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North-western Sudan, as a part of the eastern Sahara, is among the driest places

on earth. However, the region underwent drastic climatic changes through the

alternation of dry and wet conditions in the past. During humid phases, when the

rain was plentiful over a prolonged time period, the surface was veined by rivers

and dotted by large lakes. The new Shuttle Radar Topography Mission data

(SRTM ,90 m) revealed a large endorheic drainage basin, which is centred by a

large terminal palaeolake, in the northern Darfur State. The use of GIS methods

allowed the delineation of the drainage basin and its associated palaeorivers. The

SRTM data along with the Landsat (ETM + ) and Radarsat-1 images

corroborate the presence of segments of palaeoshorelines associated with the

palaeolake highstands. These constitute a convincing argument of the long-term

existence of a possible pre-Holocene large water body in the region in the past.

The remains of the highest palaeoshoreline have a constant altitude of 573¡3 m

asl. At its maximum extent, the mega Lake occupied an area of about 30 750 km2

(the same size as the Great Bear Lake, Canada’s largest lake), which would have

contained approximately 2530 km3 of water. This, ancestral lake, which we

named the Northern Darfur Megalake (ND Megalake), represents indisputable

evidence of the past pluvial conditions in the eastern Sahara. The discovered

palaeoshorelines will have significant consequences for improving our knowledge

of continental climate change and regional palaeohydorology, and should be

taken into consideration in studies of past human habitation in the region. Much

of the water carried by the Northern Darfur palaeorivers and the ND Megalake

would have percolated into the underlying rocks feeding the Nubian Sandston

aquifer. These findings show that the used approach of space-data integration

can help significantly in the groundwater exploration efforts in the Darfur region,

where freshwater access is essential for refugee survival, and can be successfully

adopted in other parts of Sudan and arid lands in general.

1. Introduction

Sudan is Africa’s largest country, embracing about 2506 km2 of north-east and

central Africa. Spanning 18u of latitude, the plain of the Sudan includes from north

to south significant regions with distinctive characteristics. The southern equatorial

region is swampy and flooded annually; the central region is characterized by fertile

river valleys and savannah; and the northern region consists of a barren, rocky-

sandy Saharan desert plain. The current study is confined to the western part of the

latter region, where the Northern Darfur State is located (figure 1).
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At present, the region is desolate; virtually uninhabited and watering points may

be separated by hundreds of kilometres (Haynes et al. 1979). However, during the

late Quaternary, the region was considerably wetter than it is today as indicated by

lacustrine deposits and playas (e.g. Haynes et al. 1979, Hoelzmann et al. 2001),

extinct river systems (e.g. McCauley et al. 1982, Pachur and Kropelin 1987), and

fauna and flora in several sites (Ritchie and Haynes 1987, Kropelin and Soulie-

Marsche 1991, Pachur and Hoelzmann 1991). Several studies (e.g, Wendorf et al.

1977, Hoelzmann et al. 2001) revealed that prehistoric people lived in the area

during the early and mid-Holocene when water was ample. Old lake deposits (e.g

Haynes 1989, Pachur and Rottinger 1997) and defunct drainage systems revealed by

radar (McCauley et al. 1982) provide physical evidence that water once flowed over

the landscape surface and recharged the regional groundwater aquifers (El-Baz

1998, El-Baz et al. 2000).

Figure 1. Earthsat Landsat TM mosaic of Sudan showing the Greater Darfur region. The
location of the study area in the State of Northern Darfur is represented by a rectangular
frame. Available in colour online.
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Recently, several arid parts of Africa have witnessed severe shortages of water

supply. One of these is the study area, the Northern Darfur State in Sudan. In this

area, freshwater access and sustainability are essential for the Sudanese local

population and refugee survival. This need has contributed to the development of

efficient and economic methods for groundwater exploration. Of these methods, the

integration of remote sensing and GIS has proven particularly successful. The

SRTM data and radar images, particularly, proved to be an excellent tool in

mapping ancient desert fluvial features that are presently concealed beneath a sand

cover, without direct field measurements (Ghoneim et al. 2007). These fluvial

features are potential sources of freshwater and possible sites for pre-historic human

artefacts.

