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This paper contributes to the concept that during the late Tortonian, Messinian and early Pliocene (c. 7.5–
4.6 Ma) in addition to the Nile the Sahabi rivers also crossed the Sahara, having originated from tropical
Neogene Lake Chad. Examination of two hamadas lying just to the north of the Libya–Chad border using
Landsat images and SRTM topographic data enables one of them, Hamada Ibn BattutahWest, to be recognised
as an uplifted palaeosurface which preserves late Miocene/early Pliocene fluvial activity. This surface is
referred to as the Yangara Palaeosurface. Of particular interest on the hamada are two long (c. 50 km), wide (c.
4 km) channels, a 50 km2 relic landscape and a short well defined 5 km channel about 1 kmwide. The location
of Hamada Ibn BattutahWest is significant because the hamada provides evidence of extensive fluvial activity
part way between the place of origin of the Sahabi rivers and their preserved record at the Gulf of Sirt. The
Yangara Palaeosurface is considered to extend southwards to the adjacent hamada in northeastern Chad. The
total palaeosurface extends 165 km in an approximate north–south direction and averages 45 km in width. It
lies in the central part of an area of complex post-Miocene uplift involving four hamadas at the Libya–Chad
border.
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© 2011 Published by Elsevier B.V.
1. Introduction

Fossil bones from the Sahabi Formation (Fig. 1) were first
discovered near Qasr as Sahabi in the late 1920s by Italian soldiers
stationed at the fort (Boaz 1987). This late Tortonian/early Messinian
(Bernor and Rook 2008; Beyer 2008; Boaz 2008) formation includes
deltaic and fluviatile deposits of a significant river (de Heinzelin and
El-Arnauti 1987; Boaz 2008). A 150 km Messinian channel system
(the eastern part of the Eosahabi channel shown in Fig. 1) was
recognised in the subsurface of northern Libya during petroleum
exploration (Barr and Walker 1973). This channel system can be
traced to the southern end of the Sahabi Formation outcrops (Fig. 1).
More recently a detailed account of the Messinian (Eosahabi) Channel
over its final 200 km adjacent to the Gulf of Sirt has been provided
based on the analysis of seismic and magnetic data (Nicolai 2008). In
northern Chad, the Amatinga Valley (Fig. 1) has been identified as a
late remnant of a through-flowing Chad/Libyan Sahabi river (Griffin
2006). In between these occurrences Griffin (2002) proposed that the
Sahabi rivers flowed in a marked geomorphological feature revealed
by Landsat images. The feature lies on the east flank of the Tibesti
Mountains and was termed by the author the East Tibesti Valley
(Figs. 1 and 2).

In the past authors have used the terms Eosahabi and Sahabi in
somewhat different ways. In the following discussion the name
Eosahabi will be used for the Sahabi rivers of Messinian age and older,
while the term Sahabi will be used for the rivers of Pliocene age and
younger (younger than 5.3 Ma). Because of climatic variations and
tectonic influences there have been many manifestations of the
Sahabi rivers over the past 8 Ma. The term Sahabi rivers will therefore
be used to refer to this general family of rivers. When discussing a
river of a particular time period (e.g. the late Messinian Eosahabi) the
singular term River will be used.

Drake et al. (2008a) described the history of the Sahabi rivers over
the past 7 Ma concentrating on the Pliocene and Quaternary history of
the rivers. Paillou et al. (2009) used orbital Synthetic Aperture Radar
to map the northern part of the easterly adjacent Kufra drainage
system (Fig. 3) and proposed that the system had considerable age
(up to 17 Ma). Their work did not directly address the related issues of
the Sahabi Formation and the Sahabi rivers. Pachur and Altmann
(2006) contributed greatly to the knowledge of the eastern Sahara
mainly for the late Quaternary and their encyclopaedic study provides
geological background used in the present investigation. Osborne
et al. (2008) have also considered the humid connection between the
Chad and Sirt Basins but for the much more recent Late Stone Age.

The evidence for thinking that the Sahabi rivers at one time flowed
in the East Tibesti Valley is as follows (Griffin 2002, 2006). In the
earlier paper the Messinian was interpreted to be a humid time
leading to the development of a large lake in the Chad Basin which
was substantiated at about the same time by Brunet and MPFT (2002)
and Vignaud andMPFT (2002). Themarked geomorphological feature
of the East Tibesti Valley, best seen on Landsat and other satellite
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Fig. 1. Locationmap showing parts of Libya, Chad, Niger, Egypt and Sudan. The through-
flowing Eosahabi rivers flowed during the Messinian and late Tortonian. The post-early
Pliocene Sahabi rivers originated and flowed mainly within Libya. The areas illustrated
in Figs. 2 and 3 are shown in the figure.

