross sections in Fig. 7 is to
compare the preliminary gravity models to the geological cross
sections with new gravity models being generated to reconcile
the differences between the geologically- and gravity-based mod-
els. In particular, the gravity models are modified whenever they
suggest that the Paleozoic and Mesozoic sedimentary section is
thicker than would be supported by the surface geology. One pos-
sible solution is to include less dense (2.57 g/cm3) felsic Precam-

brian igneous bodies (granitic intrusions) where the surface
geology suggests thin Paleozoic and Mesozoic sedimentary section,
but the gravity data show large amplitude gravity minima. Simi-
larly, more dense (2.87 g/cm3) mafic Precambrian igneous bodies
are used to model the presence of large amplitude gravity maxima.
The presence of such sub-surface mafic Precambrian igneous
bodies is supported by the presence of the Jebel Rahib ophiolite
east of WNPL–NDML region (Fig. 4; Abdel-Rahman et al., 1990;
Schandelmeier et al., 1990).

6. Results

Below is the description of each final gravity model.

6.1. Geological cross section 20�N

The gravity profile along 20�N (Fig. 7A) shows a gravity low of
about �5 mGal interrupted by two gravity highs with amplitudes
of +5 mGal in the west and +10 mGal in the east. These peaks
correspond to the gravity high regions labeled 1 and 2 in Fig. 6A.

Fig. 5. Generalized stratigraphic column of the West Nubian Paleolake and the Northern Darfur Megalake and surroundings. Compiled from Wycik et al. (1990).
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The magnitudes of these gravity highs are too large to be explained
by the presence of near-surface normal Precambrian crystalline
rocks overlain by a thin Paleozoic and Mesozoic sedimentary sec-
tion. Hence, these gravity highs are modeled as mafic Precambrian
igneous bodies intruding the Precambrian crystalline rocks
(Fig. 7A). Additionally, the �5 mGal magnitude of the gravity lows
(labeled A, B, and C in Fig. 6A) suggests the presence of a relatively
thick Paleozoic and Mesozoic sedimentary section. However, the
lower part of the Mesozoic sedimentary section is exposed at the
surface in this region, suggesting that the Paleozoic and Mesozoic
sedimentary section is only �500 m thick. So, the gravity low is
modeled by a �500 m thick Paleozoic and Mesozoic sedimentary
section overlying Precambrian crystalline basement intruded by a
less dense felsic Precambrian igneous body (Fig. 7A).

6.2. Geological cross section 19�N

The gravity profile along 19�N (Fig. 7B) is characterized by a
central gravity low that has a minimum amplitude of �5 mGal,

but there is a gravity high in the middle of the profile. These gravity
anomalies correspond to the region labeled B in Fig. 6A. Addition-
ally, there is several smaller wavelength gravity highs correspond
to the regions labeled 3, 4, and 5 in Fig. 6A. The central gravity
low lies in a region where the uppermost part of the Mesozoic sed-
imentary section is exposed suggesting the presence of a thick
Paleozoic and Mesozoic sedimentary section. This part of the pro-
file is modeled with two, 1.6 km deep grabens that are separated
by a horst structure (Fig. 7B). East of this section, is a prominent
gravity high (labeled 5 in Fig. 6A) over a region where the Precam-
brian crystalline rocks and the lower part of the Paleozoic sedi-
mentary section are exposed, suggesting the presence of a
relatively thin Paleozoic and Mesozoic sedimentary section. This
gravity high has an amplitude of +10 mGal (Fig. 7B), which is larger
than would be expected from an exposure of normal Precambrian
crystalline rocks. This anomaly is modeled as a narrow mafic
Precambrian igneous body (Fig. 7B) which may represent the
northward continuation of the Jebel Rahib ophiolite (Fig. 4).
Immediately east and west of this gravity high there are two small