The purpose of this study, thus, is to map the palaeohydrological elements of the

northern Darfur region by integrating space data in the Geographic Information

System (GIS). The study also aims to provide a more detailed view of the shape,

expanse, volume, and bathymetry of the Holocene palaeolake at different levels and

compare them with estimates from earlier studies. Mapping ancient surface water

paths and accumulation (in lakes) can help tremendously in groundwater

exploration efforts in that region. The work is also a step further in reconstructing

the palaeohydrology of the region in which early humans migrated and settled.

2. Data used and processing

Data from three different remote sensing systems are employed in the current study.

Radar data were employed in this study for subsurface features mapping. These

were obtained by Radarsat-1, an earth observation satellite developed by the

Canadian Space Agency. Its imaging system uses a single-frequency, l55.7 cm

horizontally polarized C-band with 25-m spatial resolution. Images used in this

paper are collected from a right-looking descending orbit; thus, east facing slopes

are illuminated. In ideal desert conditions, the C-band radar signals penetrate dry

and smooth sand cover without significant attenuation up to depths of

approximately 50 cm (e.g. Roth and Elachi 1975, Schaber et al. 1997). Smooth

deposits would appear dark owing to specular reflection of the radar wave away

from the receiving antenna, whereas coarse deposits or rock surfaces would appear

bright because of diffuse reflection (Jensen 2000). A total of 10 Radarsat-1 scenes

were used in this research. The data processing started by image georeferenceing and

transformation using the ENVI 4.2 software. The cubic resampling was used for the

transformation process. All the Radarsat-1 images were mosaicked while minimiz-

ing any loss in dynamic contrast by applying as few adjustments as possible. To

enhance the visual interpretation of the radar images, the enhanced Lee filter (Lopes

et al. 1990) was applied with three size windows to reduce the speckle noise while

simultaneously preserving texture information (figure 2(a)).

Topographic data were obtained by the Shuttle Radar Topography Mission

(SRTM), which is a joint project of NASA and the Department of Defence’s

National Imagery and Mapping Agency (NIMA). The data are available

internationally at a 30 (,90 m) horizontal resolution and a 16-m vertical accuracy

with a 90% confidence level (Rodriguez et al. 2005). These data have been chosen

and used because of the C-band wavelength (l55.7 cm) that enables the superficial

sand layer to be penetrated to reveal the near-surface palaeodrainage networks

(Ghoneim et al. 2007). The void-filled seamless SRTM tiles available from the

consortium space information (Jarvis et al. 2006), in 30 spatial resolution (,90 m),
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were mosaicked to construct a continuous DEM for the entire study area

(figure 2(b)). To ensure hydraulic connectivity within the watershed to be delineated,

all the identified sinks (pits) in the resulting DEM are filled. A sink is a sort of local

minimum, formed when a cell in the DEM is lower than its surrounding grid cells.

Some of these sinks are naturally occurring on the landscape, representing inland

depressions. In most cases, however, the sinks are considered spurious, often caused

by random and largely small deviations in elevation surface. It is not uncommon to

find 5% of the cells in 30 DEM to be pits (Tarboton et al. 1991), especially if the

elevation data are stored as integer number as in the case of the present data. The

spurious sinks are critical problems in hydrological applications as they interrupt

continuous flow across the DEM surface and, therefore, are typically removed

before deriving a drainage network.

The D8 flow direction algorithm of Jenson and Domingue (1988), which is widely

used in the literature (e.g. Maidment 1993, Ghoneim et al. 2002, Foody et al. 2004)

and implemented in the used ARCGIS 9.1 software, has been employed for

generating the surface flow directions. This algorithm allows flow from a cell to one

of eight nearest neighbours; each located in the cardinal or sub-cardinal directions.

Once the direction of the flow out of each cell is resolved, it is possible, through the

calculation of the flow accumulation, to delineate the drainage network by counting

all the cells upstream of a given cell. A drainage network can be defined by

specifying a threshold value above which water is said to be in permanent flow. A

threshold of 5000 cells was selected as the derived drainage density was found to

correspond with those revealed in the Radarsat-1 images.

The first attempt to delineate the drainage from the DEM resulted in an entirely

unrealistic channel network in the central portion of the basin (location of the old

lake). It produced parallel streams that ran in some parts straight across the lake’s

bed, whereas in others they rimmed the old lake edge. For that reason, the old lake

Figure 2. (a) Radarsat-1 and (b) SRTM ,90 m mosaics of the study area. The white frame
in (b) illustrates the location of the Radarsat-1 mosaic.
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would need to be considered in the delineation process. The maximum level for the

Holocene lake is estimated to be at 555 m asl (Hoelzmann et al. 2001). Based on

that, the SRTM elevation at that altitude was set equal to no data, and thus

regarded as the local base level. This procedure resulted in a perfect channel network

with realistic drainage lines terminating exactly at the palaeolake border.

