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Water quality is an important issue in the whole world. Many 
countries suffer from periodic drought therefore water conser-
vation is a major concern in these countries. By changing the 
natural water flow, the living conditions for many people chan-
ges. Irrigation is one of many ways to try to control the water 
sources and resources. One example of an irrigation project is 
located in Merawi in northern Ethiopia. In 2011, a 7030 hectare 
basin, with irrigation channels, was built. This gave the people 
there year-round water for their agricultural needs.
 There is a relationship between irrigation and groundwa-
ter levels. Irrigation causes the groundwater table to rise and that 
in turn makes the groundwater more exposed to chemicals from 
the surface. This can be a problem when groundwater is used for 
drinking water.
 In March 2013 a field study was conducted to investi-
gate the chemical composition of the irrigation water and the 
drinking water in this area. Only a limited number of water 
samples could be taken, but field work and lab results in combi-
nation with literature have shown strong evidence that the 
surface water is mixing with the groundwater and may therefore 
affect the groundwater quality. 
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1. Abstract 

Water quality is an important issue in the whole world. Many countries suffer from 
periodic drought therefore water conservation is a major concern in these countries. By 
changing the natural water flow, the living conditions for many people changes. 
Irrigation is one of many ways to try to control the water sources and resources. One 
example of an irrigation project is located in Merawi in northern Ethiopia. In 2011, a 
7030 hectare basin, with irrigation channels, was built. This gave the people there year-
round water for their agricultural needs. 

There is a relationship between irrigation and groundwater levels. Irrigation causes 
the groundwater table to rise and that in turn makes the groundwater more exposed to 
chemicals from the surface. This can be a problem when groundwater is used for 
drinking water. 

In March 2013 a field study was conducted to investigate the chemical composition 
of the irrigation water and the drinking water in this area. Only a limited number of water 
samples could be taken, but field work and lab results in combination with literature 
have shown strong evidence that the surface water is mixing with the groundwater and 
may therefore affect the groundwater quality.  

2. Sammanfattning  

Vattenkvalitet är en viktig fråga i hela världen. Många länder lider av periodisk torka och 
hushållning av vatten är ett stort bekymmer i dessa länder. Genom att ändra det 
naturliga vattenflödet ändras även levnadsvillkoren för många människor. 
Konstbevattning är ett av många sätt att försöka kontrollera vattentäkter och 
vattenresurser. Ett exempel på ett bevattningsprojekt ligger i Merawi, norra Etiopien. År 
2011 byggdes en 7030 hektar stor damm med tillhörande bevattningskanaler för att ge 
befolkningen där vatten för jordbruket året runt. 

Det finns kopplingar mellan vatten från konstbevattning och grundvatten då 
bevattningen orsakar en förhöjd grundvattenyta, vilket i sin tur gör grundvattnet mer 
utsatt för kemikalier från markytan. Då drickvattnet tas från grundvattnet kan detta vara 
ett problem. 

I mars 2013 gjordes en fältstudie för att undersöka den kemiska 
sammansättningen av vattnet från bevattningskanalerna samt dricksvattnet i området. 
Endast ett begränsat antal prover av vattnet kunde tas, men fältarbete och labresultat i 
kombination med litteratur har påvisat starka bevis för att ytvattnet blandas med 
grundvattnet och bevattningssystemet kan därför påverkar grundvattenkvalitén. 
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3. Introduction 

In northern Ethiopia, just west of Bahir Dar, the annual rainfall is 800-2200 mm and all 
the rain falls between June and September (Gebreyohannis Gebrehiwot, et al., 2010). 
This can be compared with an annual rainfall of 600-800 mm in Sweden which is spread 
out over the whole year (SMHI, 2010). Although the annual rainfall in Ethiopia is greater 
than the annual rainfall in Sweden, Sweden is a country with large water supplies and 
well developed hydropower. Ethiopia, on the other hand, suffers from periodic droughts 
and systemic lack of water (Gebreyohannis Gebrehiwot, et al., 2010).   

There are large water supplies available in northern Ethiopia. The Blue Nile, 
which is a major contributary to the Nile, is an example of one of these (Awulachew, et 
al., 2008). In an attempt to utilize this water resource, the Koga Irrigation Watershed 
Management Project was started.  Instead of letting the water flow naturally through the 
area with the accompanying major variations in water flow, a scheme was conceived to 
control the water flow. In 2002 the construction of a 1750 hectare large basin was 
started on previous farmland and completed in 2011. With the dam and the 
accompanying network of irrigation channels, the fields can now be irrigated year round. 
And now other more water intensive crops can now be cultivated during longer periods 
(Eguavoen & Tesfai, 2011). 