Fig. 2. The setting of Hamada Ibn Battutah West in the East Tibesti Valley. Compiled
from Landsat scenes LM5182044008705890, LM5182045008705890 and
LM5182046008705890. The rectangle shows the area of Figs. 4 and 5. See Fig. 1 for
the location of the figure.
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images (Fig. 2; Pesce 1968, Fig. 10; Google Earth), connects the Chad
Basin with areas to the north of the Tibesti leading to the Gulf of Sirt.
In the later paper details of the geomorphology in the Erdi, Ounianga
and Amatinga areas of northeastern Chad (Fig. 1) were considered to
show the evolving course of the Sahabi rivers during the late Miocene
and early Pliocene. The migration of the rivers in the East Tibesti
Valley in the late Miocene is most likely to have been in an easterly
direction because of the major uplift of the Tibesti to the west and the
presence of the developing Kufra Basin to the east. The age
assignment of the East Tibesti Valley (Griffin 2002) was based on
considerations of palaeoclimate and the age of the Eosahabi Channel
which, because of its incision, is generally accepted to be Messinian in
age. The comparable though more extensive deep incision of the
Rhône and Nile rivers (Clauzon 1973, Fig. 2; Barber 1981; Chumakov
1973) has long been associated with the lowering of sea level during
the Messinian Salinity Crisis; the latter was discovered following deep
sea drilling in the Mediterranean starting in 1970.

The Sahabi rivers are not only of interest in themselves but they
provide important evidence on the nature of the climate of North
Africa during the Messinian, supporting the concept of widespread
fluvial activity (Swezey 2009) and strong climatic zonation across
northern North Africa at that time (Gladstone et al. 2007). The rivers
therefore contribute to the knowledge of the climate at the time and
place of origin of the hominins, assuming this to have been central and
eastern North Africa, north of the equator, which is where all the
Messinian fossil evidence is located (Haile-Selassie 2001; Senut et al.
2001; Brunet and MPFT 2002).

2. Methods

Evidence for the current interpretation is based on detailed
topography derived from the SRTM (Shuttle Radar Topography
Mission) high-resolution digital topographic database of Earth and
also on the study of Landsat images. Landsat TM4 imagery was
obtained in orthorectified geotiff format (WGS84 UTM projection).
False colour IR images (bands 741 as Red Green Blue) were created by
loading Landsat bands 7 (Mid-IR), 4 (Near-IR) and 1 (blue light)
through monitor bands red, green, and blue respectively. The 741-
RGB combination was chosen for its ability to contrast differing
surface textures in desert environments. For each image, contrast
stretching was applied in order to make brighter, more easily
viewable images, and to emphasise the colour and light reflectance
differences of surficial materials. In the interpretation that follows
consideration is given to the broad context of the current knowledge
of the geology and geomorphology of the Chad Basin and eastern



Fig. 3. SRTM derived elevation grey scale image (combined with hill shading) showing the Palaeodrainage System Eghi–Tazirbu and Palaeodrainage System Wadi Yangara–Wadi
Kufra–“Sarir Dalmah” of Pachur and Altmann (2006). The latter system includes Wadi Yangara and the western limb of the Kufra Basin drainage. The total Kufra Basin drainage
system is here based on Paillou et al. (2009) and Robinson et al. (2006). The former reference is used for the part of the system north of Kufra and the latter reference for the part
of the system south of Kufra, which for emphasis is not shaded. There are some northeasterly trending ‘no data’ areas in the northern half of the figure. HIB— Hamada Ibn Battutah,
HEF — Hamada el Fayoud, HEA — Hamada el Akdamin, HTf — Hamada Toukoufimi. See Fig. 1 for index rectangle.
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Libya. It is noted that the latitudes, longitudes and angles of dip, strike
and channel orientation quoted below are approximate, a conse-
quence of this investigation being based on remote sensing source
material.

