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ABSTRACT

The morphometric analysis of lineaments, valleys and signs of erosion taken from a digital elevation model (DEM) made it possible
to not only confirm most of the conclusions of the morphotectonic development of the Blue Nile Basin from the previously pub-
lished results of structural, petrological, tectonic and geochronological analyses, but also to expand our knowledge by applying
several new hypotheses. The relative age of the morpholineaments of particular directions was estimated from the character
of topographic profiles. Faults, lineaments and valleys are predominantly oriented in a direction compatible to the published
concepts of the tectonic development of the area. Overall, the most abundant NE-SW and NNE-SSW lines reflect a change of
extension from a NW-SE to WNW-ESE direction during the Pliocene, in relation to the creation and development of the Main
Ethiopian Rift (MER). This is confirmed by a more developed character of the valleys and less pronounced erosion activity of the
NE-SW oriented valleys contrary to the deeper narrower NNE-SSW valleys characterised by downward and headward erosion in
the second direction. The most pronounced morphological manifestations of the E-W extension of the MER and western Afar
during the Quaternary are confined to the borders of the MER. The directions of the Pre-Neogene rift structures to the NW-SE and
WNW-ESE are compatible with the oldest elements of the current landscape and with the relict fragments of the valley network
on the SE boundary of the upper Blue Nile Basin, which could have been drained across current shoulders of the MER to the S and
E before the Late Miocene.
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1. Introduction

Lineaments are linearly arranged elements of the
landscape - linear sections of a valley, ridges or
straight sections of slopes - should be considered as
a potential zone of brittle fractures of bedrock and/
or the concentration of erosion processes with an
influence on the geomorphological evolution of an
area (Abdullah etal. 2010). An analysis of the linea-
ments can give an insight into landscape evolution,
thus providing information on tectonic activity over
large areas, which is particularly useful for areas with
limited field access (Ehlen 2004), like the Ethiopian
Highlands. Recently, the lineaments are increasingly
used not only as a surface expression of individual
faults (fracture zones) but their statistics is used also
to define/confirm the character (directions) of the
palaeomorphotectonic stress fields (Minar and Sladek
2008; Koronovskya et al. 2014; Silhavy et al. 2016).

In this paper we aim to understand relations
between landforms and the tectonic structures of the
Ethiopian Highlands, as the region is strongly influ-
enced by tectonics (Kazmin 1975; Pik et al. 2003; Bey-
ene and Abdelsalam 2005; Gani and Abdelsalam 2006;

Gani etal. 2007, 2009; Wolela 2010). We focused on
the upper part of the Blue Nile Basin.

The main objectives of this work are to: 1) analyse
the morpholineaments, faults and valley networks
of the Blue Nile Basin and their interrelationships;
2) study the relation between the morpholineaments
and the geomorphological evolution, in order to
determine which elements are potential zones of brit-
tle fractures of bedrock and serve as concentrations
for erosion processes; 3) identify areas with the most
dynamic changes of valley networks.

Several works deal with the tectonic and volca-
nic history of the upper part of the Blue Nile Basin
(Abebe et al. 1998; Chorowicz et al. 1998; Wolfenden
etal. 2004; Pik et al. 1998, 2003; Kieffer et al. 2004;
Gani etal. 2009); however, less attention has been
paid to the related geomorphic development. Local
morphotectonic and morphodynamic aspects have
mainly been investigated (Ayalew and Yamagishi
2003; Ismail and Abdelsalam 2012; Kusak et al. 2016;
Maerker et al 2016; Kycl et al. 2017; Gani and Neupne
2018). Works by Gani and Abdelsalam (2006) and
Gani etal. (2007) deal most comprehensively with
the selected aspects of geomorphic development.

Fig. 1 Map of the Blue Nile basin and adjacent area, Ethiopian Highlands. Subregions particularly analyzed in the following text:
1 -the Jemma River; 2 — Beshlo Wenz River; 3 — Volcanoes Mt. Choke and Mt. Gish; 4 — Lake Tana; 5 — Didessa River and Baro River;

A — Guder River and Muger River.
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They refuse the older idea that present physiography
of the elevated plateau exists since the Oligocene (e.g.
Pik et al. 2003) and they argue that the rapid increase
of incision rate of the Blue Nile initiates ca. 10 Ma ago.
This paper presents evidence from satellite data that
support young (Late Miocene - Quaternary) increas-
ing morphotectonic activity of the territory, specifying
directions and space impact of palaeomorphotectonic
fields on the land surface development.

2. The study area: geomorphological
and geological settings

The study area includes the Blue Nile Basin between
Lake Tana and the Roseires water reservoir
(175,400 km?) and the adjacent area (Figure 1). The
Blue Nile Basin consists of a large plateau that is
inclined from the border of Afar and the MER (more
than 3,000 m a.s.l.) to the W and NW (approximately
2,000 m a.s.l.). Huge Neogene shield volcanoes tower
up to 2,000 m above the plateau, and smaller strom-
bolian Quaternary volcanoes are concentrated to the
SSW of Lake Tana reach several hundreds of meters
at most (Kieffer et al. 2004). Pliocene and Quaternary
tectono-thermal uplift of the rift shoulders and a swell
centred on the Lake Tana basin are responsible for the
recent elevation of the plateau (Chorowicz et al. 1998;
Ismail and Abdelsalam 2012; MacGregor 2015; Gani
and Neupne 2018). Uplift caused the rivers to cut into
the bedrock and divide the area by canyons and deep
valleys with steep slopes linked to faults in the east-
ern part of the study area (Gani et al. 2009). An older

landscape area at a lower elevation and with gentle
valley slopes is situated in the western part of the
study area and the Blue Nile flows through the basin
with a low vertical division (Figure 1).