The Koga basin is a pilot project (Eguavoen & Tesfai, 2011) and it is considered 
a success, although there are some problems with the project. For example, the 
sedimentation rate is higher than calculated, and this leads to the basin being filled by 
sediments faster than calculated (Awulachew, et al., 2008). Another concern is the 
quality of the groundwater, which may be affected by the elevated groundwater table 
due to irrigation (Falkenmark & Forsman, 1966).  

The non-saturated or vadose zone between the surface and groundwater table 
provides a beneficial biological and chemical filtration mechanism. A rising groundwater 
table will reduce this non-saturated zone. This will reduce its ability to remove pollutants 
and increase the risk of worsened groundwater quality. So, when groundwater is used 
for drinking water, as it is here, it is of great importance to ensure good groundwater 
quality. 

The objective of this thesis is to get an idea of what happens with the quality of 
the groundwater when the groundwater table is elevated, i.e. how the irrigation project is 
affecting the drinking water quality in the Koga area. To understand this, it is important 
to know the basics of the groundwater mechanisms and how the water flows in the 
ground. With a chemical analysis of the surface water and of the groundwater, essential 
interpretations can be made concerning the connection and interaction of the surface 
water and the groundwater. In this way, this study will give an idea of how the rise of the 
groundwater table affects the quality of the water and how this may have an impact on 
human health.    
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4. The Koga Irrigation Project 

Ethiopia is the biggest country in East Africa. It is also the most populous country in the 
region, with just over 80 million inhabitants. Ethiopia has a rural population of 66.8 
million, but the capital Addis Ababa is constantly growing (Gouvernment of Ethiopia, 
2011). 

Agriculture plays an important role in Ethiopia. Half of Ethiopia’s land mass is 
suitable for agriculture but only 14 % of the land mass is utilized (Ministry of Water and 
Energy, 2010). Ethiopia is situated in the Inter-Tropical Convergence Zone, also known 
as the Tropical Zone, and is highly dependent on the seasonal weather. The climatic 
variations are big and the frequently returning dry seasons in combination with the wide 
spread soil erosion has several times led to famine and other catastrophes (Awulachew, 
et al., 2008).  

Ethiopia has large water supplies, but these are not being managed well. Most of 
the water flows unhindered upstream to the Nile. Because of this, an irrigation project, 
the Koga Irrigation and Watershed Management Project, was started in 2002 
(Eguavoen & Tesfai, 2011). The aim of the Koga Irrigation Project was to improve the 
living conditions in the Koga area in northern Ethiopia. The Ministry of Water Resources 
for Ethiopia is hoping that this irrigation project will increase food security and 
subsequently reduce poverty (African Developement Found , 2001). This project covers 
an irrigation area of 7030 hectares (Ministry of Water and Energy, 2010).  

 
Figure 1. The Koga Watershed Boundary.  

With a catchment area of 22000 hectares 
and a reservoir area of 1750 hectares, the 
dam spreads out to the horizon (Koga 
irrigation and watershed management 
project, 2013).  

The Abbay basin, situated in the 
northeastern highlands of Ethiopia hosts the 
project (Ministry of Water and Energy, 2010). 
The basin for the Abbay River, also called 
the Blue Nile, is a major contributary to the 
Nile. The Nile is 6825 km with a 3255 
000km2 large basin that runs through ten 
countries. Ethiopia and the Abbay River are 
right in the middle, and therefore can control 
the water flow to the countries further north 
(Awulachew, et al., 2008). 
Before the irrigation project started, the area 
was suffering from periodic droughts. A 
reservoir containing 77 million m3 of water 
was created to be used for irrigation.  
Calculations show that food production will 
increase enormously because of this project.  
 

  
GIS map made by Mamaru Moges. 
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For example, potato production has increase by 24 000 MT and wheat by 5400 MT. 
Planned project benefits are better living conditions in the area as well as positive social 
effects, such as women’s economic empowerment (African Development found, 2012, 
internet). This project was the first of its kind in Ethiopia since the 1970s and it is an 
inspiration for further irrigation projects (Eguavoen & Tesfai, 2011).   