Contrasting these channels against those imaged from the Radarsat-1 scenes shows

an excellent agreement between the two derived products and validates the flow

algorithm used. The watershed routine was then utilized in the derivation of the

main drainage basin and its associated sub-basins. On completion, the derived

channels network and the sub-basins were vectorized and stored in the GIS database

to be used for the spatial analyses.

Optical data were also engaged in the study for surface feature mapping. Landsat

7 (ETM + ) images, a part of NASA’s Earth Science Enterprise, were used for this

purpose. The onboard instrument detects radiation in the visible-, near-, and short-

wavelength infrared (30-m pixel resolution), plus thermal long-wavelength infrared

(60-m pixel resolution), together with one panchromatic band (15-m pixel

resolution). A simple image pre-processing was carried out, including image pan-

sharpening and enhancement to provide better spatial detail for the visual

interpretation of the surface features.

3. Results and discussion

3.1 Northern Darfur basin

Results of data processing and drainage delineation are presented in figure 3. It is

clear that the Northern Darfur basin (ND Basin) occupies a total surface area of

128 802 km2, which is larger than those estimated earlier (112 000 km2 and

78 000 km2, respectively) by Hoelzmann et al. (2000, 2001). This hydro-system is

composed of a large number of ancient rivers (tributaries) that drain from nearly all

directions to closed topographic depression, which was occupied by a large lake

(figure 3).

In the north, five main tributaries (wadis) emerge from the Erdi-Ma Mountain in

Chad and south Uweinat highlands at elevations of up to 1000 m and end at the lake

with large alluvial fans. Segments of these wadis were revealed, for the first time, by

a 50-km-wide strip of the Shuttle Imaging Radar SIR-A (McCauley et al. 1982).

These wadis, with their large dimensions, appear very similar in the SRTM data to

those in the radar strip (figure 3). This can be attributed not only to the detailed

surface topography provided by the SRTM data, but also to their capability of

penetrating the dry sand and retrieving subsurface information, since they use the

radar C-band (Robinson et al. 2006, Ghoneim et al. 2007). Obviously these wadis

would have developed in pre-Holocene periods of high fluvial activity (McCauley

et al. 1982, El-Baz 1998), which can be inferred from their wide channel courses. For

example, the middle wadi (3 in figure 3) has a broad watercourse that exceeds 11 km

and an extensive alluvial fan, 40 km wide. Of these, the westernmost one (5 in

figure 3) constitutes the largest catchment area of about 10 700 km2 with a long flow-

path of approximately 224 km.

Wadi Fesh-Fesh in the east (also known as Wadi Mahgour), has the smallest area

of the five northern basins with a catchment area of 2467 km2 and main flow-path of

102 km (2 in figure 3). To the east of this wadi, a 25 km wide valley is located (1 in

figure 3). It was identified early by SAR-A radar data (McCauley et al. 1982), and
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interpreted as the course of an old dry river that has since been called the Radar

River. Haynes (1985) proposed that the width of that valley is a result of the

topographic inversion of an old river system. In the northern part, the strait

segments, the low elevation and the lack of extensive stream network leading to that

valley, suggest its origin as a fault graben. The left border of that proposed graben

can be traced southward, in both the Radarsat-1 and SRTM data, where it shapes

the southernmost tip of the ND Basin (figure 3). Few small channels end up at that

valley where they built their alluvial fans along its floor. Due to the fact that it was a

depressed area, it naturally would have received fluvial sediments from nearby small

streams, which cause the dark signals in the Radarsat-1 data. The aforementioned

graben is probably equivalent to the Mourdi depression, located west of the ND

Figure 3. SRTM-derived drainage network of the Northern Darfur Basin (ND Basin). This
shows that the channels drain toward the central lowland, which is occupied by the Holocene
terminal palaeolake. The box shows the location of the well-known SIR-C radar 50-km-wide
strip in the study basin. The dashed straight line marks the western border of the proposed
NS-trending graben fault. Available in colour online.
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Basin. Small lakes and ponds were possibly formed in that depression during the wet

phases, similar to the Mourdi depression, where a series of playas and lakes were

reported (Pachur and Wunnemann 1996).