The modern topography of the area formed Tertia-
ry and Quaternary volcanism and tectonics. The uplift
of the Ethiopian Highlands (during the last 29 Ma)
and opening of the MER (during the last 18 Ma) has
led to the formation of faults and cracks (Kazmin
1975; Pik et al. 2003; Beyene and Abdelsalam 2006;
Gani et al. 2007; Gani et al. 2009; Wolela 2010; Ismail
and Abdelsalam 2012).

The plateau in the eastern part of the study area is
built by various types of Cenozoic volcanic rocks and
several Cenozoic volcanoes tower above it. Erosion
by the Blue Nile and its tributaries exposed Jurassic
and Crateceous sedimentary complexes in the valleys
incised into the plateau. The western part of the study
area is built by a Precambrian crystalline complex and
volcanics (Figure 2; Mangesha at al. 1996).

The Ethiopian Highlands are marked by a num-
ber of faults increasing from the west to the east,
where they border the MER - part of the East African
Rift (Chorowitz 2005). The oldest Permo-Trias and
Crateceous-Palaeogene rift systems in the study area
have a NW-SE orientation (Gani etal. 2009; MacGre-
gor 2015). The main phase of extension in the MER
started approximately 11 Ma (Ukstins etal. 2002)
and the majority of fault activity occurred in the last
5-9 Ma, and particularly in the last 1-2 Ma (MacGre-
gor 2015). The NW-SE Late Miocene extension formed
NE(NNE)-trending faults (Wolfenden et al. 2004; Gani
etal. 2009). E-W and NNE-SSW Quaternary extensions

Fig. 2 Geological map of the Blue Nile basin and adjacent area, Ethiopian Highlands (scale 1 : 250,000; after Mangesha at al. 1996).
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opening the MER are related to the development of
E-trending transverse faults. N-ESE- and NW-trending
extensional structures are connected with the NE-SW
Quaternary extension in southern Afar and the E-W
extension in western Afar (Gani etal. 2009). To the
west of Addis Ababa, an elongated Yerer-Tullu Wellel
volcano-tectonic lineament is probably an inherent
structure, which has decoupled the Northern Ethiopi-
an Plateau and the MER as a transtensional dominant-
ly oblique E-W to ENE-WSW structure since the Late
Miocene (Abebe et al. 1998).

3. Materials and methods

3.1 Digital Elevation Model (DEM) and satellite
images

In this paper we use the SRTM DEM 1 Arc-Second Glob-
al version (resolution # 30 m), which was released in
September 2014. Shaded relief images with varying
directions of illumination were created in ArcMap 10.2
(ESRI 2015) using the hillshade tool (Spatial Analyst
Toolbox = Surface toolset). Various elevation angles
of the illumination source (30°, 35°, 40° and 45°) and
four different values of illumination azimuth 1) from
the north (solar azimuth of 0°), 2) from the north-east
(solar azimuth of 45°), 3) from the east (solar azimuth
0f 90°), and 4) from the south-east (solar azimuth of
135°), were used in order to assure the independency
of the results from the direction of illumination. This
procedure maximizes the visualization of a surface for
better observation and graphical display, to allow for
the extraction of lineaments by using shaded-relief
process by changing the illumination azimuth (Smith
and Clark 2005; Ahmed et al. 2017).

3.2 Analysis of linear features
In the selected areas of the Ethiopian Highlands we
mapped the linearly arranged elements of the land-
scape, for example linear sections of valleys, ridges or
straight sections of slopes. These linear landforms and
structures were manually mapped from: a) digital ele-
vation model (hillshade images of various elevation
angles of the illumination source and solar azimuths),
and b) satellite images of Google Earth (pixel size of
15 m, scale 1:100,000), and subsequent overlapping
of the layers (according to Wladis 1999; Ehlen 2004).
Many of these long linear structures are parallel
to each other and the processes forming the current
landscape are concentrated there. In order to deter-
mine whether certain parallel linear structures are of
the same age and were created by the same process
(tectonic activity and erosion), the parallel mega-lin-
eamentswere marked with the same colour (red,
green, blue, etc.). The shortest length of the mega-lin-
eamentswas 20 km. Shorter linear structures (length
< 20 km) are called lineaments and thousands of them
are seen on the Ethiopian Highlands. We mapped the
linearly arranged elements of the landscape (the

mega-lineamentsand lineaments) for an analysis of the
main directions of the landscape forming processes.
The faults in the Ethiopian Highlands were taken from
the geological map of Ethiopia (scale 1 : 250,000;
Mangesha et al. 1996).

A valley network model for the Ethiopian High-
lands was extracted from SRTM DEM by following
method of Jenson and Domingue (1988) and using
ArcHydro tools in ArcGIS 10.2.: Fill > Flow Direction
- Flow accumulation (ESRI 2015), i.e. the valley net-
work was identified by analysing the flow accumula-
tion after a filling function that was applied to remove
sink-like artefacts caused by noise and inaccuracies
in the original DEM dataset. The threshold of con-
tributing area for the valley network generation was
1,000 pixels (0.9 km?). For the analysis of the azimuth
of stream channels, we converted the valley network
raster into a vector format.