3. The hamadas and the Yangara Palaeosurface

Hamada Ibn Battutah (Fig. 2) is a rocky plateau composed of
Nubian Sandstone (Pesce 1968; Hissene 1986; Choubert et al., 1987)
lying between 21° N and 22° N and approximately centred on 21° E. It
was named by Pesce (1968) after the great 14th century Arab
explorer. The hamada measures about 100 km in a north–south
direction and is 60 km in width at its central part. In plan it is vase
shaped, wide in the north and tapering in a southerly direction
(Fig. 2). The plateau rises from an elevation of about 600 m along its
eastern border to about 750 m at its western border. The Carbonif-
erous to Lower Cretaceous Nubian Sandstone of the plateau dips
generally in an easterly direction. Hamada Ibn Battutah is one of four
similar plateau areas forming the eastern flank of the East Tibesti
Valley (Fig. 2) and the western part of the Kufra Basin (Figs. 1 and 3).

Lying immediately to the west of Hamada Ibn Battutah is an
uplifted area of Nubian Sandstone comparable in size to the hamada
just described but somewhat narrower (40 km at its widest part). This
feature is here termed Hamada Ibn Battutah West (Figs. 2, 4 and 5). It
reaches about the same height as the more eastern hamada and its
topographic expression (Fig. 4) has a rather distinct kite or diamond
shape. The clearly developed N 20°W texture revealed by the bedrock
of Hamada Ibn Battutah West is interpreted to be the strike of the
rocks. The detail of bedrock revealed by Landsat imagery suggests that
the direction of dip and strike of the Nubian Sandstone is the same for
the two hamadas. It may be argued that the trend here identified as
strike is the record of a past wind direction. However, the semi-
regional changes in direction (over distances of 100–200 km) of the
element here interpreted as strike argues against this alternative
interpretation. Also colour banding of the rocks as seen for example
on Hamada Ibn Battutah (Supplementary Material Fig. 1) supports the
interpretation adopted here. Clearly the current direction of the wind
is from the northeast, evidence of whichmay be observed in the linear
dunes seen in the northwestern corner of Fig. 5. A third possibility is
that the alignments here interpreted as strike are a result of a system
of major joints in the rocks. For the present this distinct lineationmust
remain interpretative and this will be the implication when the term
strike is used in the remainder of this paper.

There are indications on satellite imagery (e.g. Google Earth) of
disruption of the Nubian Sandstone in the area of 21° 30′ N, 20° 40′ E
in the depression between Hamada Ibn Battutah and Hamada Ibn
Battutah West. There could therefore be faulting between the two
hamadas in this area and this probably accounts for some of the



Fig. 4. Hamada Ibn Battutah West showing the eastern and western channels of the
Sahabi rivers superimposed on the topography of the hamada. Attention is drawn to the
topographic trend of this hamada as compared with that of Hamada Ibn Battutah to the
east. Topography derived from the SRTM Digital Elevation Model distributed by EROS
Data Centre, Sioux Falls, SD, USA. The rectangle indicates the area shown in Fig. 8A. a —

Ibn Battutah Island. b — HIBW Island. c — The 5 km channel. The dotted lines show
contemporary lateral drainage in the early stages of development. The area of the figure
is shown by the rectangle in Fig. 2.

Fig. 5. The eastern and western channels of the Sahabi rivers superimposed on a
Landsat image of Hamada Ibn Battutah West. The area of Fig. 8B is shown by the
rectangle. The colour contrast between Hamada Ibn Battutah West and Hamada Ibn
Battutah is well seen along the right hand side of the figure. The image was acquired by
satellite on February 22, 1988 and was prepared with bands 7, 4, 1 as R, G, B. The
rectangle in Fig. 2 shows the location of this figure.

179D.L. Griffin / Palaeogeography, Palaeoclimatology, Palaeoecology 309 (2011) 176–185
elevation difference between them at this location. However, as will
be discussed it is probable that river erosion has also contributed to
the creation of the depression between the two hamadas. The fact that
these adjacent hamadas show such different surfaces alerts one to a
geological history that involves more than simple tectonics. In the
satellite image the eastern hamada has a dark grey-green surface with
bands of brown and purple and clearly developed dendritic, generally
easterly orientated drainage (Supplementary Material Fig. 1). The
western hamada on the other hand is lighter coloured, with blue
predominating and it has a surface expression suggesting rock
outcrop alternating with fine sediment organised in a generally
north–south pattern. Its surface shows little evidence of contempo-
rary dendritic erosion.

The difference between Hamada Ibn Battutah and Hamada Ibn
Battutah West needs to be addressed and should, in the writer's
opinion, always be considered when interpreting the western
hamada. This difference is well seen in Fig. 4 in the different
topographic trends which lie more or less at right angles to each
other, in the Supplementary Material (in the different surface texture
and drainage directions) and in Google Earth where Hamada Ibn
Battutah West falls naturally in the East Tibesti Valley while the
eastern hamada is clearly one of the hamadas that flank the valley. The
following principal has been borne in mind when interpreting
Hamada Ibn Battutah West. The interpretation is made within the
framework of the overarching question as to why its geomorphology
differs markedly from that of Hamada Ibn Battutah.