Fig. 6. (A) Residual gravity anomaly map of the West Nubian Paleolake and the Northern Darfur Megalake and surroundings produced from the EGM2008 gravity model
(Pavlis et al., 2008). Numbers 1–7 highlight relative gravity maxima and letters A–G highlight relative gravity minima. Outlined areas show the extent of the above anomalies.
(B) Geological map of the West Nubian Paleolake and the Northern Darfur Megalake and surroundings. After Wycik et al. (1990).
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wavelength gravity lows ranging between zero and �5 mGal.
These gravity lows are modeled as felsic Precambrian igneous
bodies (Fig. 7B) since they cannot be reconciled with those ex-
pected for gravity anomalies resulting from normal Precambrian
crystalline rocks. The western part of gravity profile 19�N is
dominated by a gravity low that is slightly lower than zero mGals
(Fig. 7B). The gravity anomaly corresponds to the region labeled B
in Fig. 6A. However, within this region the upper part of the
Paleozoic and the lower part of the Mesozoic sedimentary sections
are exposed. This suggests that the Paleozoic and Mesozoic section
is only �500 m thick. Hence, the gravity low is modeled by a
�500 m thick Paleozoic and Mesozoic sedimentary section under-
lain by Precambrian crystalline rocks that are intruded by a felsic
Precambrian igneous body (Fig. 7B).

6.3. Geological cross section 18�N

The gravity profile along 18�N (Fig. 7C) has two gravity lows
(labeled F and G in Fig. 6A) and two gravity high (labeled 6 and 7
in Fig. 6A). The easternmost gravity low of �5 mGal (labeled G in
Fig. 8A), coincides with a region where both the Precambrian
crystalline rocks and the lower part of the Paleozoic sedimentary
section are exposed. This gravity low is modeled with a thin Paleo-
zoic sedimentary section overlying Precambrian crystalline rocks
that are intruded by a felsic Precambrian igneous body (Fig. 7C).

West of this gravity low is a gravity high (labeled 7 in Fig. 6A) with
an amplitude of +10 mGal (Fig. 7C). Nevertheless, this gravity high
is over a region where the middle-upper part of the Mesozoic
sedimentary section is exposed, suggesting that the Paleozoic
and Mesozoic sedimentary section is at least 1 km thick. Hence,
this anomaly is modeled by a �1 km thick Mesozoic and Paleozoic
sedimentary section underlain by Precambrian crystalline rocks
intruded by a mafic Precambrian igneous body (Fig. 7C). The west-
ernmost part of the gravity profile 18�N shows a gravity low with
an amplitude of �7 mGal (labeled 6 in Fig. 6A). This is also where
the lower part of the Paleozoic sedimentary section is exposed,
indicating the presence of only a thin (100–200 m) Paleozoic sedi-
mentary section. Hence, this gravity low is modeled by a thin
Paleozoic sedimentary section overlying Precambrian crystalline
rocks that are intruded by a felsic Precambrian igneous body
(Fig. 7C).

6.4. Geological cross-section 17�300N

The gravity profile along 17�300N (Fig. 7D) shows a significantly
higher amplitude of +30 mGal gravity high along its easternmost
part. This gravity high slopes sharply to the west to a gravity low
that reaches �10 mGal (Fig. 7D). West of this anomaly are broad
gravity high and lows that fluctuate between 0 and +10 mGal.
The gravity lows correspond to the ones which are labeled E and

Fig. 7. Gravity profile and geological cross section across the West Nubian Paleolake and the Northern Darfur Megalake along latitudes 20�, 19�, 18�, and 17�300N. Legand
same as in Fig. 4.
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F in Fig. 6A, whereas the gravity high is labeled 7 in the same fig-
ure. Precambrian crystalline rocks are exposed within the region
defined by the gravity high. This gravity high is expected because
this is where the Jebel Rahib ophiolite is exposed to the surface.
Hence, the gravity high is modeled by a mafic Precambrian igneous
body representing the root of the Jebel Rahib ophiolite (Fig. 7D).
The short wavelength gravity high as well as the long wavelength
gravity lows and highs to the west are modeled by a series of gra-
bens as deep as 2.5 km (Fig. 7D). The gravity high in the western-
most part of gravity profile 17�300N (labeled E in Fig. 6A) cannot be
explained as due to the presence of a thick Paleozoic and Mesozoic
sedimentary section. This is because the lowermost part of the
Paleozoic sedimentary section is exposed to the surface in this re-
gion. Hence, the gravity low is attributed to a felsic Precambrian
igneous body intruding the Precambrian crystalline rocks underly-
ing a thin (100 m) Paleozoic sedimentary section (Fig. 7D).

