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Abstract

The Ogaden region is located on the Somali Plateau, in southeast Ethiopia. Originally a clan-
based term, the Ogaden is now commonly used for the entire region below about 1,500 m a.s.
1., an area of some 300,000 km? that encompasses most of the Somali Regional State and
includes the southwest portion of Oromia. The climate is hot, arid to semiarid, corresponding
to the Ethiopian bereha and kolla climatic zones. Three basic physiographic provinces are
recognized: the Genale and Shebele drainage basins and the Eastern Slope and Plains. The two
drainage basins include spectacular upstream canyons that witness the vertical movements that
have accompanied the succession of rifting events in the Ethiopian Rift, Afar, and the Gulf of
Aden. In strong contrast, the Eastern Slopes and Plains is dipping less than 0.4° on average
over hundreds of kilometers to the southeast and is mantled by red sands. Several remarkable
Ogaden landforms are described and analyzed, including volcanic, fluvial, and gravitational
features, some having few equivalents in other areas on Earth. A variety of volcanic landforms
are present across the region, reflecting the complex Cenozoic history of the Ogaden’s
margins. For instance, meandering basalt hills provide a textbook example of inverted
topography by fossilizing paleodrainage networks of various ages. The modern drainage
network provides information on the genesis of the mega-geomorphology of the Ogaden and
documents its uplift history. In western Ogaden, the deep incision has exposed the Cretaceous
evaporites and triggered the development of one of the largest gravitational spreading domains
on Earth, the Audo Range.
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19.1 Introduction

The landscape and landforms of Ethiopia, and the peoples
and cultures that evolved there, have captured the imagina-
tion since biblical times. This dramatic topography is the
creation of earth forces uplifting and splitting apart the Afro-
Arabian continent for more than 30 Myr. A vast rift complex
now cleaves south through the uplifted dome of Ethiopia,
separating western (Ethiopian) and southeastern (Somali)
plateaus, and creating a landscape that has profoundly
influenced the history and culture of the region. The high
and dissected western plateau, long known as Abyssinia,
sheltered the Coptic Christian kingdom from Islamic and
European expansionism. Conversely, the southeastern pla-
teau’s easy access to the Islamic coast saw early conversion
of Sidama, Oromo, and Somali clans and the establishment
of Harar in the thirteenth century as the religious center of
the Horn of Africa.

In this chapter, we describe the landscape and landforms
of the lower regions of the southeastern plateau, the area
known informally as the Ogaden (Fig. 19.1). This poorly
accessible and seldom visited region is not as well known or
studied as the Ethiopian Plateau and is often dismissed as
‘desert.” Certainly, the region has vast red soil plains, but it
also has the grand canyons of the Wabe Shebele and its
tributary rivers, the spectacular Audo Range gravitational
spreading complex, and a variety of landforms, soils, and
vegetation that reflect the changing elevation of the plateau.
We summarize the geographical and geological information
and then focus on three major features of the Ogaden
landscape: the volcanic landforms, the drainage system and
its evolution, and the very large-scale gravitational spreading
structures of the Audo Range. These landforms are described
and also discussed from a mega-geomorphology perspective.

There is no formal definition of ‘the Ogaden’ but, in
popular usage, it corresponds approximately to the area of the
Somali Plateau from about 1,500 m elevation to the Somalia
and Kenya borders. The Ogaden takes its name from the
Ogaden clan (Somali, Ogaadeen), a subclan of the Darod,
who live in the region. The term originally referred only to
the Ogadeni lands but is now commonly used for the entire
Somali region, even, albeit rather imprecisely, as an alter-
native for the Somali Administrative Region (Hagmann and
Khalif 2006; Temin 2006). Climatically, it corresponds to the
hot arid region of the Ethiopian bereha and kolla climatic
zones. In geological terms, it is the area where sedimentary

rocks occur on or near the surface, underlain by a deep
sedimentary basin.

The modern use of the Ogaden name is opposed by some
people in the region because they feel it implies Ogadeni
political leadership, both in general and specifically over
non-Ogadeni lands (Hagman 2007). However, there is no
useful alternative term and it is now widely used and
accepted in many fields of study.

19.2 Landscapes

19.2.1 Human Geography

The Ogaden occupies the southern portion of the Somali
Regional State of Ethiopia, and the southeastern portion of
the Oromia State. Jijiga is now the regional capital of the
Somali State and the administrative center for the region.
Adama (or Nazret) is the capital of Oromia. Figure 19.1
shows the Ogaden region, as described in this paper, with the
main towns, rivers, and roads. Important towns include
Aware (Teferi Ber), Daghabur, Gode, Kebri Dehar, Fik, Filtu,
and Werder (Harar, the historical capital of the region, is now
designated as a separate state, as is Dire Dawa). The Jijiga/
Ferfer road coincides with a major topographic and geolog-
ical divide between eastern and western Ogaden regions.

The Ogaden region encompasses about 300,000 km* and
has a population of the order of 5 million, predominantly
Somali and Oromo clans, with each constituting near 90 %
of the population in their state (Ethiopian Government Portal
2014). Historically, the people of the Ogaden have been
primarily nomadic pastoralists, but the population is
increasingly gathered into the large and small towns across
the region. Agriculture predominates at higher elevations
and along the lower Wabe Shebele.

Major roads provide access to the Ogaden from the
national capital Addis Ababa (Fig. 19.1). In the north, where
numerous major river canyons occur, secondary roads
extend south from the main road to Jijiga. Access to
southwestern areas is limited from the north by the Wabe
Shebele canyon and is primarily via roads linking to the Imi-
Gode-Mustahil road. A main road from Jijiga southeast
through Kebri Dehar to Ferfer on the Somalia border links
with secondary roads in the central and eastern region and
provides the road link to Somalia capital, Mogadishu. Sec-
ondary roads in the Ogaden, as well as some of the main
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Fig. 19.1 Location map, Ogaden region, Ethiopia

roads, are unsealed and can be in poor condition, with river
crossing very difficult, especially in the wet seasons.

19.2.2 Physical Geography

The digital elevation model of southeastern Ethiopia of
Fig. 19.2 shows the main features of the Ogaden landscape
and the clear subdivision into highly dissected western and
subdued eastern regions. The boundary is relatively abrupt,
along the eastern side of the uplifted Marda Range, a
prominent NW/SE-trending structure thought to have
formed by Phanerozoic multiphase reactivation of a Pre-
cambrian shear zone (Purcell 1976). In the western Ogaden,
the high plateau rises to the rift margin rim and is dissected
by the steep canyons of south- and east-draining rivers,
creating a rugged topography. The steep river canyons and
profiles are evidence of the recent relative uplift along the
plateau rim. These rivers join the Wabe Shebele, which
flows southeast across the central Ogaden into Somalia, its
valley slowly diminishing from a steep-walled high canyon

to a broad flood plain. Pronounced NW-trending features,
such as the Marda Range complex, are clearly seen.

By contrast, the eastern Ogaden is a very gentle slope, on
average dipping less than 0.4° to the southeast, with no
major rivers or high topographic features. Comprehensive
geomorphological studies remain to be conducted; never-
theless, an analysis of the most prominent landforms, the
scattered low basaltic hills, has been undertaken and is dis-
cussed in Sect. 19.3.2. Rock outcrops are relatively rare and
the plain is covered with alluvial and eolian red sand,
commonly a few meters thick but locally as deep as 13 m,
based on the results of oil and water bores (Walsh 1976;
Faillace 1993).

The main physiographic provinces and features of the
Ogaden are shown in Fig. 19.2. The basic subdivision rec-
ognizes the main provinces of the Wabe Shebele and Genale
watersheds and the Eastern Slopes and Plains. The further
subdivision into regions is clearly defined in some areas,
such as the Audo Range, but in other cases, the boundaries
between regions are diffuse. Figure 19.3 illustrates typical
landscapes from several of the physiographic regions,
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Fig. 19.2 Digital elevation model, southeast Ethiopia, showing informal physiographic subdivisions

including the Mustahil Plateau, the Eastern Slopes and
Plains, and the Wabe Shebele valley.