Hamada Ibn Battutah West is crossed in its southern part by a
Quaternary drainage path defined and referred to as Enneri Yangara
by Pachur and Altmann (2006, Figs. 2.4.19 and 2.4.28). The feature is
also referred to as Wadi Yangara (e.g. Pachur and Altmann 1997), the
term that will be used here. Pachur and Altmann (2006) illustrate two
of the main catchment areas that drain the area of discussion. The
southern one (Fig. 6, B) is the upper catchment area of Palaeodrainage
System Enneri Yangara – Wadi al Kufra – “Sarir Dalmah” and it
connects eastwards with the Kufra drainage system. The more
northern catchment area is referred to as Palaeodrainage System
Jabal Eghi–Tazirbu and it drains northwards (Fig. 6, A) and could be
considered part of the Quaternary Sahabi drainage system of Drake et
al. (2008a). It is noted that the term palaeodrainage system is used by
Pachur and Altmann (2006) to refer to the Quaternary history of these
systems. The latter authors also illustrate a small hypothetical



Fig. 6. The East Tibesti Valley and part of the Kufra Basin showing the hamadas of the
Libya/Chad border area and the two catchment areas Jebel Eghi–Tazirbu (A) and Enneri
Yangara–Wadi al Kufrah–“Sarir Dalmah” (B). The latter catchment area extends 55 km
to the west of the area shown. Wadis x, y and z and Surfaces 1 and 2 are discussed in the
text. The catchment areas are outlined and named following Pachur and Altmann
(2006). HIBW — Hamada Ibn Battutah West. RP — recent playa. Composite Landsat
image derived from MrSid (2004).

Fig. 7. Topographic map derived from the SRTM database of the area shown in Fig. 6.
The path of Wadi Yangara (solid line) and the area of the Yangara Palaeosurface
(dashed line) are shown. Lake 1 is named following Robinson et al. (2006). It is noted
that the four southern hamadas illustrated now form an uplifted complex between the
Chad, Kufra and Sahabi Basins. The uplift is considered to have developed since the Late
Miocene.
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drainage system shown as Wadi x in Fig. 6 which possibly at times
drained eastwards across the East Tibesti Valley (their Fig. 2.4.19).

The montane catchment area of Wadi Yangara is reported to cover
an area of 13,100 km2 and has its origin in the Dohone area of the
eastern Tibesti (Fig. 6). From an elevation of about 3000 m the
drainage path falls rapidly to less than 1000 m as it reaches the East
Tibesti Valley. It crosses the valley in awide sinuous pathwith a recent
playa developed some 70 km from the place where the Wadi reaches
a depression between Hamada Ibn Battutah and Gara Abou Ndougay
(Figs. 6 and 7). Here Wadi Yangara joins the Kufra drainage system
and could at earlier times have flowed into a lake mapped by
Robinson et al. (2006, Fig. 7). The lake in question is termed Lake 1 by
Robinson et al. (2006) and is part of a lake and river system that
developed in the Kufra Basin during the Quaternary that will be
considered under the heading Discussion. Robinson et al. (2006) did
not assign an age to Lake 1. As it is defined on the basis of current
topography it is reasonable to think that it developed during the wet
phases of the late Quaternary and possibly also at earlier phases of the
Quaternary.

The marked difference in surface expression of Hamada Ibn
Battutah and Hamada Ibn Battutah West requires explanation. The
interpretation adopted here sees the surface of Hamada Ibn Battutah
as being in equilibrium with Quaternary humid conditions while the
surface of Hamada Ibn Battutah West is interpreted to be an older
surface, relatively recently exposed. The reasons for this assessment
are as follows. The surface of thewestern hamada has not been eroded
down uniformly to bedrock as in the case of Hamada Ibn Battutah
which is of comparable elevation, also the western hamada shows
little visual evidence of recent erosion and finally Hamada Ibn
Battutah West is crossed by the Quaternary Yangara drainage path.
The drainage of Hamada Ibn Battutah West is not to a strong degree
visually integrated into that of the Tibesti/Kufra system, but is
presumably in the early stages of such integration. Recent uplift is
thus implied and the surface of Hamada Ibn Battutah West may be
regarded as an exhumed surface or palaeosurface. It will be termed
the Yangara Palaeosurface after the wadi that crosses it.

