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1 Introduction 

The Ministry of Water and Energy has received funding from DFID for a three-year 

project entitled "Delivering Climate Resilient Water, Sanitation and Hygiene in Ethiopia". 

As agreed by an MOU between DFID and the Government of Ethiopia, two of the four 

programs are being implemented by the Ministry.  

 

This project, which runs to 31 March 2022, is part of the UK government's aid strategy 

to support the poorest people in adapting to climate change, specifically on building 

climate resilience in water and sanitation services that contributes to achieving 

Sustainable Development Goal 6. The project complements DFID and Ethiopia's 

significant programming on water and sanitation and supports effective delivery of the 

Government of Ethiopia's strategy for sustainable water supply in drought affected 

areas. A key feature of this program involves funding for groundwater mapping and 

improvement of groundwater data management.   

 

1.1 Objectives 

Overall objective   

The objective of this project is to increase access to safe and sustainable water for the 

people in drought affected regions by producing hydrogeological maps at the Woreda 

level and recommend drilling sites which the Government of Ethiopia and other partners 

can use for developing groundwater.   

 

Specific objectives   

A first step of this project is the initial identification of target areas for borehole 

drilling. The focus of this project is:   

• Create detailed groundwater potential maps for each Woreda; 

• Identify one optimal drilling site and one alternative (optional) drilling site 

per Woreda, using the groundwater potential maps and geophysical field 

investigation results, and recommend the type of drilling methodology(s) to 

be employed; 

• Build the capacity of the former Water Development Commission (WDC), 

former Basins Development Authority (BDA), regional governments, and 

NGOs to use/apply overlay analysis techniques for groundwater potential 

mapping and borehole siting in Ethiopia.  

 

1.2 Phases of the Project 

The project is designed in 3 phases:  

• Phase I (Inception Phase)   

• Phase II (Mapping Phase)  
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• Phase III (Siting Phase)  

Phase I has been completed in August 2021, Phase II in December 2021 and this report 

covers the work for Phase III. The siting phase (Phase III) started in December 2021, after 

the results from Phase II. have been validated.   

  

The main outputs of Phase I were: 

• Creation of the project team, including changes in team composition as a 

reaction on recent character of the project;  

• Collection of basic data about existing geological and hydrogeological maps, 

reports, water quality and quantity data, meteorological information, 

demographic data, socio-economic maps produced before project started; 

• Compilation of hydrogeological map at scale 1:1,000,000 and 1 : 250 000 

showing hydrogeological condition of each Woreda; 

• Developing conceptual hydrogeological models to complement data scarcity;  

• Compilation of demographic map (1:1,000,000) showing demographic data 

for each Woreda; 

• Preparation of field survey and investigation plans and base maps with 

information to be used for the Type 3a layers.  

  

The main outputs of Phase II were: 

• Groundwater potential map for every Woreda at scale 1:100,000; 

• Conceptual hydrogeological models for every Woreda; 

• Ground truthing and water point inventories; 

• Water demand estimation in target Woredas; 

• Selection of target areas (2 per Woreda); 

• Risk Mitigation Strategy Document (general document). 

  

The main outputs of Phase III are: 

• A more detailed geological unit distribution, including structural details in 

appropriate scale, based on higher resolution images; 

• Hydrogeological operational maps (1:50,000); 

• Detailed geological, hydrogeological, and geophysical (including existing data 

and satellite geophysics) study in each target area; 

• Determination of target drilling sites in the target areas, including drilling 

sites maps (1:5,000) and geophysical profiles; 

• Phase III final report per target area, including climate resilience;    

• Capitalisation report and knowledge dissemination activities in a workshop 

provided by the project team towards the end of the project; 

• Minutes of the training on Groundwater Mapping Methodology provided by 

the project team; 

• Inclusion water of water quality maps will be taken into account for final 

target area selection.  

  

Due to the security constrains in the project area, the workplan for phase III. has been 

revised. The project team cannot travel to the field to carry out hydrogeological or 

geophysical studies. Instead, we must rely on existing data and remote sensing 

products. Because fieldwork is essential for updates on the actual water demand and 

gap analysis, geological and hydrogeological conditions, and geophysical surveys, we can 

only propose target sites with a certain tolerance radius, not exact drilling sites.  
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1.3 Project areas 

The overall project covers a total of 53 Woredas throughout the country which is 

subdivided into four lots. The current project deals with the 13 Woredas from Lot 1 in 

the Tigray, Afar and Amhara Regions (Figure 1). It includes 5 woredas in Afar (Afdera, 

Berahle, Kori Yalo and Megale); 7 woredas in Tigray (Erob, Tsadamba, Merbe Leke, 

Hawzien, Kola Tembian, Tselmti and Ofla) and, 1 woreda in Amahara (Beyeda) (Fig.1.). 

These Project locations can be accessed through the main roads to the administrative 

centres of the Regional states from which usually all weather, often gravel; in some 

cases tarred roads link the Woreda centers with the regional and zonal administrative 

centers (Figure 1.1). Target areas are located close to settlements (Kebeles and villages) 

and are also connected with the Woredas administrative centers by dry weather roads 

and can be accessed by four-wheel drive vehicles. 

  

 
Figure 1.1. Location of the 13 selected Woredas for Lot 1 (including indication of target areas in each 

Woreda). 

 

Physiography and climate of the project areas  

Physiographically, the project areas have a varied nature. While the target areas in 

Amahara and Tigray regions fall within the Western Ethiopian Plateau; areas in Afar fall 

partly within the Afar rift lowland and partly along the rift margins. The Beyeda Woreda 

in Amhara region is situated on the top of Ras Dashan volcanic mountain at elevations 

of 3000 m amsl and is characterized by cold climatic condition (Dega climatic zone). 

This area receives relatively high annual rainfall and rivers and streams have dendritic 

pattern, cut deep gorges and drain to the Tekeze River in the north.  

  

Across Tekeze river valley, Woredas within Southern, South-western Tigray and part of 

northern Tigray (Merb Lehe Woreda) are generally characterised by rugged, NNE-SSW 

trending ridges alternating with narrow low land or valley topographies ranging in 

elevation from 1000 to 2000 m amsl. The topography of these areas is controlled by NE-

SW basement structural grain. Most of the rivers and stream in the southern part of 
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Tigray drain to the Tekeze River, while areas close to the Mereb River drain to that. 

These areas have arid (Kola type) climatic condition with mean annual temperature and 

receive mean annual rain fall.  

  

Woredas and areas in North-eastern Tigray and western Afar are also characterised by 

ragged, NNE-SSW trending topography controlled by Red Sea rift related fault structure. 

The areas have elevations ranging from about 300 up to greater than 1000 m amsl. 

These areas generally have arid to semi-arid climatic conditions, and receive low annual 

rainfall. Rivers and streams have dendritic pattern and all drain to the rift floor.  

 

Woredas within the Afar Region are mostly situated east of the rift escarpment, belong 

to the rift valley physiographic zone and characterized by rugged NW-SE grabens and 

horsts along the rift shoulder and relatively low laying topography with elevations 

ranging from below sea level at the floor of the rift up to 1000 m amsl close to the 

escarpment and around tectonically elevated horst structures within the rift valley. The 

area receives low annual rainfall and is characterized by arid to desert type of climatic 

condition. Rivers and streams usually flow to the base of the rift having parallel 

drainage pattern controlled by tectonic structures (lineaments and faults). At the base of 

the slopes these rivers drop large quantity of fan shaped sheet flood deposits.  

  

Regional Geology of the project areas 

The geology of northern and north-eastern Ethiopia, in which the project areas are 

situated, was previously mapped at different scales and studied by various researchers. 

The mapping of the region at a scale of 1:250,000 by the Geological survey of Ethiopia 

including Adigrat map sheet (Garland, 1972); Mekele map sheet (Beyth, 1972), Axum 

map sheet (Tadesse, 1997), Adi Arkay map Sheet (Tsegaye, 1974) and, compilation work 

of geology of Afar area at a scale of 1:100,000 (UNICEF report) are sources of major 

geological information. These works have identified and described a succession of rock 

formations ranging in age from Precambrian up to Quaternary. The Precambrian 

metamorphic rocks include low grade metavolcanic and metasedimentary rocks. The 

metavolcanic rocks cover relatively larger part of the metamorphic terrain of northern 

Ethiopia and is regionally known as the Tsaliet Group (Beyth, 1972, Garland, 1972, 

Tefera et. al., 1996). This is uncomformably overlain by poorly metamorphosed and 

weakly deformed younger silciclastic and carbonate units of slates and limestone known 

as the Tembian Group (Beyth, 1972, Grland, 1972). These slate-carbonate succession are 

contained in a series of NE-SW, often overturned pairs of synclinal and anticlinal 

structures. These rocks together with mafic to felsic intrusive bodies of variable size and 

composition in the region belong to the Arabian Nubain Shield component of East 

African Orogen (Stern, 1994, Tadesse, 1997; Tadesse et. al,. 1999, 2000, Asrat et al., 

2003) and are thought to be the product of plat tectonic process that involved 

subduction, build-up of intraoceanic island arcs, lateral accretion of the arcs associated 

with the convergence and subsequent collusion between East and West Gondwana 

during the Neoproterozoic (900-550 Ma., Stern 1994, Fritz 2013).    

  

These Neo-Proterozoic metamorphic rocks of the region are unconformable overlain by 

Palaeozoic (Ordovician) tillites (Edaga Arbi Galcials) which is laterally inter-fingered with 

carbonate cemented, white clastic Enticho Sandstone (Graland, 1972; Beyth, 1972). These 

rocks, where not covered by the later Jurassic sedimentary and Tertiary volcanic 

sequence or eroded deep, they represent potential ground water aquifers of the region. 

Following the Ordovician deposit, intra-continental rifting in Permian initiated the break-

up of Gondwana and led to continental mass subsidence and subsequent transgression 
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of Indian Ocean (Hunegaw et al., 1998; Boselline et al., 2001). The transgression lain 

down thick clastic, passive continental margin deposit followed by shallow and deep 

marine sedimentary deposits during the Jurassic (Hunegnaw et al., 1998; Bosellini et al., 

2001). The base of transgression event was marked by the deposition of clastic lower 

sandstone known as the Adigrat Sandstone in the northern Ethiopia; followed upwards 

by scission of limestone marl, and shale and ended when the region was uplifted by 

mantle plum under the Afro-Arbain plate (Mohr and Zanettin, 1988). The up-doming 

resulted in the withdrawal of the Indian Ocean and deposition of regressive facies; 

marine sediments caped by clastic sedimentary rock (the upper Sandstone or Abaradam 

sandstone (Hunegnaw et al., 1998; Bosellini et al., 2001).  

 

Plum related voluminous Tertiary Flood basalt eruption between 42-29Ma on the top of 

Mesozoic Sedimentary succession is believed to be approximately coeval with northeast-

directed extension in the southern Red Sea and Gulf of Aden ( Ebinger et al., 1993; Baker 

et al., 1996; Hofman et al., 1997; Ayalew et al., 2002; Ayalew & Yirgu, 2003). The 

volcanics are made up repeating sequences of thick (up to 2km) basaltic lava flows 

overlain by rhyolites including ignimbrites, air fall tuffs and lavas. These volcanic rocks 

cover much of the NW and SE Ethiopian Plateau. The edge of Afar depression is made of 

heavily faulted and weathered Eocene to early Miocene (25-15Ma)  Trap basaltic volcanic 

rocks (Beyene & Abdelsalam, 2005). The most extensive volcanic sequence covering 

about two thirds of the NW-SE Afar Depression is the Pliocene-Pleistocene Afar Stratoid 

Series of up to 1500 m thick (Barberi & Varet, 1977; Hayward & Ebinger, 1996; Hofstetter 

& Beyth, 2003). These and overlying younger sequences are believed to be controlled by 

the NW-SE rifting parallel to the Red Sea rift axis. East and west of the Afar depression, 

Transverse volcanics of mainly basaltic composition occur (Barberi & Varet, 1977; 

Hayward & Ebinger, 1996; Hofstetter & Beyth, 2003). The axial zone of the Afar 

Depression is covered by Quaternary Axial Volcanic Ranges and are characterized by 

fault controlled fissure eruptions and shield volcanoes with basaltic flows and alkaline 

and per-alkaline silicic rocks. They occur along northwest-southeast trending narrow rift 

zones ((e.g. Mohr and Zanettine, 1988)). The Quaternary sediments of the Afar Region 

are mostly fluvial/ or lacustrine In origin, commonly thin, often terrace forming but 

occasionally thick pile of sediments occur in deeply faulted narrow grabens.  

  

Regional hydrogeology of the project areas  

The hydrogeological characteristics and groundwater potential of the areas are highly 

affected by the complexity of the geology, physiography, climate and geological 

structures. The classification of different lithological units is based on the qualitative 

and quantitative parameters of the hydrogeological characteristics of various rocks. 

Since quantitative data such as permeability, yield, aquifer thickness and transmissivity 

are not sufficient or evenly distributed throughout the area, it was essential to apply a 

qualitative approach in order to achieve a complete and detailed potential classification. 

Qualitative investigation includes field observations of the geological, hydrogeological, 

geomorphological, physical and geographical setup. Hence, the lithological units are 

characterized as having porous or fissured permeability, or they are impermeable.  

  

Based on the hydrogeological character of the lithological units and their topographical 

position, the study area can be divided into aquifers – non aquifers with different 

occurrences of groundwater, as follows: 

• Porous aquifers developed in Quaternary alluvial and eluvial sediments; 

• Fissured and karstic aquifers in limestone, fossiliferous and sandy limestone; 
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• Fissured aquifers developed in Paleozoic to Mesozoic sedimentary rocks 

(non-karstic), Tertiary and Quaternary volcanic rocks; 

• Fissured aquifers developed in Precambrian basement rocks; 

• Aquitards and aquicludes. 

 

The hydrogeology map shows aquifers defined based on the character of groundwater 

flow (pores, fissures) and the yield of springs, boreholes and dug wells found during the 

desk and field water point inventory. The following aquifers were defined:  

 

Highly productive porous aquifers (T = 10.1 – 100 m2/d, q = 1.1 – 10 l/s*m, Q = 5 – 25 

l/s for wells and/or springs) or locally extremely productive aquifers consisting of: 

 

Plateau/escarpment  Afar  

Quaternary high fluvial terraces with 

gravel and sandstone and alluvial / 

colluvial sediment in Maychew graben  

Upper Pleistocene continental conglomerate 

and Red Series (Garsat / Danakil Formation) 

with conglomerate, sandstone, silt and clay  

 

These aquifers are shown on the hydrogeological map in dark blue color.  

 

Moderately productive porous aquifers (T = 1.1 – 10 m2/d, q = 0.011 – 1 l/s*m, Q = 

0.51 – 5 l/s for wells and/or springs) or local or discontinuous but highly productive 

aquifers consisting of: 

 

Plateau/escarpment   Afar  

Quaternary alluvium and lacustrine 

deposits and undifferentiated cover with 

clayey and sand and gravel  

Quaternary alluvium with silt, clay, sand and 

dunes and Afdera bed with limestone and 

diatomite  

 

These aquifers are shown on the hydrogeological map in light blue color.  

 

Highly productive fissured / karst aquifers (T = 10.1 – 100 m2/d, q = 1.1 – 10 l/s*m, 

Q  = 5 – 25 l/s for wells and/or springs) or locally extremely productive aquifers 

consisting of sedimentary and volcanic rocks of: 

 

Plateau/escarpment   Afar  

Antalo limestone and limestone and 

slates where karstified and Upper basalts 

and trachyte (Tarmaber-Megezez 

formation and Dessie basalt)  

Stratoid vesicular basalts and Aphenatic and 

Vesicular basalts  

 

These aquifers are shown on the hydrogeological map in dark green color.  

 

Moderately productive fissured aquifers (T = 1.1 – 10 m2/d, q = 0.011 – 1 l/s*m, Q = 

0.51 – 5 l/s for wells and/or springs) or local or discontinuous but highly productive 

aquifers consisting of sedimentary and volcanic rocks of: 
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Plateau / escarpment   Afar  

Limestones (Antalo, Tsedia, Maikenetal, 

Asseam), dolomite (Didikama) and 

sandstone (Enticho, Adigrat, Amba Aradom) 

and trap volcanics and Mekele dolerite  

Picritic basalts, lavas of intermediate 

composition, basic lava (submarine) flow 

and related spatter cones mainly of basaltic 

composition, Quaternary and recent Afar 

basalt  

 

These aquifers are shown on the hydrogeological map in light green color.  

  

Moderately productive aquifers with alternating layers of fissured and porous 

permeability (T = 1.1 – 10 m2/d, q = 0.011 – 1 l/s*m, Q = 0.51 – 5 l/s for wells and/or 

springs) consisting of Dalha Formation of basalt flows and layers of lacustrine 

sediments. The aquifers are shown on the hydrogeological map in dark violet.  

  

Low productive fissured aquifers (T = 0.11 – 1 m2/d, q = 0.0011 – 0.01 l/s.m, Q = 0.051 

– 0.5 l/s for wells and/or springs) in which flow is mainly developed in irregular system 

of fissures and weathered mantle of a crystalline rock consisting of: 

 

Plateau/escarpment   Afar  

Phillite and slate (Weri slates, Tsalient 

group, Amota slate, Arekwa), 

metavolcanoclastic and metasediments 

and syenite and granite  

Epimetamorphic basement of Danakil Alps 

and granite  

 

These aquifers are shown on the hydrogeological map in light violet color.  

  

Aquitards, minor aquifers with local and limited groundwater resources (T = 0.01 – 0.1 

m2/d, q = 0.0001 – 0.001 l/s*m, Q = 0.005 – 0.055 l/s) consisting of sedimentary and 

volcanic rocks of: 

 

Plateau/escarpment   Afar  

Agula shale, Edaga Arabi glacials and 

Hamsho tufite, alkali trachyte and rhyolite 

and tuff  

Zagira formation of with dominating 

gypsum and Dallol formation / Evaporite 

with dominating halite and Trachyte and 

rhyolite, silicic lavas of Afera volcano and 

silicic centers and domes  

 

These aquifers are shown on the hydrogeological map in light brown color.  

  

Aquicludes: formation with essentially no groundwater resources consisting of dome 

forming phonolite/trachyte and gabbro and metagabbro and metapyroxinite (aquifuge – 

solid rocks/blind rocks). These aquifers are shown on the hydrogeological map in dark 

brown color.  