The azimuths of megalineaments, lineaments, and
faults were determined in terms of the orientation
of lines to the coordinate system and the azimuth of
stream channels was also determined as the orienta-
tion of the stream channels (i.e. parts of valleys from
the valley heads to the first point of the valley conflu-
ence; or parts of valleys between two valley connec-
tion points) to the coordinate system. The azimuths
were illustrated by rose diagrams, which are divided
into 72 intervals of 5° (360° in total). The numbers of
lines in the rose diagrams were multiplied (weighted)
by their length according to Belisario etal. (1999),
Ciotoli etal. (2003) and Kusak et al. (2016).

Moreover, several types of profiles were created:
1) valley cross-sections which are in figures depict-
ed by different colours (e.g. green, red) to determine
the erosion intensity and (if possible) the relative age;
2) long profiles in the landscape to reveal the possibil-
ities of river piracy; 3) profiles perpendicularly to the
MER margin to reveal its block structures.

4. Results

4.1 Aggregated characteristics
In the eastern part of the Blue Nile Basin the old
plateaus are strongly eroded by fluvial erosion and
they recede in favour of expanding deep valleys. The
fragments of the plateaus consist of Paleocene-Oligo-
cene-Miocene basalts and tuffs and deeply cut valleys
are also located there. In the western part of the Blue
Nile Basin, Precambrian rocks are exposed (Figure 2).
A total of 161 mega-lineaments(with an aver-
age length of 60 km), 1,264 faults (with an average
length of 21 km), 3,429 lineaments (with an average
length of 10 km) and 81,137 valleys segments (with an
average length of 2.3 km) were mapped and analysed in
the upper part of the Blue Nile Basin. The results were
then compared using azimuths and rose diagrams
(Figure 3). The analysis revealed that the mega-lin-
eaments(Figure 3A,B) and faults (Figure 3C, D)
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are strongly correlated and concentrated into two
directions: azimuth 20° (NNE-SSW orientation; red
lines in Figure 3A) and azimuth 40° (NE-SW orienta-
tion; green colour in Figure 3A). The third-most domi-
nant direction being E-W (azimuth 90°) is clearly visi-
ble in the lineaments. It has not a significant reflection
in mapped faults, however Abebe etal. (1998) and
Gani etal. (2009) also mentioned important faults
of this direction. Smaller concentrations of linear
features were also identified in the following direc-
tions: ENE-WSW (azimuth 80°; blue lines), WNW-ESE
(azimuth 115° brown lines), NW-SE (azimuth 145°;

orange lines), NNW-SSE (azimuth 170°; violet lines)
and N-S (azimuth 0°, black lines). Not all these direc-
tions are clearly reflected in aggregated faults but can
have a fault reflection at a local level.

4.2 Local scale analysis

The sub-regions 1-5 from Figure 1 were chosen in
order to represent various types of landscapes in the
upper part of the Blue Nile River Basin. Sub-regions 1
(covering the area of 18,800 km?2) and 2 (11,500 km?)
are on the boundary of the Ethiopian Highlands close
to the MER. Sub-region 3 (20,500 km?) is a typical area

Fig. 3 A) Map of megalineaments; B) rose diagram of megalineaments; C) map of faults; D) rose diagram of fault azimuths;

E) map of lineaments; F) rose diagram of lineament azimuths.
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adjacent to the central volcano, while sub-region 4
(21,000 km?) represents the Lake Tana area. Sub-re-
gion 5 (35,000 km?) in the southwest represents
a highly-eroded part (i.e. the lowest part) of the Ethi-
opian Highlands.

Itis evident that the NE-SW direction (green lines)
is important in the sense of the valley evolution. This
is true across all of the sub-regions, regardless of the

type of relief, and could represent an old structural
predisposition, which influenced the valley network
evolution in the Ethiopian Highlands.

4.2.1 The Jemma River

The local scale analysis of sub-region 1 in the catch-
ment of the Jemma River revealed that apart from the
importance of the NE-SW orientation (azimuth 40°;

Fig. 4 The sub-region 1 (Jemma River Basin sub-region): A) map of the valley network and valley border; B) map of megalineaments, faults
and lineaments; C) rose diagram of valley network azimuths; D) rose diagram of mega-lineamentsazimuths; E) rose diagram of fault azimuths;

F) rose diagram of lineament azimuths.
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Fig. 5 Profiles in sub-region 1 (Jemma River Basin). Profiles 1-21 are valley cross-sections across green lines and profiles 22—33 are valley
cross-sections across red lines; A — longitudinal profile No. 34 along a single red line (a site with a tendency for river piracy).
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green line), the NNE-SSW orientation (azimuth 20°;
red line) plays a more significant role in the valley
network evolution and lineament depiction. The rose
diagram for the faults suggests tectonic predisposi-
tion. Both directions (green and red) have a similar
azimuth (40° and 20°, respectively); however, they
are sharply bounded and distinguished in the rose

diagrams (Figure 4). The shapes of the red line val-
ley cross-sections suggest more intensive downward
erosion compared to the green line valley cross-sec-
tions, which suggests that the red line direction is
younger (Figure 5). One site with a tendency to river
piracy was also positively identified along one of the
red lines (Figure 5A). The headward erosion is strong

Fig. 6 Sub-region 2 (Beshlo Wenz River Basin sub-region): A) map of the valley network and valley border; B) map of megalineaments, faults
and lineaments; C) rose diagram of valley network azimuths; D) rose diagram of mega-lineamentsazimuths; E) rose diagram of fault azimuths;

F) rose diagram of lineament azimuths.
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Fig. 7 Profiles in the Beshlo Wenz River Basin sub-region. Note: Profiles 1-10 are cross-sectional profiles directed across the valley marked
by green lines; and 11-23 are cross-sectional profiles directed across the valley marked by red lines. Profiles 24—35 are cross-sectional profiles
directed across the valley marked by an orange line.
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from both sides of the two different valleys and river
piracy can be expected to happen soon because the
remnant of the original relief created by the basalt
layer is only 1.3 km wide.