19.2.2.1 Elevation

The Somali Plateau has its highest elevation along the
uplifted faulted margins of the Afar Depression and the Main
Ethiopian Rift (MER), reaching over 4,000 m a.s.l. in the
Arsi and Bale mountains in the west and over 3,000 m a.s.l.
in the Chercher and Ahmar mountains in the north/north-
west. Except in the west, the areas above 3,000 m in ele-
vation occur only relatively near the plateau edge and, in all
areas, are associated with volcanoes or thick Tertiary basalt
flows. The elevation declines to the south and east and is
about 300 m along the Somalia border (Fig. 19.4).

The present elevation of the Somali Plateau is the result
of geodynamic events that produced vertical movements of
the crust over the Cenozoic. The Ogaden is located at the
edge of a dynamic mantle plume, upwelling for more than
30 million years in eastern Africa and western Arabia
(Moucha and Forte 2011). Flood lava eruption in the

Ethiopian-Yemenite province, which peaked at 30-29 Ma
(Hofmann et al. 1997), was accompanied by vertical dis-
placements in the region, though whether and where it
resulted in uplift or subsidence depends on an interplay of
parameters (Olson 1994), details of which are limited by the
scarcity of adequate geological observations (see, however,
Juch 1975). On the northern side of the Ogaden, rifting of
the Gulf of Aden (Leroy et al. 2012) started as early as Late
Eocene, while uplift peaked at 20-18 Ma and stopped
around 16 Ma, when oceanization started (Watchorn et al.
1998; Fournier et al. 2010). Northward propagation of the
Main Ethiopian Rift and initiation of the southern Afar
started at 11-10 Ma (Wolfenden et al. 2004; Bonini et al.
2005), and rifting has proceeded until the present. Rift-flank
uplift at the western edge of the Ogaden is thought to have
occurred during this interval. The overall southeastward
slope of the Ogaden seems primarily a consequence of the
topographic evolution of this tectonism along the north-
western edge of the Somalia Plate, although it does appear
that the region had a preexisting southward slope dating to
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Fig. 19.3 Selected Ogaden landscapes. a Somali state capital Jijiga,
looking southwest toward Marda Range; b Red sand plains in eastern
Ogaden, with village in foreground; ¢ Wabe Shebele near Gode;
d Canyons of the Wabe Shebele incising Uarandab Shale plateau, south

the Late Jurassic, as revealed by the thinning and transition
to less marine facies of the Upper Jurassic sediments out-
cropping in the northern and western areas (Purcell 1981).

19.2.2.2 Climate

The climatic zones in the Ogaden and adjacent region are
shown using traditional Amharic terminology on Fig. 19.5
(Ethiopian Mapping Authority—EMA 1988; Lemma 1996).
The bereha zone (hot arid) covers the region below 500 m

of Wabe/Ramis junction; e Mustahil Plateau, south-central Ogaden,
looking across Wabe Shebele floodplain; and f Genale Plateau on
Gabredarre limestone above Genale River (Photos by P. Purcell except
e which is courtesy of Hunt Oil Company)

elevation, where annual rainfall is less than 400 mm, result-
ing in sparse vegetation with extensive bare ground. The
kolla zone (warm to hot semiarid) covers the region between
500 and 1,500 m in elevation, where the average annual
rainfall is generally around 600-800 mm. The higher regions
of the Somali Plateau are classified as weyna dega (1,500-
2,500 m a.s.l.; warm to cool semihumid) and dega (>2,500 m
a.s.l.; cool to cool humid). Under the Kdppen classification,
the Ogaden is classified as hot arid (Bwh) and hot semiarid
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Fig. 19.4 Simplified elevation
map, southeast Ethiopia

Fig. 19.5 Climate zones,
southeast Ethiopia (after Lema
1996; EMA 1988)
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(Bsh). In the high country above 2,000 m (beyond the Oga-
den sensu stricto), the climate is warm temperate (Cwb). For
all intents and purposes, Koppen zones Bwh and Bsh cor-
respond to the bereha and kolla zones.

Ogaden aridification dates back to Late Miocene, when,
after the Eocene optimum, the Sahara desert formed (Micheels
et al. 2009) and the Messinian salinity crisis in the Mediter-
ranean region occurred (Feakins 2013). Aridity has been
globally maintained until modern times. The main causes in
the Ogaden are, firstly, that the NE and the SE monsoons that

blow across the region are relatively dry and carry little rain
and, secondly, that the Ogaden is in the rain shadow of the
Ethiopian highlands as regards Atlantic moisture carried east
by the unstable Congo airstream (Nicholson 1996; Sepulchre
et al. 2006). The rainfall over most of the Ogaden falls mainly
during the transition period between the monsoons, giving a
bimodal rainfall distribution (EMA 1988), with rainy seasons
in March—June (main) and September—November (minor),
known in Somali as Dehr and Gu, respectively.
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Annual rainfall is between 400 and 800 mm over much of
the Ogaden (refer to bereha and kolla zones on Fig. 19.5)
but is very irregular and variable in the extreme east and
southern areas, often 200 mm or less. Annual variability can
be considerable within and between local areas, mainly
linked to variability in Gu rains, but recent analyses show no
overall decline in annual rainfall in the period 1965-2002
(Cheung and Senay 2008).

19.2.2.3 Hydrology

The Ogaden region contains two vast drainage systems, the
Wabe Shebele basin in the northeast and the Genale basin in
the southwest, as shown in Fig. 19.6 (EMA 1988). Both
systems drain into the Indian Ocean.

The Wabe Shebele (Somali, River of Leopards), known as
the ‘Second Nile’ to early Arabian geographers, is over
1,300 km long in Ethiopia (about 2,000 km overall) and has a
catchment area of over 205,000 km?>. The river rises in the
Arsi highlands in the west and flows initially northeast in
spectacular deep canyons, reaching over 900 m deep near the
ancient town of Sheik Hussein, before abruptly swinging
southeast and meandering across the Ogaden into Somalia.
Near Mogadishu, it is deflected southwestward by coastal
dunes and, in the wet season at least, joins the Juba River and
enters the ocean near Kisamayo. The main tributaries of the
Wabe Shebele are the Galeti, Ramis, Erer, and Dakota rivers,
rising in the north in the Ahmar Mountains and cutting deep
narrow gorges in the northern slopes of the plateau, as dis-
cussed further in Sect. 19.3.3. The easternmost major river in
the region is the Fafan, which, with its main tributary, the

Gerer (or Yerer), flows southeast along the Marda Range and
then southward, drying into the desert, except in heavy wet
seasons when it flows into the Wabe Shebele.

The Genale catchment area covers about 168,000 km? and
contains three main rivers, the Genale, Weyb (or Webi Ges-
tro), and Dawa, all of which meet near Dolo on the Somalia
border and continue south as the Juba River. The topographic
divide between the Wabe Shebele and Genale watersheds
runs through the Audo Range, an alignment of gravitationally
unstable mesas, further discussed in Sect. 19.3.4.

In terms of landscape evolution, the rainfall regime is
responsible for the development of temporary streams and
small river channels throughout the Ogaden lowlands. They
are dry most of the time, but are reactivated during the short
and intense rainfalls, washing out the surface of the hills and
accumulating the erosional products downstream in pan-type
depressions. Such depositional areas are easily identified
downstream from basaltic hills, because the dark clay
accumulations contrast with the surrounding red sands. In
the vast Wabe Shebele basin, intense rainfall in the upper
catchment produces flash floods that periodically cause loss
of life and destruction of buildings, crops, and livestock, by
the strength of the flow of the crocodile-infested waters. At
the same time, these waters and the soil they carry play a
considerable role in the local agro-pastoral economy by
making possible flood-recession agriculture in the riverbed
in the Gu and Dehr seasons (UNDP 1999). Other major
rivers, such as the Fafan and Gerer, are subject to intense
floods lasting hours or days (Bauduin et al. 1973) but of
much lower dramatic consequences than the Shebele floods.
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19.2.2.4 Vegetation and Soils

The changing elevation of the Ogaden region and its rim of
highlands, and the rainfall pattern they influence have a
marked impact on the pattern of soils and vegetation across
the Ogaden landscape.

Fluviosols are present along the lower reaches of several
rivers, notably the Wabe Shebele, and can support large
irrigated agricultural programs. In many valleys, however,
the alternating wet periods and long dry spells have created
heavy clay-rich vertisols that are less useful for agriculture.
Over most of the Ogaden, the predominant soils are xerosols
and yermosols, the latter often gypsiferous, and generally not
suitable for agriculture. The soils are alluvial and vulnerable
to wind and water erosion (EMA 1988).