5. Groundwater  

Groundwater hydrology is the study of the occurrence, movement and distribution of the 
earth’s subsurface water (Charbeneau, 2000). The different factors controlling the 
formation of groundwater are climate, topography, geology, hydrology and vegetation 
(Knutsson & Morfeldt, 2002).  

In the Koga area, groundwater is pumped up into wells and used for drinking 
water. An irrigation system uses surface water, which is stored in large basins and then 
spread out over a big area. The water used for irrigation is either taken up by plants, 
evaporates into the atmosphere or percolates down into the ground. The water that 
percolates down into the ground will most likely contribute to a greater groundwater 
recharge and thus to a rise of the groundwater table. When the groundwater table rises 
there is a risk of adversely affecting the quality of the groundwater (Falkenmark & 
Forsman, 1966).  

In other words, irrigation may lead to a rise of the groundwater table and with 
that, possible contamination of the groundwater. It is therefore important to investigate 
the connection between the surface water and the groundwater. Testing for chemicals 
and microbial pathogens in the ground and surface waters may help in establishing this 
connection. With this knowledge, ensuring good drinking water and preventing 
waterborne diseases, which have a big effect on human health, can be better controlled.  

5.1 The hydrological zones of the ground  

Randall J. Charbeneau, a professor in Environmental and Water Resources 
Engineering at the University of Texas at Austin, United States of America, has written 
the book Groundwater Hydraulics and Pollutant Transport. This book contains a lot of 
useful basics about groundwater. In the following text, this book, referred to as 
Charbeneau, 2000, is the source of the facts if nothing else is mentioned.  

The media’s properties (particle-sized distribution, soil texture and the cemented 
sediments and rocks) in which the groundwater flows is important. Media that is porous 
is composed of solid material and voids or pore spaces. The ground is divided into two 
main zones depending on the amount of water in the pore spaces. These zones are 
called the vadose zone and the saturation zone. The zones are separated by the 
groundwater table, where the vadose zone is unsaturated or partly saturated and the 
saturation zone is fully saturated.  

The vadose zone is divided into three subzones; soil water, intermediate vadose 
and capillary water. The soil water zone has a water content depending on the 
vegetation, soil texture and atmospheric conditions.  During rainfall, as the ground gets 
more saturated, the water moves further downwards into the ground. The remaining 
water content, after free drainage, is called the field capacity. The wilting point is when 
there is no more water available for the plants. The intermediate vadose zone is the 
subzone below the soil water zone. Here the water content is close to the field capacity 
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and the water is strongly affected by the capillary forces. The capillary forces have even 
a greater affect in the capillary zone. Here the water content at the top of the zone is 
close to the field capacity, while at the base it is close to saturation. Below the capillary 
zone the pores are all filled by water and the ground is saturated.  

Below the water table, also called the phreatic surface, is the saturation zone. 
The water here corresponds to the water in a well, so when the well water level goes 
up, so does the water in the saturation zone. The water in this zone is the groundwater. 
So the term groundwater does not refer to all the water below the surface of the ground, 
just the water in the zone of saturation.  

5.2 The hydrological cycle  

The subsurface hydrological cycle ties together the water from the hydrological cycle 
with the groundwater hydrology. It is in the vadose zone that these two parts of the 
cycle are linked. The start of the hydrological cycle is rainfall or snowfall. Water that 
does not evaporate or wet vegetation or other surfaces will seep down into the ground. 
When the infiltration capacity of the ground is very low the water will start to accumulate 
on the surface and a runoff will occur. The water that has penetrated the surface will 
keep on its downward movement using different driving mechanisms like gravity, 
capillarity and temperature. Several other mechanisms take place in the vadose zone, 
for example evaporation, which is the soil water transportation. Capillary rise also 
occurs, pulling the water up and making it available for the vegetation. The water that is 
not affected by these mechanisms continues on down toward the water table. When the 
water reaches the groundwater there is a process called groundwater recharge and the 
water then starts to follow the groundwater flow, from high pressure regions to lower 
pressure regions. The groundwater can later be pumped up in wells, which is the 
biggest component of groundwater discharge (Charbeneau, 2000). Adding irrigation to 
this cycle will affect the surface water dispersion over the land and will speed up the 
whole process from infiltration to the groundwater uptake.  