Itis clear that the shape of the cross-sectional pro-
file is influenced by several processes (or predispo-
sitions), including intensity and type of erosion, dis-
charge and lithology; nevertheless, the set of profiles
will reveal the general trend in valley evolution (if the
lithology is homogeneous), which can be compared
to other sub-regions. Valley cross-sections along the
green lines (profiles 1-21 in Figure 5) are wider and
more open compared to the profiles along the red
lines (especially profiles 26-33), which are more
narrow and tighter. This is regardless of the position
of the valley in the river network system i.e. profiles
of one direction are similar in the upper, middle and
lower parts of the valley system.

4.2.2 Beshlo Wenz River

The valley network predisposition of the landscape
evolution in the Beshlo Wenz Basin (sub-region 2) is
similar to the Jemma River Basin. However, the faults
do not have an azimuth of 20°, but the NNW-SSE ori-
entation (azimuth 170°; violet colour on the graphs)

is well pronounced (Figure 6). The Afar area adjacent
to the Blue Nile Basin, is also included in this sub-re-
gion. The Rift has a NNW-SSE direction herein. Bor-
der faults (violet colour) are reflected in lineaments
and megalineaments. The rose diagram for the valley
network is rather complex because the western part
is similar to sub-region 1 (Jemma River Basin), while
the eastern part bears significant features of the slope
facing the MER.

In accordance with sub-region 1, the valleys in the
Beshlo Wenz catchment lying along green lines, are
again more open and wide, while those running along
the red lines are markedly incised (Figure 7). The only
exceptions are profiles 3 through 6, and 10 (closest
to the rift, Figure 7), which are also very narrow like
those connected to the red lines. The area next to the
border of the MER is under very intensive young evo-
lution (strong downward erosion) regardless of the
type of valley (red or green lines).

Several tectonic blocks evolved on the east-fac-
ing slope of the rift, which are asymmetrical in their
cross-sectional profile and retain small lakes (Figure 8).
The drainage in a NNW-SSE orientation is modified by
strong headward erosion along the steep, east-facing
fault slope. In our fieldwork, we identified the case of

Fig. 8 Cross-sectional profiles oriented towards the MER. Tectonic blocks, which are asymmetrical in the cross-sectional profiles evolved here

and retain Lake Hayk (A), Lake Hardibo (B) and Lake Mybar (C).
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Lake Mybar (Figure 8C) - the lake is drained to the
east nowadays because a small river reached the lake
shore due to very intensive headward erosion and the
former drainage to SSE was abandoned.

In this locality the tectonic predisposition is rep-
resented by faults with an azimuth of 20°. This is also
the area with highest frequency of faults. Neverthe-
less, 30 km to the north the tectonic predisposition
is changing in connection with the main structures
of the rift. Lake Hardibo (Figure 8B) is predisposed

by tectonics with an azimuth of 170° (NNW-SSE
orientation) depicted by a violet colour in Figure
6 and 8, while in the surrounding of the adjacent
Lake Hayk (Figure 8A) both NNE-SSW and NNW-SSE
trending faults were identified (red and violet lines,
respectively).

4.2.3 Volcanoes Mt. Choke and Mt. Gish
The situation around the volcanoes of Mt. Choke
(4,100 m a.s.l.) and Mt. Gish (2,890 m a.s.l.) is rather

Fig. 9 Sub-region 3 (Mt. Choke and Mt. Gish volcano sub-region): A) map of the valley network and valley border; B) map of mega-
lineaments, faults and lineaments; C) rose diagram of valley network azimuths; D) rose diagram of mega-lineaments azimuths; E) rose

diagram of fault azimuths; F) rose diagram of lineament azimuths.
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simple. The valley system reflects the position of the
volcanoes in this sub-region (radial network with
preferences towards certain directions); nevertheless,
all other rose diagrams show NE-SW trending faults,
lineaments and mega-lineamentswithout any influ-
ence of the younger NNE-SSW tectonics (Figure 10).

The long valley system between the volcanoes of
Mt. Choke and Mt. Gish is probably a part of an old-
er river network, which is pronounced in this part of

the Ethiopian Highlands due to the NE-SW trending
mega-lineaments identified in all of the sub-regions
(Figure 10). Position on the boundary between the
LT and HT provinces of flood basalts (Pik et al. 1998;
Kieffer et al. 2004) could also play a role. However,
parallel to this NE-SW oriented valley, a younger,
deeper and narrower valley has been created on the
lower slopes of Mt. Choke, which were dated by Kief-
fer etal. (2004) to an age of 22.4 Ma. This direction

Fig. 10 Profiles in the Mt. Choke and Mt. Gish volcano sub-region. Note: Profile 1 along the single green line (an area with a tendency for
river piracy); Profiles 2—15 are cross-sectional profiles directed across the valley and marked by green lines; Profiles 16—22 are cross-sectional

profiles directed across the valley and marked by brown lines.
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Fig. 11 Sub-region 4 (Lake Tana sub-region): A) map of the valley network and valley border; B) map of megalineaments, faults and lineaments;
C) rose diagram of valley network azimuths; D) rose diagram of mega-lineamentsazimuths; E) rose diagram of fault azimuths (E); rose diagram
of lineament azimuths (F).
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seems to be dominant in the area of Mt. Choke and
Mt. Gish, even though the river network should have
a radial character around the volcanos. If we consid-
er the fact that the NE-SW valleys (green lines) also
cut 10.7 Ma old basalts, then they have to be younger
than the basalts itself.