Botanical description of the Ogaden flora is still very
limited, as illustrated by the recent discovery of probably
hundreds of thousands of specimens of a newly described
acacia species, Acacia fumosa, on the Cretaceous Mustahil
limestone hills in eastern Ogaden (Thulin 2007). The basic
vegetation pattern reflects the soils and moisture conditions.
While a complex interfingering of zones is determined by
local conditions, there is an overall change from SE to NW,

from desert vegetation to steppe to grassland to woodland
and savannah and, finally, in the high country to coniferous
forests. Xeromorphic thorny plants and grasses, often salt
resistant species, and low acacias dominate the desert and
semidesert scrubland in the southeast. In the steppes,
between 200 and 1,400 m a.s.l., the vegetation is similar but
with larger and more dense growth. The grasslands in the
Ogaden, covered by short to medium, fire-resistant grasses,
occur between about 400 and 2,000 m a.s.l. and interfinger
with the savannahs and woodlands that are dominated by
acacias and juniper trees (EMA 1988).

19.3 Remarkable Landforms

19.3.1 Geological Background

The landscape and landforms of the Ogaden are a product of
the stratigraphic and structural evolution of the region. The
surface today consists of sediments, Mesozoic to Neogene in
age, as well as Precambrian basement rocks and Cenozoic
volcanics (Fig. 19.7). Jurassic and Cretaceous sediments are
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Fig. 19.7 Geology map, southeast Ethiopia, showing location of volcanic features discussed in text
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the predominant outcrop in the western Ogaden, while
Cenozoic sediments occur in the east; the contact between
the two provinces being roughly coincident with the Marda
Fault Zone. The underlying Ogaden Basin contains about
8 km of sediments deposited from Permian to Eocene time,
approximately 260-35 million years ago.

The Ogaden Basin formed initially as part of the Karoo
rifting in the Permian (Purcell 1981). In the Late Triassic to
Early Jurassic, it developed into a sag basin and marine
waters from the newly opening Indian Ocean flooded across
the region, extending to northern Ethiopia, and depositing
some 1,500 m or more of predominantly carbonates and
evaporates in a vast shallow sea. In the Oxfordian, the seas
reached their maximum flooding level and the Uarandab
Shale developed. It was overlain, as the seas shallowed, by
the carbonate Gabredarre Formation. The alternating cliff-
forming limestones and softer shale and evaporite units
result in a cliff-and-terrace topography in the eroded valleys
in the northern and western Ogaden.

In the Early Cretaceous, silling of the basin, probably by
a barrier reef trend near the present coastline, established a
broad sabhka environment over the Ogaden, where the thick
evaporites (1,600 m) of the Gorrahei Formation (previously,
the Main Gypsum) were deposited in the basin center,
thinning to the north and west. A marine transgression in the
Aptian reestablished open marine conditions and deposited
the dense limestones of the Mustahil Formation. Regional
uplift in the Santonian exhumed the western Ogaden and
reoriented the eastern basin to a NE-trend along the newly
formed continental margin (Purcell 1981). During the Ma-
astrichtian—Paleocene, the continental Yesomma Formation
was deposited over much of the Ogaden, becoming more
marine in the east. The Mustahil and Yesomma formations
were to collapse later into the underlying Gorrahei evapor-
ites by block tectonics of gravitational origin, as discussed
further in Sects. 19.3.4 and 19.4.

An Eocene transgression deposited the carbonates and
evaporities of the Auradu, Karkar, and Taleh formations in
the eastern Ogaden and, thereafter, sedimentation was lim-
ited to the coastal Somalia area. Further widespread erosion
occurred in the Oligocene, driven by uplift of the Somali
Plateau and creating a landscape of eroded Tertiary, Creta-
ceous, and Jurassic sediments, similar in general terms to the
present surface.

The early plume volcanism along what is now the Somali
Plateau margin is relatively undocumented, but probably
commenced during the Oligocene around 30 Ma, as on the
Ethiopian Plateau (Hofmann et al. 1997), since the two
regions were not then separated by the Afar and the Main
Ethiopian Rift (MER). In the eastern Ogaden, the YOArAr
age of volcanic rocks geochemically akin to the plume

basalts covers a time span of ~ 8 million years, between 30
and 22 Ma (Mege et al. 2012a), encompassing the onset of
rifting in the Red Sea and Gulf of Aden. Excluding the
2,000 m or more of accumulations at major volcanic centers
along the plateau rim, basalt and associated volcanics on the
plateau proper are 200500 m thick in the north and west
and more commonly 50 m or less in southern and eastern
areas. While not comparable volumetrically with the Ethio-
pian Plateau volcanics, the Ogaden basalt flows were
extensive, reaching over 600 km into coastal Somalia, as
revealed by the widely scattered remnants seen on the sur-
face and identified in the subsurface by aeromagnetic sur-
veys and intersections in water bores and oil exploration
wells (Purcell et al. 2011). Low viscosity lavas, that flowed
for 100-200 km or more, filled river canyons and are pre-
served today as the inverted topography of basalt hills
meandering across the landscape. The volcanic features of
the Ogaden are discussed in detail in Sects. 19.3.2 and
19.3.3. A major feature of the Ogaden magmatism was the
Late Oligocene Ogaden Dyke Swarm, which can be traced
across the Ogaden on outcrop and magnetic data from the
Afar margin to the Somalia border (Meége et al. in press).

The tectonic activity at the northern and western edge of
the Somalia plate since the Miocene, the volcanic activity
since the Oligocene, and contrasts in rheology and strength
of the Meso-Cenozoic cover are the main geological influ-
ences on the geomorphological evolution of the Ogaden. In
particular, they are key to understanding the three prominent
landforms of the Ogaden discussed below: the volcanic
landforms, the exhumed canyon-filling lava flows and the
gravitational spreading structures.

19.3.2  Volcanic Landforms

The geomorphology of the volcanic outcrops in southeast
Ethiopia have been discussed by Purcell et al. (2011), based
primarily on mapping of the entire region on Landsat Geo-
cover mosaics 1990 and 2000, high-resolution satellite ima-
ges available on Google Earth™, and helicopter-supported
field work in the eastern and southern Ogaden. Volcanics in
southeast Ethiopia occur as broad volcanic plateaus, linear
outcrops, isolated hill complexes, and meandering ribbons of
exhumed paleocanyon basalt fill. The locations of various
outcrops discussed in this chapter are shown in Fig. 19.7.
Selected examples of Ogaden volcanic landforms are shown
in Fig. 19.8. It is interesting to note that the volcanics have
locally influenced settlement patterns in the region. The
rolling basalt hills at Fik (Fig. 19.8b), for example, provide a
natural shelter for the town. At nearby Daga Medo, the town
has been built atop a recent flow, protecting residents from
flash flooding during occasional heavy rains.
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(a)

Fig. 19.8 Selected volcanic landforms of the Ogaden. a Ilbah Hills, a
dyke-related volcanic complex in east central Ogaden; b volcanic hills
near Fik town; ¢ part of a Landsat ETM+ image (Geocover 2000) of
basalt hills formed by inversion of canyon-filling lava flows in the
ancestral Shebele river. Arrow shows direction of view in (d); d Wabe

19.3.2.1 The Main Ethiopian Rift Shoulder

The most extensive basalt features occur in the west as
eroded plateaus flanking the upper Wabe Shebele
(Fig. 19.7). These plateaus are considered to be remnants of
flows that originally extended continuously from the rift
margin far into the Ogaden. The ages of the basalts are not
well constrained. The older Trap volcanics overlying
Jurassic sediments were dated in the early 1970s using K—Ar
as Oligocene to Miocene (Megrue et al. 1972) and need

(b)

Shebele and flanking volcanic hills near Gode. North to the upper right;
e Arid land farming around volcanic cones, east of Jijiga near the
Somaliland border; and f view southeast down the Marda Range from
quarry in hillside above the Marda Pass (Photographs by P. Purcell)

reevaluation. Dating (*°Ar/*°Ar) of a sample from the Gara
Mulata area was attempted by the authors; a well-defined but
depressed plateau indicates obvious argon loss, which
compromises the age determination; nevertheless, an
emplacement age for the first basalts >24 Ma can be inferred.
The Pliocene (2.2 Ma) age obtained for the overlying Ginir
Formation rhyolites (Merla et al. 1973) also needs reevalu-
ation. The columnar-jointed Ginir rhyolite, rising sharply
above the eroded slope of the Garbaharre sandstones, forms
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a prominent north-facing cliff known as the Bilka Ridge
(Kibrie and Yirga 2008). The multilayered flows are com-
monly over 100 m thick and reach a maximum of 365 m and
are a prominent landform of the plateau adjacent to the Wabe
Shebele canyon.

