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ABSTRACT
Morphometric Terrain Analysis was successfully applied in different sectors of environmental studies. However, other disciplines, 
such as archaeology, might also profit from spatially distributed high-resolution terrain information. In this paper, we show how 
detailed topographic analysis and simple hydrological modelling approaches help to explain complex terrain pattern and to assess 
geohazards affecting archaeological sites. We show that Melka Kunture, a cluster of Pleistocene sites in the Upper Awash valley of 
Ethiopia, is affected by flooding and erosion/sedimentation processes. Moreover, we identified paleo-landscape features, such as 
changes in drainage pattern and evidences of tectonic activity. The topographic indices indicate especially a different paleo-drainage 
pattern with a lake or palustrine environment in the upstream areas. Furthermore, a different drainage of the paleo-lake via the 
Atabella tributary is likely and might be also stressed by the dimensions of the lower Atabella valley with quite large cross sections 
not corresponding to the present-day drainage situation.
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1. Introduction

The area of Melka Kunture, in the Upper Awash val-
ley of central Ethiopia, is one of the most important 
clusters of Palaeolithic sites in Eastern Africa. The 
archaeological record spans from ca. 1.7 Ma onwards, 
with a number of stratified occurrences of Oldowan, 
Acheulean, Middle Stone Age and Late Stone Age 
industries, together with faunal remains and human 
fossils (Piperno 2001; Chavaillon, Berthelet 2004; 
Raynal et al. 2004; Morgan et al. 2012). Furthermore, 
Melka Kunture also represents the earliest known 
example of obsidian utilization, which outcrops north 
of the site and was widely redistributed by the drain-
age system (Piperno et al. 2009). Recently, this cluster 
of sites was included in the Tentative List for Ethiopia 
(http://whc.unesco.org/en/tentativelists/5788/), as 
a first step towards a nomination in UNESCO’s World 
Heritage List. Landscape forming processes such as 
flooding, soil erosion and sediment transport as well 
as tectonic activity affected the archaeological sites in 
the past, leading to the specific find location context 
that was excavated in the last decades. None the less, 
these processes may affect the archaeological sites in 
future and hence, could lead to severe damages of the 
heritage sites. However, the analysis of present day 
processes also provides information about landscape 
evolution and therefore, may help to deduct informa-
tion and/or hypothesis on the archaeological context 
of the larger surroundings of Melka Kunture.

A proper assessment of the afore-mentioned pro-
cesses requires a detailed study not just of the closer 
surroundings of the Melka Kunture sites but rather of 
the whole Upper Awash River draining the area. To 
get a better understanding of dominating processes, 
controlling factors and the related forms and fea-
tures, we propose a screening of the area based on 
a detailed terrain analysis and a concentrated field 
work campaign to validate the analysis.

One of the aims of this paper is to investigate the 
specific present-day hydro-erosive process related to 
geo-hazards. These processes are mainly triggered by 
climatic conditions, present day land use/land cov-
er, soil characteristics and specific paleo-landscape 
forms and features in the surroundings of Melka Kun-
ture and in the upper Awash basin. Furthermore, we 
analyse and detect paleo-landscape patterns in the 
wider surrounding of Melka Kunture in order to get 
additional environmental information for the inter-
pretation of the archaeological setting.

2. Study Area 

The Prehistoric area of Melka Kunture is located close 
to the Awash village (latitude: 8°41′0″N; longitude: 
37°38′0″E) (see Fig. 1). The core area, where archaeo-
logical excavations and research focused over the last 
50 years, is centred on Garba and Gombore gullies, on 

the right bank of Awash River. It is an area of 0.7 km2 
at an elevation of ca. 2010 m a.s.l.. The climate is sem-
iarid to sub-humid with a main precipitation period 
between May and October. Mean annual precipita-
tion is about 875 mm/a. The maximum precipitation 
event registered in the period 1970–2010 at the Sta-
tion Boneja, 10 km Northeast of Melka, amounts to  
120.9 mm/day (registered on 08.09.1987). The annu-
al distribution of the precipitation is shown in Fig. 2. 
The mean annual temperature is about 17 °C (Ethio-
pian Meteorological Service).