  

As a result of these evaluations potential target areas have been selected for each Kebele 

with alternative options for prioritization during the actual field verifications and 

geophysical surveys. A total of 26 target areas have been selected with the three regions 

(Afar, Amhara and Tigray).  
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2 Berhale Woreda description 

The 1:50,000 scale geological mapping of the target areas has been completed by using a 

combination of methods. These include interpretation of enhanced and transformed 

high resolution Landsat images of appropriate bandwidth and existing geological maps 

of different scales. Five Landsat 8 OLI images of the project areas acquired on December 

07, 14 and 30, 2021, were used for the geological mapping. The Satellite images were 

enhanced using band ration enhancement techniques. Accordingly, a colour combination 

of band ratios of 7/5, 6/3 and 4/3 was found to be the best for our mapping. The image 

interpretation is controlled by data from 1:250,000 scale geological maps produced by 

Geological survey of Ethiopia and 1:100,000 geological maps (compiled by UNICEF-

UNESCO project for Afar region) as a base and reference maps.  Lithological unit naming 

and stratigraphic succession of each target area, therefore, are following the data and 

legends of geological maps and accompanying report. However, the enhanced Landsat 

images allowed the tracing of geological boundaries and structural features (including 

faults, lineaments and folds) reasonably well. As a result, in some cases, our detailed 

mapping using a combination of enhanced Landsat images have significantly improved 

the pre-existing maps. Where records are available on the maps of previous works, dip 

and strike of the metamorphic rocks and dip direction of faults have been adopted. 

 

2.1 Geology 

The Woreda is located in the Afar region, Zone 2 and has an area of 2,509 km2. It 

extends from the western escarpment up to the foot of the Afar Depression. It is 

characterized by steep sloped escarpment formed of low grade metavolcanic (Pl) and 

metasedimentary (Pt) rocks in the western side. This is followed eastwards by deposits 

of high terraces, fluvial sediments (Qha) together with the Denakil Formation (Nr) or Red 

Beds consisting of gravel and sandstone, conglomerate, silt, clay, marlstone and 

associated volcanic material at foot of escarpment and in the Afar depression. In its 

south central part, fault bounded; Bikilal Horst is formed of tectonized blocks of 

dominantly Antalo limestone (Jtl) with Adigrat sandstone (Ja) and Edaga Arbi Glacials. 

Far eastern part of the woreda is occupied by northern limit of volcanic rocks of the Erta 

Ale ridge consisting of Basaltic to intermediate volcanic rocks and associated cinder 

cones. Morphologically it is characterized by ridges, hills, cliffs and grabens.  

 

2.2 Geomorphology and Hydrogeology 

Berhale Woreda includes the western mountain slopes, marginal grabens and basal fan 

areas that has formed below the Ethiopian highlands and low-lying salt flats of the 

Danakil Depression. To the west the mountains rise to an elevation ranging between 

700-2700 m amsl. To the east is the Danakil block or Danakil Alps with elevations 

ranging to about 800 m amsl. The geomorphology Berhale includes:  

• Rifted graben structures forming the high cliffs of the Ethiopian plateau and 

the Danakil alps surrounding the depression;  
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• Lower-lying slopes and foothills to the plateau formed by sedimentary 

sandstone, limestone and basement outcrops;  

• Valleys and water eroded run-off features, known as wadis, in the higher l-

ying areas that carry sediment down;  

• Recent alluvial fans formed at the base of the plateau in the west and the 

Danakil Alps in the east;  

• A flat surface within the depression underlain by basaltic lavas and covered 

by  evaporate, oceanic and lacustrine sediments;  

• non-perennial salt pans and evaporation lakes; and   

• Inter-basin grabens and ridges formed by recent volcanic activity.  

  

Hydrogeological units with porous permeability have high and moderate productivity. 

Highly productive aquifers are developed in Red Beds and flood terrace deposits. 

Moderately productive aquifers (are developed in alluvial deposits along rivers and in 

intermountain depression of the plateau and part of escarpment.  

 

Hydrogeological units with fissured permeability have highly and moderate productivity. 

High productive aquifers in sedimentary rocks consisting tectonized blocks of 

dominantly Antalo limestone with Adigrat sandstone. Karstification of Antalo limestone 

is highly variable, but some karst features can significantly increase productivity of this 

unit. Moderately productive aquifers in recent volcanic rocks.   

 

Low productive fissured aquifers in Precambrian basement complex consisting of low 

grade metamorphic rocks. Practically all of the groundwater in the basement is stored in 

the fractured zones and the weathered mantle called regolith. The greatest permeability 

is found in the sub-soil zone within the partly decomposed rock. This aquifers occupy 

the central part of the Woreda. Higher recharge and yield of wells can be expected from 

outcrops (lenses) of limestone and detritic dolomite.  

 

Formation consisting of a minor fissured aquifer with local and limited groundwater 

resources – Aquitards are represented by phonolite plugs and Edaga Arbi glacials, which 

form small outcrops in the north-eastern part of Woreda.  

  

Aquifers in the western part of the Woreda are mainly recharged from western highland 

and escarpment areas. The aquifers of the Afar floor are recharged directly from erratic 

rainfall but mainly from intermittent streams located in deep valley in between highly 

dissected volcanic massifs.  

  

Groundwater resources can be developed by shallow wells drilled into fissured zones of 

basement rocks which should be located by combination of Remote Sensing and 

geophysical data and spring development. Groundwater can be developed mainly as 

springs in deeper valleys of the sedimentary rocks of the Bikilal horst. Shallow and deep 

wells can be drilled for public water supply can be drilled at the foot of escarpment, 

small marginal graben and Afar floor part consists mainly of highly and moderately 

productive porous aquifers. Groundwater accumulated in fractures (lineaments) can 

provide some water for water supply and can be developed by deep wells after using 

Remote Sensing and geophysical location of structure, which potentially bear 

groundwater in volcanic aquifers.  
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An inventory of existing water points (boreholes, hand dug wells, and springs) in the 

Berhale woreda has been conducted. The results are shown in the table of the Existing 

Water Points Annex. 

 

Groundwater is hard with TDS between 1000 and 2000 mg/l, however content of 

sulphate and fluoride can be above standards for drinking water in the eastern part of 

Woreda (foot of escarpment). Groundwater TDS below 1000 mg/l however content of 

sulphate of fluoride exceeding standards for drinking water can occurs only in few water 

points in the western part of Woreda (escarpment).  
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3 Target areas 

Using the groundwater potential maps, socio-economic maps, conceptual models and 

cross sections, target areas have been selected in every woreda for further study during 

phase III.. The selection of target areas should have been done in consultation with local 

experts and stakeholders. Due to the security constraints, this could not be realized. 

Instead, the project team has prepared a prioritized list of 2 to 4 target areas per 

Woreda where both groundwater potential, and water demand has been considered. It 

should be noted here that the water demand is derived from secondary data from CSA 

census, projected population growth, locations of schools, health centres and existing 

water point inventories. We propose to do the final selection of two target areas per 

Woreda in consultation with the review committee during the validation workshop of 

phase II.  

 

In the process of selecting potential target areas, several factors have been considered 

which includes both technical and socio-economic aspects of the areas. These includes 

evaluations on geology and geomorphological settings, general hydrogeological 

conditions and suitability for groundwater development, access, water demand and 

presence of social infrastructures in the area with lack of water supply to get priority in 

selections, etc.  

 

The groundwater potential map used as a basis to select the target areas has been 

prepared using the overlay analysis methodology which applies the rating and scoring of 

hydrogeological parameters that controls the occurrence and movement of groundwater 

in the areas, which considers parameters such as: lithology, lineament and lineament 

density, drainage, and drainage density, inferred permeability, geomorphology and 

slope, precipitation, and recharge rate.  

 

Specific drilling site within the selected target area, will be fixed during the actual 

planning for drilling with additional geophysical survey works to support the present 

analysis to further detail to determine expected depth of drilling to intercept the 

inferred potential aquifer formation and indications on the water quality conditions, 

define drilling methods and preparations of TOR for drilling.  

 

In this phase, the target areas are presented as polygons with reference coordinates to 

their centres to support in ground control during the geophysical survey and 

pinpointing the actual drilling sites which will be depicted on the 1:50,000 operational 

hydrogeological maps during phase III.    

 

Basic information about groundwater characteristics of two proposed target areas in the 

Berhale Woreda are in Table 3.1. 
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Table 3.1. Groundwater characteristics of target areas in Berhale Woreda. 

SN 
Target 

Area code 
Region Zone Woreda Kebele Center X Center Y 

Area 
(km2) 

1 BE1 Afar Zone 02 Berhale Lele Ala 603389 1517777 12 

Moderately productive porous aquifers where groundwater flowing to the east direction 

is accumulated in alluvial sediments in between of basement outcrops and can be 

developed by shallow wells. Groundwater TDS below 1000 mg/l, content of sulphate of 

fluoride exceeding standards for drinking water occurs only in few water points. 

2 BE4 Afar Zone 02 Berhale 
Sebane 

Demale 
610083 1555670 28 

Moderately productive porous aquifers where groundwater flowing from southeast and 

from northwest and accumulated in alluvial sediments between volcanic ridges and can 

be developed by shallow wells. Groundwater TDS below 1000 mg/l, content of sulphate 

of fluoride exceeding standards for drinking water occurs only in few water points. 
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4 Geology of target areas in the 

Berhale Woreda 

4.1 Geology and structure of target area 1 

Target area 1 is situated at the NNW corner of the woreda and covered of Precambrian 

low grade Tsalite Metavolcanics (Pl), Jurassic Antalo Limestone (Jtl), Quaternary Afdera 

Formation (Nr) also known as Red Series, and thick alluvial terrace deposits cover (Qha). 

More recent alluvial deposits (Qal) occur following major river beds (Fig. 4.5). 

 

Tsalite Metavolcanics (Pl):  This unit occurs along the western margin of the target area 

producing outstanding escarpment with respect to the adjacent low land. It is comprised 

of mainly low grade metamorphosed intermediate to basic metavolcanics, interlayered 

with metaagglomarate, volcanoclastic metasedimentsanics including tuffaceous 

metasediments (phyllite) and greywacke at variable proportion.  It is deformed and 

foliated.  

 

Antalo Limestone (Jtl): Outcrop of Antalo limestone is extensively exposed in the eastern 

part of the target area forming what is known as Bikilal Horest (Figures 4.1 and 4.2). It is 

fine grained, thinly to thickly bedded, white to yellowish rarely, fossiliferous limestone 

with minor marl and marley to sandy limestone layers.  Although not exposed within the 

limit of the target area, in the immediate east of the area, the limestone is underlain by 

clastic Adigrat sandstone and Edaga Arbi tillite as part of the horst forming formations. 

 

Denakil Formation or “Red Beds” (Nr):  This unit is exposed at the foot of the 

escarpment occupying the south central part of the target area. It occurs as fault sliced 

blocks and consists of reddish colored gravelly sandstone, conglomerate, silt, clay, 

marlstone and interbedded with volcanic materials including basaltic lava flows and 

pyroclastic deposits.  

 

High alluvial terraces and fluvial deposits (QPa): These deposits occurs along  the north 

central and western parts of the target area filling step faulted half grabens and within 

the wider lowland in the floor of main graben. It is comprised of unconsolidated gravel, 

sand and silty sediments and sheet flood deposits.  

 

Alluvial deposits (Qal). More recent alluvial deposits in the target area occur at the foot 

of alluvial Terrace deposits following narrow course of major river. 
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Figure 4.1. Geological map of Target area 1 (Berhale Woreda) 

 

 
Figure 4.2. Cross section across the target area 1 (Berhale). Line of cross section is shown in the inset. 

 
The major structural feature of the target area is a series of NNW-SSE normal faults and 

associated structures expressed as grabens and horsts of different sizes (Fig.4.2). The 

two major normal faults in the area are the western boundary fault and the one 

bounding the Bikilal Horst from the west in the eastern side of the target area. The 

western escarpment fault dips steeply to the east while the fault bounding the Bikilal 

Horst from the west dips to the west (Fig. 4.6. In between the two, there are a number of 
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step faults with synthetic (east dipping) and antithetic (west dipping) to the main 

escarpment fault. The formation of such antithetic and synthetic faults produced small 

marginal grabens and half grabens within the major graben and are filled by alluvial or 

terrace sediments. Within the floor of main graben, blind normal faults are present 

which is only evident in cross sections (Fig. 4.2). The major faults have downthrows in 

the order of 10s to a few hundred of meters.  

 

4.2 Geology and structure of target area 2 

Target area 2 is situated at the south western part of Berhale Woreda. It is covered 

mainly by low grade metasediments of Werie Slate (Ptw), the lower most stratigraphic 

unit of Tembian Group. Lowland areas are covered by unconsolidated sheet flood terrace 

deposits (Qha). Major river beds contain alluvial deposits (Qal). See Fig.4.3 for details of 

lithological distribution in the target area.  

 

Werie Slate (Ptw): This unit is a major rock unit covering the area. It is comprised of 

purplish, green gray to black slates and phyllites intercalated with calcareous slate and 

black limestone layers. The unit forms generally undulating hills and wide valley but as 

a result of faulting it is produced rugged topographic expression with elevation 

decreasing towards the east. The unit is generally well cleaved and fissile, commonly 

closely jointed. This unit represents the lower most stratigraphic unit (the lower slate) of 

Tembain Group rocks in the region. 

 

 
Figure 4.3. Geological map of Target area 2 (Berhale Woreda). 

 

Sheet Flood Terrace Deposits (Qha): The wide valleys between ridges occupied by the 

slate unit are covered by thick, sheet flood terrace deposits  constituted  of  unsorted, 

generally unconsolidated clastic ( silt, sand and gravel) sediments.  

 

Alluvial Sediments (Qal): This recent unconsolidated and unsorted sediments are 

developed following the rivers beds which appear to have changing courses over time in 

the low land plan. The sediments are comprised of undifferentiated mixes of silt, sand 

and gravel.   
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The most important geological structures in the target are bedding and slaty fabric in 

metamorphic rock and superimposed brittle faulting related with the Red Sea rifting. 

The attitude of slaty fabric is variable owing to the faulted nature of the area.  Two 

major sets of faults are mapped; the WNW and NNE sets of faults (Fig.4.4.). They belong 

to the Red Sea and transvers fault sets of the rift tectonics in the region. Jointing is 

common structural features on slats of the region. When developed, they are usually 

closely spaced and open. 

 

 
Figure 4.4. Cross section across the target area 2 (Berhale Woreda). Inset shows line of cross sections 
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5 Geophysical Exploration 

5.1 Objectives, Overview and Limitations 

The main objectives of geophysical investigation have been the identifications of 

structural elements with depth estimates of anomalous subsurface sources using 

potential data, namely, regional airborne gravity data. The main objective is to delineate 

all possible structural features and examine their roles on the regional groundwater 

dynamics of Northern and North-eastern Ethiopia.  

 

Geophysical techniques are routinely used in groundwater mapping programs to assess 

the physical and chemical properties of soils, rock and interstitial water.  

 

The paramount benefits of geophysical methods, for groundwater exploration come 

from using them in site characterization process. The methods are typically non-

destructive, less risky, cover more area spatially and volumetrically, and require less 

time and cost than other conventional methods. On the other hand, interpreting the data 

generated by these methods require profession skill and experience. The indirect nature 

results (models) creates uncertainties that can only be resolved by use of multiple 

methods and direct observation. Nevertheless, using geophysical methods in such 

programs significantly increases cost effectiveness in borehole siting, over “hit or miss” 

approach.  

  

Overview of geophysical methods being widely used for variety of purposes in 

groundwater studies, such as:  

• Geologic characterization, including assessing types and thicknesses of 

strata and the topography of the bedrock surface below unconsolidated 

material, and generating fracture mapping and paleochannels; 

• Aquifer characterization, including depth to water table, water quality, 

hydraulic conductivity; 

• Contaminant plume identification, both vertical and horizontal distribution 

including monitoring changes over time.  

  

There are several geophysical methods that are common to most groundwater studies. 

The first most important step is collecting high-quality data using the geophysical 

method or methods that are most likely to provide crucial parameter that can help 

resolving a particular hydrogeological characterization or monitoring objective and that 

work well in the given environment. Although the corresponding geophysical properties. 

  

Among all geophysical methods, electrical/resistivity approach is being widely used in 

characterizing local groundwater occurrence. However, potential methods such as the 

Gravity and Magnetic methods are considered as the best options for regional basins 

studies. Various studies have shown that gravity methods are efficient methods for the 

scale of regional reviews in groundwater exploration.  
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Maximum effort has been exerted to review of all existing geophysical works within the 

project area and use the data to assist the ongoing integrated ground water assessment 

program in Lot 1, which comprised Woredas in Tigray, Afar and Amhara Regions.  

  

The first desirable component, readily available for regional evaluation, was a 

countrywide Airborne Gravity data. The existing aero-gravity data covering the North 

and Northeast regions is obtained from the airborne gravity surveys over Ethiopia, 

acquired in the period from 2006 to 2008, through the collaboration between the 

Geophysical Observatory (the current IGSSA) of the Addis Ababa University, the 

Ethiopian Geological Survey, (GSE) and the Danish National Space Centre (DNSC).   

The flight altitude has been kept as close as possible to the terrain (i.e., from 1490 to 

5000 m) and flight line spacing of 10 nautical miles (Figure 5.1).  

 

 
Figure 5.1. Airborne gravity coverage over Ethiopia at the flight attitude which is partly used in the 

present study. 

 

As a result, homogeneous and high quality airborne gravity anomalies at the flight 

altitude covering the whole area of Ethiopia were obtained.  

  

The gravity-sensing equipment carried in the aircraft is based on the principle of 

accelerometers. This complex technology records extremely small variations in Earth’s 

gravity field while operating in a moving aircraft.  

  

The Bouguer gravity anomaly mapping and its derivatives can illustrate regional 

subsurface condition, especially the basement configuration and main structures that 

might directly influence the aquifers distribution. Hence, part of this airborne gravity 
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anomaly data is used, in this work, to study the regional groundwater occurrence in the 

project area. 

 

The other usable input is that of geoelectric data resulted from previous geophysical 

works, Vertical Electrical Survey (VES), in the LOT1 project area. 

 

As shown in Figure 5.2, the vast majority number of the sounding points are from east 

central Tigray regions. A good number of usable VES data were also found from Afar 

region. Unfortunately, there has not been any VES data from Woredas in the Amhara 

region.  

 

 
Figure 5.2. Map showing locations of existing VES data which is partly used in the present study. 

 

Those set of geoelectrical data, whose sounding points are within the boundary of the 

target areas of the current project, would be used for quantitative appraisal of the 

subsurface layer parameters.  

  

Limitations and shortcomings are related to general as well as specific problems of the 

area under study. It is well known that, the prolonged lack of peace, security and 

stability in the northern and North-eastern Ethiopia, has been and still undermining the 

progress of all developmental projects in those parts of the country. All the target 

Woredas of LOT 1 of the “Hydrogeological mapping for Climate Resilient WASH in 

Ethiopia” are within the regions severely affected by this calamitous circumstances. 