Another example of a tendency for river piracy was
identified here (Figure 10A). Less than 1.5 km of the
original landscape was left before the rivers from the
SW or NE came across the old lava flows. Here we can
presume expansion of a SW valley due to the profile
(Fig. 10, profile 1).

Fig. 12 Longitudinal profiles in the Lake Tana sub-region: Longitudinal profiles 1 and 2 show the situation for rivers stretching WNW-ESE;

Longitudinal profile 3 shows the situation for rivers stretching SW-NE.
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Fig. 13 Sub-region 5 (Didessa River and Baro River): A) map of the valley network and valley border; B) map of megalineaments, faults and
lineaments; C) rose diagram of valley network azimuths; D) rose diagram of mega-lineamentsazimuths; E) rose diagram of fault azimuths (E);
rose diagram of lineament azimuths (F).
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Fig. 14 Profiles in the Didessa River and Baro River sub-region. Note: Profiles 1-4 are cross-sectional profiles directed across the valley
marked by a brown line; and profiles 5-8 are cross-sectional profiles directed across the valley marked by an orange line. Profiles 9-16 are
cross-sectional profiles directed across the valley marked by a yellow line. Profiles 17-24 are cross-sectional profiles directed across the valley

and ridge marked by a red line.
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4.2.4 Lake Tana

The valley network seems to be only partly influenced
by tectonics, namely in a NNE-SSW direction (azimuth
of 20°). The valleys trending WNW-ESE (azimuth of
115°) do not show any connection to the mapped
faults and are significant for the area to the west of
the Lake Tana Basin. Nevertheless, both directions are
marked because they represent a serious potential for
river piracy (see the paragraph below). No significant
recent erosional activity can be shown in a NNE-SSW
direction (red lines), like in other sub-regions closer
to the MER. It seems that the influence of the MER
is not well pronounced in this part of the Ethiopian
Highlands. Nevertheless, NNE-SSW faults exist in this
area, and they influence both the lineaments and the
megalineaments.

The whole of the Lake Tana Basin, which is tecton-
ically predisposed (e.g. Chorowicz etal. 1998), now
drains into the Blue Nile to the SE. Rivers on the west-
ern margin of the basin are approaching the lake due
to headward erosion from two different directions
(Figure 12). Longitudinal profiles 1 and 2 in Fig. 12
show the situation for rivers stretching WNW-ESE
(brown lines on the rose diagram in Figure 11). The
headwaters are approximately 10 km away from the

lake; however, the headward erosion has to remove
a 200 m high crest (escarpment) forming the lake-
shore in the west (Sembroni et al. 2016). Another sit-
uation in the SW of the lake shows, river piracy taking
place in a SW to NE direction (along the green lines)
and the remnant, which mustbe crossed, is only 3.8 km
long. Headward erosion along this green line is more
probable because it is predisposed by the fault. The
landscape on the lakeshore is also flatter and is creat-
ed by a 150-m high remnant of lava flow from Mt. Gish
(2,890 m a.s.l.).

Currently, the area of the Blue Nile basin covers
175,400 km? (between Lake Tana and the Roseires
water reservoir). However, when Lake Tana will
change the drainage to the SW, the cut off part of the
Blue Nile Basin (98,600 km?) will not be supplied by
water from Lake Tana, but only by precipitation, which
is not evenly distributed during the year. The annual
rainfall in the Ethiopian Highlands is 1,800 mm and
80% of this precipitation falls from July to September
(Klimadiagramme weltweit 2016).

4.2.5 Didessa River and Baro River
Many of the valleys (Figure 13) follow either a NW-SE
or NE-SW direction where the valley bottoms are

Fig. 15 Earthquake epicentres in the Jemma River Basin (A) and in the Beshlo Wenz Basin (B) (Earthquake Track 2017).
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wider, which suggests an older river network. If we
check the cross-sectional profiles (1-8) that stretch
across brown and orange lines (azimuth 115° and
145°, respectively), the shapes resemble wide and
open valleys (Figure 14). In addition, they are rath-
er deep, which suggests a long period of evolution.
A slightly different situation can be observed on the
profiles crossing the yellow lines, whereby young ero-
sion is already visible on the valley bottoms. An oppo-
site situation to these valley profiles can be found in
the valleys depicted by the red lines (profiles 21-24 in
Fig. 14), which are again very deep, young and narrow
(similar to Figure 7). The area of the Didessa and Baro
rivers seems to be older in the sense of the evolution
of the valley network with young erosion in the direc-
tion of the red lines (azimuth 20°).

4.3 Analysis of earthquake epicentres

A total of 12 earthquakes have occurred in and around
the Jemma River Basin since 1961 (Figure 15A; Earth-
quake Track 2017). Most of the epicentres relate to
“red lines” (eight events), only three to “green lines”.
In the Beshlo Wenz Basin (Figure 15B) the epicen-
tres are located on faults with an azimuth of 170°

(NNW-SSE orientation) depicted by a violet colour.
This is due to a logical influence of the MER in this
catchment. The average depth of the hypocentres is
20 km, which indicates rather shallow earthquakes
and the average magnitude is 5.5.