The drainage domain that preceded the current one is the late
Miocene system that was a consequence of a generally more humid
climate than the climate that prevailed in the Pliocene and Quaternary
(Williams 2009). The surface seen on Hamada Ibn Battutah West can
be logically assigned to this predecessor system and the fact it shows
north–south orientated geomorphology which is in part related to
drainage (as will be described) strongly suggests that it preserves part
of the Sahabi river system.

To the south of Wadi Yangara is a sand filled depression that lies
between Hamada Ibn Battutah West and the hamada to the south
which is here informally termed Hamada Toukoufimi (Figs. 6 and 7)
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after the high point on the hamada, Ehi Toukoufimi (Pesce 1968). The
northern margin of Hamada Toukoufimi is uplifted and shows a rocky
surface with north-northwesterly trending erosional features (Fig. 6,
Surface 1). The surface shows much more affinity with Hamada Ibn
Battutah West than Hamada Ibn Battutah. When viewed on similarly
processed Landsat images it shows in places the same blue
colouration and north-northwesterly orientated texture as the
southern part of Hamada Ibn Battutah West. It lacks the dendritic
drainage pattern seen on Hamada Ibn Battutah. Also, the western part
of Hamada Toukoufimi although having a similar relationship
between strike and surface slope as Hamada Ibn Battutah shows
only a trace of dendritic drainage; instead an older surface appears to
be present which is being modified to contemporary drainage
conditions. These are all indications that Surface 1 is a continuation
of the Yangara Palaeosurface. Hamada Toukoufimi dips to the
southeast and the rocky surface is lost under fine sediment (Fig. 6,
Surface 2). Surface 1 is drained by two main wadis that pass to the
southeast and then southwest (shown in Fig. 6 as Wadis y and z) to
empty into the Chad Basin. It is of interest that the drainage
southwards from Hamada Toukoufimi follows a similar “dogleg”
pattern to that interpreted for the Eosahabi River (Griffin 2006)
except that the Eosahabi connected to the Chad Basin further to the
east and flowed northwards.

The topographic map of Fig. 7 shows in dashed outline the total
area covered by the Yangara Palaeosurface and its extension to the
south. The palaeosurface extends 165 km in a north–south direction
and has an average width of 65 km. It is noted that its depressed
central part is sand covered. The palaeosurface lies in the central part
of an uplifted complex comprised of the four hamadas lying to the
south of Hamada el Akdamin (Fig. 7). The uplift forms a contemporary
local divide between drainage southwards to the Chad Basin and
northerly drainage to the Mediterranean. The latter is comprised of
two parts — the Sahabi system and the Kufra system (Figs. 3 and 7).
The central part of the complex uplift is first drained eastwards to the
Kufra Basin by Wadi Yangara before the wadi joins the possible lakes
and rivers of the Kufra Basin to drain northwards.

4. The channels and relic landscape of Hamada Ibn Battutah West

Close examination of the Landsat image of Hamada Ibn Battutah
West reveals features that can be interpreted as drainage related but
that are quite different from those seen on Hamada Ibn Battutah and
the other hamadas draining into the Kufra Basin. As noted previously
the dominant geomorphological trend seen on the hamada is
orientated approximately north–south and the strike of the rocks is
one factor involved. In addition to this is another trend which starts in
the south in an approximate north–south direction and then swings
gradually to the northeast, moving northwards across the hamada. It
will be suggested that the latter trend is a result of past water flow on
the hamada.

The surface of Hamada Ibn BattutahWest is made up of alternating
areas, some darker and striated that can be interpreted as bedrock and
other lighter areas that are more reflective, more uniform in texture
and that appear to be fine sediment. The overall blue colouration of
the hamada is interpreted to arise from the presence on the hamada of
post-bedrock sediments some of which are river derived. Careful
examination of the surface of the hamada enables the recognition of
what will be referred to as channels, approximately north–south
trending, that cross the western half of the hamada (Fig. 5). Two of
these features are recognised and they are characterised as areas with
more fine sediment than the surrounding areas that are thought to be
composed mainly of bedrock.

It is quite possible that each channel illustrated is composite in
nature developed by rivers of say a third or less of the their width,
which followed slightly different paths during the period of their
existence. Migration of the rivers over time would result in the
features outlined. There are abundant indications of fluvial activity on
Hamada Ibn BattutahWest and it is most effectively illustrated at high
resolutions. These fluvial indications are best viewed using Google
Earthwhich currently has high resolution images of the area available,
enabling examination at a scale of up to 1:5000. Supplementary
Material Fig. 1 also illustrates these features but at lower resolution.