6.5. Potential groundwater storage

Fig. 8 shows the distribution of graben structures in relation to
the surface expression of WNPL–NDML. It shows that the central
part of the paleolake is underlain by prominent graben structures.
Similarly, the region to the south of WNPL–NDML is underlain by
potentially deep grabens. Additionally, reconstruction of a struc-
tural map of the paleolake region from the surface geology (mostly
geological contacts that juxtapose formations of vastly different
ages) and the gravity data (especially the gravity lows labeled B
and C in Fig. 6A and gravity highs labeled 2 and 5 in the same fig-
ure) indicate the domination of NE-trending graben and horst
structures (Fig. 9A). However, NW-trending faults are not uncom-
mon (Fig. 9A).

To evaluate groundwater storage capacity of the Nubian aquifer
under WNPL–NDML, an isopach map to the depth of the Precam-
brian crystalline rocks is created (Fig. 9B). This is achieved by
measuring the depth to the Precambrian crystalline rocks at
specific points along profile 20�N, 19�N, 18�N, and 17�30N using

the geological cross sections shown in Fig. 7. These are subse-
quently contoured at interval of 100 m. This map suggests the
presence of a major basin under WNPL–NDML, especially in its
central part where the depth to the Precambrian crystalline rocks
is as deep as 1.6 km. The depth to the Precambrian crystalline base-
ment rocks becomes shallow to the east where the Precambrian
rocks are exposed to the surface in many locations (Fig. 9B).

The groundwater storage capacity of the basin under WNPL–
NDML is calculated through the equation V = A � AT � EP. Where V
is the volume of groundwater, A is the surface area of the basin,
AT is the average thickness of the Paleozoic and Mesozoic sedimen-
tary section, and EP is the effective porosity. The effective porosity
in Northern Darfur under saturated conditions is estimated by the
Food and Agricultural Organization (FAO, 2003) to be 7%. Addition-
ally, the depth of water table in the region is estimated to be
�50 m (Gossel et al., 2004). Hence, this basin which has an area
of �13,160 km2 and a Paleozoic and Mesozoic sedimentary section
of 1.6 km is capable of holding �1120 km3 of groundwater if the
sedimentary rocks are completely saturated. However, considering
an economically feasible depth of �350 m to extract groundwater,
only �275 km3 of groundwater will be available for use. It is worth
mentioning here that estimates of groundwater storage capacity of
the Nubian Aquifer in northwestern Sudan vary significantly. Bak-
hbakhi (2006) has estimated that the Nubian aquifer in northwest-
ern Sudan holds up to 33,570 km3 of groundwater. Similarly, FAO
(2003) estimated that the Nubian aquifer in the Sudan contains
�33,880 km3 of groundwater but only 2610 km3 of this resource
is recoverable. In contrast, Ibrahim (1995) estimated the total vol-
ume of groundwater in the Nubian aquifer in northwestern Sudan
to be only �6 km3.

7. Discussion

Results of this work are discussed in relation to groundwater
rechargability and migration, and potential environmental impact
of the extraction of groundwater.

Fig. 8. Three-dimensional perspective view of the West Nubian Paleolake and the Northern Darfur Megalake and possible underlying geologic structures. Legand same as in
Fig. 4.
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7.1. Groundwater rechargability

The WNPL–NDML is underlain by the Paleozoic–Mesozoic
Nubian aquifer which is estimated to have a reservoir capacity of
�75,000 km3 (Hess et al., 1987). There might be some present-
day recharge of the aquifer by surface water around the Ennedi
and Tibesti mountains in Chad and Libya, and the Erdi Ma moun-
tains in Sudan and Chad (Ball, 1927; Sandford, 1935; Hellström,
1940; Pachur et al., 1990; Pachur and Hoelzmann, 2000;
Hoelzmann et al., 2000; Robinson et al., 2007; Ghoneim and
El-Baz, 2007; Paillou et al., 2009). The River Nile does not provide
recharge for the aquifer, except in low rate around limited areas
along the river in northern Sudan and southern Egypt (Heinl and
Brinkmann, 1989; Kim and Sultan, 2002; Gossel et al., 2004).

As early as the 1940s and 1950s, it is proposed that the Nubian
aquifer has not been in a hydrological steady-state condition for
thousands of years. It is asserted that groundwater in the aquifer
is fossil water, and its extraction would amount to mining an un-
renewable water resource (Hellström, 1940). This point of view
has been reinforced by research in southwestern Egypt, where
the extraction of significant amounts of groundwater began in
the 1960s (Pallas, 1980; Heinl and Brinkmann, 1989; Heinl and
Thorweihe, 1993; Nour, 1996; Ebraheem et al., 2002; Sabed and
Zeid, 2003; Gossel et al., 2004).