6. Water quality  

The use of water is increasing. With an increased population and standard of living 
there are also increased needs for water by industries and for irrigation of agriculture. 
With the high demand there is also a greater risk of affecting the quality of the surface 
water and groundwater (Knutsson & Morfeldt, 2002).  

There are problems with groundwater quality. The problems can be derived from 
contamination from human activities, such as agricultural return flows, industries etc., 
but can also be a result of natural conditions. The sources of contamination can be 
divided into four main groups; natural processes, waste-disposal particles, non-point 
agricultural and urban runoff, and finally spills, leaks and other unintentional releases. 
There are different kinds of contamination from the different sources. For example, 
there are often sulfates, chlorides, iron, nitrates and other inorganic chemicals from 
natural deposits, while the chemicals from agriculture and urban runoffs are metals, 
microorganisms, pesticides, nutrients and other organic chemicals. Some examples of 
the 25 most common groundwater contaminants are lead, chromium, zinc, arsenic, 
cadmium, manganese, copper, barium and nickel (Charbeneau, 2000). There is a risk 
of nitrate contamination from latrines. Nitrate is a common chemical linked with 
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agriculture; from fertilizers, animal production and decomposing plants (World Health 
Organization , 2004). In rainwater there are often other compounds that are coming with 
the rain, such as carbon dioxide, nitrate and sulfate. Later on there is an ion exchange 
with the ions in the ground (Knutsson & Morfeldt, 2002).   

In semiarid and arid areas, leaching of the salts is a big problem because of the 
high evapotranspiration from shallow water tables. The salts remain in the ground while 
the water goes up into the atmosphere (Charbeneau, 2000). 

There are different transport mechanisms of water in the ground. Advection is a 
bulk fluid movement that occurs when groundwater moves and carries dissolved 
constituents with it. This is the most common mass transport process and happens 
when there is a high energy water inflow. The bulk fluid carries chemical compounds in 
its flow. Through dermal contact, transfer to the food chain and through inhalation the 
contamination of chemicals is later a potential threat to human health and to the 
environment (Charbeneau, 2000). 

6.1 Groundwater quality  

According to the World Health Organization, 
WHO, “access to safe drinking-water is 
essential to health, a basic human right and a 
component of effective policy for health 
protection” (World Health Organization , 
2004).   

Both microbial and chemical aspects 
should be regarded when determining 
drinking water quality. Primary microbial 
contamination is the biggest risk, but chemical 
contamination can be also very dangerous 
(World Health Organization , 2004). 

There are different substances that are 
signs of poor water quality; color, suspended 
matter, turbidity, pathogens, hardness, taste 
and odor. A different color can be the result of 
dissolved organic matter from soils or salts. 
Suspended matter is particles that are too 
small to sedimentate. The particles in 
suspension can cause cloudiness, or turbidity, 
but turbidity can also be due to a high number 
of bacteria and other pathogens. Hardness is 
highly dependent on the chemical 
concentrations and should not be too high or 
too low. High concentrations of chemicals, 
such as aluminum, iron or manganese, can result in bad taste and odor. Also the 
amount of dissolved oxygen in the water is a controlling factor because it provides the 
conditions for living algae or decaying vegetation which can smell or color the water 
(Gray, 2008).  

Figure 2. The drinking water well 
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Some of the especially dangerous chemicals are naturally occurring, such as 
arsenic, fluoride and uranium. Some of the less dangerous chemicals may be very 
hazardous if exposure is in large amounts, and/or over a long period of time. To get an 
idea of how dangerous a certain chemical is in a certain amount, a measurement called 
tolerable daily intake (TDI) was created. TDI is the amount of a substance in drinking 
water or food divided by their body weight, which a person can ingest over a lifetime 
without risking their health. The guideline values are made by WHO according to the 
risk for the consumer over a lifetime (World Health Organization , 2004). The drinking 
water criteria in this study are mostly from the WHO guidelines for drinking water.  

6.2 Irrigation water quality  

Figure 3. Main channel from Koga basin. 

Irrigation may have big effects 
on plants, soil and 
groundwater. Concerning the 
salinity levels in the ground, 
the quality of the irrigation 
water can have greater long 
term effects than the effects 
from climate changes from 
humid to arid conditions 
(Hoffman, 2010).  Almost all 
water contains dissolved salts 
and trace elements. Dissolved 
salts are minerals dissolved in 
the water, such as chloride, 
sodium, sulfate, magnesium, 
calcium and potassium. These 
originate from many different 
places. As mentioned before, 

the biggest sources of these elements is the natural weathering of earth´s surface, 
drainage waters from irrigated lands, water from city sewages and industrial waste 
water. In making a complete water quality analysis of irrigation water, four parts must be 
inspected; total concentration of soluble salts, relative proportion of sodium to the other 
cations, bicarbonate concentration related to the concentration of magnesium and 
calcium and the concentrations of specific elements and compounds (Fipps, 2010).  