The eastern part of the ND Basin is marked by small-scale wadis that originate in

the eastern highlands and run westward with relatively short watercourses. By

contrast, the western part of the ND Basin is drained by several large wadis that

emerge mostly from the eastern flank of the Ennedi Mountains in Chad. In contrast

to the sharp linear texture of the northern wadis, these western wadis appear in the

SRTM data with narrow and shallow channel courses, which probably suggest their

younger age in comparison with the northern ones. They are mostly elongated with

extended flow paths. The largest basin of these (10 in figure 3) occupies an area

exceeding 21 672 km2, with a main channel length of approximately 435 km. The

elongated flow path and, hence, long runoff travel time of the western drainages,

suggests that high groundwater, during past pluvials, played an important role in

supporting their channels by minimizing the transmission loss. Runoff along these

wadis together with the northern ones was probably the main water supply for the

central palaeolake.

Noticeably, the majority of the drainage lines in the ND Basin are structurally

controlled. This certainly would have influenced surface and subsurface water

movement and accumulation in the past. In order to illustrate the fractures pattern

in the area, a lineaments map was constructed based on the SRTM data products

(hill-shade and slope maps) and the Radarsat-1 images. The length and distribution

of the fractures network (figure 4) show the dominance of both the NE and NW

trends (the Red Sea and Gulf of Aqaba trends, respectively). The NE direction is

obvious and governs most of the northern drainage lines. The NW fracture sets are

distributed throughout the ND Basin; however, they are particularly concentrated in

the eastern and south-western parts. There, parallel and sub-parallel trends to the

inferred hydraulic gradient and the dominant steep slope suggest that the fractures,

Figure 4. (Right) Geographical distribution of the mapped lineaments in the research area.
(Left) Close-up of the south-western part of the ND Basin illustrating the dominance of the NE
trend of fractures, which is parallel to the general hydraulic gradient. Available in colour online.
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particularly those controlling the surface drainage, acted as water conductors.

During pluvial periods, the groundwater in the region most likely has been

recharged by episodic runoff and down-gradient movement along these fractures

and in the alluvial fill of the old drainage lines.

3.2 Northern Darfur Mega-Palaeolake

Previous field investigations conducted in north-western Sudan (e.g. Haynes 1989,

Abell and Hoelzmann 2000, Hoelzmann 2002), revealed early to mid-Holocene

(11 500 to 5000 yr BP) freshwater lake sediments, which indicate dominant wet

climate conditions. This large water body, known as the West Nubian Lake in the

literature, provided a favourable environment for diverse flora and savannah fauna

plus human populations (Ritchie et al. 1985, Ritchie and Haynes 1987). A lake level

at 550 m asl has been inferred by Hoelzmann et al. (2001) where large exposed lake

carbonates, almost void of quartz sand, were found. The maximum lake level at

altitude 555 m asl was proposed by Hoelzmann et al. (2001) since no lake deposits

were found above that level.

Estimates of the Holocene palaeolake area in previous studies were based on the

interpretation of SIR-C radar images (Pachur and Rottinger 1997), Landsat-TM

images (Hoelzmann et al. 2000), and fieldwork-based differential GPS (Hoelzmann

et al. 2001). These studies postulated the lake area of 17 864 km2, 7000 km2, and

5330 km2, respectively, and dated it to the Holocene time.

In the present study, the SRTM data were used to virtually fill the Holocene lake

to its previous estimated levels (550 m and 555 m asl) in order to resemble the

palaeolake historic shape and bathymetry. Results show that the area of the

Holocene lake at these estimated altitudes measured 8133 km2 and 11 230 km2,

correspondingly, and would have held 372 km3 and 547 km3 of water, respectively.

Contrary to what was proposed by Hoelzmann et al. (2001), at these two levels, both

the lowlands of Oyo and the talweg of Wadi Fesh-Fesh (figure 3) were parts of the

main palaeolake.

The earlier study by Haynes et al. (1979) recounted an observation of a strandline

segment along part of the Nukheila depression. Another strandline segment, located

at the north-eastern part of the ND Basin, has been identified in SIR-C radar images

(Pachur and Rottinger 1997). However, neither study provided a detailed

description of these strandlines or correlated them with the actual lake level and

extent. Abell and Hoelzmann (2000) suggested that the sediments in this area have

been greatly deflated in earlier periods obscuring any record of lake shores, thus

making estimates of areal extent of the lake difficult.