4.4 Features of Guder River and Muger River
network reorganisation

Features of drainage network reorganization along
lineaments of various types can be detected in var-
ious parts of the Blue Nile Basin. The drainage net-
works of the Guder and Muger catchments (Figure
14, Figure 16) are organised dominantly along diago-
nal green and orange lines; however, the most active
recentriver incision is along axial lines (yellow, violet,
black and red, see Figure 16). This activity is evident
mainly in lower parts of both watersheds as well as in
the adjacent part of the Blue Nile valley. On the oth-
er hand, valleys along diagonal lines are wider, more
denuded and are partly abandoned. A set of highly ele-
vated depressions (2,600-3,000 m a.s.l.) elongated in
a NNW-SSE direction (orange lines) can be identified
on the southern watershed to the NW of Addis Aba-
ba. Their very flat and wide bottoms (too large for the

Fig. 16 The Sub-region A (Guder River and Muger River basin sub-region): A) Guder River and Muger River networks organised dominantly
along diagonal green and orange lines; B) Profiles of Guga river (1), terrace (2) and plateau (3); C) lineaments of recent drainage network,

lineaments indicating paleo-drainage network and other lineaments.
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recent small streams) with differing descent (partly to
the S and partly to the N) suggest that they belong to
an ancient drainage network that might have drained
the area towards the SE.

More detailed features of river network reorgan-
isation can be seen in the longitudinal profile of the
Guder River (Figure 16B). The river recently rose
on the border scarp of the E-W oriented Yerer-Tul-
lu Wellel lineament, below one of the above-men-
tioned paleo-valleys at an elevation of approximately
3,000 m a.s.l., where only several hundred horizontal
meters are missing in order to capture the stream of
the paleo-valley by headward erosion. Leaving the
scarp, the river flows along the N boundary of the
lineament without any notable incision. At an ele-
vation of ~1,800 m a.s.l. it turns to the NW, where it
flows across a denuded border scarp in a 0.5 km deep
stepped canyon with a small decrease in gradient. The
profile only becomes steeper when it crosses the W-E
lineament to the east of Lake Chomen and then before
it flows into the Blue Nile at an elevation of approxi-
mately ~950 m. Along with the typical character of
the upper part of the profile, several other morpho-
logical features point to reverse flow of the river in
the past. The general trend of the plateau inclination
(from N to S) has been reversed by a strong uplift of
the border of the Yerer-Tullu Wellel lineament (Figure
16); therefore, natural drainage to the S could have
existed in the past. The strongly eroded, wide and
branched middle part of the watershed contrasts with
the narrow lower part closed between well preserved
remnants of the volcanic plateau in the north. On the
contrary, the uplifted plateau is markedly denuded in
the south.

Probably the most interesting feature is the char-
acter of a wide terrace (2 in Figure 16B), which is
directly incised by the river. The elevation of the
terrace rises from the mouth (~1,350 m a.s.l.) only
approximately 20 km (~1,450 m a.s.l.) to the nar-
rowest part of the valley bounded by remnants of
the plateau. Subsequently (from 20 km to 70 km),
the terrace is reversed to recent river as for W-E ele-
vated belt at Lake Chomen lineament. Nevertheless,
a small paleo-valley on the southern border sloping
to the S is also an indication of reverse flow here.
Further to the S, the river is not incised and prob-
ably flows down to the terrace (~1,300 m a.s.l.) to
the point where a general rise in the elevation of the
plateau begins (Figure 16). The former water shed
divide, approximately 20 km from the recent mouth,
and at least a 50 km long reversed flow of the river
can be inferred. Considering all other indices, drain-
age towards the SSE, mainly along diagonal lines, can
be assumed before the uplift of the border of the Yer-
er-Tullu Wellel lineament. Therefore, reorganization
of the drainage network in relation to the current sit-
uation took place later by headward erosion, mainly
along the axial lines.

5. Discussion

Landscape analysis from SRTM DEM data is of great
interest to geoscientists (e.g. Martino et al. 2009; Haider
et al. 2015). SRTM DEM data are often used for three
types of morphometric analysis: discrete elevation
function f (X, y, z), hill shading as well as flow direction
and flow accumulation. All three were also very use-
ful for performing a morphostructural analysis of the
upper Blue Nile Basin and its surroundings.

Hill shading offers many possibilities for interpret-
ing detailed surface structures that are often com-
pletely imperceptible using simple DEM visualization
(e.g. Kennelly 2008). Hill shading allowed us to per-
form a much more accurate delineation of lineaments
and borders of erosion than mapping from certain
satellite images only (Kusak etal. 2016). However,
the overlapping of layers (the digital elevation mod-
el; hillshade images of various elevation angles of the
illumination source and the solar azimuths; satellite
images with a pixel size of 15 m placed on the virtu-
al globe of Google Earth) proved to be the most use-
ful when checking the manually mapped landscape
shapes (following Wladis 1999; Ehlen 2004; Gani and
Abdelsalam 2006). Morphometric analysis based on
a calculation of the potential drainage of each pixel
of an SRTM DEM shows the shape, density and hier-
archy of valley networks, which reflect the influence
of structure and erosion processes on the formation
of the landscape (sensu Stoddart 1997; Kusak etal.
2016), similarly to an evaluation of various topo-
graphic profiles. A set of all of these analyses was
effectively used in the central part of the area by Gani
and Abdelsalam (2006) but our work brings a differ-
ent type of information.