Fig. 1 Study area of the upper Awash River basin and location 
of Melka Kunture.

Fig. 2 Monthly precipitation means calculated from daily 
measurements at Boneya station operated by the National 
Meteorology Agency. Monthly means are based on measurement 
records from the period 1974–2014. Boneya station is located about 
5 km north-east of the study area at an elevation of 2251 m a.s.l.

Since the beginning of the excavations in the Sixties 
of last century, the investigations led to the discovery of 
ca. 70 archaeological horizons. About 30 of them have 
been since extensively excavated (Piperno 2001), with 
more research currently going on (Mussi et al. 2016). 
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Geologically, since the Upper Miocene volcanic activity 
interrupted frequently the erosion and sedimentation 
cycles (Chavaillon, Taieb 1968). This activity is closely 
related to the Rift Valley evolution documented by sev-
eral fault systems, uplift and tilting. Effusive volcanic 
products such as tuffs, which are of Quaternary age, 
are interbedded with fluvial sediments (Raynal et al. 
2004). The tephra deposits, including tuffs which have 
been dated by 40Ar/39Ar (Morgan et al. 2012), allow 
stratigraphic correlation among archaeological layers 
outcropping in different gullies (Piperno 2001). The 
area is characterized by a horst and graben structure 
which runs parallel to the structural Rift pattern (Sal-
vini et al. 2012), denoted as semi-graben fault system 
(Gallotti et al. 2014). Morphological evidences of the 
tectonic structures can be identified in the Melka Kun-
ture area (Raynal and Kieffer 2004; Salvini et al. 2012). 
The so called ‘Awash Sill’ which is a border fault delim-
iting the graben from SE due to its periodic reactivation 
controlled the cycles of sedimentation and erosion in 
the area (Raynal and Kieffer 2004). Especially the collu-
vial and alluvial depositional areas in the study area are 
affected by severe gully evolution in the last 50 years 
(Kropáček et al. 2016). The main soil types of the area 
are Vertisols and Fluvisols (Berhanu Debele 1985). Ver-
tic Umbrisols and Vertisols can be found on gentle slop-
ing and flat areas, while flood plains are characterized 
by clay rich Fluvisols (Gleysols). Vertisols have active 
layer clays that produce cracks of more than 20 cm 
depth, which develop preferentially during the dry sea-
son. Moreover, these soils are prone to tunnelling and 
erosion processes (Nyssen et al. 2000).

3. Materials and Methods

Based on a detailed DEM analysis and fieldwork we 
assessed the geomorphological processes, forms and 
features of the Melka Kunture area. We focused our 
investigation on the major hydro-erosive processes 
as well as the neotectonic activity using GIS based 
models together with a detailed terrain analysis. For 
this study, we tested different digital elevation mod-
els (DEM) based on diverse sources and with different 
resolution as shown in Tab. 1.

The SRTM DEMs and the ASTER GDEM are public 
domain models with global coverage (Rabus et al. 2003; 
Farr et al. 2007; Tachikawa et al. 2011) while the other 
two models were generated specifically for the study 
area by means of digital stereo-processing following 

Kropáček et al. (2015). The ALOS/PRISM DEM from 
an image triplet acquired by PRISM optical instrument 
composed of three cameras with back, nadir and for-
ward looking direction, which was carried by the ALOS 
satellite in the period 2006–2011. We used a feature 
matching technique implemented in the LPS photo-
grammetry software package. A robust technique of 3D 
reconstruction was applied for the derivation of the Air-
photo DEM from aerial photographs acquired in 1971 
and 1972 using a Structure from Motion Approach 
(SfM) in Agisoft Photoscan software package. Softcopies 
of the aerial photographs were provided by the Ethio-
pian Mapping Agency. The Shuttle Radar Topographic 
Mission (SRTM) accomplished in 11 days in February 
2000 resulted in an almost global interferometric acqui-
sitions of the Earth’s surface in the microwave bands C 
and X. Two DEMs were produced from SRTM data: the 
first is based on C-band data denoted as SRTM-C and 
the second is based on X-band data denoted as SRTM-X. 
The advantage of the SRTM data lies in its almost global 
availability, temporal homogeneity and absence of pro-
cessing “artefacts”. 