19.3.2.2 The Genale and Dolo Basaltic Tablelands
Several large, undated basaltic tables occur in southwest
Ogaden and adjacent Somalia. Lava flows originating close
to the Main Ethiopian Rift shoulder flowed down the Uelmal
River, a tributary of the Genale River, and accumulated
downstream on the Genale valley floor east of Filtu. They
are now manifest as two basaltic tables, both 150 km? in
surface area (Fig. 19.7). The northern table stands 100-
150 m above the Genale River and is dissected into mesas by
numerous antecedent rivers. About 20 km downstream, the
southern table culminates 300 m above the Genale River.
Nearly 100 km to the southeast, the Dolo basaltic table is
100-150 m high and covers some 6,500 km?. Basaltic out-
liers, now separated by rivers, testify to an original much
broader extent. The Dolo basalt table forms a cliff above the
Weyb river on its western side, while on the eastern side its
edge is masked by extensive Quaternary deposits and its true
extent is not known; aeromagnetic data suggest that it could
extend more or less continuously below the Quaternary
mantle to the Bulo Burti basalt outcrop in Somalia, and then
as far as the Indian Ocean (Bosellini 1989; Purcell et al.
2011). In the south, the geometry of the present outcrops
suggests that the Dolo basaltic table could have fed the
meandering basalts that filled the Juba paleo river channel,
as discussed in Sect. 19.3.3.

19.3.2.3 The Marda and Jijiga Volcanics

The best known volcanic outcrop in the region is the Marda
Range, a chain of uplifted and eroded hills of Jurassic
limestone, capped by a linear basaltic layer, 150 km long and
up to 2 km wide, trending SSE from Afar to the central
Ogaden, parallel to the first order drainage pattern
(Fig. 19.8f). In tectonic terms, it is referred to as the Marda
Fault Zone and described as a Precambrian mylonite zone
that has been reactivated several times during the Phanero-
zoic (Purcell 1976; Boccaleti et al. 1991). In the north, near
Jijiga, the Marda basaltic layer is about 200 m thick and
consists of a number of thick, columnar basaltic flows
(Fig. 19.8f). There is no evidence of a feeder dyke within the
limited outcrop area, but recently cut quarries nearby reveal
numerous hypovolcanic basaltic intrusions, ranging to over
10 m in width and from which narrow dykes (<1 m) have
propagated upward. The rare earth element spectra for the
intrusives and the Marda extrusives are similar enough to
suggest the same parental magma, in agreement with a
similar *°Ar/*?Ar age of 23-25 Ma (Mége et al. in press).

East of the Marda Range, several complexes of basaltic
hills rise prominently above the red sand plains (Fig. 19.8a).
Volcanism has been dated using the OAr°Ar method,
evidencing a 30-24 Ma age range (Meége et al. in press). The
hills are generally broad mounds covered with rounded
basalt cobbles, and actual outcrops are few and scattered.
The topographic linearity of the hills suggest the presence of
emergent dykes, but the poor quality of the outcrops makes
identification difficult, except at Ilbah Hills where a dyke has
been confirmed from its chilled margins (Mege et al., in
press). Satellite images and SRTM topography reveal
widespread NW/SE-trending lineaments associated with
several volcanic hills and confirmed by field studies to be
shallow depressions, 100-300 m wide and a few meters
deep, marked by contrasting vegetation density and occa-
sional calcrete exposures, but without any surface evidence
of associated volcanic activity. Many are coincident with
high-frequency linear magnetic anomalies (Purcell et al.
2011, Meége et al. in press) and are considered to be the
product of hydrothermal alteration and limestone or gypsum
karst development along dykes and dyke-parallel fissures
(Meége et al. 2012b).

19.3.3 Inverted Basalt-Filled Paleo River

Channels

A prominent feature of Ogaden and Somali volcanism is the
presence of long (>100 km) basaltic flows in paleo river
channels. In the central western Ogaden, an elegant chain of
meandering hills extends south for 120 km from the Daga
Medo flow. No recent age dating has been done on this flow;
however, Maxus Ethiopia (1993) obtained 27.4 + 1.4 Ma
using the K-Ar method (Table 19.1). Another flow, albeit
more eroded, can be seen northwest of Mustahil. It is 90 km
long, but with eroded ‘gaps’ between the basaltic remnants
and originally flowed in a gently meandering succession of
narrow valleys in the Cretaceous Mustahil limestones.

The Gode lava flow (Fig. 19.8c, d) can be traced for more
than 200 km and appears to have flowed into the large
meandering channel of the paleo-Wabe Shebele. The Gode
and Mustahil flows were sampled during the 2008 helicopter
survey. Locally, this flow appears to overflow the main
channel to form overbank basaltic pods. The Juba River in
Somalia has meandering basaltic outcrops, following a
paleo-Juba River channel (Abdirahim et al. 1993; Ali Kas-
sim et al. 1987, 1993), which are geomorphologically very
similar to the Gode flow outcrops. Initially thought Oligo-
cene, the geomorphology of both the Juba and Wabe
Shebele basalt outcrops argues in favor of a much younger
age of emplacement. A 7.5 + 0.4 Ma “°Ar->’Ar age has been
determined for the Wabe Shebele basalts (Table 19.1).
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Table 19.1 Location and age of the basalt samples used in this work

Volcanic site Sample ID  Type  Coordinates (WGS84)

Latitude N Longitude E
Marda (north)  MAO3 Flow  9°21'52.13"  42°41'57.74"
Marda (north)  MQR?7 Dyke  9°21'48.51"  42°42'7.68"
Marda (south)  L-2-3 Flow  8°43'50" 43°420"
Daga Medo K-2-1 Flow  8°25'40" 42°54'30"
Mustahil 20 Flow  5°32722.12"  44°35'37.80"
Fik A-3-1 Flow  8°12' 42°40"
Kebri Dehar K3.2 Flow  6°49'38.00"  44°56'49.45"
Kebri Dehar K1.6 Flow  6°45'18.34"  44°26'3.39"
Gode WS Flow  6° 1'12.79"  43°21'55.28"

Age Method Material References

(Ma + 20)

23.68 £0.54 “Ar/*°Ar  Groundmass Mége et al. (in press)

2504 £0.65 “°Ar/*°Ar  Groundmass Mege et al. (in press)
255+1.3 K-Ar Whole rock Maxus Ethiopia (1993)
274 +14 K-Ar Whole rock Maxus Ethiopia (1993)

28.09 £ 0.81  ““Ar”’Ar  Whole rock ~ Mége et al. (in press)
284 +t14 K-Ar Whole rock Maxus Ethiopia (1993)

27.64 £ 040 “°Ar°Ar  Whole rock  Unpublished*

27.61 £0.59 “°Ar°Ar  Whole rock  Unpublished*
7.46 =047 “°Ar°Ar  Groundmass  Mége et al. (in press)

*The ages yet unpublished have been obtained from this chapter’s team of contributors. Sample K3.2 has a 78 % plateau age with MSWD (mean
square of weighted deviates) 0.61, and sample K1.6 an inverse isochron with intercept 289.3 + 8.6 and MSWD 1.15

Fig. 19.9 Simplified stratigraphy
of the northern Audo Range
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The current outcrops of the Gode and Juba basalts sug-
gest an original total lava flow length of several hundreds of
kilometers, similar to the length of lava flows in other flood
basalt provinces, for example, the Columbia River flood
basalts (Tolan et al. 1989). Surprisingly, however, and
contrary to the other very long basaltic flows, which appear
to have formed as part of the main flood basalt emplacement
event, the age of the Gode flow very significantly postdates
the age of the main Ethiopian flood basalt events. The Juba
basalts, which have a similar morphology and similar rela-
tionships with the Juba river, might also be of Upper Mio-
cene age, as might the Dolo volcanic table, given the good
geomorphological evidence that the Juba basalts flowed
from it.