Hence, due to the prevalence of this unfortunate situation, it has not been possible to 

acquire the planned geophysical data from the project target areas.   

  

Existing geophysical datasets provide a useful, yet highly limited, perspective on 

geophysical signatures of groundwater occurrence in the project area. This constitutes a 

major limitation that the subsurface hydro geophysical parameters were sought from 

the scarce previous works in the area. 
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5.2 Aero – Gravity study 

Gravimetry is one of the classical and well established methods in applied geophysics. It 

deals with the density distribution of the earth’s crust. Advances in theory, technology 

and application were not only pushed by the need for geophysical exploration, but also 

by progresses in the field of geodesy.   

  

The variations in gravity readings are related to subsurface mass variations. With the 

current improvements in the sensitivity of gravity meters, gravimetric studies are used 

to investigate small changes caused by decreasing water within unconfined aquifers. The 

term local gravimetry points to the small magnitudes of gravity anomalies that often 

have to be expected in the context of groundwater geophysics making great demands on 

instruments, on the layout of field surveys, and on data processing. The successful 

application of the gravity method in groundwater geophysics is documented in many 

papers.   

  

Gravity data is composed of signals with many wavelength ranges reflecting sources 

arising from different depths and entities of various densities. The shorter wavelength 

components usually correspond to density variations of shallow depth.  The medium to 

longer wavelength components of gravity signals, on the other hand, correspond to 

deeper variations.  

 

The main objective of using the airborne gravity data is to delineate all possible 

structural features and examine their roles on the regional groundwater dynamics of 

Northern and North-eastern Ethiopian. The analysis focuses on the identifications of 

structural elements with depth estimates of anomalous subsurface sources using 

potential data namely, regional airborne gravity data.  

  

 
Figure 5.3. Residual gravity anomaly map of the study area, the overlayed polygons are the target 

areas for investigating groundwater. 
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Analysis and interpretations of gravity anomaly is carried out by Geosoft Oasis montaj 

8.4.0.3285 and QGIS 3.6.0 ‘Noosa’ software. Herein, the Complete Bouguer gravity 

anomaly map of the study area was produced with a grid spacing of 250.0m x 250.0m, 

which covers an area of 111,556.0km2 (Figure 5.3).  

 

 Gravity anomaly separation 

The anomalous value of the gravity field at a point is the sum of the gravity effects of 

widespread and deep-seated mass distributions and smaller, localized mass 

distributions near the observation point. The interpretation of Bouguer gravity 

anomalies often involves isolating anomalies of interest (residual gravity anomalies) 

(Mickus et al., 1991). 

 

The observed Bouguer gravity anomaly field consists of two components: a regional and 

residual gravity anomaly field that can be expressed by a simple relation: 

 

𝑔(𝑥, 𝑦) = 𝑔𝑠(𝑥, 𝑦) + 𝑔𝑑(𝑥, 𝑦)                                      (5.1) 

 

Where g(x,y) is the observed gravity field, s and d refer to the gravity response of 

shallow and deeper structures, respectively.  

 

Thus, one of the most important issues in potential field data interpretation is the 

removal of regional trends when dealing with relatively shallower local geological 

structures (Dobrin, 1976). Therefore, some mathematical methods are required to 

separate the map data into two components which are the regional nature and the local 

fluctuations (Davis and Sampson, 1986). Since the study presented herein deals with the 

shallow geological structures and rift basin architectures of the southern main Ethiopian 

rift, regional/residual separation process was applied to gravity data-set in order to 

estimate the amplitude of the regional background. 

 

Upward continuation can be used to separate a regional gravity anomaly resulting from 

deep sources from the observed gravity. Commonly, the regional Bouguer gravity 

anomaly is the longer wavelength field due to deep sources, whereas the residual 

Bouguer gravity anomaly corresponds to short wavelength fields of shallower bodies.  

However, in practice, the terminology of a regional gravity anomaly varies according to 

the target of the investigation, In case of this study the target sources are a few 

kilometres deep, and the regional field is generated by the rocks at the base of the 

sedimentary columns which is the metamorphic basement rock. 

 

Upward continuation is an operation that shifts the data by a constant height level 

above the surface of the earth (or the plane of measurements). It is used to estimate the 

large scale or regional (low frequency or long wave length) trends of the data. 

The upward continuation can be formulated as (Blakely, 1995): 

 

𝐹[𝑈𝑢] = 𝐹[𝑈] × 𝑒−𝛥𝑧.𝑘                                  (5.2) 

 

Where F[U], F[Uu] is the Fourier transform of the potential field U, upward continued 

field Uu , Δz>0 is elevation difference, and k=√kx
2 + ky

2 is the radial wave number. The 

transform field is then computed by taking the inverse Fourier transform of F[Uu].  
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Upward continuation maps are produced at different height of 2, 4, 6, 8 and 10km 

(Figure 5.4) and profile curves are computed for each map in the SW-NE direction where 

contrasting anomalies are observed as shown in (Figure 5.5).  

 

 
Figure 5.4. Regional gravity background of the study area computed by upward continuation filter 

of 2, 4, 6 and 8 km. 



 

Hydrogeological mapping for Climate 

Resilient WASH in Ethiopia – LOT 1 - 27 - 
 

    
 

 
Figure 5.5. Upward continuation profile curves computed at different heights. 

 

Upward continuation can be used to separate a regional gravity anomaly resulting from 

deep sources from the observed gravity  (Kebede and Mammo, 2021; Kebede 

Hailemichael et al., 2020; Mammo, 2013). This is an operation that shifts the data by a 

constant height level above the surface of the earth (or the plane of measurements). It is 

used to estimate the large scale or regional (low frequency or long wave length) trends 

of the data. 

 

Since the target depth is the basement which is approximately undulating 3km-4km, the 

data is upward continued at 6km to remove the short wavelength anomalies. Jacobsen 

(1987) demonstrated that if a potential field is upward continued to a certain height  𝑧 , 

then it is possible to focus on sources situated at a depth greater than 𝑧 2 ⁄ (see also 

Lyngsie et al. 2006; Mammo 2010).  

 

The residual gravity anomaly map is computed by removing the regional gravity 

anomaly map from the complete Bouguer gravity anomaly as shown below: 

 

𝑔𝑠(𝑥, 𝑦) = 𝑔(𝑥, 𝑦)−𝑔𝑑(𝑥, 𝑦)                                      (5.3) 

 

Where g(x, y) is the observed gravity field, s and d refer to the gravity response of 

shallow and deeper structures, respectively.  

 

 
Figure 5.6. Residual gravity anomaly map of the study area. 

 

The residual gravity anomaly (Figure 5.6) have contrasting anomaly -11mGal to more 

than 9mGal with probable depth of investigations 3 km from the surface target areas 
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associated with lower anomalies bound to have more groundwater potentials than those 

with higher anomalies. 

 

 Edge Detection and Depth Estimation using a Tilt Angle Map 

The tilt angle is the angle computed as the arctangent of ratio of the first vertical 

derivative to the first horizontal derivatives of the gravity field. Its parameter varies 

between −
π

4
 and +

π

4
 where the zero contours locate close to the source-body contact.  

 

Miller and Singh (Miller and Singh, 1994) developed the tilt angle filter (𝑇𝐴). This filter is 

defined as 

𝜃 =  tan−1 (
𝜕𝑀

𝜕𝑧

√(
𝜕𝑀

𝜕𝑥
)

2
+(

𝜕𝑀

𝜕𝑦
)

2
)                                   (5.4) 

Where  𝜃  Tilt angle Filter  M is the gravity or magnetic field and 
∂M

∂z
,

∂M

∂x
 and 

∂M

∂y
 are the 

first derivatives of the field M in the x, y and z directions.  The tilt amplitudes are 

restricted to values between −
π

2
 and +

π

2
 according to the nature of the arctangent 

trigonometric function and respond to a large dynamic range of amplitudes for 

anomalous sources at the different depths. Its amplitude has three rates: positive over 

the source, zero at or near the edge of the source, and negative outside the source 

(Ibraheem et al., 2018).  

 

In the presence of noise, this technique acts as an effective signal discriminator for both 

shallow and intermediate sources but becomes blurred for sources at considerable 

depths, where it can not reveal deep-level geologic boundaries(Arisoy and Dikmen 2013).  

The horizontal derivative of the gravity anomaly is given by 

 

HDR = √(
∂M

∂x
)

2
+ (

∂M

∂y
)

2
                                   (5.5) 

 

Where HDR is the Horizontal Derivative of Bouguer gravity anomaly and its maxima 

indicates locations of linear anomalous body (Figure 5.7). 

 

The tilt angle technique can be used to estimate depth of the upper end of vertical 

contact source obtained by measuring the perpendicular distance between contours 

θ=00 and θ=±
π

4
. The distance between zero and ±

π

4
  pairs obtained from the tilt angle map 

corresponds to the depth to the top of the vertical contact model. Alternatively, the half 

distance between −
π

4
  and + 

π

4
  radians is equal to the depth to the same model. It can 

easily be calculated from the reciprocal of horizontal gradient values at the zero contour 

points. The zero contours estimate the location of abrupt lateral changes in density of 

basement materials (Figure 5.8). 
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Figure 5.7. Horizontal Gradient map of the study area. 

 

 
Figure 5.8. Tilt Angle computed from horizontal and vertical derivatives using equation (4). 

 

 Tilt Angle from Analytical Signal 

Beiki (2010) used an analytic signal approach applied to the gravity data to estimate the 

source location parameters of simple gravity bodies. The disadvantage of the analytic 

signal approach is that it is more sensitive to noise than conventional approaches 

(Figure 5.9).  
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Tilt angle map is computed using the analytic signal map generated from the gravity 

gradient data components Gzz, Gxx and Gyy in order to get better structural features of 

the study area (Figure 5.7). The analytic signal map was generated using Bouguer gravity 

anomaly components  

 

|𝐴𝑠(𝑥, 𝑦, 𝑧)|   = √(
𝜕𝑀

𝜕𝑥
)

2
+ (

𝜕𝑀

𝜕𝑦
)

2
+ (

𝜕𝑀

𝜕𝑧
)

2
                              (5.6) 

 

Where |𝐴𝑠(𝑥, 𝑦, 𝑧)|   is analytic signal 
∂M

∂z
,

∂M

∂x
 and 

∂M

∂y
 are the first derivatives of the gravity 

field M in the x, y and z directions.  

 

 

Figure 5.9. Analytical signals. 

 

The tilt angle map is generated using the tilt angle formula (Equation 4) using the 

analytic signal as an input. 

𝜃𝐴𝑠 = tan−1 [
𝜕|𝐴𝑠(𝑥,𝑦,𝑧)|

𝜕𝑧

√(
𝜕|𝐴𝑠(𝑥,𝑦,𝑧)|

𝜕𝑥
)

2
+(

𝜕|𝐴𝑠(𝑥,𝑦,𝑧)|

𝜕𝑦
)

2
]                              (5.7) 

 

Zero counters are extracted from the tilt angle map (Figure 5.10A) and then the 

lineaments are extracted from zero counters (Figure 5.10B) linear features that show 

various structural fabrics in the southern main Ethiopian rift. 
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Figure 5.10. (A) Tilt Angle map generated from Analytical Signal Map with zero contours; (B) TAM with 

extracted lineament and Rose diagram highlighting the orientations of the main trend displayed on 

SRTM-DEM hillshade. 

 

Directional analyses were done on the extracted lineaments using tilt angle displayed on 

SRTM-DEM hillshade on (Figure 5.10B) and the rose diagrams highlighting the 

orientations of the main trend in agreement with the regional fault orientations obtained 

from Mengesha et al, 1996 (Figure 5.11), the final lineament map of southern main 

Ethiopian rift (SMER) (Figure 5.12) is generated and the result is presented with reference 

to fault map of the SMER obtained from geological survey of Ethiopia (Mengesha et al., 

1996) as shown in the Figure 5.11. 

 

Both the existing and the extracted lineaments are overlaid on SRTM-DEM hill shade and 

the directional analysis is performed using the rose diagrams highlighting the 

orientations of the main trends which is almost identical on both maps as shown in 

(Figure 5.11 and 5.12). 
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Figure 5.11. Existing faults obtained from the Geological map of Ethiopia (Mengesha et al., 1996). 

 

 

Figure 5.12. Extracted lineament using Bouguer gravity data set displayed on SRTM-DEM hillshade. 
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 Source Depth Estimation 

According to Salem et al. (2011) in the case of a thin vertical sheet, we assume that its 

thickness 𝑡 is negligible; we therefore apply the approximation that the edges of the 

sheet correspond to the horizontal location of the source (ℎ = 0). The depth to the edge 

of the horizontal sheet source corresponds to the distance between 0𝑜 and 45𝑜 adaptive 

tilt angle values (ℎ = 𝑧𝑐 ); this result is similar to vertical contacts from magnetic data 

described by Salem et al. (2007) shown below; 

 

𝜃 = tan−1 [
ℎ

𝑍𝑐
]                                               (5.8) 

 

Where ℎ  is the horizontal distance from the source,  𝜃 tilt angle and  𝑧𝑐  is the depth to 

the contact. Equation-9 indicates the value of the tilt angle above the edges of the 

contact is 0𝑜 (ℎ = 0) and equal to 45𝑜 when ℎ = 𝑧𝑐 and −45𝑜 when ℎ = −𝑧𝑐. This suggests 

that contours of the tilt angle can identify both the location at (𝜃 = 0°) and depth (half 

the physical distance between ±45𝑜contours) of contact-like structures. 

 

Thus, the mapped shape of the zero contours indicates the mapped shape of the 

causative source, and the horizontal distance between the zero and 
𝜋

4
 contours provides 

an estimate of the depth to the top of the linear trends beneath the zero contours. The 

tilt angle map computed from the gravity components is a very useful interpretation 

tool since it provides a simple and clean image. The technique tends to enhance 

mapping of the subtle gravity anomalies, and maximizes characterizing the geometrical 

contrast of the anomalous sources and the method produces satisfactory depth 

estimation.  

 

The depth estimation on average varies from 0.9 km to 3.1 km (Figure 5.13). 

 

 
Figure 5.13. Tilt Depth extracted from tilt map prepared by the analytical signal from Gzz, Gxx and Gyy 

displayed on SRTM-DEM hillshade. 

 

 Edge Detection on Tilt Derivative Horizontal (TDX) 

Tilt Derivative Horizontal (TDX) proposed by Cooper and Cowan (2006) is the amplitude 

of the horizontal gradient that is normalized to the absolute value of the vertical 

derivative. It can be computed by Equation-9 as follows:  
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Where  𝑇𝐷𝑋  Tilt Derivative Horizontal Filter,  M is the gravity or magnetic field and 
∂M

∂z
,

∂M

∂x
 and 

∂M

∂y
 are the first derivatives of the field M in the x, y and z directions.  

 

The positive peak values in Tilt Derivative Horizontal (TDX) grid are then extracted to 

locate the source edges using an automatic edge detection method. Tilt Derivative (TDR) 

works effectively with data from shallow sources, but it is considered relatively 

ineffective when dealing with data from deep sources. TDX is the inverse of the TDR 

proposed; as it performs equally well with both shallow and deep sources. Horizontal 

Tilt Derivative (TDX) (Figure 5.14) and an automatic edge detection (SED) performed on 

TDX clearly outlined the sub-basins edges. Fault from GSE Ethiopian Geological Map 

1:2,000,000 with spectral display are shown in Figure 5.15. 

 

 
Figure 5.14. TDX Inverse of tilt angle map generated from Analytical Signal Map displayed on SRTM-

DEM hillshade. 
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Figure 5.15. Fault from GSE Ethiopian Geological Map 1:2,000,000 with spectral display. 

 

 Results and discussion 

Mapping lithological units/groups, structures such as contacts, lineaments, faults and 

dykes are essential processes in structural study. Identifying structural is of great 

importance to groundwater assessment programs. Length, orientation and density of 

lineaments are determined for the characterization of potentiality of resources. Tectonic 

features and lithological boundaries, weak zones, topographic reliefs can be revealed as 

regional lineaments.  

 

As shown in the preceding sections, the different maps resulted from the numerical 

analysis of the airborne gravity data provide vital information such as depth of burial, 

extent, structure, and density and susceptibility properties of rock units.  

The main contribution of this regional gravity data analysis is assisting better 

understanding of the regional tectonic framework of the project area which, in turn, the 

present and future endeavours of exploration for subsurface water. 

 

The orientations of lineaments are multi-directional may be due to the effect of different 

tectonic processes. Owing to the broad regional nature of the data used, one should bear 

in mind that the signals correspond to elements of deeper origins in scale. 

The source depth for the lineaments were also estimated on average varies from 900 m 

to 3100 m, indicating the majority of these signature attributes to shallow crustal 

fractures.  
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The residual gravity anomaly (Figure 5.6) shows contrasting anomaly, ranging from -11 

mGal (over the central highland area of LOT1) to more than 9 mGal (over the relatively 

flat regions on the Easter target area) with probable depth of investigations 3km from 

the surface.  

 

The large positive anomaly in the eastern part of the LOT 1 area is believed to be caused 

by massive basalt in the area and the low gravity anomaly is interpreted to reflect 

deeper basement structure, overlain by a low density material. Those target areas 

associated with lower anomalies bound to have more ground water potentials than those 

with higher anomalies. 

 

5.3 Electrical method 

 Methodology 

DC Electrical resistivity surveys are based on the response of the subsurface materials to 

the flow of artificially generated electrical current introduced into the ground by means 

of a pair of electrodes. The resulting potential differences, measured at the surface 

across another pair of electrodes provides a means to determine the resistivity that 

governs the relation between the current density and the gradient of the electrical 

potential. (Telford et al., 1990; Lowrie 1977).  With few exception, most common rock-

forming minerals are electrically insulators. Conduction of electricity in rocks and soils 

is therefore via electrolytes within the pore space which implies the resistivity in the 

subsurface is largely dependent upon the amount of pore water present, its 

conductivity, and the manner of its distribution within the material (Guyod, 1964). 

Hence, the electrical resistivity contrasts existing between lithological sequences in the 

subsurface is used in the delineation of distinct geoelectric layers which can ultimately 

be used to understand their physical and mechanical characteristics, such as 

compositions, moisture/fluid contents as well as degrees of weathering and fracturing. 

