








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
N003°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.

Fig. 19.11 Tilted block in the eastern Audo Range: a in the Yesomma sandstones; b in the Mustahil carbonates; c at the Chebis Ridge. Location
on Fig. 19.10

Fig. 19.12 Topographic profile
along the Audo range water
divide
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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.

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 N050-060E 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

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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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

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

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
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
Wabe Shebele and Genale
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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 hmin l 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

ICI7 −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

ICI 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

hmax = maximum river elevation a.s.l.; hmin = minimum river elevation a.s.l.; l = 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 0 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
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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
CCI 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

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 (ICI = −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.

Fig. 19.15 Normalized river
profile plot for the rivers
displayed on Fig. 19.14. The inset
shows relationships between
geomorphometric parameters
used in Table 19.2
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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

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

Fig. 19.16 Profiles of modern
rivers (blue lines) and the base of
basalt flows (black dots, names in
red). Age details are on
Table 19.1. The water divides in
(c) are located on Fig. 19.13. The
two data clusters in (f) are for the
two Genale basalt tables located
on Fig. 19.7. The difference in
elevation reveals the depth of
incision
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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 EarthTM. 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 themean 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 19.16c) 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. 19.16c). The maximum mean incision rate of about
30 m/Myr (Fig. 19.16e) was obtained for theWabe 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

Fig. 19.17 Mean incision rate
calculated from the data presented
in Fig. 19.16. Incision after the
Marda (a), Daga Medo, Kebri
Dehar, and Mustahil (b), and Fik
flows (c), starts at 28–22 Myr,
i.e., as soon as the lavas are
erupted. For Gode (d) erosion
starts at 8–5 Myr
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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 presentWabe
Shebele, pointing to the vertical stability of this confluence.
This specific location along theWabe 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 (Mège 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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