The DEMs were georeferenced using UTM projec-
tion. Subsequently, we performed a quick screening 
to evaluate the quality of the DEMs following Carlton 
and Tennant (2001).

A quality check was performed consisting in: 
i) checking if the maximum and minimum values are 
realistic, ii) creating a histogram of elevation values to 
check for “artefacts” and irregularities such as peaks 
or outliers, iii) deriving a hillshade to get a 3D-like vis-
ualization of the surface, and iv) delineating the slope 
as first derivative of the DEMs to check for errors 
which normally increase with the level of derivative. 
Thereafter, we hydrologically corrected the DEMs 
in order to eliminate sinks using the algorithm pro-
posed by Planchon and Darboux (2001). The latter 
procedure guarantees that the surface is completely 
drained and that there are no pits or sinks remain-
ing in the DEM impeding the drainage of surface run-
off. Especially the hydrologic terrain indices need 
a hydrological corrected DEM. 

Based on the available DEMs we performed 
a detailed terrain analysis to explore the potential of 
the terrain surface concerning certain hydro-erosive 
hazards, neotectonics and Palaeo-geomorphology. 
The potential for surface runoff was estimated using 
a simple storm flow model based on a weighted mul-
tiple flow accumulation algorithm according to Free-
man (1991). In this study, we utilized the precipitation 

Tab. 1 Sources and resolution of DEMs utilized in this study.

Sensor Product Date Resolution

SRTM-C NASA SRTM-C DEM 3 arcsec 02.2000 90  m

SRTM-X NASA SRTM-X DEM 1 arcsec 02.2000 25  m

ASTER DEM ASTER GDEM2 10.2011 25  m 

ALOS PRISM Level 1B1 24.05.2008/15.07.2010 10  m

Airphoto DEM 1965_HCP46; 1971_123ET9 1965/1971  2.5 m
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event of the 08.09.1987 amounting to 120.9 mm/day 
to calculate the maximum surface runoff of a storm 
event supposing that there was no infiltration. This 
precipitation event has a return period of 40 years. 
Hydro-erosive processes in the area of Melka Kunture 
are mainly linked to deep linear erosion processes 
like gullies and deep rills as well as surficial sheet 
erosion processes also called rill-interrill erosion 
processes. We assessed the linear erosion processes 
using the Stream Power Index (SPI) following Moore 
et al. (1991). The SPI is the product of specific catch-
ment area (Freeman 1991) and slope (Zevenbergen, 
Thorne 1987). We identified the rill-interrill erosion 
potential applying the Transport Capacity Index (TCI) 
according to Moore and Wilson (1992). The TCI cor-
responds to the LS-factor of the RUSLE (Renard et al. 
1997) and thus, describes the potential for surficial 
erosion processes just based on the topography. The 
Topographic Wetness Index (TWI) was derived fol-
lowing Beven and Kirkby (1979) (see also Moore et al. 
1991; Moore et al. 1997) to identify areas of high soil 
moisture and hence, saturation excess overland flow.

SPI = As × slope (1)

TWI = ln(As/slope) (2)

TCI = (As/22.3)m × (slope/0.09)n (3)

With As = specific catchment area; Slope in degree; 
m and n are constants. For prevailing rill erosion  
m = 1.6, n = 1.3 while for prevailing sheet erosion, 
m = n = 1.

Neotectonic structures as well as Palaeogeomor-
phological forms and features can be identified using 
information about the drainage network base-level 
(DNBL) (Golts, Rosenthal 1993). As stated by Groh-
mann et al. (2011) base-level maps are constructed 
from an initial map of valley orders, classified accord-
ing to the Strahler (1952) system. Roughly spoken, 
the elevation of the channel segments greater than 
a specific order are selected to interpolate the DNBL 
elevation according to Filosofov (1960). The stre-
ambeds designate the erosional base surface. In geo-
logical terms, DNBL surfaces relate to similar erosion-
al stages and should be regarded as manifestations 
of regional erosional-tectonic events and especially 
of young movements of the crust (Golts, Rosenthal 
1993).