The primary concern with irrigation water is the salinity level, because of its big 
effects on soil structure and crop yield, but many trace elements are also as big of a 
threat as salinity (Fipps, 2010). There are three types of salt problems with irrigation; 
salinity, sodicity and toxicity. Salinity affects the plants in such a way that it impedes its 
growth. The only water plants can take up is pure water, so plants have to put a lot of 
energy into extracting pure water from the saline water in their roots. This extra energy 
needed is called osmotic stress and has a similar stress impact as drought stress 
(Hoffman, 2010). The presence of sodium, sodicity, in the water reduces water’s ability 
to penetrate into and through the soil down to the roots. This in addition to the osmotic 
stress will further stress the plants. Excess sodium can also lead to temporary 
saturation of the surface soil and high pH, which in turn leads to an increased risk for 
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disease, weeds, soil erosion, lack of oxygen and nutrient availability. Another word for 
sodicity is alkali and this refers to the effects of excess sodium in the soil. Toxicity is 
when different salt-constituents and other trace elements that are toxic to the plants in 
relatively small amounts are in the soil. These are especially stressful for “woody” crops 
(Hoffman, 2010).  

Of special concern is sodium in irrigation water. High concentrations of sodium in 
the water break down the soil structure and make it impermeable to water. After sodium 
the biggest ion threats in irrigation water are chloride and boron (Fipps, 2010).  

The guidelines for irrigation water are not as strict as the guidelines for drinking 
water and no specific organisation is responsible for creating them. The guidelines used 
for irrigation water are from the United States Geological Survey (USGS) and from 
Texas A&M AgriLife Extension Service.  

6.3 Groundwater and surface water interaction  

Studies on connections between groundwater and lakes have been done since the 
1960s because of concerns regarding eutrophication and acid rain. Acid rain has 
increased the interest of the relationship between groundwater and head stream waters 
and in the last 20 years more studies have been done on the connections between 
groundwater and wetlands. More and more attention is being put on these questions 
thanks to the cooperation between geologists and hydrologists. 

To understand the interactions between groundwater and surface water it is 
necessary to take climate, landform, geology and biotic factors into consideration. In 
other words, a whole geohydrological investigation is needed. The interactions between 
groundwater and surface water have big effects on recharge and discharge processes. 
Ecological and human impacts are also big influencing factors.  

The first layer that the water filters through in the ground is the hyporheic zone. 
This zone has a huge effect on the chemistry of the water flowing through it. The most 
recent research has been made in this layer.   

The groundwater, in topography-controlled flow regimes, flow in predictable 
patterns. The interaction between groundwater, lakes and wetlands are controlled by 
the position of the bodies of water, their geological characteristics and their climatic 
settings. These three factors should therefore be taken in consideration when trying to 
understand the hydrology of surface bodies of water.  

So, the interaction between groundwater and surface water is complicated, but to 
understand the interactions, a geomorphological perspective is helpful and the whole 
appearance of the landscape is an important factor (Sophocleous, 2002).  

 The knowledge about interactions between surface water and groundwater is 
important when drawing conclusions about the Koga area water quality.  

6.4 Groundwater changes  

In a lot of places in the world irrigation is necessary for agriculture, and that water can 
either come from surface water or groundwater. Some of the world’s biggest dam 
projects are built for irrigation. Although, when building basins along a river that is 
running through different countries, there is a risk for political conflicts. More water being 
used upstream means less water for the areas downstream (Falkenmark & Forsman, 
1966).  
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One example of an irrigation project that went wrong is mentioned in the book 
“Vattnet i vår värld” av Falkenmark & Forsman, 1966. The book describes an irrigation 
project in Pakistan in the beginning of the 19th century. A system of irrigation channels 
was built, using the water from the Indus River. The problem was that the channels did 
not have any water barriers so vast quantities of water leaked into the porous ground. 
Later this leaking water mixed with the groundwater 30 meters below the ground. The 
groundwater table rose close to the surface level, where it was exposed to evaporation. 
As a result of evaporation, salts were enriched and the soil became unsuitable for 
agriculture (Falkenmark & Forsman, 1966).  