In the present study, several linear-features, 3–6 m high, located farther beyond

the inferred Holocene lake boundary were recognized in both the SRTM data and

Landsat ETM + images (figure 5). They also appear in the Radarsat-1 images as

parallel alternating ridges and troughs. All the detected linear features, were mapped

(digitized) and superimposed on the contour lines derived from the SRTM data. An

excellent correspondence was found between these segments and contour line

573¡3 m asl (figure 6). These segments, which measured 250 km in length, are

slightly arcuate rather than straight lines, and there is no divergence (bifurcation) of

the ridges, as would be expected in linear aeolian dunes. The arcuate, closely spaced

and repetitive nature of these lines and their relationship to topographic heights

rules out a structural origin. Therefore, we suggest that these linear bench-like
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features are relics of shorelines for what we named the Northern Darfur Megalake
(ND Megalake).

As observed in the Radarsat-1 image, a nearly continuous segment of about

48 km long is well preserved in the north-eastern corner of the lake (figure 7). This
segment is shown clearly as an intact line zone of more than 1 km wide. This zone

contains four parallel shorelines, which demarcate distinct progradational phases

and indicate different stages of palaeolake regression. Since they are characterized

by dark signals in the radar images, these strandlines are assumed to be made of

relatively fine-grained materials such as sand and/or fine gravels. The shorelines are

long and well established, implying that the ND Megalake was stable for extended

periods and was not ephemeral in nature. The factor that appears to influence

shoreline development in that specific area is the gentle slope, where there is more
sediment available for the construction of such features. Abundant influx of

sediment coupled with a relatively long still-stand helps in building the prograda-

tional barrier (Adams and Wesnousky 1998).

The area, where the shoreline segment is located, is characterized by a gigantic
complex pattern of semi-active chevron-shaped laminated sand dunes (Haynes

1985). The presence of the shoreline above the surface of these dunes (figure 5)

Figure 5. (a) Segment of palaeoshoreline defined in the SRTM data at the eastern rim of the
palaeolake. Note the small lake (L) situated east of the shoreline. (b) Palaeoshoreline in the
true-colour ETM + image (see the box in (a) for the location). Note the presence of the
palaeoshoreline above the surface of the sand dunes, The x–z cross-section (bottom) shows
the step-like shape of the topography at an altitude of about 573 m asl (see (a) for location).
Available in colour online.
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Figure 6. (a) Correspondence between the derived lake boundary at an elevation of ,573 m
asl and the discovered palaeoshorelines. The new lake boundary includes all the eastern lakes
to form one immense lake, which we named the Northern Darfur Megalake (ND Megalake).
Two additional shoreline levels at 565 m and 560 m (numbers 1 and 2, respectively) are
revealed in the SRTM data. The arrows highlight the locations of the northern palaeoalluvial
fans. (b) Comparison between the SRTM-derived mega-lake and the previously estimated
Holocene lake in terms of size and shape. Available in colour online.
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Figure 7. (Top) Radarsat-1 image of the north-eastern part of the Mega palaeolake. For the
topographic effect, the SRTM data are superimposed on the Radarsat-1 image with 85%
transparency display. A long zone of progradational palaeoshorelines is revealed in the radar
data suggesting a slowly falling lake level during their formation. Two small wadis (1)
disappear exactly where they join the shoreline zone, suggesting profile adjustment at this base
level. The northern and southern parts of that zone were breached by larger wadis (2, 3).
(Bottom) Oblique, 3D perspective view for the same area showing the shoreline zone, which is
broken in two parts and the location of an isolated lake that overflowed, at its maximum level,
toward the ND Megalake. Available in colour online.
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implies either that the ND Megalake formation was preceded by a hyperarid phase

or that the sand dunes were probably formed under water when the lake reached its

maximum level. This issue requires field investigations to ascertain which of the two

possibilities is more likely.

Indirect evidence of the existence of the shoreline zone is displayed by fluvial

geomorphology. Several small wadis in the Radarsat-1 image disappear exactly

where they join the shoreline zone, which suggests a channel profile adjustment at

this particular lake level (1 in figure 7). Breaching the outer strandlines while the

inner remains intact establishes that the surface runoff started to be minimized, and

small wadis could not be maintained to reach the lake. Larger wadis, however,

succeeded in cutting into the shoreline zone and incising into the palaeolake bed (2

in figure 7). To the east of this shoreline zone, an isolated small lake of

approximately 63 km2 has been identified in the SRTM data. Radarsat-1 images

revealed several small gullies that terminate at its edge. The maximum water level of

this small lake was controlled by a stream located at its western rim and drained

toward the main ND Megalake (3 in figure 7).