If we subtract the DNBL from the selected DEM we 
yield a surface that is normalized by the erosion base 
level. The Altitude Above Stream Channel Network 
(AACN) gives information on the elevation above 
the base level. Thus, features like fluvial terrace sys-
tems, palaeo river courses, planation surfaces as well 
as erosion and deposition zones (e.g. Haider et al. 
2015) can be identified. Moreover, also neotectonics 
such as faulting, uplift and downshift processes may 
be detected (Gary et al. 1973). We calculated also 

the relative height that describe the vertical offset 
of a grid cell to its according drainage line consid-
ering the local relief energy in relation to the local 
erosion base level following Dietrich and Böhner 
(2008). This index emphasizes landscape structures 
and forms even more than the AACN index due to the 
fact that the local relief and hence the related noise 
is considered. 

We also organized an extended field work mapping 
geomorphological forms and features and assessed 
also the dominant soil characteristics. 

4. Results and Discussion

4.1 DEM assessment and selection
The terrain analysis requires a good quality DEM in 
order to provide proper information about the terrain 
surface and the related processes. Moreover, addition-
al criteria such as acquisition costs, large or better 
worldwide coverage and preparation efforts may play 
a role. For this study, we required the DEM coverage of 
the entire Upper Awash River Basin and a good quality 
to assess the relevant geomorphological processes. As 
shown in Tab. 1 and Fig. 3 the quality of the DEMs is 
very heterogeneous. The DEMs are based on different 
sensors and systems. However, the SRTM 90 m having 
the coarsest resolution gives only a vague idea of the 
terrain surface. Much better is the SRTM 30 X band 
data performing, showing also smaller geomorpholog-
ical features such as linear erosion forms. The ASTER 
GDEM has a slightly higher resolution with 25 m but 
also a lot of noise and “artefacts”. The latter is always 
a problem for passive optical sensors since the DEM 
reflects the vegetation surface. Similarly, the ALOS 
PRISM DEM is based on optical data and even though 
it has the higher resolution of 10 m a lot of “artefacts” 
resulting from larger vegetation features disturbs the 
terrain surface. The highest resolution with 2 m was 
obtained with the aerial-photograph-based DEM that 
was generated using a structure from motion algo-
rithm (Agisoft Photoscan). However, the stereo images 
do not cover the entire basin and also vegetation dis-
turbs a proper analysis. Especially the large trees close 
to the river network have major effects on the delinea-
tion of an accurate drainage network.

The quality check reveals that the best compro-
mise between a good quality providing enough ter-
rain details and low noise resulting in small prepara-
tion efforts is the SRTM-X 30 m. Hence, we utilized the 
SRTM-X 30 m for the further detailed terrain analysis. 
Figure 3 shows the hillshades of the DEMs we consid-
ered in this study. 

4.2 Assessment of surface runoff and soil erosion 
processes
We estimated the surface runoff volumes using 
a weighted multiple low algorithm supposing an 
exceptional precipitation event of 120.9 mm/day. We 
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do not consider evapotranspiration processes nor soil 
infiltration. The latter hypothesis allows us to calcu-
late the maximum runoff of a 40 years return period 
event. Such an event may occur under different con-
ditions: i) after long dry seasons when due to effects 
like surface crusting and hydrophobicity infiltration 
is very low, or ii) after preceding rainfall events that 
saturated the soils leading to saturation excess run-
off. Figure 4a illustrates the runoff volumes for the 
40 years return period. Zones with higher runoff are 
illustrated in blue colors whereas dryer zones in light 
green colors. Moreover, we highlight the zones prone 
to flooding risk in yellow and purple color indicating 
medium and high flooding risk respectively. Figure 4a 
shows that the lower parts of the core archeological 
area, including Gombore and Garba gullies, will be 
completely flooded during the selected event. Low 
TWI values (brown color) correspond to dry or well 
drained zones whereas high TWI values (blue color) 
represent high soil moisture and thus, soil saturation 
risk (see Fig. 4b). Consequently, the mayor flooding 
zones are those with high TWI values corresponding 
to the modeled runoff shown in Figure 4a. Specifically, 
the surroundings of the core archeological area are 
very prone to soil saturation and consequently, relat-
ed surface runoff. Of particular interest is the upper 
Atabella tributary area, that shows very high TWI val-
ues and thus, much higher moisture conditions.