Another problem with irrigation is the loss of water. Loss through evaporation 
when using open irrigation channels. Loss to the ground when not using effective water 
barriers in the irrigation channels. Through evaporation lots of salts are enriched and 
later can adversely affect the groundwater. To protect the groundwater from 
mineralizing, preventing evaporation and decreasing the waste of the water are 
important factors (Falkenmark & Forsman, 1966). The vegetation of the area is 
significant for the ground’s infiltration capacity; an example is the increasing runoff when 
felling trees (Gebreyohannis Gebrehiwot, et al., 2010).   

6.5 Groundwater quality in the Koga area due to irrigation   

Many of the developing countries in the world have problems with water resources. 
Solving the problem of lack of water is one of the most important steps in trying to reach 
a world with better living conditions for more people. One step is to be able to utilize the 
water resources that exist in an area (Falkenmark & Forsman, 1966). 

Northern Ethiopia is one of those places in the world where the water resource is 
a problem and the question of how to solve this problem debated. When building the 
Koga irrigation project, a new concern arose: the quality of the water. What will the 
effect of the irrigation water have on the quality of the groundwater? This has not been 
vigorously investigated. A fear is that the unexpected side effects and consequences as 
in the example of the irrigation project in Pakistan could be repeated. For that reason, 
the following question is posed: Can the same thing happen in Ethiopia?  

Most likely the Koga irrigation project will lead to a higher groundwater table and 
as a consequence could result in contamination of the groundwater. This in turn will 
lead to the contamination of the drinking water for the people living in the area. Though, 
how much the groundwater table will rise is unknown.  

Analyses of water samples taken from the irrigation channels and the drinking 
water supplies are necessary to determine the future quality of the groundwater. This 
analysis will show how the groundwater quality has been affected so far and the status 
of the irrigation water that may be percolation down to the groundwater. Comparison of 
the chemical content in the surface water with the chemical content in the groundwater 
and also the ratio between conservative ions like fluoride and chloride, can give a clue 
about the connections between these two water sources. For this to be executed a field 
trip to collect samples to be analyzed was necessary.  

6.6 Soil distribution in the area 

There are equations for calculating how close to a stream, river or channel you can 
have a drinking water well without risking contamination of the drinking water. There are 
also different equations for calculating how the water is flowing in the ground and how 
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GIS map made of Mamaru Moges. 

 

Figure 4. Soil map of the Koga area.  
 

much the groundwater table may rise when adding more surface water. Age is an 
important factor when calculating the water flow. For example, how long does it take for 
the water to be transported from the recharge area to the outflow area (Charbeneau, 
2000). The time it takes for the water to be transported through an area depends on the 
soil type in that area. 

Luvisols and Vertisols are the main soil types in the Koga basin area. The 
dominant soil type over the whole area is Luvisols. The characteristics of the Luvisol 
group are a marked textural differentiation within the soil profile. The surface is often 
depleted of clay, with the clay accumulating in the subsurface zone called the argic 
zone. A concise description of Luvisols is soil where clay has been washed down to the 
subsurface zone. Luvisols with good internal drainage are often suitable for agricultural 
use, due to their moderate weathering and high base saturation. Haplic is the name 
used to describe soil in which the upper part 
of the soil profile is whole colored. So Haplic 

Luvisol has an upper part, of about 0,5m, 
that is whole coloured (Soil Classification 
Working Group, 1998). 

The main soil type in the area tested 
was vertisol. Vertisols are easily recognized 
by their clay like texture and dark colors. 
Vertisols are very susceptible to erosion and 
actions must be taken to reduce soil loss. 
Even though it has high erosion rates it is a 
soil which is popular for agricultural use. 
The mineral and chemical composition of a 
vertisol is very unique, so identifying them 
from other soil types is usually easy 
(Eswaran & Cook, 1988). They are built up 
by the mineral montmorillonite which 
belongs to the smectite family of minerals. 
This mineral forms clay that contains the 
following ions; sodium, calcium, aluminium, 
magnesium, potassium, iron and several 
other substituents (Britannica Academic 
Edition, 2013).  

Clay is built up of particles smaller 
than 0.002 mm, which makes them invisible 
to the naked eye. Therefore clay can hold large 
amounts of water and due to very low 
permeability, transport times are long ( Statens geotekniska institut, 2013).  
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Figure 5. Lab instruments used in 
Bahir Dar. 