The character of faults, their direction and space
differentiation as well as time of formation and reac-
tivation, are important for the reconstruction of the
morphotectonic development. However, direct inves-
tigation of faults is limited to outcrops, boreholes
and geophysical profiles, which is time demanding.
Therefore, they are not mapped equally in detail on
geological maps and the distinction of their origin
and activation is limited. On the other hand, linea-
ments reflecting the geological fractures can only be
uniformly mapped with a certain probability on the
basis of a DEM. Mega-lineaments are most probably
connected with important faults, but because of their
limited number they are not as suitable for statistical
analysis as regular lineaments. The stages of develop-
ment of structurally determined landforms can also
be estimated from topographic profiles and the pres-
ence of morphodynamic phenomena (erosion, land-
slides, earthquakes) (Gani and Neupne 2018). Finally,
the combined information from all of these sources
can be compared to the results of various geological
and geochronological analyses to obtain a compre-
hensive picture of the morphotectonic development.
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Two basic groups of structural features can be dis-
tinguished based on our analysis of the upper part of
the Blue Nile basin:

a) Axial (including black, yellow, violet, blue and red
lines) around N-S and E-W directions.

b) Diagonal (including green, orange and brown lines)
around NE-SW and NW-SE directions.

The difference between the red and green lines
(representatives of the basic groups mostly con-
tained in the faults and lineaments) is associated
with a transition from a 130°E-oriented extension
to a 105°E-oriented extension of the MER sometime
between 6.6 to 3 Ma ago, which caused a change in
the normal fault orientations from predominantly
N35°E to N10°E (Wolfenden et al. 2004). The diago-
nal features also reflect yet older development of the
Blue Nile Basin, i.e. its formation as a NW-trending
rift (Gani et al. 2009; MacGregor 2015). Axial features
mainly respond to Quaternary development, which
is influenced by E-W and NNE-SSW-oriented exten-
sions related to an oblique opening of the MER and
development of E-trending transverse faults as well as
E-W-oriented extensions in western Afar (Gani etal.
2009). Landslides linked with axial directions confirm
Quaternary activity too (Kycl et al. 2017).

The young Quaternary character of the majority
of the axial lines was also confirmed by our analyses.
They are characterized by prevailing deep and narrow
valleys, fault scarps, earthquake activity and a tenden-
cy for recent river piracy. On the contrary, the diag-
onal lines are generally linked with wider and more
open valleys with a higher tendency for meandering
or braided channels, a dominant abundance of higher
order streams and significant “well-developed” relief
features. Reorganisation of the drainage networks of
the Guder and Muger rivers from the diagonal to axial
directions supports this dichotomy.

The development of lineaments and river networks
is generally accelerated by the uplift of the area. The
initial Paleogene surface of the volcanic plateau of the
Ethiopian Highlands probably formed at elevation sig-
nificantly lower than now, and then had been decreas-
ing until the Late Miocene (MacGregor 2015). Indeed,
Pike et al. (2003) suggest that erosion initiated in the
Blue Nile canyon as early as 25-29 Ma ago, but Gani
etal. (2009) evaluated only a very gentle incision rate
of the Blue Nile up to the Late Miocene, whereas rapid
erosion would have started only 6 Ma ago. Generally,
the neotectonic uplift of the territory can be connected
with the opening of the MER (11 - 6 Ma ago accord-
ing to various authors - c.f. Gani et al. 2009; Ismail
and Abdelsalam 2012) but uplift of the Lake Tana
sub-region probably began earlier, i.e. before the end
of the mid-Tertiary flood volcanism when the asthe-
nospheric mantle intruded the lithosphere as a result
of plume activity, inducing thermal uplift (Chorowicz
etal. 1998). Further an initial radial drainage network
could have formed including outflow to the S (see sec-
tion 4.4), which was later blocked by Late Miocene and

Pliocene tectono-thermal uplift of the MER shoulders
and relative subsidence of the Tana basin (Chorowicz
etal. 1998; Sembroni etal. 2016). We can speculate
that in this initial stage the upper part of the Blue
Nile could have also drained along the ancient NW-SE
(orange) or WNW-ESE (brown) structures to the area
of the recent Afar depression. An indication of this may
be the mature erosional pattern of the E and SE part
of the Blue Nile Basin in comparison with the more
homogeneous (younger) erosional pattern of the W
and SW parts (Gani and Abdelsalam, 2006) and also
indications of diagonally-elongated palaeovalleys in
the recent watershed around the city of Dessie.

The spatial distribution of the particular types
of the studied linear features can be linked with
the time-space character of the background tecton-
ic events. Sub-region 1 lies closely westward of the
MER, and sub-region 2 directly on the border of the
Afar depression. Sub-regions 3 and 4 are far from
the rift boundary and the eastern part of sub-re-
gion 5 is close to the Rift (Figure 1). The investigated
(coloured) directions represent only 44 % of the pos-
sible drainage courses. Nevertheless, 62 % (sub-re-
gion 4) to 87 % (sub-region 2) of the drainage agrees
with the analysed directions. This not only confirms
the significant influence of tectonics on the drainage
network, but also an increase in this influence around
the boundary of the MER and in particular the Afar
depression. Axial directions dominate in sub-regions
near or on the rift boundary (sub-regions 1, 2 and 5),
whereas diagonal directions are comparably signifi-
cant only in the last two sub-regions.