19.3.4  Gravitational Spreading
Structures
19.3.4.1 Manifestation and Geographical Extent

The Portlandian—Neocomian Gorrahei Formation outcrops
extensively in western Ogaden, where it is dominantly
evaporites alternating with shales and over 150 m thick

(Fig. 19.9). It overlies the Kimmeridgian—Portlandian Gab-
redarre Formation inner shelf limestones, which provides a
rigid basement on which the spreading has occurred: the
Mustahil Formation (limestone) and the Yesomma Sand-
stone overlying the Gorrahei Formation have spread spec-
tacularly by block faulting and tilting (Figs. 19.10 and
19.11), forming one of the world’s largest gravitational
spreading domains. Presently covering about 5,000 km?, the
Ogaden complex is 25 times larger than the Canyonlands
grabens area in Utah, another spectacular continental-
spreading domain.

The spreading zone extends from the Weyb River to the
Wabe Shebele (Fig. 19.10a) and is mainly manifest in the Audo
Range, an element of the water divide between the Genale and
Wabe Shebele basins. The Audo Range is markedly asym-
metric, with the most dramatic topographic relief and best-
preserved gravitational features along the Weyb River, and
more eroded and attenuated landscapes on the Wabe Shebele
side. An unnamed ridge north of the Audo Range also displays
evidence of normal faulting, producing tilting of post-Gorrahei
sedimentary layers up to 25° (Figs. 19.10a and 19.11). East of
the Wabe Shebele, the Goja mesa displays tilted blocks boun-
ded by downhill- and uphill-facing normal fault scarps on the
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< Fig. 19.10 a Geomorphological map of the Audo Range, based on
field work at the Kebenawa Ridge and along the Imi—el Kere road
complemented by Landsat ETM+ images and high-resolution satellite
images available through Google Earth and Bing Maps. Block
displacement arrows have a color that reflects the color pattern of the

controlling stream or river. Dip angle is given with an accuracy of 1°,
except for dip angles in nearly horizontal areas when a higher precision
was thought to be significant. b Geomorphological map of the Chebis
Ridge. In (a) and (b), error on dip angles is <0.1, except when given

Fig. 19.10 (continued)
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east and a huge rotational landslide on the west. Both the Goja
mesa and the unnamed ridge indicate that the initial extent of the
gravitational spreading zone may have been much larger than
presently observed.

19.3.4.2 Previous Work

The Audo Range and surrounding area have been little stud-
ied, as illustrated by the confusion in the reported stratigraphy.
The rocks overlying the Gorrahei Formation are the Aptian
Mustahil Formation limestones and the Maastrichtian—
Paleocene Yesomma Formation sandstones (Fig. 19.9), but
are shown in many documents as Tertiary basalts. Unrecog-
nized on the earliest geological maps of Ethiopia, where it
appears as Jurassic (‘Antalo’) limestone (Dainelli 1943; Mohr

[ Mustahil Formation (carbonates) —- — = Speading dicecton
9.4 Stratification di la
GnnﬂmFmrﬁm{amm: ~ el

1963), the Yesomma Formation was correctly identified on
the first edition of the Geological Map of Ethiopia (Kazmin
1972) and a contemporary hydrogeological map of the
Shebele drainage basin by ORSTOM (Bauduin et al. 1973).
However, these sediments were mapped subsequently as
volcanics of unknown age by Merla et al. (1973) and,
reflecting this, Beicip’s (1985) Geological Map of Ogaden
reported them as either the Yesomma sandstone or ‘volcan-
ics.” This indecision was not reflected on the second edition of
the Geological Map of Ethiopia (Tefera et al. 1996) where
they are shown as Eocene basalts (Ashangi Formation).
Evidence of halokinetic deformation predating gravita-
tional spreading was found at the Kebenawa Ridge in the
northern Audo Range (Meége et al. 2013). Gravitational
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spreading—in the form of tilted blocks surrounding mesas—
was documented at the Chebis Ridge (Lopez-Gonzalez
2006), with faults dipping outward in most cases
(Fig. 19.10b). Mege et al. (2013) suggested that gravitational
spreading commenced after the Yesomma regression
(Bosellini 1989; Purcell 1981), when erosional incision of
the uplifted Ogaden surface reached the level of the Gorrahei
evaporites. Topographic debuttressing and evaporite rheol-
ogy then triggered fragmentation and spreading of the
overlying formations, similar to the spreading of the Hona-
ker Trail Formation and the Cutler Group over the evaporite
Paradox Formation in the Needles district of the Canyon-
lands Park in Utah (Mege et al. 2013). A significant differ-
ence, however, is that the Canyonlands topography was
incised by the Colorado River only on one side, leading to a
single spreading direction, whereas the Audo Range is
wholly surrounded by rivers incising the evaporite forma-
tion, leading to multidirectional spreading. Another differ-
ence is that spreading has promoted the development of half
graben tilted up to 25° in the Audo Range, whereas
spreading in the Canyonlands produced nearly symmetric
grabens (Moore and Schultz 1999).

19.3.4.3 Landform Development
The direction of displacement of the tilted blocks in a
gravitational spreading complex provides important insights
into the development of the structure. Because gravitational
spreading occurs in response to debuttressing of the evapo-
rite layer, displacement is predictably perpendicular to the
orientation of the ‘free’ boundary, that is, to the side where
the river has cut down through the gypsum layer. Compar-
ison between block displacement and the drainage system at
the Audo Range suggests that gravitational spreading has
occurred in response to incision by tributaries of the Wabe
Shebele and by the Weyb River, but not by the Wabe
Shebele itself. A correlation between stream or river incision
and block displacement direction is proposed on Fig. 19.10a.
The gravitational spreading features are much better
preserved on the western side of the Audo Range than on the
eastern side, where the tilted blocks are much more dissected
by the Wabe Shebele tributaries. This indicates that gravi-
tational spreading is older in the east and that topographic
debuttressing of the western side by the Weyb River
occurred later. From the fluvial nature of the Cretaceous—
Paleocene upper Yesomma Formation sandstones and the
paleodeltaic deposits downstream in southern Somalia, the
Shebele basin has been dated as old as the Cretaceous—
Paleocene in western Ogaden (Bosellini 1989). Hence, there
has been considerable time for erosion of the eastern side of
the Audo Range. No evidence for such an age has been
reported for the Weyb drainage basin, which could be a
recent component of the Juba Basin—though the Juba Basin
itself is thought to be of similar age to the Shebele Basin,

based on the same sedimentary criteria. Fracture lines in the
SW corner of the Audo Range map (Fig. 19.10a) which are
parallel to the Weyb River and some Genale River tributaries
(see Fig. 19.6) may testify to recent moderate tectonic
movement related to the opening of the Main Ethiopian Rift
(Gani et al. 2009), possibly controlling the incision of the
Weyb River and triggering the more recent gravitational
spreading on the western side of the Audo Range.

Dip angles were measured at 196 sites in the Audo Range
area. The dip angle of the tilted layers is proportional to the
quantity of stretching (e.g., Angelier and Colletta 1983) and
provides additional information as to the spreading mecha-
nisms. Dip angles were measured using the Orion™™ struc-
tural analysis software from Pangaea Scientific (Fueten et al.
2005) applied to a co-registered SRTM90 digital elevation
model and a Landsat ETM+ image (14.25-28.5 m/pixel).
SRTM90 data (87-89 m/pixel) have an error of 5 m in
southeast Ethiopia (Farr et al. 2007). A best-fit plane was
computed from multilinear regression from manually selected
points of known horizontal coordinates and elevation, picked
out along a stratigraphic plane on the satellite image. The
validity and accuracy of the computed plane is controlled by a
series of statistics (see Fueten et al. 2005) and 3D visualiza-
tion tools in OrionTM, and cross-checked with the high-res-
olution (0.5-2.5 m/pixel) 2D and 3D views using Google
Earth and Bing Maps. Geologically speaking, each reported
dip angle corresponds to the mean dip angle of a given strata
of constant dip angle, averaged over a measurement site
varying in length from a few to several hundred meters (7-30
measurements). Dip errors correspond to a 95 % confidence
level and are reported only when >0.1°. Representative dip
angles are reported on Fig. 19.10a. Figure 19.10b gives all the
dip angles measured on the Chebis Ridge.