Soil erosion processes are assessed using the TCI 
(rill-interrill erosion) and SPI (deep linear erosion). 
Figures 4c and 4d illustrate the spatial distribution 
of these processes. Figure 4c exposes the more areal 
or sheet erosion features. The yellow and lighter blue 
areas are characterized by sheet (rill-interrill) erosion 
processes, whereas the dark blue areas indicate stable 
conditions. According to Eq. 3, very high TCI values 
are related to steep slopes and/or very large catch-
ment areas. Here especially the steep slopes along 
the rift shoulder incision of the Awash River and the 
steeper mountain areas show very high TCI values. 
However, also the tectonic lineaments are revealed by 

the TCI, e.g. the major fault system crossing the area of 
Melka Kunture from southwest to northeast (see also 
Raynal, Kieffer 2004). In the sub-basins of the Atabel-
la and Kella tributaries as well as in the upper parts 
of the Awash River some larger sheet erosion areas 
occur. They are often related to tectonic fault systems 
(see also Fig. 4). Figure 4d describes the deep linear 
soil erosion processes such as gully erosion (e.g. Zak-
erinejad, Märker 2015) using the SPI following Eq. 1. 
The yellow and red colors highlight incision zones. 
These incisions reproduce well the existing gully sys-
tems we mapped during fieldwork in 2014 (Fig. 4e). 
High SPI values are also related to knickpoints in the 
longitudinal profiles of higher Strahler-order drain-
age basins and may indicate neotectonic activities. 
In 1st order drainage basins, knickpoints are often 
related to gully headcuts. These headcuts seem to be 
lined along the fault systems running in south-west to 
north-east direction through the study area (Fig. 4f). 
Dendritic pattern like in the upper Kella Tributary can 
be related to retrogressive erosion. In the western 
parts of the archaeological park we identified major 
gully systems with the SPI approach that were later 
also detected and mapped during the field-campaign.

4.3 Neotectonics and paleo-landscape features
SPI and TCI already indicate linear tectonic activity. 
However, the AACN (Fig. 5) shows in red and orange 
areas that are subject to erosion/ incision process-
es and in light blue and blue areas where deposition 
processes prevail. In terms of neotectonics we might 
differentiate between uplift and downshift areas. The 
core archaeological area of Melka Kunture is con-
strained by tectonic faults as already indicated in Fig-
ure 4c and 4d. These faults act as local erosion bases 
and hence, drive erosion/incision and deposition/
sedimentation processes. The AACN shows mainly 
strong erosion processes in the Southeast and North-
east of the Melka Kunture Archeological Park. The 
Kella tributary for example seems to be affected by 
retrogressive fluvial erosion processes triggered by 
the main incision of the Awash River into the rift val-
ley shoulder. The core archaeological area seems to 
be only slightly affected by erosion or tectonic down-
shift processes. In the western part of the study area 
upstream the Awash River again incision prevails 
between two fault lines (Fig. 5). Further upstream 
similar conditions to those of the core archaeological 
area can be identified. Due to the low erosion and/or 
tectonic activities that come along with a higher risk 
of flooding and ponding as demonstrated in Figures 
4a and 4b, we hypothesize a major sedimentation 
and deposition zone in the core archaeological area 
as well as in a section ca. 10 km upstream. This locally 
led to the preservation of deposits including archae-
ological horizons. Consequently, the other sedimen-
tation/deposition zone, further up the Awash River, 
might represent also a certain potential for archaeo-
logical investigations.