 

The practical use of electrical resistivity measurements in studying construction site is 

related to the fact that the action structural disturbance and intensive weathering alter 

the soils characteristics such as moisture content, strength and consistency. This results 

in developing resistivity contrast between the top weathered column   and the 

unaffected mass from the cumulative or separate action of mechanical breakage, 

weathering and an increase of water content. In such context, the conventional 1D 

Vertical Electrical Soundings has been used in a wide range of deeper geotechnical 

investigations including dam sites and helps to establish vertical layer stratifications 

(Othman 2005, Savvaidis et al 1999, Sharma, 1997), 

 

Vertical Electrical Sounding (VES) is a focused single-point probing approach applied at 

selected locations to discriminate the subsurface layers.  Implementation of this 

technique is based on the injection of known intensity of electric current (I) into the 

ground with the help of two stainless steel electrodes (A & B) and measuring the 

potential field difference ( V) with another two electrodes (M & N). Apparent resistivity 

(ra) is the parameter computed using the well-known standard formula: 

 

       (5.10) I

V
ka


=
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Where k is the geometric factor (array coefficient) that depends on the mutual 

arrangement of the current and potential electrodes and it is computed as: 

 

           (5.11) 

 

Where, rAM, rAN, rBM & rBN are distances between the respective electrodes as shown in 

Figure 5.16. 

 

 
Figure 5.16. Electrode layout for VES surveys. 

 

 Data Processing 

Whenever the VES points are found aligned along traverse lines, those points are used to 

construct the apparent resistivity pseudo-depth sections. Such representations are 

useful in getting an unbiased picture of the subsurface over the survey area and proved 

expedient in obtaining general but valid pictures of the subsurface.  

 

For quantitative appraisal, a resistivity data processing and analysis software WinResist 

was used to obtain the final models in terms of the layer parameters (layer resistivity 

and thicknesses/depths) from the sounding data (Van der Velpen, 2004). The program 

utilizes an iterative inversion approach to fit the field data to a suitable subsurface 

model and provides layer parameters beneath each sounding points. During data 

analysis, a minimum root mean square percentage of error (the discrepancy between the 

observed data and the model response), ranging from 2 to 4% has been taken as 

acceptable.  

 

Finally, the formation resistivity and thickness/depths, beneath the sounding point 

along the traverses have been used to construct a geo-electric section. 

 

 Results and discussion 

It should be noted that only very few VES points were happened to be within the 

boundary of the target areas.  

 

  

I

V
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=
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5.4 Geophysical investigation in target areas 

In case of one of the target area of Berehale, BE4r, a good number of sounding points 

falls within the boundary that allowed to make sound analysis (Fig.5.17). 

 

 
Figure 5.17. Map showing the positions of VES points within BE4r of Berehale woreda. 

 
Figure 5.18 depicts the apparent resistivity pseudo-depth sections generated from the 

measured data along a line connecting 8 VES points in the central part of BE4r of 

Berehale Woreda. In general, the apparent resistivity’s measured along this line show a 

considerable lateral variation at shallow level. 

 

 
Figure 5.18. Apparent resistivity pseudo depth sections along a line connecting 8 VES points in the 

central part of BE4r of Berehale Woreda. 
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Figure 5.19. Geo-electric sections along a line connecting 8 VES points in the central part of BE4r of 

Berehale Woreda. 

 
Referring to figure 5.19, the bottom layer, which was discerned by relatively low 

resistivity range (10-80 Ohm-m), delineated at an average depth below 150 m. The 

resistivity value of this horizon is indicative to possibility of saturation/aquifer in the 

context of the local geology. Hence, the anticipated fractured basaltic aquifer (water 

saturated formation) might be encountered below 180 m. 
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The model curves of the soundings around the recommended sites (Fig. 5.20). 

 

 

 

 
Figure 5.20. Model parameters of the two VES points recommended for drilling points in the central 

part of BE4r of Berehale Woreda. 
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5.5 Raw VES data of Berhale woreda 

The raw data of the Vertical Electrical Soundings performed in the Berhale woreda are 

shown in the following tables (Tables 5.1 – 5.7). 

 

Table 5.1. Raw VES data Berhale woreda, part 1. 

VES  14  29/04/2016 VES  16  30/04/2016 VES  16 AA  3/5/2016 

X 609564 X 611732 X 611689 

Y 1556073 Y 1556226 Y 1556218 

AB/2 MN ρa AB/2 MN ρa AB/2 MN ρa 

1.5 1 138 1.5 1 485 1.5 1 78.6 

2.1 1 115 2.1 1 456 2.1 1 42.4 

3 1 132 3 1 352 3 1 36.3 

4.2 1 145 4.2 1 354 4.2 1 41 

6 1 147.5 6 1 349 6 1 56/52.5 

9 1 133.4 9 1 139 9 1 67 

13.5 1 132.6 13.5 1 322 13.5 1 80 

20 1 135.2 20 1 328 20 1 100 

20 12 205/201 20 12 322 20 12 110 

30 1 113 30 1 298/280 30 1 121 

30 12 169 30 12 277 30 12 136 

45 12 170 45 12 175 45 12 137/135 

66 12 162 66 12 117 66 12 86 

100 12 131.5 100 12 81 100 12 51 

150 12 118 150 12 49 150 12 36 

150 90 102/112 150 90 61 150 90 49 

220 12 62.4 220 12 41/38 220 12 29 

220 90 65 220 90 42 220 90 38 

330 90 46.6/45.4       330 90 25 

500 90 45       500 90 17.5 

750 90 49/58/49       750 90 13.5/8 
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Table 5.2. Raw VES data Berhale woreda, part 2. 

VES  17  4/5/2016 VES 19 4/5/2016 VES13 5/5/2016 

X 612830 X 614899 X 609188 

Y 1556330 Y 1556174 Y 1555989 

AB/2 MN ρa AB/2 MN ρa AB/2 MN ρa 

1.5 1 58 1.5 1 183 1.5 1 584 

2.1 1 62.5 2.1 1 192 2.1 1 735 

3 1 70.5 3 1 191 3 1 805 

4.2 1 77 4.2 1 171 4.2 1 681 

6 1 87 6 1 158 6 1 697 

9 1 90 9 1 116 9 1 579 

13.5 1 97.5 13.5 1 65 13.5 1 562 

20 1 103 20 1 44 20 1 516 

20 12 118 20 12 44 20 12 609 

30 1 102 30 1 38 30 1 265 

30 12 114 30 12 39/36 30 12 308/316 

45 12 97 45 12 31.5 45 12 190/155 

66 12 71 66 12 25 66 12 108/94 

100 12 51.5 100 12 18 100 12 73 

150 12 30/24 150 12 15 150 12 NOISE 

150 90 80/76 150 90 14.4 150 90 39 

220 12 19.4 220 12 14.7/14 220 12 NOISE 

220 90 49.3 220 90 11/10.3 220 90 36 

330 90 28.6/27.6 330 90 8.5/9 330 90 41/37 

500 90 17 500 90 9.5/11 500 90 52/49 

750 90 11.6 750 90 9/14.4 750 90   
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Table 5.3. Raw VES data Berhale woreda, part 3. 

VES 15 5/5/2016 VES 18 6/5/2016 VES E01 6/5/2016 

X 610968 X 613830 X 613029 

Y 1556338 Y 1556425 Y 1553547 

AB/2 MN ρa AB/2 MN ρa AB/2 MN ρa 

1.5 1 135 1.5 1 399 1.5 1 348 

2.1 1 172 2.1 1 444 2.1 1 398 

3 1 196 3 1 460 3 1 441 

4.2 1 162 4.2 1 436 4.2 1 486 

6 1 154/118 6 1 320/370 6 1 459/508 

9 1 124 9 1 326 9 1 393 

13.5 1 113 13.5 1 227 13.5 1 287 

20 1 143 20 1 199 20 1 169 

20 12 146 20 12 220 20 12 171 

30 1 159 30 1 164 30 1 82 

30 12 163 30 12 171 30 12 75/72 

45 12 173/180 45 12 142/146 45 12 41 

66 12 165 66 12 105 66 12 34/33 

100 12 108 100 12 99 100 12 23/16 

150 12 63 150 12 78 150 12 13 

150 90 67 150 90 73 150 90 14 

220 12 39 220 12 45 220 12 13.6/17 

220 90 43/46 220 90 45 220 90 14.1 

330 90 33 330 90 33 330 90 14.2 

500 90 28 500 90 15/30 500 90 14.6 

750 90 23 750 90 13.4 750 90 15.6/12.4 
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Table 5.4. Raw VES data of Berhale woreda, part 4. 

VES C1 7/5/2016 VES C2 7/5/2016 VES C3 7/5/2016 

X 614005 X 612077 X 612902 

Y 1561681 Y 1564843 Y 1566858 

AB/2 MN ρa AB/2 MN ρa AB/2 MN ρa 

1.5 1 23.3 1.5 1 698 1.5 1 258 

2.1 1 20.1 2.1 1 630 2.1 1 206 

3 1 21.3 3 1 614 3 1 178 

4.2 1 22 4.2 1 383 4.2 1 140 

6 1 25.3 6 1 226/211 6 1 147 

9 1 30.2 9 1 135 9 1 162 

13.5 1 37 13.5 1 102 13.5 1 183 

20 1 43 20 1 83 20 1 230 

20 12 46 20 12 87 20 12 171 

30 1 46 30 1 60 30 1 130 

30 12 49 30 12 60.2 30 12 99/104 

45 12 55 45 12 40 45 12 69/66 

66 12 59 66 12 20 66 12 41 

100 12 56 100 12 14 100 12 34 

150 12 47 150 12 12 150 12 26 

150 90 54 150 90 12 150 90 34 

220 12 37 220 12 14 220 12 23 

220 90 42 220 90 14 220 90 26.7/29 

330 90 31 330 90 13 330 90 26 

500 90 29 500 90 15/13 500 90 27/26 

750 90 25/34 750 90 12.2/10.8 750 90 30.7/26 
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Table 5.5. Raw VES data Berhale woreda, part 5. 

VES C1P 8/5/2016 VES EC6 8/5/2016 VES EC5 8/5/2016 

X Perpendicular to X 607905 X 614579 

Y VES C1 Y 1563323 Y 1560657 

AB/2 MN ρa AB/2 MN ρa AB/2 MN ρa 

1.5 1 26 1.5 1 92 1.5 1 195 

2.1 1 25 2.1 1 86 2.1 1 222 

3 1 20 3 1 89 3 1 223 

4.2 1 21 4.2 1 74.4 4.2 1 203 

6 1 22.7 6 1 70/65 6 1 217 

9 1 29 9 1 69 9 1 214 

13.5 1 37 13.5 1 60.4 13.5 1 174 

20 1 48 20 1 69 20 1 124 

20 12 49 20 12 80/77 20 12 143 

30 1 54 30 1 71 30 1 89 

30 12 57 30 12 82 30 12 99 

45 12 66.5 45 12 88/91 45 12 78 

66 12 70.5 66 12 87 66 12 91/88 

100 12 70.4 100 12 94 100 12 99.8 

150 12 55 150 12 103 150 12 97/95 

150 90 53 150 90 94.5 150 90 92.6 

220 12 47 220 12 121 220 12 83.2 

220 90 45/47/40 220 90 111 220 90 81.6 

330 90 39/40 330 90 134 330 90 68.2/70.1 

500 90 40.1/41 500 90 146/151 500 90 45.8/40 

750 90   750 90   750 90   
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Table 5.6. Raw VES data Berhale woreda, part 6. 

VES E02 9/5/2016 VES EC7 9/5/2016 VES EC8 9/5/2016 

X 613360 X 615033 X 614150 

Y 1548696 Y 1551597 Y 1552690 

AB/2 MN ρa AB/2 MN ρa AB/2 MN ρa 

1.5 1 152 1.5 1 152 1.5 1 23 

2.1 1 197 2.1 1 122 2.1 1 34 

3 1 229 3 1 84 3 1 49 

4.2 1 221 4.2 1 63 4.2 1 54 

6 1 190/185 6 1 42/38 6 1 60 

9 1 142 9 1 20 9 1 65.6 

13.5 1 73 13.5 1 12.1 13.5 1 41 

20 1 31.3 20 1 11 20 1 25 

20 12 40 20 12 13 20 12 31.2 

30 1 13 30 1 12.7 30 1 20 

30 12 13.5 30 12 12.4 30 12 24.3 

45 12 9.1 45 12 13.6 45 12 14.6 

66 12 10 66 12 14.1 66 12 11.2 

100 12 11.1 100 12 14/16 100 12 10 

150 12 15 150 12 18 150 12 8.8 

150 90 13 150 90 15.1 150 90 10.1 

220 12 13.6 220 12 17 220 12 7.9 

220 90 15.1 220 90 16/17 220 90 9.1 

330 90 19 330 90 19.7/18 330 90 10.1 

500 90 24/36 500 90 21.1 500 90 9.8 

750 90   750 90   750 90   
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Table 5.7. Raw VES data Berhale woreda, part 7. 

VES E04 10/5/2016 VES E05 12/5/2016 VES E06 12/5/2016 

X 613823 X 612983 X 612315 

Y 1551339 Y 1549153 Y 1557164 

AB/2 MN ρa AB/2 MN ρa AB/2 MN ρa 

1.5 1 400 1.5 1 42 1.5 1 660 

2.1 1 307 2.1 1 37 2.1 1 787 

3 1 227 3 1 45 3 1 716 

4.2 1 134 4.2 1 51 4.2 1 695 

6 1 49 6 1 45/43 6 1 634/644 

9 1 16 9 1 31 9 1 887 

13.5 1 10.2 13.5 1 14 13.5 1 792 

20 1 9.4 20 1 11 20 1 759 

20 12 9 20 12 12 20 12 665/669 

30 1   30 1 7.5 30 1 670 

30 12 10.3/8.5 30 12 9.6 30 12 595 

45 12 11/12.8 45 12 9/9.5 45 12 429/432 

66 12 14.2 66 12 12 66 12 284 

100 12 17.5 100 12 17.4 100 12 142 

150 12 14/15 150 12 21.5 150 12 114 

150 90 11/10.3 150 90 16 150 90 125 

220 12 13.8/16 220 12 20/19.6 220 12 65 

220 90 12/10.8 220 90 14/13.7 220 90 70 

330 90 11 330 90 16/15.7 330 90 44/40 

500 90 21/22.4 500 90 26/24 500 90 30/29 

750 90 21/18 750 90   750 90 27/21 

 

5.6 Conclusions and recommendations 

The information obtained from the Residual Bouguer anomaly map from the regional 

airborne gravity data of Berhale woreda with the locations of the extracted lineaments 

helps to understand the regional hydro geological settings. 

 

The results of VES data, quantitative analysis, was used to complement the 

hydrogeological findings and three target drilling sites are selected at each target area. 

The final site will be decided based on site geophysical investigation. The location 

coordinates are shown in the hydrogeological section of this report. 
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6 Hydrology 

6.1 Introduction 

The hydrological study aims at characterization of catchment areas, streams and rivers 

within or adjacent to the study areas and assessments on recharge patterns and rates, 

existence of springs and their hydrogeological implications and surface water and 

groundwater relationships. The assessment of the hydrology of the target areas is part 

of the development of Conceptual Models (Phase II) since analyzing the interaction 

between surface and groundwater is essential to understand the hydrogeology of the 

area. 

 

The sustainability of groundwater use is a balance between recharge volumes of 

groundwater in a source area and subsequent extraction for domestic, agricultural and 

industrial use. Agricultural use of water is related to irrigation, mainly in the dry season. 

As irrigated water is lost to the atmosphere by evapotranspiration, the extraction of 

groundwater for irrigation results in increased evapotranspiration, and therefore will 

affect river runoff if groundwater levels are structurally lowered by the extraction. The 

water balance equation provides information on the distribution of precipitation over 

the evapotranspiration, groundwater flow and river runoff components, as shown in 

Equation 6.1.  

 

𝑃 =  𝐸𝑇 + 𝑄𝑔 + 𝑄𝑠 +  ∆𝑆 (6.1) 

 

 Objectives 

The objectives of the surface water balance study were: 

 

• Collection, compilation and review of all existing pertinent data and 

information from various sources; 

• Delineation of all surface water bodies including river networks, reservoirs, 

lakes and ponds and assess their interaction with groundwater; 

• To carry out a monthly water balance modelling of the selected 26 target 

areas; 

• Provide groundwater recharge maps for the target areas. 

 

Groundwater recharge is one of key input in the overlay analysis and is investigated 

using multiple approaches so at to arrive at acceptable values. Recharge is estimated for 

each woreda based on the recharge generated by validated SWAT models, which has 

been a proven approach in Ethiopia. The recharge values obtained in this study serve to 

assess the sustainability and limits of groundwater extraction for use in agriculture or 

drinking water supply. 
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 Scope 

This study is a continuation of Phase I and II of hydrogeological mapping of climate 

resilient WASH project in Ethiopia. For the surface water hydrological study, 

meteorological and hydrological data available on daily time scale were collected and 

analyzed. The study envisages the rainfall-runoff processes with the objective of 

estimating the water balance components of the target areas on monthly and annual 

time scales. Groundwater recharge was estimated using the Soil and Water Assessment 

Tool (SWAT) model at sub-watershed level. The water availability within the target areas 

for different competing needs, i.e. for domestic, irrigation, industrial and livestock use, 

have been estimated through accepted techniques. Due to many sources of 

uncertainties, such as in the temporal input data, spatial data heterogeneities, 

hydrological model spatial representation and model parameter uncertainties, the 

estimated water balance components and recharge are subject to a certain degree of 

uncertainty. Hence, the study first and foremost was limited to use merged rainfall 

satellite products from the Climate Forecast System Re-analysis (CFSR) and CHIRPS data 

(Climate Hazards Centre, n.d.; Dinku et al., 2018) as forcing inputs into the SWAT model 

in order to estimate the water balance components and recharge. However, one could 

get different outcomes using different forcing inputs, hydrological models and 

approaches. The other limitation of this study is that the estimated baseflow and the 

spatio-temporal variation of the water availability have not been validated through field 

exploration. This could not happen due to the current security issue in the study area. 

 

6.2 Methodology 

The determination of the water balance components, including river flow amounts and 

groundwater recharge estimates, was based application of the Soil Water Assessment 

Tool (SWAT) model (Arnold et al., 2012; Srinivasan et al., 2010; Tibebe and Bewket, 2011) 

to a number of catchments in the project area.  The modelling data and procedures has 

been described below. 

 

 Hydrological approach to evaluating water balance aspects 

The streamflow data are mainly used to understand the rainfall-runoff relationship in 

the area so as to estimate the water balance and the recharge amount reach to the 

groundwater storage on monthly and annual time scales. By understanding the data 

scarcity and time constraints, the streamflow data of the Geba River a tributary of 

Tekeze from 1998 to 2013 gauged at Adi Kumsi have been used. After calibrating and 

validating the model the calibrated model parameters are transferred into the bigger 

catchment area Tekeze gauged at Emba Madre and the target areas. The general 

methodological framework followed in this study is presented in Figure 6.1. 
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Figure 6.1. Schematic flow diagram for the approach to arrive at water balance estimates in the 

target areas. 