Dip angles measured in the tilted layers of the Mustahil
and Yesomma formations are in the range 0-26°. The
uppermost tilted blocks are connected to remnant Yesomma
plateau fragments, which are either horizontal (north of El
Kere) or more frequently, tilted by a few degrees (e.g.,
Elewak Ridge, Chebis Ridge). Dip angles could not be
measured in the Gorrahei Formation, due to the difficulty in
identifying continuous layers on the satellite imagery. Dip
angles measured from the top of the Chebis Ride to its
western foot (Fig. 19.10b) increase from the top to the
bottom, suggesting that spreading proceeded inward.

Dip angles in the underlying Gabredarre Formation are
usually close to zero and were never found to exceed 2-3°.
In the southernmost area, dip angles were found to be con-
sistently 0.4-0.7° to the east, accordant with the general
0.8°E dip angle calculated for the underlying Jurassic
sequences from seismic reflection data (Line 93-GR-07E)
about 70 km south of Fig. 19.10a (Beicip-Franlab 1998).
These low dip angles show that gravity gliding along a
regional structural slope (in the sense given by Schultz-Ela
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(a)

Fig. 19.11 Tilted block in the eastern Audo Range: a in the Yesomma sandstones; b in the Mustahil carbonates; ¢ at the Chebis Ridge. Location

on Fig. 19.10
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2001) over the rigid pre-Cretaceous substrate did not play a
significant role in the development of the observed
landscape.

It is significant to note that the various plateaus of sub-
horizontal Yesomma sandstone that constitute the summit
blocks of the Audo Range Yesomma are fragments of the
same dipping surface. A topographic profile along the water
divide shows a linear decrease of plateau surface elevation
from NNW to SSE, with an inclination of 0.27° (Fig. 19.12).
An analysis of thirty-one points on the summit plateau

surfaces throughout the Audo Range, plus 3 points on the
Goja mesa, shows they fit a single plane of strike
NOO3°E =+ 016 and dip 0.4 + 0.2° (at a 95 % confidence
level), with a goodness of fit of 98.2 %. This remarkable fit
indicates that the many geodynamic events that occurred in
the Cenozoic after Yesomma sandstone deposition, includ-
ing flood lava emplacement, and the rifting in the Gulf of
Aden, Ethiopian Rift, and Afar, had very little influence on
deformation in western Ogaden, beyond the uplift of the
plateau itself.
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19.4 Landform Evolution at Regional
Scale
19.4.1 Adaptation of Rivers

to Topography

Analysis of drainage systems provides valuable information
regarding vertical motions of the surface at a regional scale
(Snyder et al. 2000; Schumm et al. 2002; Duvall et al. 2004;
Whipple 2004; Whipple et al. 2013) and can help under-
standing of the evolution of landforms in relation to geo-
dynamics. In this section, the development of the present
drainage network and the current topography is analyzed.

Fig. 19.13 Drainage system
map, with the location of the
basalt outcrops in the Ogaden
(white surrounded with black
line). The rivers are in blue and
the watersheds in dark grey. The
basalt flows used in the
morphometric analysis are
named. The black arrows indicate
lava flow directions. Local mean
incision rates since basalt
outpouring are indicated in the
boxes
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The general organization of the Ogaden basin shows
large-scale structural and geodynamic control. The regional
geometry of the Genale and Wabe Shebele river systems
indicates two main directions of flow (Fig. 19.13). A dom-
inant N130E orientation is exemplified by the main orien-
tation of both the Genale and Shebele basins and by
tributaries such as the Gerer, Fafan, and Dawa rivers. A
second dominant orientation is NO50-060E and is especially
exemplified by a 350-km-long segment of the upper Wabe
Shebele in the Arsi highlands. It is also observed in the
lower part of the Dakota river. The N130°E trend is the
orientation of the tilt of the Somali Plateau. The N050°—
060°E trend is the orientation of the Main Ethiopian Rift
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Fig. 19.14 Longitudinal profiles
of rivers of the Wabe Shebele and
Genale systems discussed in the
text, and comparison with profiles
of rivers at equilibrium (Darling
river tributary, Australia); in
equilibrium except in localized
segments, where they are slightly
disturbed by tectonics or localized
abrasion (Rhine and Loire rivers,
respectively, Europe); and in
disequilibrium owing to active
tectonic uplift and resulting
strong fall of base level (Amazon
tributary, Andes). The profiles J
were extracted from ASTER
GDEM with RiverTools®
(Peckham 1998). a Wabe Shebele
system; b Genale system. The
profiles are leveled at the .
elevation value at the end of the
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axis. The faults guiding the rivers could originate from the
early stage of rift development, before strain concentrates on
a limited number of fractures (e.g., Olson 1993).

The longitudinal profiles of nine riverbeds overlain by
basaltic flows were analyzed (Fig. 19.14). These rivers were
selected as representative of their location compared to the
main geologic features of the Ogaden. In the Wabe Shebele
system (Fig. 19.14a), the Wabe Shebele does not show the
characteristic fully concave longitudinal profiles of rivers in
equilibrium. Profile equilibrium is usefully described with

1 L 1 L I %

T T 1
1000 1200 1400

Distance downstream (km)

the concavity index (Langbein 1964), given in Table 19.2 for
the studied rivers. This index is zero for a straight river
profile; —1 is for strongly unequilibrated (convex) profile; 1
is for fully equilibrated (concave) profile. For the Wabe
Shebele, the concavity index cumulated over the whole
profile length (cumulative concavity index, CCI) is 0.83
(Table 19.2). The Wabe Shebele is characterized over its
upper half by a succession of vertical-step knick-points.
Between elevations ~ 2,600 and ~2,300 m a.s.l. in the Arsi
highlands, it is characterized by an alternation of relatively
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Table 19.2 Geomorphometric parameters for the rivers on Figs. 19.14 and 19.15 (graphical definition on Fig. 19.15)

River name hmax himin 1 Concavity indexes h

(m) (m) (km) 25 % 50 % 75 % 100 %

Main Ethiopian rivers

Genale 2,825 50 1,315 D 2 % 5 % 23 % 100 %
CCI 0.04 0.27 0.48 0.87
ICI 0.04 0.3 -0.2 0.54

Wabe Shebele 2,685 165 1,505 D 8 % 10 % 23 % 100 %
CCI -0.12 -0.49 0.42 0.83
ICI -0.12 —-0.01 0.16 0.63

Tributaries

Uelmal 4,040 300 305 D 6 % 13 % 10 % 100 %
CCI —0.42 —0.82 0.29 0.87
ICI —0.42 0.34 0.32 0.68

Dakota 2,735 740 250 D 0.8 % 4 % 22 % 100 %
CCI 0.48 0.58 0.81 0.72
ICI 0.48 0.32 0.60 0.12

Dawa 2,825 415 500 D 8 % 24 % 46 % 100 %
CCI —0.48 0.43 0.11 0.60
IC17 —0.48 0.18 —-0.71 0.07

Weyb 3,750 220 700 D 10 % 25 % 35 % 100 %
CCI —0.49 0.56 0.17 0.69
ICI —0.49 0.28 0.18 0.74

Erer 2,235 615 250 D 4 % 8.5 % 44 % 100 %
CCI 0.24 —0.05 0.59 0.57
ICI 0.24 —0.13 0.1 0.2

Fafan 2,230 280 800 D 1 % 12 % 45 % 100 %
CCI 0.5 0.65 0.6 0.53
ICI 0.5 0.47 0.2 0.26

Gerer 1,875 855 300 D 11 % 33 % 66 % 100 %
CcI 0.27 0.23 0.32 0.22
ICI 0.27 0.16 0.04 0.004

Other rivers

Darling (Australia) 1,245 105 1,225 D 0.4 % 2.5 % 7 % 100 %
CCI 0.67 0.52 0.75 0.91
ICI 0.67 0.25 0.43 0.78

Rhine (Europe) 1,360 0 2,170 D 0.07 % 2 % 7 % 100 %
CCI 0.18 0.36 0.7 0.82
ICT 0.18 0.21 0.25 0.54

Loire (France) 1,200 0 1,055 D 2 % 8 % 20 % 100 %
CCI 0.27 0.33 0.53 0.81
ICI 0.27 0.53 0.53 0.44