The lack of recent recharge of the Nubian aquifer is also sup-
ported by isotopic studies. Heinl and Brinkmann (1989) used Car-
bon-14 (14C) dating of samples from wells in Egypt and Libya to
show that the majority of the groundwater is 25,000–40,000 years
old and that only �5% of the analyzed samples yield evidence of re-
charge at 8000–6000 years ago. Abdelghafour (1993) concluded
that the age of the groundwater in the aquifer varies between
10,000 and 33,000 years. Dabous and Osmond (2001) used
uranium isotopes to confirm that there is no meaningful recent

recharge of the Nubian Aquifer in Egypt and that a significant por-
tion of the groundwater is deep artesian inflow rather than local
pluvial recharge. Sturchio et al. (2004) used Krypton-81 (81Kr/Kr)
and Chlorine-36 (36Cl/Cl) age dating for groundwater samples from
southwestern Egypt to show that water in the Nubian aquifer
ranges between 200,000 years and 1 Ma.

7.2. Environmental impact of the extraction of groundwater

It is feared hear that one direct impact of excessive extraction of
the groundwater under WNPL–NDML is the drying-out of natural
oases present in northern Darfur. Two oases (Nukheila and Atrun)
exist in the eastern side of WNPL–NDML (Fig. 1). The presence of
the Nukheila oasis was first reported in the scientific literature
by Newbold and Shaw (1926) and Shaw (1928) who described it
as a lake with a water depth ranging between 1 and 2 m. The
groundwater table in the Atrun oasis ranges between 3 and 6 m
and it varies between 1 and 5 m in the Nukheila oasis (Haynes
et al., 1979; Abdelghafour, 1993). Haynes et al. (1979) determined
the extent of this lake to be 5 by 10 km, with a water depth of
about 3–4 m. Haynes et al. (1979) suggested that the lake is fed
by groundwater trapped by sand dunes. Hoelzmann et al. (2001)
stated that the Atrun oasis was connected to WNPL in periods of
flooding during the wetter early Holocene time. Abdelghafour
(1993) proposed that the Nubian aquifer beneath the Nukheila
and Atrun oases is confined due to the thickness of the aquifer. This
suggestion agrees with the cross sections constructed for WNPL–
NDML which show deep basins at the local level (Fig. 9). In addi-
tion, the location of these oases is aligned with normal faults
mapped in this study from geological and geophysical data
(Fig. 9A).

The Nukheila and Atrun oases in this hyper-arid region provide
a significant amount of surface water that supports life in northern

Fig. 9. (A) Structural map of the West Nubian Paleolake and the Northern Darfur Megalake. (B) Isopach map of the West Nubian Paleolake and the Northern Darfur Megalake
showing the depth to the Precambrian crystalline rocks.
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Darfur. These oases exist because of recharge from the groundwa-
ter of the Nubian aquifer underWNPL–NDML. It is unlikely that the
15 mm per year precipitation in this region will result in the for-
mation of standing water bodies, especially that the evaporation
rate is 2.5–3.0 m/year (Hoelzmann et al., 2000, 2001; Pachur and
Hoelzmann, 2000). Hence, the extraction of large amounts of
groundwater from the Nubian Aquifer under WNPL–NDML would
likely depress the groundwater table beneath these oases, causing
them to dry out completely.

8. Conclusions

1. There are a number of NE-trending grabens under WNPL–NDML
within which the Nubian aquifer can be as thick as 1.6 km. The
basin constituting these grabens has groundwater storage
capacity of �1120 km3 if the Paleozoic–Mesozoic sedimentary
rocks are completely saturated.

2. Present-day recharge of the Nubian aquifer under WNPL–NDML
is unlikely and the local aquifer under the paleolake will not be
in a steady-state condition because any extraction of ground-
water will not be met with equal recharge. This groundwater,
therefore, must be considered fossil water.

3. Excessive extraction of groundwater from under WNPL–NDPL
will likely lead to lowering of the groundwater table which will
lead to the drying-out of oases in northern Darfur.
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