 

 SWAT Model 

The internationally widely-used SWAT model (Arnold et al., 2012) calculates water and 

nutrient cycles, as well as sediment transport and vegetation growth. The model is 

therefore uniquely suited to quantify the effects of changes in land use, management 

techniques, and climate on the distribution of water and nutrients in catchments, 

including groundwater recharge impacts. SWAT combines elevation, land use, and soil 
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data into so-called Hydrological Response Units (HRUs), which form the basis of the 

hydrological, biological and biogeochemical calculations. The HRUs are sub-catchment 

elements, each forming a unique combination of soil, land use and slope, which drain 

into reaches in a sub-catchment. The sub-catchments together form the main catchment. 

The distribution of HRUs, sub-catchments and stream channels in the Tekeze River 

Basin covering a number of project target areas is shown in Figure 6.2. Water is routed 

through the individual channels that form the (sub)catchment stream network. 

Calculated water fluxes are calculated for each of the HRUs, sub-catchments, and stream 

sections. These fluxes were used to estimate the groundwater recharge.  

 

 
Figure 6.2. SWAT model of the Tekeze River basin including the Emba Madre and other river stations. 

The distribution of subcatchments (red), drainage (blue) and a number of target woredas (black) 

are shown on a hillshade background. 

 

 The SWAT Model application 

The rainfall runoff SWAT model has been used to estimate the discharge time series, 

water balance components and recharge amount in the target areas. Among many 

methods of prediction discharges at ungauged location, transferability of model 

parameters to the nearest catchment through spatial proximity method was employed in 

this study. Consequently, calibrated parameters of Geba River catchment, gauged at Adi 

Kumsi, with similar unique hydrologic response units as for the larger region was set to 

predict the streamflow at the ungauged sites where target areas are located. The 

hydrological cycle, based on the water balance equation (Equation 6.1) is captured in 

more detail by: 

 

𝑆𝑊𝑡 = 𝑆𝑊𝑂 + [∑ 𝑅𝑑𝑎𝑦
𝑡
𝑖=1 − 𝑄𝑠𝑢𝑟𝑓 − 𝐸𝑎 − 𝑊𝑠𝑒𝑒𝑝 − 𝑄𝑔𝑤]  (6.2) 
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Where: SWt is the final soil water content (mm); SW0 is the initial soil water content on 

day i (mm); t is the time (days); and Rday, Qsurf, Ea, Wdeep and Qgw are, respectively, the 

amounts in mm of precipitation, surface runoff, evapotranspiration, water percolation 

into the deep aquifer and the amount of groundwater flow on day i.  

 

The Natural Resources Conservation Service Curve Number (CN) method was used for 

the estimation of the surface runoff component in SWAT (USDA-NRCS, 2004). The 

evapotranspiration was estimated using Penman-Monteith (Equation 6.3) (Monteith, 

1965). The Penman-Monteith method, which has been applied successfully in different 

parts of the world, was compared with other methods and is accepted as the preferred 

method for computing potential evaporation from meteorological data (Allen et al., 

1998; Zhao et al., 2005).  The flow routing in the river channels is computed using the 

variable storage coefficient method (Williams, 1969). 

 

𝜆𝐸 =
Δ.(𝑅𝑛−𝐺)+𝜌𝑎𝑖𝑟.𝐶𝑝.[𝑒𝑧

0−𝑒𝑧]/𝑟𝑎

Δ+𝛾.(1+
𝑟𝑐
𝑟𝑎

)
          (6.3) 

 

                                          

Where λE is the latent heat flux density (MJ m-2 d-1), E is the evaporation rate (mm d-1), Δ is 

the slope of the saturation vapor pressure-temperature curve, de/dT (kPa °C-1), Rn is the 

net radiation (MJ m-2 d-1), G is the heat flux density to the ground (MJ m-2 d-1), ρair is the air 

density (kg m-3), cp is the specific heat at constant pressure (MJ kg-1 °C-1), is the saturation 

vapour pressure of air at height z (kPa), eo
z and  ez are the water vapour pressures of air 

at height z (kPa), γ is the psychrometric constant (kPa °C-1), rc is the plant canopy 

resistance (s m-1), and ra is the diffusion resistance of the air layer (aerodynamic 

resistance) (s m-1). Further detailed descriptions about the model formulations are found 

in Neitsch et al. (2011) and Arnold et al. (2012). 

 

The following SWAT model outputs were important for assessing the water balance 

components and groundwater recharge in the target areas. It should be noted that the 

target areas do not follow hydrological boundaries and that recharge of target are 

groundwater may also be in upstream parts of the catchment areas outside of the target 

area boundaries. 

 

The components listed below are shown on target area maps and the averages were 

calculated for each area to provide an indication of the average annual totals for the 

area. The monthly variations in these components are shown in graphs.   

 

Precipitation 

Precipitation was based on a Thiessen polygon (Thiessen, 1911) approach in the SWAT 

model as part of taking into account the spatial distribution of CHIRPS  or CFSR 

precipitation in the larger region.  

Evapotranspiration 

Potential evaporation values for these grided sites have been estimated using the 

Hargreaves method. The method is based on air temperature data (Hargreaves and Allen, 

2003) and can be used to estimate crop water requirements (Latif and Javed, 1998). 

Furthermore, actual evapotranspiration (ETa) estimates for the different hydrological 

response units was modelled in SWAT using the Penman-Monteith (Monteith, 1965) 

equation. The modelled ET values for the HRUs were used to show the spatial variation 

within the target areas. 
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Lateral runoff components 

The lateral runoff was simulated with SWAT for each HRU and contributes to the fast 

flow component of the stream hydrographs. 

 

Groundwater recharge 

Groundwater recharge was simulated for every HRU with the SWAT model and forms the 

dry season baseflow component of the stream hydrographs. In addition, SWAT also 

models recharge to deep groundwater reservoirs that does not leave the basin as 

streamflow but contributes to a larger regional system. 

 

6.3 Data Sources 

The study relied for input on public data sources, whereas observed data from the 

Ethiopian authorities were used for verification.  

 

 Public data sources 

The SWAT model use topography, land cover and soil maps for the generation of the 

HRUs, whereas meteorological data are used to drive the model. 

 

Topography 

The Digital Elevation Model (DEM) used for the SWAT model was the Shuttle Radar 

Topography Mission (SRTM) with a resolution of 30 m (Farr et al., 2007). The topography 

of the region is shown in Figure 6.3. Elevation  in the region varied between 760 m and 

4537 masl., with the mean elevation at 1971 masl. The cumulative elevation distribution 

for the area is shown in Figure 6.4. The relatively high elevation impacts on the ambient 

air temperature and therefore affects evaporation rates. 

 

 
Figure 6.3. Digital elevation map of the project area. 
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Figure 6.4. Cumulative distribution of the elevation in the Tekeze River basin region. 

 

Land cover 

The land cover map was the 100 m resolution Copernicus Global Land Cover Layers: 

CGLS-LC100 Collection 3 (Buchhorn et al., 2021) which reflects the land cover in 2015. 

The land cover in the region consisted mainly of cultivated and managed 

vegetation/agriculture – cropland (42%, AGRL), shrubland (36%, SHRB), herbaceous 

vegetation (14%, PAST) and closed forests (7%, FOMI). The land cover map is shown in 

Figure 6.5. 

 

 
Figure 6.5. Copernicus land cover map of the project area. 
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Soil 

The soil map was a rasterized version, at 100 m resolution, of the Soil Atlas of Africa 

(Joint Research Centre (European Commission) et al., 2013). The dominant soil was a 

shallow Lithic Leptosol covering 47% of the area. Eutric Leptosols and Haplic Luvisols 

covered 19% and 15% of the area, respectively. The soil map of the region is shown in 

Figure 6.6. 

 

 
Figure 6.6. Soil Atlas of Africa map of the project area. 
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Climate 

Climate data were obtained from the Climate Forecast System Reanalysis (CFSR) (Saha et 

al., 2010) for a number of grid points covering the area using the period 1984 – 2013. 

Gridded Climate Forecast System Reanalysis (CFSR) data (1994-2013) of 109 stations 

covering the project area were retrieved and processed to serve as input into the SWAT 

model. The data consisted of daily time series of minimum temperature, maximum 

temperature, relative humidity, wind speed and solar irradiance. The spatial distribution 

of the climate data is shown in Figure 6.7. In addition, 29 CHIRPS precipitation data 

stations (Climate Hazards Centre, n.d.; Dinku et al., 2018) were used to drive the Tekeze 

Basin study (Figure 6.8) as the CFSR precipitation data was found to underestimate 

precipitation for some stations. 

 

 

 

Figure 6.7. Spatial distribution of the CFSR Climate stations in the study area. 
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Figure 6.8. SWAT model of the Tekeze River Basin with numbered sub-catchments (light-blue), the 

Geba catchment (dark-blue) and target areas (red). The CHIRPS precipitation data points (green) 

and streamflow observation points (blue) are also shown. 

 

 Observational data 

Both climate and hydrological observational data were provided by the National 

Meteorological Agency (NMA) and by Ministry of Water and Energy (MoWE). To solve the 

problem of data scarcity, the CFSR data from 1996 to 2013 have been used. This period 

was selected because ground climate stations had too many gaps in the recorded data 

and the streamflow data availability in the study area also forced to use a concurrent 

dataset. 

 

To validate the input data for the SWAT model, a comparison was made for the public 

and observational data. In order to use the CFSR data, about 19 ground based climate 

stations in the study area nearest to the CFSR location were cross checked at least for 

their spatial correlation. The long-term mean monthly value of rainfall and air 

temperature has been inspected. For brevity only sample figures showing the seasonal 

pattern are presented in Figure 6.9. The lists of the climate stations, along with their 

correlation coefficients, are provided in Table 6.1 and Table 6.2, respectively. The spatial 

distribution of ground climate and CFSR stations used for cross validation is shown in 

Figure 6.10. 
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Figure 6.9. Comparison between long-term observed precipitation time series and corresponding 

CFSR data. 
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Table 6.1. Correlation of long-term average rainfall of ground climate stations and the 

corresponding nearby CFSR climate stations. 

S. No. Ground station CFSR station Correlation 

coef. (r) 

Data length 

1 Abi-Adi P136391 0.96 1995-2012 

2 Adigebru P139381 0.99 2007-2013 

3 Adigrat P142394 0.92 2002-2013 

4 Amedework P123388 0.99 2009-2012 

5 Axum airport P142388 0.98 2007-2013 

6 Berhale P139400 0.62 2008-2013 

7 Chercher P126397 0.94 2007-2013 

8 Dewehan P145397 0.92 2006-2013 

9 Dimma P136384 0.45 1998-2009 

10 Gibana P123391 0.91 2008-2013 

11 Hagere Selam P136394 0.21 1990-2012 

12 Korem P123394 0.97 1992-2012 

13 Matsebre P136381 0.96 2008-2013 

14 Mekelle P136394 0.98 2004-2013 

15 Rama P142388 0.99 2003-2013 

16 Senkata P136397 0.92 2001-2013 

17 Sekota P126391 0.99 1997-2013 

18 Tekeze Hydropower P133388 0.92 2008-2011 

19 Wedisemro P126394 0.99 2002-2013 

 

Table 6.2. Correlation of long-term mean monthly air temperature of ground climate stations and the 

corresponding nearby CFSR climate stations. 

S. No. Ground station CFSR station Correlation 

coef. (r) 

max. temp. 

Correlation 

coef. (r) 

min. temp. 

Data length 

1 Abi-Adi t136391 0.76 0.79 1995-2012 

2 Adigrat t142394 0.50 0.75 1998-2013 

3 Axum airport t142388 0.88 0.82 2007-2013 

4 Berhale t139400 0.76 0.48 2008-2013 

5 Chercher t126397 0.81 0.55 2007-2013 

6 Dewehan t145397 0.83 0.95 2006-2013 

7 Dimma t136384 0.74 0.40 1998-2009 

8 Hagere Selam t136394 0.30 -0.28 1990-2012 

9 Korem t123394 0.40 0.88 1992-2012 

10 Kuneba t139400 0.40 0.30 2008-2013 

11 Mekelle t136394 0.65 0.83 2004-2013 

12 Senkata t136397 0.57 0.90 2001-2013 

13 Sekota 126391 0.74 0.71 1995-2013 

14 Wedisemro t126394 0.65 0.36 2002-2013 

 

The spatial variation in the area is large, with low values in the eastern low-elevation 

parts and high values in the mountain ranges in the West. The variation as obtained 

from CHIRPS is shown in Figure 6.11. 
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Figure 6.10. Spatial variation in annual precipitation totals as given by CHIRPS (2001-2021). 

 

6.4 Baseflow separation method 

To separate baseflow from stormflow, the discharge time series in m3 s-1 was converted 

to mm d-1 units and the natural logarithm was taken to allow separation of fast draining 

soil reservoirs from slow groundwater reservoir contributions, as characterized by 

changes in the slopes in the baseflow recession curve (Tallaksen, 1995). When the dam 

reservoir in the Tekeze River Basin was created and filled from 2008 onwards, this 

method could not be used anymore as the flow became influenced by the reservoir 

storage and release operations. A linear increase was assumed for baseflow increase in 

wet periods and the slope of the baseflow increase was determined from the difference 

in flow between the start of stormflow and return to the baseflow recession, divided by 

the time in days.  

 

6.5 SWAT Model setup for Geba catchment 

In the process of model setup, the public topographic, land cover and soil maps 

described above were used to delineate and characterize the catchment Geba river 

gauged at Adi Kumsi station. The delineated area constitutes about 3,385 km2, divided 

into 25 sub-catchments.  

 

The land cover for the catchment is shown in Figure 6.11. All land use parameterizations 

(e.g. leaf area index, maximum stomatal conductance, maximum root depth, optimal and 

minimum temperature for plant growth) were assigned on available SWAT land use 

classes, as shown in Table 6.3. 
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Figure 6.11. Land use map of Geba catchment with outlet at Adi Kumsi. 

 

Table 6.3. Land use/cover types of Geba catchment gauged at Adi Kumsi for SWAT model input. 

LU/LC redefined by 

SWAT 

SWAT 

code 

% of total 

area 

Agriculture close grown AGRC 14 

Range land RNGE 16 

Agriculture generic AGRL 37 

Barren land BARR 0.0 

Agricultural land row 

crops 

AGRR 13 

Forest evergreen FRSE 0.0 

Forest FRST 1.2 

Pasture PAST 0.4 

Forest deciduous FRSD 18 

Range arid land SWRN 0.8 

Water WATR 0.0 
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Figure 6.12 presents the soil types in the catchment. There are six soil types in the 

catchment and the types and percentage coverage are provided in Table 6.4. 

 

 
Figure 6.12. Soil map of Geba catchment with outlet at Adi Kumsi. 

 

Table 6.4. Soil types of Geba catchment gauged at Adi Kumsi for SWAT model input. 

Soil type Area 

km2 % 

LithicLeptosols 221 5.69 

Chromiccambisols 1676 43.15 

Halpiclixisols 12 0.31 

EutricCambisols 946 24.363 

EutricLeptosols 1024 26.357 

VerticCamisols 4.5 0.115 
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Topography and slope class definition were according to Figure 6.13 and Table 6.5, 

respectively.  

 

 
Figure 6.13. Topographic variation in the Geba Catchment with outlet at Adi Kumsi. 

 

Table 6.5. Slope percentage distribution in Geba catchment gauged at Adi Kumsi. 

S. No. Slope class 

(%) 

%of total 

area 

1 0-5 15.6 

2 5-15 46.0 

3 15-30 28.6 

4 30-45 9.8 

5 >45 15.6 

 

Finally, the spatial data, the land use map, the soil map and the topographic information 

(the slope classes) were overlaid to derive a total number of 673 HRUs with unique land 

cover/soil and slope classes. The land use, soil and slope datasets were imported 

overlaid and linked with the SWAT databases. To define the distributions of HRUs 

multiple HRU definition options were tested. For the final multiple HRU definition 10% 

land use, 10% soil and 5% slope thresholds were used. 

 

6.6 Sensitivity analysis, calibration and validation 

The SWAT model was calibrated against the observed discharge data from the Adi 

Kumsi station of the Geba River catchment, which forms part of the Tekeze River Basin. 

The calibrated model parameters were applied to the larger Tekeze Basin model, which 

included 11 target areas and to smaller scale models that included the remaining target 

areas (Figure 6.8). 
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 Calibration of parameters 

The streamflow data 1998-2004 were used for calibration and 2010-2013 were used for 

validation. Within a calibration period a warm up period was set to initialize the model 

for two years 1996–1998. Manual calibration was used to calibrate model parameters 

which represent the catchment runoff response to precipitation (Cibin et al., 2010; 

Moreira et al., 2018). The manual calibration was done by varying the values of the 

sensitive parameters within their permissible range (Table 6.6). It was carried out 

repeatedly by changing one of the most sensitive parameters in the model and then 

observing the corresponding changes in the simulated flow. Sensitivity analysis was 

carried out to identify the most sensitive parameters for the model calibration using 

One-factor-At-a-Time (LH-OAT), which is an automatic sensitivity analysis tool 

implemented in SWAT (van Griensven et al., 2006). Upon the completion of sensitivity 

analysis, the mean relative sensitivity (MRS) values of the parameters were used to rank 

the parameters, and their category of classification based on (Lenhart et al., 2002). If the 

MRS is in between 0 and 0.05 the sensitivity category is small to negligible. Medium 

sensitivity is given when the MRS values are in a range between 0.05 and 0.02; high 

sensitivity values categorized when the MRS values are in between 0.2 and 1.0 and the 

very high sensitivity values categorized when the MRS are greater than a value of 1.0. 

 

Table 6.6. Sample of SWAT model parameters and their permissible ranges. 