Amazon tributary (Andes) 4,490 255 890 D 11 % 33 % 55 % 100 %
CCI 0.69 0.16 0.11 0.33
ICI 0.69 —0.19 —0.51 0.74

hpnax = maximum river elevation a.s.l.; hy,;, = minimum river elevation a.s.l.; 1 = river length; h = river height decrease since its source; D = horizontal distance along
the river taken from its source; CCI = Cumulative concavity index; ICI: Incremental cumulative index. Cumulative index (Langbein 1964) is defined as 2A/H, with A
the vertical difference between the profile midterm and a straight line joining the two ends (or any point) of the longitudinal profile; H is the elevation difference
between the uppermost and lowermost points of the straight line. CCI measures concavity of a river profile from its source to a given D. ICI measures concavity
between two given D’s, as illustrated in the insert of Fig. X.15. The indexes are O for straight river profile; —1 is for strongly unequilibrated (convex) profile; 1 is for
fully equilibrated (concave) profile. Indexes are bold when convex. In each category, the rivers are ranked by cumulative concavity index, from higher to lower



342 D. Mége et al.
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flat areas and slopes with a gradient of 5-7 m/km, giving an
overall gradient of about 3 m/km. However, at about 110
km, the slope increases abruptly to 20 m/km over several
tens of kilometers and only recovers its average slope of
3 m/km after 340-350 km, at 660 m of altitude. This huge
vertical-step break in slope creates the spectacular deep
canyons for which the river is famous (Fig. 19.3d). In its
lower reaches, the Wabe Shebele is again marked by a
succession of vertical-step knick-points but of one order of
magnitude less prominent. Eventually, the Wabe Shebele
ends its Ethiopian course in a wide floodplain (10-20 km)
with a slope of only 0.2 m/km. Even if its upper part is
highly disrupted by knick-points, its overall profile is close
to those of Rhine or Loire rivers, being smooth concave with
irregularities: a near equilibrium profile (Fig. 19.15), with a
CCTI of 0.82 and 0.81, respectively (Table 19.2).

The Fafan River has a much lower CCI (0.53), denoting a
significantly different evolution. Except in the uppermost
20 km, where a high slope (25 m/km) is manifest (incre-
mental cumulative index ICI = 0.5), the Fafan has a linear
profile for approximately 700 km, with a slope of 1.5 m/km
and without any remarkable knick-points (ICI = 0.2-0.26).
The same evolution is observed for the Gerer (linear profile
at 3 m/km along 300 km), Dakota (2.5 m/km along 200 km)
and Erer rivers (3.5 m/km along 225 km). High-gradient
slopes of ~35-40 m/km are present in these rivers only in
the initial 25 km. None of those valleys show an equilibrium
profile. The Fafan and Gerer valleys are spectacularly linear
and long compared to the other tributaries of the Wabe

!
0.4
Normalized length

Shebele, which is attributed to the structural control of the
Marda Range.

In the Genale system (Fig. 19.14b), the Genale River
(1,300 km) has a linear profile upstream (20 m/km upstream,
CCI = 0.04, Table 19.2) but changes abruptly at km 70 to a
spectacular convex profile, with the slope decreasing sharply
to 2 m/km and then increasing regularly to 5 m/km between
km 350 and 400 (ICT = —0.2). Another abrupt change occurs
downstream, with the slope decreasing to around 0.3 m/km
and staying constant for the next 900 km.

The Weyb and Dawa rivers are both marked by very
irregular profiles, with a succession of major slope breaks in
their upper reaches giving convex profile sections
(ICI £ —0.48) and very high average slopes: 10 m/km for the
upper 300 km for the Weyb (CCI = 0.69) and 12 m/km
during the upper 250 km for the Dawa (CCI = 0.6). In
contrast, the Uelmal River is close to an equilibrium profile
(ICI =0.87). Its slope decreases gradually from the very high
value of 100 m/km down to 1 m/km during the 300 km
course, albeit marked by knick-points at km 50 and km 100
(CCI £ —0.42).

The highland part of both Genale and Wabe Shebele is
not in equilibrium with their base level. Comparison with
profiles from the Andes, where uplift is active (CI = 0.33 but
negative over much of its profile ICI), and Australia, where
the selected river is in equilibrium (Fig. 19.15) (CCI =0.91),
reveals that the Wabe Shebele, Genale, and Uelmal are close
to an equilibrium profile, but the presence of irregularities
indicates that none of them is a perfect equilibrium profile.
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The Dawa and Weyb profiles are closer to the Andean
profile, whereas the Erer, Dakota, and Fafan show exotic
bimodal linear profiles, and the Gerer has a unimodal linear
profile, the latter being very uncommon. This analysis of the
profiles of the Genale, and Wabe Shebele and their tribu-
taries suggests a major base-level fall in the Ogaden, most
likely due to tectonic uplift of one of its margins. In the next
section, we discuss the use of age-dated basalts in paleo river
valleys to help constrain uplift amplitude and timing.

19.4.2 Insight into the Evolution
of Ogaden Topography Since

the Upper Oligocene

The presence of age-dated basaltic flows, which filled paleo
river valleys and presently are only a short distance from the
modern river valley, allows the determination of average

Distance downstream (km)

incision rates. For example, the elevation of the base of the
Marda volcanics can be compared with the elevation of the
beds of the Gerer and Fafan rivers, and the Gode flow, with
the Wabe Shebele (Fig. 19.13).

This difference in elevation reveals the depth of incision
since the basalt outpouring and that can be converted to a
mean incision rate. The reliability of such an analysis
requires that the horizontal distance between paleo- and
present rivers is minimal and both sites are located in the
same geological domain, without intervening deformation
subsequent to the lava flow.

The elevation of the longitudinal profiles of six basalt-
filled paleo river channels in the Wabe Shebele drainage
basin was analyzed and compared with the elevation of the
present river profiles. In addition to the Marda and Gode
flows mentioned above, the Daga Medo volcanics were
compared with the Fafan river, and the Fik volcanics with
the Erer and Dakota rivers in the north and a Wabe Shebele
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tributary in the south. The elevation of the two Genale
basaltic tables was also compared with the elevation of the
Genale River (Figs. 19.13 and 19.16). In all cases, the area
between the volcanic flow and the modern river valley has
been geologically stable since the time of eruption. The
Marda volcanic flow, being located on the eastern side of the
prominent Marda Precambrian deformation zone, warrants
some caution in that regard but the excellent and continuous
rock exposures through the Marda volcanics and across the
neighboring Fafan and Gerer rivers on the Harar-Jijiga road
show no significant postflow deformation.

The elevation of the base of every basalt outcrop was
measured using elevation data from ASTER DEM, with
geographical control from Landsat ETM+ images and high-
resolution images available on Google Earth™. Uncertainty
in elevation control is estimated to 10—15 m. Some of these
flows (Marda, Mustahil, Kebri Dehar, Gode) have been
dated recently using argon radiochronology and their age is
considered reliable. The Marda, Daga Medo, and Fik flows
were dated in the 1990s by the K-Ar method but have the
same age span as most of the argon-dated samples, sug-
gesting these ages are plausible. The Genale tables have not
been dated. More details are given on Table 19.1.

Figure 19.16 presents the results of these comparisons and
shows clearly that incision is intense at the river head and
decreases downstream. This is true for the older basalts at

Marda, Daga Medo, Fik, and Kebri Dehar (Fig. 19.16a—d),
and also for the younger Gode flow. Moreover, the Fafan has
incised faster than the Gerer (Fig. 19.16a); the Dakota than the
Gerer (19.16b), and the Erer than the Dakota (19.16c),
revealing that the mean incision rate has increased from east to
west. The incision rate has also increased from south to north,
mean incision rate for the middle and upper Dakota being 7—
11 m/Myr. (Figure 19.16¢) and 13-20 m/Myr, respectively
(Fig. 19.16b). For the Fafan it has increased, south-to-north,
from 10-13 m/Myr. (Figure 19.16b) to 16-36 m/Myr.
(Fig. 19.16¢c). The maximum mean incision rate of about
30 m/Myr (Fig. 19.16e) was obtained for the Wabe Shebele in
its upstream course at the northernmost outcrop of the Gode
flow. Incision rates calculated for the different rivers and the
age of the associated lava flows are given on Fig. 19.17.
The base of the Fik flow has a linear profile but crosses
two water divides (Fig. 19.16c¢), showing that the drainage
network has changed since the basalt outpouring, with the
Erer and Dakota rivers achieving their present geometry
more recently than the Fafan and Gerer. This is well illus-
trated on the comparative river profile plot (Fig. 19.15), in
which the Erer and Dakota river profiles are close to recently
equilibrated profiles, in contrast to the linear Fafan and Gerer
profiles, which indicate a relict transient profile (Kirby and
Whipple 2012 and references therein). The Erer and Dakota
have their convergence point with the Wabe Shebele much
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higher upstream than the Fafan and have been therefore
more sensitive to the geodynamic events occurring in the
upper Shebele region.