To the east of Wadi Fesh-Fesh, another well-preserved segment of shoreline, at

the same level (,573 m asl) with a spit-like feature, was detected in both the SRTM

and Radarsat-1 data (figure 8). This arch-like segment is about 20.3 km long, 1 km

wide, and approximately 3–5 m high. The parallel progradational barriers

characterizing this segment suggest that the ND Megalake was stabilized long

enough at this level before its declination, and that a slowly falling lake level was

taking place, rather than abrupt motion during the barrier formation. The

completion of this shoreline at the opposite side of Wadi Fesh-Fesh (western side)

can be clearly traced in all examined data. This segment looks like a flat terrace that

wraps around a relatively steep highland. This, most likely, was cut by waves

battering the shore of the ND Megalake and carved in unconsolidated slope

materials. The location of the shoreline at both sides of Wadi Fesh-Fesh in the

upper-stream area indicates that more than half of the wadi was under the lake’s

water during the pre-Holocene time. The local lake depth of 25 m in Wadi Fesh-

Fesh, which was estimated by Hoelzmann et al. (2000), might correspond to the

maximum lake size identified in this paper.

Spit morphologies can be used as indicators of longshore transport direction,

which in turn is dependent upon the prevailing wind direction (Krist and Schaetzl

2001). The direction in which the proposed spit is oriented suggests that the trend of

the longshore transport was eastward along the northern coast corresponding to a

clockwise coastal current that was probably dominated by the westerly wind regime.

By making use of the SRTM data, the areas and volumes of the ND Megalake

were calculated at different lake levels ranging from 535 m to 573 m (maximum

detected lake level) by incrementally filling the palaeolake metre by metre in the GIS

(figure 9). Results illustrate that the spillover from the main lake to the eastern four

lakes of Birket Hamra, Nukheila, Hussein, and El-Atrun would have occurred at

and above 557 m asl through narrow water passages. The area–volume plot

(figure 9) shows a sharp and significant increase in both the area and volume by

,3553 km2 and 546 km3, respectively, between levels 557 m and 559 m asl. At the

latter level, the lake would have covered a large area of about 16 321 km2 and held

approximately 1182.8 km3 of water. The above results, plus the presence of

carbonate deposits at the core of the eastern lakes (Haynes and Mead 1987), are

evidence that the eastern lakes were originally parts of the ND Megalake before its
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retreat with the approach of the arid conditions. Water bodies in these eastern lakes

passed through stages from open pools to marshes, to places where water could be

reached by digging shallow wells (birs), and finally to complete desiccation (Haynes

1989). At an elevation of 573 m asl, which marks the highest stand of the palaeolake,

the lake is 83 m deep and 30 750 km2 in area (larger than Lake Erie in North

America), and would have held more than 2529 km3 of water in the past. Its area is

Figure 8. (Top) Radarsat-1 data oblique, 3D perspective view showing the distribution of
shoreline segments. (a) Shoreline segments lying on both sides of Wadi Fesh-Fesh. The
eastern segment has a possible spit-like system, with an eastern direction (see upper figure for
locations). (b) Unbroken shoreline crossing the channel course of a small gully, implying its
existence before the lake’s shoreline formation. The shoreline extends north where it overlies
the southern section of an alluvial fan. Available in colour online.
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significantly larger than all the estimates given in earlier studies, and is twice the

extent of the playa area detected by SIR-C radar images (Pachur and Rottinger
1997). The lowest part of the ND Megalake is located at the Hussein depression

(,490 m asl), which currently includes two productive wells (Bir Bidi and Bir

Aremi).

In the north-eastern corner of the ND Basin, an elongated topographic depression

is clearly visible in the SRTM data but is totally undetectable in the Radarsat-1 and
ETM + images. The NE trend of this depressed area, which is similar to the trend of

the major fractures in the area (figure 4), and its existence along the projection line

of Mourdi depression suggest a structural origin. This graben-like depression would

have probably controlled the highest stand of the ND Megalake. Based on the

SRTM data, at 580¡3 m asl, the lake water would have spilled over north-easterly

toward Wadi Arid, a tributary of the Tushka basin (Ghoneim and El-Baz 2007), and

so the lake would no longer be a terminal lake (figure 10).