Parameters  Allowable 

range 

CN2 +25% 

ESCO +25% 

GWQMN 0-5000 

SOL_Z +25% 

SOL_K +25% 

SOL_AWC +25% 

 

The parameter values giving the best results for simulated runoff in relation to observed 

runoff are given in Table 6.7. These parameters were subsequently used for 

extrapolation to the other SWAT models, including that of the Tekeze River Basin model. 
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Table 6.7. Optimised calibration parameter settings for the Geba River catchment, used for 

simulation of target area water balances. (CCMBS = Chromic cambisols; ELPS = Eutric leptosols) 

Description of  

model parameters  

Optimize

d values 

Sub-

basin 

Land 

use 

Soil Slope 

classes 

Hydrologic 

soil group 

CN 82 All AGRL, 

AGRC, 

AGRR 

All All All 

CN 62 All FRST, 

FRSD 

All All All 

CN 72 All RNGE All All All 

CN 85 All BARR All All All 

CN 78 All PAST All All All 

ESCO (-) 0.3 All All All All All 

Sol_Z 

[mm] 

Layer1 200 All AGRL, 

AGRR, 

FRSD 

CCMBS, 

ELPS, 

ECMBS 

All A,B,D 

2 400 

3 2000 

Sol_Z 1 115 All RNGE All All A,D 

2 230 

3 1150 

Sol_AWC 1 0.45 All AGRC, 

AGRL, 

AGRR 

CCMBS, 

ELPS 

All B,D 

2 0.144 

3 0.144 

Sol_AWC 1 0.15 All AGRL, 

AGRR, 

FRST, 

RNGE 

ECMBS All A 

2 0.48 

3 0.48 

SOL_K 1 0.0036 All AGRL, 

AGRR, 

AGRC, 

FRSD 

CCMBS All A 

2 8.03 

3 7 

SOL_K 1 1.8 All AGRL, 

AGRC, 

AGRR 

ELPS All B 

2 4.59 

3 2.5 

Alpha_BF [day-1] 0.0001 All All All All All 

GWDelay [day] 50 All All All All All 

GWQMN [mm] 100 All All All All All 

GWREVAP  0.02 All All All All All 

REVAPMN [mm] 500 All All All All All 

RCHRG_DP 0.1 All All All All All 
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 Model performance evaluation 

Two model performance evaluation methods, the Nash and Sutcliffe (1970) efficiency 

(ENS), and the coefficient of determination (r2) were used in both calibration and 

validation periods (see Equation 6.4 and Equation 6.5). 
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Where qsi is the simulated value, qoi is the measured value, and 𝑞𝑜̅̅ ̅ is the average observed 

flow. ENS values range from 1.0 (best fit) to negative infinity.  

 

A comparison of observed and simulated hydrographs of the Geba catchment, after 

calibration and validation, is shown in Figure 6.14. The comparison shows that the 

model performs reasonably in capturing the observed flow pattern and flow regimes. 

This is supported by a Nash and Sutcliffe efficiency coefficient and coefficient of 

determination values of 0.70 and 0.85 for calibration and 0.60 and 0.71 for the 

validation periods, respectively. 

 

 
Figure 6.14. Comparison of simulated and observed river flows of the Geba RIver catchment 

following calibration for the 1999-2004 period and validation for the 2009-2012 period. 
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6.7 Basin and drainage network 

The target areas with the identified boundaries, catchment areas and their location in 

the river basins are indicated in Table 6.8. The spatial location of the target areas are 

shown in Figure 6.15. 

 

Table 6.8. Target areas and their locations in woredas, catchment areas and river basins. 

S. No. Target 

area 

short 

name 

Area 

[km2] 

River name Woreda name Basin 

1 BD1 18 - Beyeda(Liware) Located at foot 

of RasDashen 

mount/Tekeze 

2 BD2 13 - Beyeda(Abare) Tekeze 

3 TS2 220 Insua shet MyAyne Tekeze 

4 TS3 165 Liag Shet Tselemet(Dima) Tekeze 

5 OF1 56 Liliwa shet Ofla(DenkaAshena) Tekeze 

6 OF2 93 Bel shet Ofla(Adisham Bereket) Tekeze 

7 KT2-r 29 Chint shet Kolatemben(Atakilte) Tekeze 

8 KT3 13 Tsalet Kola Temben (Adiha) Tekeze 

9 HW4 14 Weri Hawzen(Koraro) Tekeze 

10 HW2 16 Siluh Hawzen(Digum) Tekeze 

11 ST3 19 Genfil Saesi Tsdamba (Gula 

Ambina) 

Tekeze 

12 ML1 65 Mirsat sher Mereb Leha(Adigebat) Mereb 

13 ML3 16 Dorena shet Mereb Leha (Awet) Mereb 

14 ST2-r 93 Anza shet Saesi Tsdamba (Sewin) Denakil 

15 ER2 35 Meareba shet Erop(Ara) Denakil 

16 ER4-r 23 Berber Erop(Ara) Denakil 

17 BE4-r 41 Fishe shet Berehale(Sebana 

Dembale) 

Denakil 

18 BE1 12 Gemeru Berehale (Lela Ala) Denakil 

19 AF1-r 170 Dabure Afdera(Ayitura) Denakil 

20 AF4-r 250 Gordoh Afdera(Debure) Denakil 

21 MG1 49 Meisha Megale(Faro) Denakil 

22 MG2 55 Meisha Megale(Adu) Denakil 

23 YL1 18 Kubi tobato 

shet 

Yalo(GidaelanaMudalina 

Dirma) 

Denakil 

24 YL3 15 Kubi tobato 

shet 

Yalo(Udeyla) Denakil 

25 KR1 96 Meleke shet Kori(Meto Ariba) Denakil 

26 KR2 32 Gefunali shet Kori(Silsa) Denakil 
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6.8 Quick- and baseflow component separation 

Master baseflow recession curves were made for the Geba River catchment at Adi Kumsi 

and for the larger Tekeze Basin at Emba Madre. The baseflow recession curve for Geba 

catchment at Adi Kumsi is shown in Figure 6.16. The recession constant of the slow 

linear reservoir is k = 0.02 day-1. For Tekeze, considerable differences between years was 

observed in the baseflow recession constants, with the fastest baseflow recession in the 

period 1997-1998 and the slowest recession in 2003-2004 (k = 0.01 day-1). This is shown 

in Figure 6.17. 

 

The break in slopes between the fast reservoir and the subsequent slower draining 

reservoirs was used to separate quickflow from baseflow and determine the baseflow 

rise slope constants in the wet season. The slope of the line from the rise in streamflow 

until the recession of the intermediate reservoir for the Tekeze River Basin at Emba 

Madre varied between 0.021 and 0.030 mm d-1, with an average of 0.0031 mm d-1. For the 

Geba River, a lower baseflow increase slope of 0.0024 mm d-1 was calculated. 

 

Figure 6.15. Drainage network and streamflow stations in the Tekeze basin region and target area 

boundaries. 
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Figure 6.16. Master baseflow recession curve for the Geba River catchment at Adi Kumsi station as 

determined from baseflow recession data of 2000-2002. The fast reservoir (red) represents the quick 

flow component. 



 

- 70 - Final report  
 

 
Figure 6.17. Master baseflow recession curves for the Tekeze River basin at Emba Madre station as 

determined from baseflow recession data of 1997-1998, 2000-2001 and 2003-2004. The fast reservoir 

represents the quickflow component. 
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The daily streamflow totals and corresponding baseflows for the Geba River catchment 

and Tekeze River basin in 2002 - 2003 are shown in Figure 6.18. 

 

 

 
Figure 6.18. Daily streamflow totals and corresponding baseflow for the Geba (upper) and Tekeze 

(lower) rivers in the period 2002-2003. 

 

The maximum daily flow was about 6 mm d-1 for both catchments, whereas the 

maximum baseflow amounted to 0.32 mm d-1 at Adi Kumsi for the Geba River and was 

slightly higher at  0.41 mm d-1 for the Tekeze River at Emba Madre before the filling of 

the reservoir in 2008. 
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6.9 Demand analysis 

 Domestic water demand 

Population density of the kebeles is expressed as the number of total inhabitants in 

2030 per km2. The population data are based on the census 2007 data (CSA, 2017) and 

was corrected for an average population growth of 2.46 % (CSA, 2013a, 2017).  According 

to the WHO, basic access to water for health reasons should at least be at 20 l c-1 d-1, 

whereas access at 50 l c-1 d-1 would represent a low level health concern (Howard and 

Bartram, 2003). 

 

The domestic water demand [m3 d-1] per kebele is based on number of inhabitants and a 

daily per capita demand as defined in the GTP II (NPC, 2016). According to the GTP II 

water demand in rural areas would amount to 25 l c-1d-1. In urban areas water demand 

varies from 40 to 100 l c-1d-1 (NPC, 2016), and a value of 50 l c-1d-1 was taken for urban 

kebeles. Where urban or rural conditions are not clear 30 l c-1d-1 was used.  

 

 Livestock water demand 

A domestic water supply and livestock demand analysis was done to estimate the total 

water demand. The demands for the different human and livestock water user classes 

are provided in Table 6.9, with an estimated average per capita daily livestock unit water 

use at 25 l in Ethiopia (Sileshi et al., 2003).  

 

Table 6.9. Water use for livestock classes under Sahelian conditions (Sileshi et al., 2003). 

Class Requirement [l d-1]  

Cattle  27.0 

Sheep  5.0 

Goats  5.0 

Horses  20.0 

Mules  16.0 

Donkeys  16.0 

Camels  45.0 

Poultry  1.5 

Beehives  1.8 

 

Ideally, the livestock water demand would have been provided by the woreda offices. 

However, these data were not provided and the human and livestock population sizes 

and corresponding water demands were therefore estimated based on data provided by 

CSA (2021a, 2021b, 2013b). Use was made of data available at zonal level (Table 6.10).  
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Table 6.10. Human and livestock population (in thousands) by zone (CSA, 2021a). 

Region Zone Population Cattle Sheep Goats Horses Mules Donkeys Camels Poultry Beehives 

Afar Zone 1 392 917 2182 3924 0 0 125 472 0 0 

Afar Zone 2 401 62 413 1377 0 0 59 123 62 19 

Afar Zone 3 199 621 1090 1872 0 0 61 432 0 0 

Afar Zone 4 314 101 338 588 0 0 24 66 0 0 

Afar Zone 5 241 258 454 1083 0 0 39 165 0 0 

Amhara N 

Gondar 

91 779 507 645 35 9 187 0 1304 96 

Tigray NW 

Tigray  

1255 726 549 1110 0 0 179 11 1390 74 

Tigray E 

Tigray  

658 467 615 195 0 0 146 0 971 79 

Tigray NW 

Tigray  

769 1954 411 2357 0 0 268 18 2592 85 

Tigray S Tigray  1053 391 186 162 0 4 70 0 406 28 

Tigray W 

Tigray  

333 848 101 679 0 0 73 7 871 39 

 

The population at zonal level for the year 2021 was estimated from CSA census data 

using a growth rate of 2.46%, and the livestock ratio per capita was determined for nine 

livestock classes (Table 6.11). 

 

Table 6.11. Distribution of livestock ratios per capita per zone for 2021. 

Region Zone Cattle Sheep Goats Horses Mules Donkeys Camels Poultry Beehives 

Afar Zone 1 2.34 5.56 10.00 0.00 0.00 0.32 1.20 0.00 0.00 

Afar Zone 2 0.16 1.03 3.43 0.00 0.00 0.15 0.31 0.15 0.05 

Afar Zone 3 3.11 5.46 9.38 0.00 0.00 0.31 2.17 0.00 0.00 

Afar Zone 4 0.32 1.08 1.87 0.00 0.00 0.08 0.21 0.00 0.00 

Afar Zone 5 1.07 1.88 4.49 0.00 0.00 0.16 0.68 0.00 0.00 

Amhara N 

Gondar 0.27 0.17 0.22 0.01 0.00 0.06 0.00 0.45 0.03 

Tigray C Tigray 0.58 0.44 0.88 0.00 0.00 0.14 0.01 1.11 0.06 

Tigray E Tigray 0.71 0.93 0.30 0.00 0.00 0.22 0.00 1.48 0.12 

Tigray NW 

Tigray 

2.54 0.53 3.07 0.00 0.00 0.35 0.02 3.37 0.11 

Tigray S Tigray 0.37 0.18 0.15 0.00 0.00 0.07 0.00 0.39 0.03 

Tigray W Tigray 2.55 0.30 2.04 0.00 0.00 0.22 0.02 2.62 0.12 

  

Assuming that population / livestock class ratios remain constant for the next decade, 

estimates were made about the expected livestock population per woreda and kebele for 

the year 2030, using the projected population size as a reference. Table 6.12 lists 

domestic and livestock water demands for the 13 project woredas based on the data 

presented above.  
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Table 6.12. Region/zone details for different target woredas and estimated water demands for 2030. 

Woreda Region Zone Domestic Livestock Total Area 

    [m3 d-1] [m3 d-1] [m3 d-1] [Km2] 

Afdera Afar Zone 02 1,503 2,166 3,669 7882 

Berehale Afar Zone 02 3,819 5,504 9,322 2483 

Beyeda Amhara North Gondar 4,699 1,768 6,467 971 

Erop Tigray Eastern Tigray 1,049 1,094 2,143 768 

Hawzen Tigray Eastern Tigray 4,900 5,113 10,013 874 

Kola Temben Tigray Central Tigray 5,789 5,149 10,938 1378 

Kori Afar Zone 01 1,292 8,655 9,947 2870 

Megale Afar Zone 02 1,437 2,071 3,508 1544 

Mereb Leha Tigray Central Tigray 4,855 4,319 9,174 1254 

Ofla Tigray South Tigray 5,741 2,570 8,312 1106 

Saesi Tsadamba Tigray Eastern Tigray 5,282 5,512 10,793 960 

Tselemt Tigray North-western Tigray 5,890 19,359 25,249 2609 

Yalo Afar Zone 04 2,449 2,798 5,247 819 

 

 Industrial water demand 

No data were available for the industrial (excluding livestock) water demands in the 

target areas. A report prepared for the Awash Basin Authority lists domestic, livestock 

and industrial water demands, with the annual industrial demand amounting to 7.4% of 

the corresponding domestic demand (Sahilu et al., 2018). For Addis Ababa water use by 

industry amounted to about 8% of domestic water demand, but when industries outside 

Addis Ababa were taken into account, the industrial use was estimated at 3.3% of 

domestic water use (Adeba et al., 2015). The average of these values, i.e. 5.4% of 

domestic water demand, was therefore used to estimate industrial water demand for the 

target areas.  

 

 Water for environmental flows 

The environmental water requirement is related to the surface water flow regime that 

needs to be maintained for achieving maintenance of freshwater-dependent ecosystems. 

These objectives pose limitations on both high and low flows and environmental flow 

were estimated at 20-50% of mean annual river flow (Smakhtin et al., 2004). The target 

areas do not correspond to hydrological units where ephemeral or perennial river 

systems are present, and may depend for surface water flows on upstream areas, 

whereas groundwater abstractions in the target may influence baseflow rates and 

therefore have impacts on downstream ecosystems. For Awash Basin, the environmental 

flow requirement was estimated at 35% of the mean annual flow (Adeba et al., 2015), 

whereas a lower value of 22% was estimated for the Abay River (McCartney et al., 2008; 

Shiferaw and McCartney, 2009). A much higher value of 48-71% of mean annual runoff 

was modelled for the Omo-Gibe Basin in South Ethiopia to maintain natural habitats 

along the river (Tesfaye et al., 2020). This illustrates the need for a local assessment of 

river flow status and dependent freshwater ecosystems in the project areas. For this 

study, the environmental flow rate was taken as 25% of the mean monthly lateral and 

groundwater flow rates. 
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 Daily water demand 

An overview of the daily water demands for the target areas is given in Table 6.13. No 

agricultural cover was observed for eight areas and for these no irrigation demands have 

been listed. 

 

Table 6.13. Estimates of daily demand for domestic water supply, livestock and irrigation water in the 

target areas. 

Target Area 

  

Area 

[km2] 

TA/Woreda area 

  

Domestic 

[m3 d-1] 

Livestock 

[m3 d-1] 

Irrigation 

[m3 d-1] 

Total 

[m3 d-1] 

AF1-r 511 0.065 97 140 364 601 

AF4-r 637 0.081 121 175 
 

296 

BD1 77 0.079 373 140 232 745 

BD2 57 0.059 276 104 17 397 

BE1 41 0.016 63 91 
 

153 

BE4-r 118 0.048 182 262 6 449 

ER2 114 0.149 156 163 38 357 

ER4-r 105 0.136 143 149 
 

292 

HW2 91 0.104 508 530 1099 2137 

HW4 65 0.075 366 382 144 892 

KR1 389 0.136 175 1173 
 

1348 

KR2 120 0.042 54 362 
 

416 

KR5 101 0.035 45 305 
 

350 

KT2-r 97 0.070 408 362 1720 2490 

KT3 61 0.044 254 226 739 1219 

MG1 187 0.121 174 250 73 497 

MG2 262 0.170 244 351 31 626 

ML1 188 0.150 728 648 2166 3541 

ML3 93 0.074 360 320 31 711 

OF1 158 0.143 820 367 1489 2676 

OF2 212 0.192 1102 494 186 1782 

ST2-r 253 0.264 1395 1455 826 3676 

ST3 62 0.064 339 353 580 1272 

TS2 583 0.224 1316 4327 826 6469 

TS3 554 0.212 1250 4110 5356 10716 

YL1 62 0.075 184 210 
 

394 

YL3 72 0.088 216 247 
 

462 

 

  



 

- 76 - Final report  
 

6.10 Monthly water balance modelling and demand 

The calibrated SWAT model was run for the different catchments and the HRU / 

subcatchment water balance components (P, ET, Qlat, Qgw) were plotted on the target 

areas and the average monthly totals for each were target area are given below. The 

groundwater recharge in each target area consists of water percolating through the soil 

layers to the shallow aquifer, where it contributes to the dry season baseflow of the 

catchment, and a fraction that percolates to deeper aquifers that contribute to regional 

flow. This component is part of the water balance simulated for the HRUs and 

subcatchment by the SWAT model. 

 

Scarcity of water occurs when the local demands for water cannot be met by the supply. 

As demands and supply both show spatial and temporal variations (e.g. irrigation needs 

and precipitation patterns). The water balance components provide information on the 

water supply status in the target areas, whereas water demand would be much more 

localized with a focus on the areas with higher population density (Boithias et al., 2014). 

The potential of a mismatch therefore exists between supply and demand areas in the 

target areas. The temporal variation issue may indicate a deficit in certain months of the 

year, whereas the overall annual-scale demand – availability ratio would not be cause for 

concern. In this study we have defined monthly and annual demand / availability Water 

Scarcity Indices (WSI, in %) to serve as indicators for water stress in a target area. The 

availability of water resources has been defined as the simulated water yield, which 

includes both surface and groundwater resources, of a target area minus the 

environmental 4flow requirements. Demand / water availability ratios above 100% 

clearly demonstrate an absolute shortage of water in a target area. However, due to non-

uniform spatial distributions of water resources and demand centers, water scarcity can 

also be experienced at WSI values lower than 100%. A limit of the WSI of 40% (Balist et 

al., 2022; Vörösmarty et al., 2000) was therefore set as a criterium to assess the potential 

expansion of water resources, with a condition being that this limit should not be 

exceeded in any month of the year. 