Downstream, the Fik flow follows a Wabe Shebele trib-
utary with a constant vertical base-difference of 50 m. This
tributary converges on the Wabe Shebele 100 km southward,
cutting through the Gode basalt outcrops. This moderate
incision reflects the lower uplift rate of this area.

Similarly, in the easternmost Shebele basin, where the
Kebri Dehar flow is located, incision in the Fafan tributary that
parallels the Kebri Dehar flow is slow (2.5 m/Myr) and nearly
constant. This is consistent with the general incision pattern in
the basin, with the mean incision rate increasing from east to
west and south to north, toward the upper Wabe Shebele
(Fig. 19.13). An extreme and remarkable case is the Mustahil
flow (Fig. 19.16b) on the southeasternmost border of the
Ogaden (that is, as far as Ogaden can be from Afar), which, in
spite of its 28 Ma age, ends at the Wabe Shebele—Fafan con-
fluence, at appreciably the same elevation as the present Wabe
Shebele, pointing to the vertical stability of this confluence.
This specific location along the Wabe Shebele may be close to
the point in the river profile where incision stops and depo-
sition starts. Perhaps not coincidentally, with the exception of
the northeastern Ogaden (Mege et al. in press), the Cenozoic
volcanic rocks in the Ogaden are outcropping and being ero-
ded, whereas further east in Somalia the volcanic rocks are
covered by Miocene to Quaternary sediments (e.g., Bosellini
1989; Faillace 1993). More generally, there is a marked
absence of Neogene rocks throughout the Ogaden, except its
northeastern part, while sediments of this age are widespread
in Somalia (Abbate et al. 1994).

The Wabe Shebele floodplain begins near the latitude of
Gode town. Its beginning is apparent on Fig. 19.16e, at the
convergent point between the upstream profile, with a steep
longitudinal slope (2 m/km) and a high mean incision rate
(30 m/Myr), and the downstream profile, where the slope is
gentle (0.5 m/km) and the mean incision rate is between
almost 15 m/Myr and zero, the latter occurring at the con-
vergence point with the Fafan River.

Floodplains usually develop in subsidence areas (Syvitski
et al. 2012), in which detrital deposits accumulate, elevating
the slope profile. As a result, the Wabe Shebele incision may
be underestimated. The sharp transition in the slope profile
of the base of the Gode basalts observed on Fig. 19.16e may
be due to either a variation in the ancestral Wabe Shebele
profile, or a difference in uplift rate, with an increasing mean
uplift gradient from south to north.

The analysis of the paleotopography preserved by the
basalts indicates that the present-day Wabe Shebele catch-
ment is divided into two main parts that had contrasting
responses to uplift. In the west, river profiles of Wabe
Shebele-type have nearly completed a return to an equilib-
rium state, even though the entire profile is not yet smooth

and concave. In the east, Fafan-type rivers have preserved a
tilted slope in the uppermost part of the profile, but most of
the profile has not changed. The Gerer River is an extreme
case in which the tilted slope is atrophied and much of the
remaining slope is constant, denoting geodynamic stability
and probably an increasingly dry climate and subsequent
lower erosion rate since the Miocene (e.g., Feakins 2013).

19.4.3 Uplift Rates
Commonly, large-scale river incision is the result of base-
level fall, which can be caused by either tectonic uplift or
sea-level (or lake-level) fall. In the Wabe Shebele valley, the
geomorphological analyses indicate that the Wabe Shebele
valley profile has nearly reached its equilibrium profile
downstream. All the perturbations in valley profiles are
located in the very upstream part of the system. Conse-
quently, the calculated mean incision rates (Fig. 19.17) can
be taken to approximate the uplift rates, with only minor, if
any, contribution coming from sea-level variations.

Vertical movements of the surface (and underpinning
crust) in the Ogaden region are a result of the complex
geodynamics in the Horn of African since the Oligocene.
The calculation of river incision rates helps in the under-
standing of the present topography at a regional scale, but
does not inform regarding the uplift rate variations. On the
Somali Plateau, such variations were probably not negligi-
ble, as discussed above in Sect. 19.2.2 with regard to the
origin of the plateau elevation, and mean uplift rates need to
be interpreted with caution when reconstructing paleotopo-
graphic evolution stages. Nevertheless, for young ages,
additional information is given by the slope break in the
paleo-Wabe Shebele profile (Fig. 19.16e), which shows that
at least part of the uplift postdates 7 Ma. Since that time, the
mean incision rate has been ~30 m/Myr upstream,
decreasing to zero downstream near the Somalia border.
This incision and the causative uplift (as argued above) are
related to the development of the Main Ethiopian Rift. These
measurements have been obtained at a minimum distance of
250 km from the rift margin, and the uplift rate of the
westernmost Ogaden along the rift shoulder must have been
much higher, given the usual rift-flank concave curvature.
Furthermore, if rift-flank uplift has been the dominant
mechanism of topographic building, then visco-elastic
models predict that this ~30 m/Myr uplift rate could have
been relatively constant since the beginning of rifting
(Sachau and Koehn 2010). The mean incision rates obtained
for the Wabe Shebele would correspond to a constant uplift
rate since that time.

The Fafan River is located on the western side of a major
crustal discontinuity, now manifest at the surface in the
Marda Range; the Gerer River is located on its eastern side,
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and both rivers are parallel to it. The Marda Range serves,
therefore, as the boundary between the northern uplifted
Ogaden, with its rivers responding according to their setting,
and the eastern stable Ogaden for which the evolution of the
Main African Rift appears, perhaps deceptively, to have
been only a remote influence.

19.5 Concluding Remarks

The landscape and landforms of the Ogaden reflect the
geological development of the region. This is clearly mani-
fest at a regional scale: the steep, nearly impenetrable can-
yons in the north, for example, are a consequence of the
relative uplift of the Somali Plateau margin. Similarly, the
contrast between the eastern and western Ogaden landscapes
owes much to the pattern of Jurassic and Cretaceous sedi-
mentation in these areas, and the impact of erosion during
Cretaceous, Tertiary and Recent times. This interplay of
Mesozoic sediments and Tertiary—Recent erosion is also
seen on a local scale in the Audo Range, where erosional
debuttressing of the Gorrahei evaporites has triggered
gravitation collapse and spreading of blocks of the overlying
Mustahil and Yesomma formations.

In spite of its diversity of landforms, somewhat amazingly,
the Ogaden forms a continuous and coherent mega-geomor-
phological unit: a long eastward-dipping slope of dominantly
thermal origin that docilely recorded the tectonic jolts from its
neighborhood, mainly the many volcanic and rifting events.
These resulted in dramatic upwarping on the western and
northern side of the region, while the eastern and southern
regions underwent negligible deformation. Vertical motions
aside, the huge size of the area has allowed landforms to
develop over broad surfaces: many identified lava flows
are >100 km long and the Audo Range gravitational spreading
complex could be the largest gravitational spreading domain
on Earth. Other landforms not described in this chapter
include the karstic landscape of the Gabredarre limestones
south of Ginir, where the splendid Sof Omar caves are located.

A better understanding of the geomorphology of Ogaden
will require considerably more exploration and study, per-
haps especially the easternmost region. That the landscape of
the Ogaden and its flora and fauna have not been better
studied to date is, in part at least, a product of the remoteness
and limited infrastructure but also of the difficult security
conditions that have prevailed over large areas for many
years. Current issues are the modern guise of conflicts cen-
turies old and have their origins in that landscape and the rift
that developed between the cultures on the Somali and
Ethiopian plateaus.
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