Hamada Ibn BattutahWest is striking in that most of the trends are
approximately north–south in contrast to the situation seen on
Hamada Ibn Battutah where the drainage is clearly in an easterly
direction and dendritic in nature. Also, the north–south elements that
can be interpreted as drainage features are quite different from those
seen on the eastern hamada and this suggests that the contemporary
drainage of Hamada Ibn Battutah West is in the early stages of
development. It is logical to expect that drainage will be to the north
and south to join the drainage paths connecting the Tibesti with the
Kufra Basin, and it may be that the topographic orientation of the
hamada assists in this function and may in part explain the absence of
a well developed contemporary drainage system. There are sugges-
tions on parts of Hamada Ibn Battutah West of the early development
of a lateral drainage system (at right angles to the more longitudinal
channels to be described) and examples of this system are shown by
the dotted lines in Fig. 4. The northeastern drainage path so illustrated
is recognised on the basis of the SRTM topography and is the clearest
example of this systemwhile the two southern paths are more subtle.
Recent lateral drainage paths may exist associated with the relic
landscape in the area of Ibn Battutah Island; these would essentially
be a paths derived from the old topography.

Turning to the quite evident more or less northerly orientated
features of the western hamada, a short well developed element the
northern end of which lies at 21° 45′ N, 20° 39′ 20″ E (Figs. 5 and 8, B;
Supplementary Material Fig. 1) is particularly striking. Although too
short (c. 5 km) to place in an unambiguous context, its channel-like
formwith a clearly developed western margin extending some 15 km
southwards is suggestive of water flow in an approximate longitudi-
nal direction. This feature will be referred to as the 5 km channel.

The western channel of Hamada Ibn Battutah West stretches
for about 45 km along the western edge of the hamada between
21° 20′ N and 21° 45′ N (Fig. 5). The channel trends approximately
in a north-northeasterly direction at an angle of about 40° to the
strike of the bedrock. The channel edge is defined where the
bedrock showing bedding passes to an amorphous area showing
no structure that is interpreted to be a channel with sedimentary
filling. The western channel has a topographically well defined
eastern edge (Fig. 4) while its western edge has little resolved
topographic definition, the land surface sloping gently in a
westerly direction. The channel varies between 2 and 4 km in
width. The margins of the channel are quite well defined with a
few embayment and promontories developed. To the south of the
western channel as outlined the past rivers appear to have
followed the strike of the Nubian Sandstone.

A small island is present in the river system at 21° 40′ 50″ N, 20°
30′ 35″ E. It measures 4 km north to south and at its maximum width
is 2 km. It will be referred to as Ibn Battutah Island (Figs. 8, A and 9, A).
This and the area to the south of it constitute a 50 square kilometre
area in which the palaeotopography is well preserved. It is best
viewed on Google Earth where the current resolution enables the
island plus a small island to the south of it (approximately 1 km
square) and the area some 6.5 km to the south of the islands to be
viewed in three dimensions from various angles at scales of up to
1:5000. An old landscape is revealed with hills, gullies and
embayments and a 200 m wide through-flowing channel lying to
the east of the main island. There are indications on other parts of
Hamada Ibn Battutah West of this type of topography but this is the
largest single area of preservation, suggesting it is an originally high
area of the old topography. Comparison of this landscape with a
similar surface area of Hamada Ibn Battutah immediately reveals that
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they are products of different environmental conditions pointing to
surfaces of different ages.

The eastern channel of Hamada Ibn Battutah West is some 58 km
in length and lies between 21° 20′N and 21° 52′N. It varies between 2
and 5 km inwidth (Figs. 4 and 5). The eastern andwestern channels of
Hamada Ibn Battutah West lie parallel to each other except to the
south of 21° 28′ N, where some divergence occurs. The variation
in channel width is greater in the eastern channel than in the western
channel. River bank embayments occur intermittently in the eastern
channel; there are also some promontories. South of 21° 30′ N the
channel follows the strike of the Nubian Sandstone. North of this
latitude the channel turns to the north-northeast to cut across the
strike at about 40°. To the north of 21° 40′ N a further turn to the
northeast occurs so that the channel in its well defined section cuts
the strike at an angle of 50°. This is the area where the river cuts the
strike at the highest angle, a fact that may account for the well defined
nature of this part of the channel. Where the river cuts the strike at a
lesser angle there is a tendency for the river to follow the strike to
some extent and this gives rise to a wider and more irregular channel.