 

Eleven of the 26 target areas were located in the Tekeze River Basin. The river basin 

shows substantial variation in elevation, as shown earlier in Figure 6.3. The precipitation 

also shows  considerable spatial variation and in precipitation inputs for the 

subcatchments are shown in Figure 6.19. The highest rainfall inputs are in the mountain 

areas in the western part, and to a lesser extend in those in the eastern part of the river 

basin. According to the CFSR data the center of the basin receives considerably less 

precipitation at values of less than 200 mm y-1. The spatial variation of the lateral runoff 

component is shown in Figure 6.21 and shows that even under the low rainfall 

conditions in the center of the basin up to 30 mm y-1 of lateral flow is generated and 

contributes to the Tekeze River runoff. As the rainfall is highly seasonal, the smaller 

rivers in this central area may be ephemeral. Groundwater recharge in the Tekeze River 

basin is presented in Figure 6.22. The recharge pattern corresponds to the rainfall 

distribution over the river basin with low recharge rates (< 5 mm y-1) in the central parts 

and much higher rates in the other parts of the basin. 
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Figure 6.19. Annual average CFSR precipitation inputs [mm y-1] into the Tekeze River basin distributed 

over the different subcatchments for the period 1994-2013. 
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Figure 6.20. Spatial variation of the average actual evapotranspiration [mm y-1] over the Tekeze River 

basin as modelled by SWAT for the period 1994-2013. 
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Figure 6.21. Spatial variation of lateral runoff  [mm y-1] in the Tekeze River basin as modelled with 

SWAT for the period 1994-2013 using CFSR weather data as input. 

 

 



 

- 80 - Final report  
 

 
Figure 6.22. Spatial variation in the average annual groundwater recharge [mm y-1] in the Tekeze 

River Basin as modelled with SWAT for the period 1994-2013. 
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6.11 Target areas 

 Target area BE1 

A summary of the annual water balance components is given in Table 6.14, whereas 

monthly overviews of water balance components and demands are presented in  Table 

6.15. Target Area BE1 experiences annual rainfall below 200 mm  and can therefore be 

considered arid. Land cover consists dominantly of sparse rangeland vegetation (81%; 

Figure 6.23). Surface and lateral flow components and groundwater recharge rates are 

low and the WSI exceeds the limit with a maximum of 80% in December. The area must 

therefore be considered strongly water stressed and expansion of water resources use 

would be very difficult. Improved soil water conservation and water harvesting 

interventions may improve groundwater recharge in the area. 

 

Table 6.14. Annual water balance component values for target area BE1 as modelled with SWAT 

(1994-2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

The area has considerable spatial variation in groundwater recharge with higher values 

of 2 to 10 mm y-1 being simulated for the northernmost parts (Figure 6.24). The 

southwestern part seems to be dry. 

 

Water balance component Value [mm y-1] 
 

PRECIP 147.7 

SURFACE RUNOFF 1.04 

LATERAL SOIL 11.96 

GROUNDWATER (SHAL AQ) Q 0.31 

GROUNDWATER (DEEP AQ) Q  0.16 

REVAP (SHAL AQ => 

SOIL/PLANTS) 

19 

DEEP AQ RECHARGE  0.17 

TOTAL AQ RECHARGE 1.72 

TOTAL WATER YLD 13.47 

PERCOLATION OUT OF SOIL  1.72 

ET 133.3 

PET 2466.4 
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Figure 6.23. Google Earth satellite image (December 2009) showing areas AF1-r, AF4-r, BE4-r, BE1, ST3 

and HW2 from East to West. 

 

Table 6.15. Average monthly water balance components for Target Area BE1 as modelled with SWAT 

and corresponding water demands. All values given in mm mo-1 or mm y-1. SURFQ is the surface 

runoff, LATQ the lateral flow, WTYIELD the total of surface, lateral, groundwater recharge flows, ET the 

actual evapotranspiration, PET the potential evapotranspiration and EFR the environmental flow 

requirement. The WSI (Available Water Resources) represents the percentage of the total demand 

relative to the WTYIELD minus the EFR. 

 

 

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total 

Rain 7.8 6.9 30.8 23.0 4.3 2.4 22.6 33.4 2.7 4.6 7.5 1.8 147.7 

SURFQ 0.0 0.0 0.1 0.2 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.0 1.0 

LATQ 0.5 0.5 2.4 2.1 0.4 0.2 1.4 3.0 0.3 0.5 0.7 0.1 12.0 

WTYIELD 0.5 0.5 2.5 2.4 0.4 0.2 1.5 3.7 0.4 0.5 0.7 0.2 13.4 

ET 6.3 6.5 19.0 26.4 8.4 2.8 12.9 28.2 9.6 3.3 6.7 3.4 133.3 

PET 140 156 192 219 252 281 239 225 233 209 178 141 2465 
 

EFR 0.1 0.1 0.6 0.6 0.1 0.0 0.4 0.9 0.1 0.1 0.2 0.0 3.4 

Domestic 0.048 0.043 0.048 0.046 0.048 0.046 0.048 0.048 0.046 0.048 0.046 0.048 0.562 

Livestock 0.069 0.063 0.069 0.066 0.069 0.066 0.069 0.069 0.066 0.069 0.066 0.069 0.810 

Irrigation 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Industry 0.003 0.002 0.003 0.002 0.003 0.002 0.003 0.003 0.002 0.003 0.002 0.003 0.030 

Total 0.119 0.108 0.119 0.115 0.119 0.115 0.119 0.119 0.115 0.119 0.115 0.119 1.402 

WSI 24.3 23.1 4.7 4.9 29.0 60.6 8.0 3.2 30.3 22.0 16.7 79.3 10.4 
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Figure 6.24. Spatial variation of the annual average groundwater recharge amounts [mm y-1] in the 

BE1 target area over the 1994-2013 period. 

 

 Target area BE4-r 

A summary of the annual water balance components is given in 6.16, whereas monthly 

overviews of water balance components and demands are presented in Table 6.17. 

Target Area BE4 is similar to BE1 with average annual rainfall below 200 mm. The area 

can be considered as arid. Land cover consists dominantly of rangeland (65%) and sparse 

grass / bushland (33%; Figure 6.23) along valley areas and has limited agricultural 

activity. Surface and lateral flow components and groundwater recharge rates are low 

and the WSI exceeds the limit with a maximum of 170% in December. The area must 

therefore be considered strongly water stressed and expansion of water resources use 

would be very difficult. Improved soil water conservation and water harvesting 

interventions may improve local groundwater recharge in the area. 
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Table 6.16. Annual water balance component values for BE4-r as modelled with SWAT (1994-2013). 

Water balance component Value [mm y-1] 

PRECIP 130.5 

SURFACE RUNOFF 0.68 

LATERAL SOIL 12.73 

GROUNDWATER (SHAL AQ) Q 0.05 

GROUNDWATER (DEEP AQ) Q  0.02 

REVAP (SHAL AQ => 
SOIL/PLANTS) 

12.72 

DEEP AQ RECHARGE  0.02 

TOTAL AQ RECHARGE 0.16 

TOTAL WATER YLD 13.48 

PERCOLATION OUT OF SOIL  0.16 

ET 117.4 

PET 2565 

 

 

Table 6.17. Average monthly water balance components for Target Area BE4-r as modelled with 

SWAT and corresponding water demands. All values given in mm mo-1 or mm y-1. SURFQ is the 

surface runoff, LATQ the lateral flow, WTYIELD the total of surface, lateral, groundwater recharge 

flows, ET the actual evapotranspiration, PET the potential evapotranspiration and EFR the 

environmental flow requirement. The WSI (Available Water Resources) represents the percentage of 

the total demand relative to the WTYIELD minus EFR. 

 

The area has very low groundwater recharge with annual averages below 1 mm y-1 as 

shown in Figure 6.25. 

 

 

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total 

Rain 6.6 5.9 22.8 17.0 4.7 1.9 21.4 37.8 2.4 4.2 4.6 1.4 130.5 

SURFQ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.0 0.7 

LATQ 0.3 0.4 1.9 2.1 0.5 0.1 1.2 4.4 0.9 0.4 0.5 0.1 12.8 

WTYIELD 0.3 0.4 1.9 2.1 0.5 0.1 1.2 5.1 0.9 0.4 0.5 0.1 13.5 

ET 6.0 5.7 14.1 18.7 7.9 3.2 11.4 26.0 12.1 4.9 4.8 2.7 117.3 

PET 143 160 201 235 258 286 251 233 235 217 192 153 2564 

EFR 0.1 0.1 0.5 0.5 0.1 0.0 0.3 1.3 0.2 0.1 0.1 0.0 3.4 

Demand 

Domestic 0.048 0.043 0.048 0.046 0.048 0.046 0.048 0.048 0.046 0.048 0.046 0.048 0.562 

Livestock 0.069 0.063 0.069 0.066 0.069 0.066 0.069 0.069 0.066 0.069 0.066 0.069 0.810 

Irrigation 0.004 0.003 0.004 0.003 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.018 

Industry 0.003 0.002 0.003 0.002 0.003 0.002 0.003 0.003 0.002 0.003 0.002 0.003 0.030 

Total 0.123 0.112 0.123 0.119 0.123 0.115 0.119 0.119 0.115 0.119 0.115 0.119 1.419 

WSI 38.3 31.9 6.6 5.6 24.0 88.6 9.8 2.4 13.4 27.0 23.5 170.0 10.6 
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Figure 6.25. Spatial variation of the annual average groundwater recharge amounts [mm y-1] in the 

BE4-r target area over the 1994-2013 period. 

 

6.12 Discussion 

The target areas show a large variation in hydrological status, which is mainly related to 

the large differences in precipitation received by the areas. The annual average 

precipitation varies between 34 mm y-1 in AF1-r to 2093 mm y-1 in BD1. This impacts 

evapotranspiration rates, which are low in the low rainfall areas and level off to a 

maximum of about 600 mm y-1 in the high-rainfall areas, as shown in Figure 6.26. River 

runoff is also low when annual rainfall is less than 300 mm y-1 and then increases to 

above 1200 mm y-1 when rainfall exceeds 2000 mm y-1 (Figure 6.27). Groundwater 

recharge is low when precipitation is lower than 400 mm y-1 and increases to above 100 

mm y-1 when average annual precipitation exceeds 1000 mm y-1 (Figure 6.28). The water 

demand also increases with increasing precipitation, as shown in Figure 6.29. These 

relations provide information that can be used to extrapolate the findings to other areas 

in the region. The difference in precipitation also impacts the land cover of the target 

areas, with the arid lands being used as rangelands and agriculture being an important 

land cover in the areas with precipitation above 1000 mm. 

 

Based on the recharge values, three rainfall classes can be defined. Class I includes the 

areas with rainfall below 400 mm that experience very little recharge and where the 

demand for water is also low, being limited by the environmental conditions. Class II 

contains target areas with precipitation between 400 and 1000 mm y-1. These areas 

experience groundwater recharge below 200 mm y-1 (Figure 6.28), similar moderate 

surface runoff values (Figure 6.27) and increasing water demand (Figure 6.29). Class III 

represents areas with average rainfall above 1000 mm y-1 where surface runoff exceeds 

the groundwater recharge (>200 mm y-1) and where demand is also higher to match the 

increased availability of water resources. 
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Figure 6.26. Relation between annual average precipitation and evapotranspiration for the various 

target areas. 

 

 
Figure 6.27. Relation between annual average precipitation and river runoff for the various target 

areas. 
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Figure 6.28. Relation between annual average precipitation and shallow and deep aquifer 

groundwater recharge for the various target areas. 

 

 
Figure 6.29. Relation between annual average precipitation and estimated target area total water 

demands. 
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Figure 6.30. Relation between annual average precipitation and the water scarcity index (WSI) for 

the target areas. 

 

Figure 6.30 shows the relation between the annual precipitation and the WSI. Target 

areas KT2-r, YL1 and YL3 have high WSI values and corresponding water shortage. Most 

of the Class I type have elevated WSI values and may also have monthly WSI values 

exceeding the limit. WSI values for Class II and Class III sites with rainfall above 400 mm 

y-1 remain low. 

 

6.13 Conclusions and recommendations 

Rainfall in the 26 target areas is highly variable ranging from less than 200 mm y-1 to 

over 2000 mm y-1. This has a large impact on the water resources availability in the 

target area and the land use practiced. The more humid areas are used for agriculture, 

whereas the arid areas are used as rangeland, with livestock water demand probably 

being only in the wet season when pastoralists are present in the area. Water balances 

and demands have been calculated for the target areas. Target areas KT2-r, YL1 and YL3 

show WSI values above the threshold of 40%, whereas the other areas have low WSI 

values, which suggests that there is potential for (ground)water resources development. 

Actual development of extraction points would depend on geological conditions and the 

local presence of aquifers that can be tapped. 

 

The target area boundaries are not related to hydrological landscape units. This implies 

that increased (surface) water extraction upstream of target areas, or in the target areas 

will impact on the (downstream) water users, such as in the cases of target areas ML3 

and ML1 and OF1 and OF2 that are linked through a major perennial river. In this sense,  

the current focus on the target areas has its limitations for evaluation of the potential 

for expansion of water extraction. 

 

When interventions are being prepared a field reconnaissance visit should be made for 

verification the model simulations.  
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The Soil Water Assessment Tool was used to calculate the water balance and present the 

spatial variation of groundwater recharge in the target areas. The model output strongly 

depends on the land cover, soil and meteorological input to provide accurate 

information. The Globcover land cover data with 300 m resolution was observed not to 

match the ground land cover conditions in some of the target areas, where mosaic 

vegetation was mapped but agriculture observed. This could be related with the 

relatively small size of the fields, relative to the resolution of the data. Globcover did 

also not indicate irrigated agriculture in any of the target areas, whereas visual satellite 

image interpretation showed that irrigated agriculture was practiced. It is therefore 

important that land cover data are verified in the field to obtain accurate local 

information on the (agricultural) land cover in the area, including the fraction of 

irrigated land.  

 

For better groundwater recharge estimates, the soil map should be modified to include 

geological information on where recharge is possible and enhanced, for instance in 

fracture zones, which could then be used to provide spatial variation in the groundwater 

parameters of the model. Such information is now available in this report but could not 

be incorporated in the modelling study. 

 

The SWAT model was universally applied with calibrated parameters for the Geba River 

catchment. A comparison of simulated and observed discharge at Emba Madre station in 

the Tekeze River Basin showed that the model seemed to overestimate the surface 

runoff in the wet season. In addition, soil and land cover conditions are very different in 

the eastern target areas, which may impact the quality of the simulations. As such it 

would be advised to perform calibration of the model on different catchments in the 

region and use the calibration parameters to the target areas in these regions. 

 

The study has been based mostly on public data and modelling. There was no direct 

data available for the target areas to allow assessment of fluxes of water travelling 

through the areas in larger rivers, the number and concentration centers of people in the 

areas, detailed land use maps showing locations of rainfed and irrigated agriculture and 

soil maps. 

 

Discharge station data showed many gaps and missing data for the dry seasons. More 

information is needed on the surface water runoff, as well as on groundwater resources 

and annual variations in hydraulic heads in the aquifers. This requires the development 

of a monitoring network in these areas. 
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7 Hydrogeology of target areas in the 

Berhale Woreda 

The hydrogeology of the target areas BE-1 and BE-4 is related geo-morphological setup; 

that is, related to ephemeral streams developed along structural valleys’ and marginal -

graben structure, that includes: 

• Low-lying slopes and foothills of the plateau formed by metamorphic, and 

sedimentary outcrops; that includes Tsaliet, Werii slates, Didikama, Antalo 

and Danakil Formations.  

• Valleys and water eroded run-off features, known as wadis, in the higher 

lying areas that carry sediment down along the ephemeral streams and 

tributaries;   

• Recent alluvial fans formed at the base of the plateau along the river valleys.  

 

The hydro-stratigraphic units in the Berhale Target area of BE-1 and BE-4 can be grouped 

into four broad hydro-stratigraphic units: 

• The Precambrian meta-volcanic and meta-sedimentary basement rocks of the 

Tsaliet Group, Werii Slates and Didikama Formation.  

• Antalo Group limestones   

• Danakil Group,   

• Alluvial fans of the river valleys.   

 

The Precambrian metamorphic basement dominates the geology of the aquifer on the 

escarpment to the west of the target area BE-4 and basically constitute a relatively 

impermeable aquitard. In Target Area BE-1 the basement covers the elevated areas and 

in the stream wadies covered by the alluvial and terrace deposits. The basement rocks 

have undergone green schist metamorphism and contain joints, fracture zones and 

weathered layers which produce secondary aquifers. In general boreholes in the 

basement are drilled to an average depth of 50 m or shallower and average yields are 

reported to be approximately 2 to 3 litres per second (l/s). However the wells drilled 

with depths from 200m to 300m in the fault fracture zones along the Regali River 

tributaries at Sembelele and Elfan areas of Berhale and Dallol have shown yield in the 

range of 25 l/s to 40 l/s. In addition 510m deep test well drilled at Seba fan area has 

intersected the meta-volcanics and meta-sediments that yielded up to 47 l/s. In most 

cases the basement lithologies are, however, aquitard. Springs are rare, but occur along 

regional fractures. Generally the groundwater exploitation within basement rocks occurs 

on a small scale in the form of dug wells and shallow wells with occasional deep 

boreholes. 

 

The Jurassic limestone representing more permeable fractured rock or karstic aquifer 

units are known to be high yielding. Certain geological and hydrological characteristics 
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diminish its potential to form large-scale aquifer system. Some of these characteristics 

include the reduction of limestone thickness due to inter-bedding of shales and marls 

and the formation of isolated blocks due to dissection by regional and local faults and 

rivers. Despite the relatively high recharge in the highlands, some lowland aquifers 

remain unproductive because they are isolated by impermeable tectonic lineaments and 

do not receive any of the highland groundwater recharge. Hence, the groundwater 

potential of the aquifers is strongly related to the geomorphological setting. 

 

The rocks of the Danakil Group represent the Quaternary rift and shallow-marine 

sediments and are unlikely to constitute a significant regional source of fresh 

groundwater. Local primary or secondary fractured-rock aquifers are potentially present 

in the conglomerates and sandstones of the Middle Danakil Subgroup. 

 

The alluvial fans of the ephemeral streams form a major shallow primary aquifer. These 

alluvial fans formed by accretion of debris-flow and flash flood deposits. These sheet-

flood events are highly energetic near the source and in the wadis, but flow velocity 

dissipates as it is spread over a wider area. Coarse boulder- to cobble sized material is 

therefore deposited higher up on the slope of the alluvial fans, and there is generally an 

overall gradation down to sands and silt toward the fan toe. The sorting affects the 

porosity and permeability of the fan and therefore there are likely to be gradual but 

significant changes in hydraulic conductivity between the fan head and the toe.  