The brown direction is mainly about the SW part
of sub-regions 3 and 5 with the most mature relief
and exposed pre-Tertiary bedrock, which suggests its
ancient character. The orange direction has a similar
character, but its important representation in sub-re-
gion 2 and the eastern part of sub-region 5 suggest
neotectonic reactivation (Abebe etal. 1998). The
green direction is generally the most represented in
all of the linear features, mainly in sub-regions 1, 3
and 4. Transformation of tectonic failures into the
drainage network indicates the oldest neotectonic
event of regional significance, i.e. opening of the MER.

The red lines are second in the order of areal
importance (after the green lines) and are connect-
ed with the stress field of the MER, but are less pro-
nounced in the inner part of the Ethiopian Highlands.
The black and violet lines have only a limited areal
influence on the adjacent parts of the MER and Affar
(their higher importance was revealed only in sub-re-
gion 2), while they are the youngest and have been
active for the short period of time. The yellow lines
are located in the south of the upper part of the Blue
Nile Basin and they are primarily a result of activation
of the Yerer-Tullu Wellel lineament in the Late Mio-
cene. Nevertheless, recessing the lower parts of their
cross profiles means that the Quaternary tectonic
activity increases in an E-W direction.
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The Ethiopian Highlands are one of the most tec-
tonically influenced areas in the world (Beyene and
Abdelsalam 2005; Gani etal. 2007, 2009), so river
erosion and river piracy are very active there. The
valley networks are young and water divides change
position easily. Thanks to the steeper slopes and
a more humid climate inside the MER, the water
courses (tributaries of the Awash River) have more
erosive power and the Jemma and Beshlo Wenz riv-
er basins lose parts of their catchments as the water
divide is moving slightly towards the west (Kusak
etal, 2016). However, the most significant effect
of river piracy would probably be seen in the Lake
Tana Basin.

Currently, the Lake Tana Basin is in the focus of
many scientific disciplines in terms of: 1) geology
and geochronology (Prave etal. 2016); 2) reproduc-
ing historic sediment concentrations (Kabaa et al.
2014); 3) chemical analysis of water and sediment
(Ahrens et al. 2016); 4) assessing the implications of
water harvesting intensification on upstream-down-
stream ecosystem services (Dile et al. 2016); etc.. All
of the above stated research activities and many other
authors write about the Lake Tana Basin as a single
unit, but do not include the processes taking place in
the surroundings. River piracy approaches the Lake
Tana Basin from SW to NE (along the green lines) and
the remnant, which has to be surpassed, is only 3.8 km
long (Figure 12). The potential change of drainage of
Lake Tana to the SW (instead of to NE) will greatly
influence the hydrological conditions over a rather
large area.

6. Conclusion

The results of simple morphostructural analysis from
a DEM can be interpreted in high concordance with
the present results of stratigraphic, structural, petro-
logic, tectonic and geochronologic investigations of
the Ethiopian Highlands. The azimuths of lineaments,
faults and river networks combined with erosional
features, cross-sectional and longitudinal valley pro-
files reveal a change in the dominant stress fields and
stages of topography development.

The NW-SE (orange lines) and WNW-ESE (brown
lines) linear features correspond with older stress
fields organizing the formation of ancient pre-Neo-
gene rifts and transposed onto the volcanic plateau
during the first phases of its rise. They probably
determined a palaeo-drainage system that could par-
tially flow to the south and east across the recent rift
shoulders and are well pronounced in sub-regions
with uncovered pre-volcanic bedrock. These direc-
tions are characterized by extremely braided valleys
with locally brained channels, small remnants of vol-
canic plateau and features of well-developed relief”.
They are typical for the oldest part of Blue Nile and
Didesa valley.

The beginning of the neotectonic stage (during
which the modern topography and drainage network
formed) can be connected to the opening of the MER
during the Late Miocene. The most wide-spread NE-SW
(green) linear features parallel to MER represent the
long term morphotectonic influence of an NW-SE
extension in the whole territory. Reactivation of some
NW-SE (orange) linear features mainly near the MER
boundary match with activity of the offset faults. Devel-
oped (wider, more open) valleys and more ‘mature
relief’ are typical for the leading green direction.

Pliocene counter clockwise rotation of the MER
stress field led (mainly in the MER surrounding) to
the generation of NNE-SSW (red) linear features. The
stress field transition was linked also with intensive
uplift of the whole territory, especially the rift shoul-
ders that definitely blocked any existing outflow
toward S or E. Continuing relative subsidence of the
Lake Tana basin, headward erosion and river piracy
could contribute to spreading of the Blue Nile basin
too. Morphological features such as incised narrow
valleys, indices of river piracy, valley asymmetry and
the generally ‘young age relief’ characteristic for the
red direction support this interpretation.

N-S (black and violet) linear features represent the
youngest Quaternary development of the territory
connected with E-W extension in MER and western
Afar. They are morphologically least developed and
represented by huge fault slopes with tectonic blocks
and active youngest upper parts of valleys. Orthogo-
nal features with E-W direction are dominant along
older (Late Miocene) Yerer-Tullu Wellel volcanotec-
tonic lineament, however they show evident features
of recent reactivation in cross profiles and tendency
to river piracy. Accelerating Quaternary uplift creat-
ed recent very high relief mainly along the boundary
with MER and Afar depression and so conditions for
intensive headward erosion from the outside the Blue
Nile basin that could lead to its reduction by river
piracy in the near future.
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