In addition to the ,573 m asl shoreline, two segments of shorelines, representing

different lake levels, have been recognized in the study basin. The first (broken

segment) delimits the northern boarder of lake Hussein with a total length of

23.4 km and approximate height of 565 m asl, whereas, the second (intact segment) is

located at the western part of the ND Megalake, about 24 km long and 560 m asl
high. These shoreline levels represent different stages of the ND Megalake evolution

(figure 6).

Figure 9. SRTM-derived hypsographic curve of the Northern Darfur Megalake. A sharp
increase in both the area and volume is shown on the graph when the water level reaches an
elevation of 557 m. Above this elevation, the main lake spilled over and connected with the
eastern lakes through narrow passageways (top left). Available in colour online.
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Combining the SRTM with the Radarsat-1 data reveals the presence of shoreline

segments on top of alluvial fans of the northern wadis, indicating that they postdate

the fans. It also shows an unbroken shoreline segment crossing a small gully course

in the eastern graben area (figure 8(b)), which implies that the stream predated the

lake and was not hydrologically activated since. Therefore, we propose that the

northern palaeorivers were generated first, flowed toward the central lowland, and

built their exceptionally large fans in the pre-Holocene time (Pleistocene or

Tertiary?). Then, the ND Megalake started to form, and its level began to rise until

it reached its highest stand at approximately 573 m asl. At that level, the lake

entered, in some locations, the palaeoriver’s lower courses and formed lagoons. This

assumption is supported by the case of Wadi Fesh-Fesh, where the 573 m shoreline

exists on both sides of the upper-stream half of the wadi (figure 8(a)).

With the onset of another wet phase in the early-mid Holocene, the dry

palaeorivers rejuvenated, where they incised into their old fans and shorelines to

adjust to the new lower base level of the Holocene lake. The elongation of their

channel courses for reaching the Holocene lake level is evident in both the SRTM

and Radarsat-1 data.

The present study makes no inferences about the age of the ND Megalake, only

that it must have received water from a continuous supply of rainfall and surface

runoff at the time it was formed. The complete absence of lacustrine deposits above

elevation 555 m, as confirmed by Hoelzmann et al. (2001), and the discovery of lake

Figure 10. SRTM data superimposed on the hill-shade of the DN megalate. They revealed
an elongated graben-like depression in the north-eastern corner of the ND Basin with a NE
direction. This depression would have controlled the highest stand of the ND Megalake. The
SRTM-derived contour line at 580 m asl shows a connection between the ND Megalake and
Wadi Arid, a tributary of the Tushka basin to the north. Available in colour online.
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shoreline at elevation of 573 m, implies that either the 573 m shoreline belongs to a

former ancestral lake that originated in earlier wet epochs (pre-Holocene?) where its

sediment was totally removed by deflation, or that the shoreline represents the

highest stand of the Holocene lake. Thin lake deposits located at the shallow lake

edge were probably blown out entirely due to several millennia of erosion, while

thick lake carbonates remained preserved in the lower deep topography as core lake

deposits. Field investigation and soil sampling are required to determine which of

the two possibilities is more likely.

Today, the Northern Darfur hydro-system is totally dry, except for moisture from

occasional rainfall. In the past, nevertheless, the water carried by the ancient rivers

and the terminal lake would have infiltrated into the subsurface. Since the ND Basin

is of internal discharge, was largely made of the Nubian Sandston (Geological Map

of Sudan 1981), and was occupied by a large standing water body, and much of its

drainage is controlled by parallel hydraulic gradient fractures, it can be expected

that the basin, particularly in its central part, holds a massive groundwater reservoir

beneath. This aquifer can be of great importance to the local population in northern

Darfur and the neighbouring states in Sudan as well.

4. Conclusion

The work, which is entirely based on space data, demonstrates that integrated

remote-sensing techniques are beneficial for conducting palaeohydrological studies

over large regions where few other data sources are available. Such technology has

been successfully used to identify and map an ancient endorheic basin with old river

courses in the desert of northern Darfur in Sudan. These data also facilitated the

discovery of remnants of ancient shorelines associated with the maximum extent of

an ancestral palaeolake. Based on these shorelines, it was possible, using GIS spatial

analysis, to construct the first precise area and volume of the ND Megalake. The

results provide new insights into debates about the nature and extent of the lake. A

detailed study of these newly identified shorelines, through sampling and dating,

would certainly allow a better understanding of age relationships and help in the

reconstruction of the palaeoclimatic conditions that dominated the area in the past.