North of 21° 42′ N the eastern channel is narrower, being well
defined and approximately 2 km in width (Fig. 8, B). The channel
section shown in the figure is the best preserved section of a broad
channel crossing Hamada Ibn BattutahWest and it seems likely that it
preserves the record of significant water flow on the hamada. There
are few indicators of direction of water flow in the channels of
Hamada Ibn Battutah West. However, the presence of significant
channels in what is now the divide area between the Chad and Sahabi
Basins indicates that this area was not a divide at the time of the old
landscape. So the question may be asked — was the water coming
from the north or the south? It is reasonably certain that during the
late Miocene high precipitation would be in the southern tropical
areas rather than in the Mediterranean area. This has been confirmed
by the Late Miocene climate modelling of Gladstone et al. (2007).
Therefore, water flow is interpreted to be in a south to north direction.

It might be argued that faulting and perhaps horst and graben
structure are responsible for some of the features discussed above.
However, the boundaries involved are in general not linear as might
be expected with faulting but are more sinuous as would result from
water flow. Also the systematic change of direction of the features and
their ribbon-like form with irregular margins favour a channel
interpretation. A further observation should be considered. The
Hamada Ibn Battutah West uplift is essentially diamond or kite-
shaped and topographic variations within the outcrop are small —
again features not to be expected if horst and graben tectonics were
involved. This is not to suggest that there are no tectonic elements
that manifest on Hamada Ibn BattutahWest; this would be unlikely as
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Fig. 9. (A) View of Ibn Battutah Island in the foreground looking to the northeast across the fluvial surface of Hamada Ibn BattutahWest (HIBW) to Hamada Ibn Battutah (HIB). a. The
western channel of HIBW. b. Ibn Battutah Island. c. Channel to the east of Ibn Battutah Island. d. The eastern channel of HIBW. e. HIBW Island. f. The 5 km channel. g. The scarp of HIB.
h. The southern end of Hamada el Akdamin. i. The plateau of HIB. Satellite imagery sourced from Google Earth; interpretation by the author. (B) View of HIBW Island (in the left
foreground) looking to the northeast across the fluvial surface of HIBW to the scarp of HIB and further north to Hamada el Akdamin and its extension into the East Tibesti Valley.
Satellite imagery sourced from Google Earth. In both these images the contrast between the north trending features of HIBW and the darker surface of HIB with its easterly flowing
drainage is apparent.
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it is an uplifted area. It is considered however that much of the
geomorphology of the hamada results from fluvial effects.

Although lacking conspicuous channels the plateau area to the east
of the described channels appears to have been subject to fluvial
activity except for a few areas. One such area is illustrated in Fig. 9, B
where a slightly elevated triangular shaped fluvial area with c. 2.5 km
sides is surrounded by narrow channels; one small southern
triangular part of it with c. 0.75 km sides (21° 38′ N, 20° 35′ 15″ E)
rises above the fluvial surface and shows what appear to be terrestrial
characteristics. This feature will be referred to as HIBW Island and is a
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possible relic high area on the fluvial surface. Like Ibn Battutah Island
the larger triangular area can be recognised on Landsat images and on
topographic maps derived from the SRTM database (Fig. 4). The
elevation of the putative island above the fluvial surface is c. 15–20 m.

5. Discussion and conclusions

Paillou et al. (2009) mapped the northern part of the Kufra river
and lakes system using orbital Synthetic Aperture Radarwhich has the
capability to probe the subsurface down to several metres in arid
areas. The results obtained correspond well with topography derived
from the SRTM digital elevation model (Fig. 3), suggesting that in the
absence of wind-blown sand the rivers and lakes revealed would be in
evidence today if rainfall was adequate. While it is reasonable to
assume that the system mapped existed in the Quaternary these
authors interpreted the observed features to be part of a substantial
drainage system which could have considerable age, possibly
extending back to the middle Miocene.

The Kufra river and lakes system currently terminates just beyond
the northern edge of the Kufra Basin in the broad alluvial fan of the
Sarir Dalmah (Fig. 3). The fan covers an area of more than 15,000 km2.
The age of the Sarir Dalmah fan is not known with precision but a
general assignment of Pliocene/Quaternary would be in keeping with
current thinking (Pachur 1996; Drake et al. 2008b). Suggesting a
greater age for the Kufra drainage system following Paillou et al.
(2009) could involve a connection of the system with the Eosahabi
Channel as they theorise. Because of the incision of the Messinian
drainage system (Hsü 1983) this would necessitate the presence of an
incised channel connecting the Kurfa system with the Eosahabi
Channel. This has not been reported to date in spite of extensive
petroleum exploration in the Sirt Basin of Libya. Such exploration
might be expected to reveal the channel if it existed as was the case
with the Eosahabi Channel (Barr and Walker 1973; Benfield and
Wright 1980; Nicolai 2008).