Fig. 3 DEMs considered in this study: upper left: SRTM 90 m C-band; 
lower left: ASTER GDEM 25 m; upper right SRTM 30 m X band; lower 
right: ALOS PRISM 10 m
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Fig. 4c Transport Capacity Index (TCI) characterizing sheet erosion 
processes (yellow and red = moderate and high risk). 

Fig. 4a Surface runoff for a 40 years return period and areas prone to 
flooding (blue = high runoff, light green = low runoff values. In yellow 
zones of lower flooding risk and in red-purple those with high risk of 
flooding. 

Fig. 4b Topographic Wetness Index (TWI) showing soil moisture 
distribution (brown = dry; blue = wet). 

Fig. 4d Stream Power Index highlighting deep linear erosion 
processes (red = strong incision; green = no or low linear erosion).
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Fig. 4e Gully erosion in the area south of Tefki.

Fig. 4f Fault system (red) at the Melka Awash town with associated gully headcuts (yellow arrows) (looking towards the South).
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4.4 Drainage network and Paleodrainage
Figures 6 and 7 reveal the drainage conditions of the 
larger study area. Shown is the upstream part of the 
Awash River above the core archaeological area includ-
ing a large flat basin in the North, today drained by the 
Awash towards the Southeast (Fig. 6). However, north-
ern drainage directions of the smaller tributaries in the 
southwest indicate modifications of the drainage net-
work in the past. The change of the drainage pattern, 
the so called ‘river piracy’ might occurred in the past 
likely due to tectonic movements and/or quickly prop-
agating backward erosion of the today Awash river. 
Figure 7 shows a hypothesized Paleo-drainage accord-
ing to the geomorphological settings. Thus, the larger 
depression in the north receives much more water and 
hence, might have been characterized by Palustrine or 
Lacustrine environments. The basin was potentially 
drained on its eastern margin towards South via the 
present day Atabella river valley. This could also explain 
the large valley pattern that is not in line with the pres-
ent-day catchment area of the Atabella tributary. Finally, 
a potential zone for river piracy was identified ca. 8 km 
upstream the core archaeological area. 

↑ Fig. 5 Altitude Above Stream Channel network (AACN) and 
supposed tectonic lineaments.

↑ Fig. 6 Relative Height with the present-day drainage network and 
related flow directions.

← Fig. 7 Relative height and the supposed Paleo-Drainage Network. 
Indicated potential river piracy zones and Palustrine or Lacustrine 
environments.



18 Michael Maerker, Calogero Schillaci, Jan Kropáček

5. Conclusions

This study reveals the spatial distribution of present 
day landscape forming processes. Surface runoff and 
soil erosion processes were analysed in detail using 
Topographic Indices and simple hydrological model-
ling approaches. The analysis shows that large parts 
of the core archaeological area Park is prone to flood-
ing caused by extreme events coming along with ero-
sion and deposition processes, as confirmed during 
high Awash floods at the time of last century excava-
tions (Chavaillon, Berthelet 2004). Moreover, we evi-
dence specific paleo-landscape patterns in the sur-
roundings of Melka Kunture. In part, these features 
can be explained with the tectonic activity revealed 
by the Topographic Indices (e.g. AACN, TCI). Larger 
features like the depression in the upper parts of the 
study area indicate environmental conditions, that up 
to present time are related to large areas of ponded 
water bodies, thus implying lacustrine or palustrine 
conditions in the past. Moreover, the Topographic 
Indices reveal information about the paleo-drainage 
of the Upper Awash System. As shown, river piracy 
is a highly probable explanation of the present day 
drainage pattern. This provides a further evidence 
for the impact of tectonic activity on the landscape 
evolution in the area. Finally, this analysis shows the 
potential of topographic indices and simple modelling 
approaches to reveal paleo-landscape information 
and thus, contributes to archaeological investigations 
and interpretations of the whole area. In future, we 
plan more detailed studies with concerted fieldwork 
to further evaluate the hypothesis developed in this 
paper using a pure Terrain Analysis approach.
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