 

7.1 Aquifer classifications 

In the target area no drilling results could be obtained. However, a number of drilling 

results are available in Berhale and Dallol Woreda that are useful to characterize the 

properties of the aquifers in the target area.  

 

The hydro-stratigraphic units of Target area BE-4 and BE-1 can be grouped into the 

following aquifer classes: 

• Low productive fissured aquifers (T = 0.1 – 1 m2/d, q = 0.001 – 0.01 l/s/m, Q 

= 0.05 – 0.5 l/s for wells and/or springs in which flow is mainly developed in 

irregular system of fissures and wathered mantle of crystalline rock. 

Moderate to highly productive in occasional cases in the fault fractures. 

• Moderately productive fissured /karst aquifers (T = 1 – 10 m2/d, q = 0.01 – 1  

l/s/m, Q = 0.5 – 5 l/s for wells) and locally highly productive aquifers in 

fracture zones and karsts. 

• Highly productive porous aquifers (T = 10 – 100 m2/d, q= 1 – 10 l/s/m, Q = 5 

– 25 l/s for wells and/or springs) or locally extremely productive aquifers of 

alluvial deposits. 

 

The Precambrian meta-volcanic and meta-sedimentary basement rocks of the Tsaliet 

Group, Werii Slate and Didikama Formation basically constitute a relatively impermeable 

aquitard. However, in the target areas these formations are fractured as a result of the 

rift fault system and developed secondary permeability. The groundwater recharge from 

the western mountains is channelled through these fault systems. The drilling results in 

these formations with depth in the range of 170 m to 250 m in the fracture zones of 

Saba fans on the way from Berhale to Dallol have resulted wells with low yield lower 

than 3 l/s. However, a 510m deep borehole on the alluvial fan along a fracture zone at 

0627703E, 1548318N with an elevation of 133 m penetrated only 32 m of alluvial 

deposit followed by 168 m thick volcanic deposit which is underlain by meta-sediments 
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and meta-volcanics of Didikama and Tsaliet Group of the basement rocks. In this well 

the aquifers are from the weathered and fractured volcanic deposits and the 

metamorphic rocks. The well was test pumped at 47 l/s with drawdown of 108 m and 

transmissivity of 40 m2/day. In the target areas this formation covers the western part 

mountain slopes and classified as low productive fissured aquifers (T = 0.1 – 1 m2/d, q = 

0.001 – 0.01 l/s/m, Q = 0.05 – 0.5 l/s for wells and/or springs) in which flow is mainly 

developed in irregular system of fissures & weathered mantle of crystalline rock. 

However in occasional cases in the fault fractures of the river / graben plains, this 

formation can be moderate to highly productive as noticed from the drilled wells in the 

area. 

 

The Antalo Group limestone is mainly situated on the eastern isolated blocks due to 

dissection by regional and local faults. Although from its general characteristic is 

classed as moderately productive fissured /karst aquifers (T = 1 – 10 m2/d, q = 0.01 – 1 

l/s/m , Q = 0.5 – 5 l/s for wells) and locally with highly productive aquifers in fracture 

zones and karsts; in the target area it occupies the hills and mountains and its relevance 

as an aquifer for the target area is limited. 

 

Danakil group that covers the central part of the target area BE-4 constitute primary and 

fractured-rock aquifers. The results of the wells drilled in fracture zones to the north 

east of the target area in Regali river tributary at Elifan and Sembelele with depth of 209 

m to 300 m on the way from Berhale to Adiqua have resulted in well yields 29 l/s to 38 

l/s with transmissivity in the range of 470 m2/day to 2565 m2/day. Based on its inherent 

characteristics and the drilling results these aquifers are generally classed as highly 

productive fissured aquifers (T = 10 – 100 m2/d, q = 1 – 10 l/s/m, Q = 5 – 25 l/s for 

wells) or locally extremely productive aquifers consisting of sedimentary rocks. 

 

The alluvial fans are highly permeable shallow aquifers that are disposed along the 

ephemeral streams and Seba River. They are mainly recharged from the stream flow, and 

flush floods during the rainy months and retain shallow groundwater during most of the 

seasons. These deposits yield water to shallow wells and hand dug wells and 

characterized by high fluctuation of the water level during the rainy and dry seasons. 

The drilling results in the alluvial fans of Dallol have indicated well yields 25 l/s to 70 

l/s with high transmissivity in the range of 11,000 m2/d  to 19000 m2/d.  Generally these 

shallow aquifers are classed as highly productive porous aquifers (T = 10 – 100 m2/d, q 

= 1 – 10 l/s/m, Q = 5 – 25 l/s for wells and/or springs) or locally extremely productive 

aquifers. 

 

7.2 Groundwater occurrence and flow systems 

The western mountains altitude rise to over 2700m above mean sea level and the rainfall 

from these elevated landmasses generate recharge and floods that flow through 

different ephemeral streams and wadies and debouch on the alluvial plains of marginal 

slopes and Seba Demale alluvial fans and recharge the aquifers as well as gets 

evaporated due to the high temperature in the areas.   

 

Unevenly carved topography of the western plateau intercepts the recharge generated in 

the highlands and valleys. This recharge is channelled towards dominant faults and 

move towards the northeast, where it is channelled and discharged into the streams 

such as Regali River and Dallol depression. Groundwater from the fractured basement in 

the highlands and inter-granular and karstic rocks in the gentle slopes move in a north 
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easterly direction, where some of the discharge ends up as stream flow, whereas the 

main discharge path is evaporation and evapotranspiration in the plains of Dallol 

Depression. Deep groundwater in the fractured rocks emerges as hot springs 

surrounding the Dallol hydrothermal complex. The floor of the Danakil depression is 

therefore acts as a discharge area or sink, where water is evaporated or flows south 

towards Lake Assale. 

 

BE-4 target area is situated in the marginal graben in a transitional zone between the 

western highland and the Dallol Depression. The groundwater recharge from the 

western highland moving towards the Dallol Depression crosses the target area. Thus, 

drilling in the target area mainly intercepts the recharged groundwater in the western 

maintain and mountain slopes. Direction of ground water flow is also nearly 

perpendicular to the main structural depressions, which means it runs nearly northeast 

and east direction. 

 

BE-1 target area is situated in the structural valley occupied by ephemeral stream in a 

transitional zone between the western highland and the Dallol Depression. The 

groundwater recharge from the western highland moving towards the Dallol Depression 

crosses the target area. Thus, drilling in the target area mainly intercepts the recharged 

groundwater in the western maintain and mountain slopes. Direction of ground water 

flow is also nearly perpendicular to the main structural depressions, which means it 

runs nearly northeast and east direction. 

 

7.3 Surface and groundwater interaction 

A number of ephemeral streams flow from the western escarpment slopes to the central 

part of the Danakil Depression. These streams have only flow during the rainy months 

and in most of the months they have no surface flow. Generally there is no perennial 

surface water in the western mountains, the slopes and the marginal grabens. Although 

there are major ephemeral stream channels such as Seba and Regali, they have surface 

water mainly during the rainy seasons. Thus, in the western mountains, the slopes and 

in the alluvial fans; the surface water is the main recharge source to the groundwater. 

However, in the Dallol Depression (closed basin), the recharged groundwater from the 

western mountains emerges as hot springs surrounding the Dallol hydrothermal 

complex and is the main source of the lakes and salt flats. 

 

The target areas which are situated in the slopes and marginal grabens are places of 

recharge to the groundwater from flash flood that dissipates its energy on the flat plains 

of the wadies. 

 

7.4 Groundwater resources potential estimates 

The groundwater potential of the target areas depend on the recharge that takes place 

from the rainfall in the target areas and the groundwater that flows from the western 

mountains into the aquifer of the target area / through-aquifer flow.   

 

In addition to the recharge component resulting from the rainfall as modelled above 

with SWAT, the major groundwater potential of the target areas mainly depends up on 

the groundwater that flows from the western plateau towards the rift that crosses the 

target areas. The groundwater flow in the target areas is estimated using the 
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transmissivity value used for the aquifer classification and the groundwater flow 

gradient using the following relationship. 

 

Q = KAi 

 

Where Q is the volume of groundwater flow in m3/day; K is hydraulic conductivity 

(m/day), A is cross-sectional area of the aquifer through which groundwater flow takes 

place and i is hydraulic gradient. Using the transmissivity T (m2/day) the above equation 

reduces to; 

 

Q = TLi 

 

Where Q is the volume of groundwater flow in m3/day; T is transmissivity (m2/day), L is 

a section (length) of the aquifer (m) through which groundwater flow takes place and i is 

hydraulic gradient. The results of the wells drilled in the sediment aquifers close to AF-4 

have resulted in well yields 7.7 l/s with transmissivity of 381 m2/day. However, for 

estimating the through-flow a transmissivity value of 100 m2/day is used. AF-1 is mainly 

underlain by alluvial, Aeolian and lacustrine deposits. For the aquifers in these 

formations a transmissivity value of 100 m2/day is considered. Thus using the 

transmissivity value and the hydraulic gradient the groundwater flow for a section of a 

kilometer of an aquifer is estimated for each target site taking into account the 

hydraulic gradient calculated from the groundwater level contours as shown in the 

figure below. 

 

Table 7.1. Estimated through aquifer flow. 

Target 
Area 

Transmissivity 
(T) 

m2/day 

Aquifer section 
(L) 
m 

Hydraulic 
gradient (i) 

Yield (Q) 
m3/d 

Yield (Q) 
l/s 

BE4-r 100 1000 0.0038 380 4.40 

BE4-r 100 1000 0.0075 750 8.68 

BE1 10 1000 0.0038 38 0.44 

BE1 10 1000 0.0075 75 0.87 

 

Thus, based on a conservative estimate of transmissivity values the deep aquifer yields 4 

l/s to 9 l/s for a kilometer section of the aquifer in the target area BE-4r and 0.4 l/s to 

0.9 l/s for BE-1. 
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Figure 7.1. Groundwater level contours, flow directions and groundwater piezometric surface slopes 

in percentages. 

 

The groundwater potential from through flow is estimated based on a conservative value 

of transmissivity. Thus, higher values of potential yield of the aquifer is anticipated. The 

drilling in the areas is basically target the deep groundwater flow that comes from the 

western plateau and the rift escarpment mountains. 

 

7.5 Conceptual models 

The conceptual model depicted below shows the mode of groundwater occurrence, 

groundwater flow and recharge/discharge relationships. Groundwater generally gets its 

recharge mainly from the groundwater flow from the western plateau mountains. 

Groundwater salinity increases towards the rift which includes the target areas. The 

alluvial deposits in the areas adjacent to ephemeral streams can be sites for shallow 

groundwater, but only for seasonal usage following the rainy seasons. The major 

aquifers are the hard rocks underlying the alluvial sediments. In target area BE-4r the 

major aquifers are Danakil Formation and the underlying Antalo Group which yield a 

substantial amount of groundwater. In Target area BE-1 the aquifer is the fractured 

meta-volcanic rocks of Werii Slate. Water quality test results shows the groundwater in 

the target areas have good quality suitable for domestic consumption. 
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Figure 7.2. Conceptual model for target area Berhale BE4-r. 

 

 
Figure 7.3. Conceptual model for target area Berhale BE1. 

 

7.6 Conclusions and recommendations 

In target area BE4-r the major the fracture aquifers of the Danakil Formation and Antalo 

Group, and in target area BE-1 the groundwater sources are fracture aquifers in the Werii 

Slate. The major source of the groundwater is the recharge that takes place mainly in the 

western plateau that flows towards the rift valley center. The target areas have 

groundwater potential with good water quality that can be developed for domestic use. 
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The selected target areas are thus expected to strike aquifers with fresh groundwater 

suitable for human consumption.   

 

Therefore, the drilling in the target areas will focus in developing groundwater from the 

fracture aquifers.  
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8 Hydro-geochemistry 

The chemical quality of the groundwater in Afar region ranges from fresh groundwater 

to brine. The Total Dissolved Solids (TDS) which is the major indicator of salinity ranges 

from about 300mg/l in the western rift margins to over 100,000mg/l in the Dallol 

Depression. The salinity increases from west and northwest towards east and northeast 

following the general trend of the groundwater flow. The groundwater from the 

mountains dissolves different chemicals on its way towards the Dallol Depression that 

increases the salinity of the groundwater. The salinity is as a result of the long and deep 

circulation of the groundwater from the western and southeastern plateau towards the 

Afar depression, the geothermal activities within the Afar Depression, dissolution of the 

salt deposits and high evaporation rate in the Afar depression that leaves salty crust on 

the surface that leaches into the groundwater during rainy seasons. The following 

figures indicate the increase of TDS with major ions towards the Dallol depression is 

almost linear with R2 of about 0.9.   
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Figure 8.1. Trend of the TDS (mg/l) with Na+, Cl- and Ca2+ (mg/l) in the ground- and surface waters of 

Berhale and Dallol. 

 

The existing water quality analysis of the area indicates that the major ions in the 

groundwater of the western slopes and marginal grabens and Seba Demale area are 

Calcium and magnesium (Ca2+ and Mg2+) with minor ions of sodium and potassium (Na+ & 

K+). This is because of the impact dissolution of the recharge in the Western Mountain 

and marginal slopes from the Antalo Group carbonate sediments. However in the Dallol 

depression the major ions shift to sodium and chloride (Na+ and Cl-) and minor ions 

become potassium and magnesium (K+ and Mg2+).  

 

There is potential of developing fresh groundwater in the fractures of the hard rocks 

further away to the west of the Depression and in the alluvial sediments along the 

courses of the rivers. Groundwater with better water quality can be developed in the 

shallow aquifers of the coarse sediments along the courses of the ephemeral streams 

and the fans at the feet of the western mountains, and the fault fractures in the 

Limestones, Sandstones and the meta-sediments and the Meta-volcanics. The maximum 

y = 0.6556x - 972.35
R² = 0.936

0

20,000

40,000

60,000

80,000

100,000

120,000

140,000

160,000

180,000

 -  50,000  100,000  150,000  200,000  250,000

C
l-

m
g/

l

TDS mg/l

y = 0.1231x + 51.442
R² = 0.9333

0

5,000

10,000

15,000

20,000

25,000

30,000

35,000

40,000

 -  50,000  100,000  150,000  200,000  250,000

C
a2

+ 
m

g/
l

TDS mg/l



 

- 100 - Final report  
 

TDS recorded in the western marginal slopes is 1726 mg/l in 510 m deep borehole of 

Seba fan area on the way to Dallol Depression. The wells close to the target area BE-4 

have maximum depths of 300m and the maximum TDS recorded is 837 mg/l. Thus, in 

the target areas fresh groundwater with TDS values of lower than 1000 mg/l can be 

developed with well depths as deep as 300m. The major type of the groundwater in the 

target areas is Ca-HCO3 type with some Ca-Mg-HCO3 types, as shown in the piper 

diagram below. 

 

The groundwater in the deep aquifer (200m to 300m depth) of the target areas is fresh 

with TDS ranging from 400mg/l to 900 mg/l. The shallow alluvial aquifers have also 

similar value of salinity. In some of the water analysis results of elevated values of 

fluoride was reported in shallow wells. However, the high fluoride value in shallow 

alluvial aquifers and low value in the deep wells cannot be justified with respect to the 

geology as well as dissolution impact; it rather seems analysis error.  

 

 
Figure 8.2. Piper diagram for the existing water sources in Berhale (the red triangle represents a 510 m 

deep well). 

 

 
Figure 8.3. Schoeller diagram for the existing water sources in Berhale (red line represents a 510 m 

deep well). 
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9 Potential Drilling Sites 

9.1 Location and Accessibility of Drilling Sites 

In target area BE-4 and BE-1 based on the geology, hydrogeological characteristics and 
accessibility of the area four target drilling sites are selected. The reference ID’s of the 
locations are shown in Table 9.1. Maps of the proposed target sites can be found in the 
Drilling Sites Annex. 

 

Table 9.1. Proposed drilling sites in Berhale target areas. 

Target Area Reference ID 

Berhale BE-4 BE-4-TW1 

BE-4-TW2 

Berhale BE-1 BE-1-TW1 

BE-1-TW2 

 

9.2 Hydrogeological situation at the drilling sites. 

The drilling sites selected for BE-4 are situated in the plains of Seba Demale marginal 

graben affected by a northeast oriented fault systems. The underlying geology are 

mainly Denakil and Didikama formations. The alluvial deposits are mainly shallow 

aquifers and does yield water to shallow wells seasonally and do not serve for a 

sustained water supply. The underlying fissured aquifers of Denakil and Didikama 

formations can yield sustainable groundwater as they receive sufficient recharge from 

the western mountains and from the floods on the alluvial plains.  

 

The drilling sites selected for BE-1 are situated in the plains of ephemeral stream in the 

wester mountain slopes affected by a northeast oriented fault system. The underlying 

geology are alluvial sediments, sheet flood terraces and Werii Slate. The alluvial 

sediment and terrace deposits are shallow and can only yield water during the rainy 

seasons and are not sustainable aquifers. For sustainable supply the drilling has to 

target the fissures of the slate formation. The underlying fissured aquifer can yield 

sustainable groundwater as they receive sufficient recharge from the western mountains 

and from the floods on the alluvial plains. 

 

9.3 Well drilling 

 Depth and drilling diameter 

In target area BE-4 the proposed maximum depth of drilling is 300m. The existing 

boreholes to the northeast of the target area with depths 200 to 300m have good yield 
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from the Didikama and Denakil formations. The hydrogeological setup in the proposed 

areas are more suitable than the existing wells and better productivity is anticipated. 

 

In target area BE-1 the proposed maximum depth of drilling is 400m. In this area the 

depth of the water level is expected to be deep and thus, deeper drilling is proposed.  

 

At both drilling sites the proposed drilling diameter is 12 to 14 inches with final well 

casings of 8 inches diameter.  

 

 Drilling methods 

The drilling sites are mainly underlain by hard formations and; thus, the best drilling 

method would be DTH method. However, drilling situation such as collapsing layers may 

be encountered. Thus, a drilling rig with a combined capacity of both DTH and mud 

circulation system is proposed. The target areas are situated in water scarce areas and 

supply of drilling water would be the main challenge. Thus the drilling company has to 

have sufficient capacity to transport water for drilling from a long distance with water 

tanker/s.  

 

 Materials for casing and screens 

The proposed drilling is deep and the water quality is not aggressive and thus, steel 

casings and screens are proposed. However, thick walled deep well uPVC casings if made 

available it is more advantageous.  

 

 Proposed well design 

A detailed well design requires conducting geophysical investigation on the particular 

drilling site. Therefore, only a generic well design can be given at this stage, which is 

shown below in Figure 9.1. 
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Figure 9.1. Generic well design for Berhale woreda. 
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