The northern Kufra drainage system was effectively mapped by
Paillou et al. (2009) using orbital imaging radar. Considering their
work in association with the radar mapping of Robinson et al. (2006)
using data from Radarsat-1 a good case can be made that the Kufra
Basin record represents a semi-enclosed basin containing in the past a
number of lakes connected by a river network (Fig. 3). Even the 8 km
wide, 100 km long “island-studded” (Robinson et al. 2006) eastern
wadi which these authors compare to the Rio Negro of Brazil is shown
enlarging at each end to a lake. The wadi itself could be interpreted to
be a lake. In the south lakes also occur (Fig. 3, Lakes 1 and 2) and
probably also along parts of the western limb of the system. The Kufra
drainage system could therefore be seen as a system of lakes and
rivers forming the internal drainage system of the tensional Kufra
Basin, which during very wet periods spilt northwards forming the
Sarir Dalmah alluvial fan. The analogy that Paillou et al. (2009) make
with the Okavango fan of Botswana appears to be quite appropriate.

Viewing the SRTM data some observers might see the broad
approximately northeasterly trending channel of the Kufra Basin as a
past drainage path between the Chad and Sirt Basins. However, there
is no evidence of a long lasting through-flowing river system in the
Kufra Basin and as illustrated in Fig. 3 it currently has the aspect of a
now dry basin of possible lakes and rivers. Paillou et al. (2009)
developed amodel of long lasting northwards drainage from the Kufra
Basin but did not consider that it was a conduit between the Chad and
Kufra Basins. There is little sense of evolution of the Kufra drainage
system, so it is either relatively recent or very stable. The former
interpretation is adopted here which involves a model of moderate
tectonic movement in the area east of the Tibesti since the late
Miocene.

The age of the eastern and western river channels is difficult to
establish. The age assignment made here follows from a broader
assessment of the evolution of the Sahabi rivers (Griffin 2002,
2006) which envisaged the rivers migrating eastwards in the East
Tibesti Valley during the Messinian and early Pliocene. Therefore
the younger phase of the rivers will be in the eastern part of the
valley. There seems no reason to modify this assessment at the
present time and the channel segments are therefore thought to
be late Messinian to early Pliocene in age. It is noteworthy that in
all cases the evidence points to large rivers. This reinforces the
concept that there was abundant rainfall in the areas from which
the rivers were derived and supports the idea that climatic
zonation was strong in North Africa especially during the
Messinian (Griffin 2002; Gladstone et al. 2007) when the
Mediterranean was subject to arid conditions (Hsü 1983; Butler
2006). With the drying of the Sahara during the Pliocene
(Williams 2009) climatic zonation was still evident but was
displaced southwards; various data indicate an increase in
moisture to the south of the Sahara during this same time period
(Maley 1980).

The fluvial features of Hamada Ibn Battutah West provide a visual
record of the Sahabi rivers between the Amatinga Valley which lies
close to the shores of Neogene Lake Chad and the Eosahabi Channel of
northeastern Libya. They provide perhaps the best evidence of a Nile-
like through-flowing river system in the time period of discussion.
Lihoreau et al. (2006) demonstrated on the basis of fossil mammalian
teeth that by the late Miocene wet environments connected the Lake
Chad Basin with the Libyan Sirt Basin. A through-flowing river is the
simplest explanation of this connection. Further evidence for this river
connection is provided by the presence of fossil ariid catfish in the
Sahabi Formation of the Sirt Basin and in very early Pliocene deposits
at Kossom Bougoudi in the northern Chad Basin (Otero et al. 2009).

A coherent explanation has been offered as to why Hamada Ibn
Battutah West with its distinctive geomorphology is being integrated
into the Tibesti–Kufra drainage system in an unusual way. It is clear
that this hamada and Hamada Toukoufimi have a history differing
from that of the hamadas to the east. This paper offers an explanation
of the genesis of this unique history, seeing it as a consequence of late
Miocene–early Pliocene river flow. A variant of the interpretation as
presented here might be that the four southern hamadas discussed in
the paper represent an uplifted late Miocene palaeovalley— this view
would not change the interpretation of the nature of the surface of
Hamada Ibn Battutah West and Hamada Toukoufimi as presented.
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