The absence of reliable and detailed topographic maps, the difficulties in accessing

some sites in the region from the ground, the vast area of the ancient ND Megalake,

and the discontinuous presence of its shorelines make it difficult to map the

palaeolake level and extent prior to the availability of the SRTM data.

The large palaeorivers along with the ND Megalake and their associated flora and

fauna would have had a profound impact on the early settlers in the north-western

Sudan, which is today severely constrained in its ability to support even small-scale

mobile human populations. These water bodies would have encouraged extensive

biota and human occupation in the past and possibly acted as natural migration

paths for prehistoric man. They may have played a role as a cultural link between

the region and the neighbouring early occupied basins such as the Tushka basin in

the north (Ghoneim and El-Baz 2007) and the Lake Mega-Chad (LMC) in the west

(Schuster et al. 2005) in addition to the Nile Valley.

The water carried by the ND Megalake, which covers an area of about one-tenth

of Northern Darfur State, would have percolated downward and recharged the

groundwater aquifer. Thus, the ND Basin is expected to have a large groundwater

reservoir below, which can be of great importance to the local population in the

Northern Darfur region. This result, thus, proves that the approach used in this
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paper can help tremendously in groundwater exploration efforts in the region and

can be implemented in other parts of the Great Sahara and arid land worldwide.

Acknowledgement

The authors gratefully acknowledge Vance C. Haynes of the University of Arizona

for his detailed review and very useful comments.

References
ABELL, P. and HOELZMANN, P., 2000, Holocene palaeoclimates in northwestern Sudan: stable

isotope studies on molluscs. Global and Planetary Change, 26, pp. 1–12.

ADAMS, K. and WESNOUSKY, S., 1998, Shoreline processes and the age of the Lake Lahontan

highstand in the Jessup embayment, Nevada. Geological Society of America Bulletin,

110, pp. 1318–1332.

EL-BAZ, F., 1998, Sand accumulations and groundwater in the Eastern Sahara. Episodes, 21,

pp. 147–151.

EL-BAZ, F., MAINGUET, M. and ROBINSON, C., 2000, Fluvio-aeolian dynamics in the North-

eastern Sahara: interrelation between fluvial and aeolian systems and implications to

ground water. Journal of Arid Environments, 44, pp. 173–83.

FOODY, G., GHONEIM, E. and ARNELL, N., 2004, Predicting locations sensitive to flash

flooding in an arid environment. Journal of Hydrology, 292, pp. 48–58.

GEOLOGICAL MAP OF SUDAN 1981, Scale 1 : 2 000 000, Ministry of Energy and Mines,

Khartoum, Sudan.

GHONEIM, E. and EL-BAZ, F., 2007, The application of radar topographic data to mapping of

a mega-paleodrainage in the Eastern Sahara. Journal of Arid Environments, 69, pp.

658–675.

GHONEIM, E., ARNELL, N. and FOODY, G., 2002, Characterizing the flash flood hazards

potential along the Red Sea coast of Egypt. The extremes of the extremes:

Extraordinary floods. IAHS Publication, 271, pp. 211–216.

GHONEIM, E., ROBINSON, C. and EL-BAZ, F., 2007, Relics of ancient drainage in the Eastern

Sahara revealed by radar topography data. International Journal of Remote Sensing,

28.

HAYNES, C.V., 1985, Quaternary studies, Western Desert, Egypt and Sudan 1979–1983 field

seasons. National Geographic Research Reports, 19, pp. 269–341.

HAYNES, C.V., 1989, Oyo: A lost Oasis of the southern Libyan Desert. The Geographical

Journal, 155, pp. 189–195.

HAYNES, C.V. and MEAD, A.R., 1987, Radiocarbon dating and paleoclimatic significance of

subfossil Limicolaria in northwestern Sudan. Quaternary Research, 28, pp. 86–99.

HAYNES, C.V., MEHRINGER, P.J. and ZAGHLOUL, S.A., 1979, Pluvial lakes of North-Western

Sudan. The Geographical Journal, 145, pp. 437–445.

HOELZMANN, P., 2002, Lacustrine sediments as key indicators of climate change during the

late Quaternary in western Nubian (eastern Sahara). Africa Prehistoric, 14, pp.

375–388.
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