 

Photo: Åsa Horgby 

7. Methodology 

Three different methods were used to gather information about surface water and 
groundwater connections. These are explained separately below. 

7.1 Literature  

Literature about the area and the project was collected before, during and after the trip. 
Articles about the irrigation system were provided by our contacts in Ethiopia and back 
in Sweden. Though, most of the references refer to articles found on the internet using 
databases such as Google Scholars and Scopus. 

7.2 Laboratory work 

Primary laboratory work was performed at the  
University of Technology in Bahir Dar. The 
parameters analyzed in Bahir Dar were those 
that can quickly change after taking a sample. 
Those parameters were: pH, dissolved oxygen, 
conductivity and total dissolved solids. The 
brand of the measurement tools used was ELE 
International.   

At Uppsala University, further analysis of 
samples taken two weeks earlier was 
undertaken. With invaluable help from PhD 
Carmen Vega Riquelme, an ion 
chromatography was used to determine the 
amounts of fluoride, chloride, bromide, nitrate, 
sulfate, sodium, potassium, calcium and 
magnesium within the samples.  The ProfiC 850 
Metrohm Ion chromatographer was used for the 
laboratory work performed in Uppsala. The ion 
chromatography separates the ions and 
molecules depending on their charge. Two 
phases, a stationary phase and a mobile phase, 
are used. A buffered solution is used for the 
mobile phase. The buffered solution can either 
be positive or negative. The stationary phase 
is an ion exchanger with the two charged 
groups. The technique of ion exchange is used, which means an exchange of ions of 
the same charge. The ions in the buffered solutions are changing places with ions in the 
water sample. Different compounds react differently and by measuring this you can 
analyze the composition of, for example, a water sample (World Health Organization, 
2004).  

7.3 Fieldwork                                       

Examinations were made in the field during a two week stay in Bahir Dar, Ethiopia. With 
the help of PhD Mamaru Moges and Doctor Essayas Kaba from Bahir Dar University, 
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fieldtrips could be made and water samples taken from the main irrigation channel and 
from one drinking well.  

Four different measuring points were chosen in the irrigation channel and one 
point was chosen in the drinking water well. The first measuring point in the channel 
was right next to the outlet of the Koga basin. The following 3 measuring points were 
taken downstream at 250 meter intervals. About 20 meters to the right of the fourth 
measuring point (i.e. 1 km from the outlet) a hand pump well was situated, where the 
drinking water sample was taken. At every sampling location two samples were taken; 
one to be analyzed in the University of Technology in Bahir Dar and one to be analyzed 
at Uppsala University in Sweden.  

When taking the samples the temperature was measured immediately. Out in 
field, observations were also made by walking around the area, inspecting the irrigation 
systems and water management. We were out in the irrigation area during the dry 
season, which could be seen clearly. The Koga basin was only half full and the fields 
that were not getting water from the irrigation system were dry and barren. The 
difference between those and the irrigated fields was significant. It was obvious that the 
irrigation project has had a great impact on the area and the people living there.  
 The basin was very big (impossible to see to the other side) and had barriers 
around it to prevent flooding. The outlet of the basin, i.e. the main irrigation channel, 
was an open channel made of concrete. Further on, the secondary and the tertiary 
channels were more like dikes and had no protection against percolation into the 
ground. Also, there were no fences to prevent the animals grazing in the surroundings 
from standing in the channels. This means that there is a high likelihood for fecal 
contamination.   
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8. Results 

Two sorts of samples were taken; the first from the drinking water well (groundwater) 
and the second from the irrigation channel (surface water). The results from analyses 
are shown below separately and later in comparison.    

8.1 Chemical content of the groundwater 

The sample taken in the drinking water well, i.e. the groundwater, in the Koga area was 
analyzed twice. In Bahir Dar the pH, dissolved oxygen, conductivity, total dissolved solid 
and temperature were measured (table 1). All the drinking water guidelines are from the 
World Health Organization’s report Guidelines for Drinking Water Quality from 2004 if 
nothing else is mentioned.  
 
Table 1. Parameters measured in Bahir Dar and guideline values. 

Parameters           Groundwater  Guideline values  

pH 7.86                                    6.5-8 

Dissolved Oxygen (mg/L) 4.6                                      No value 

Conductivity  246                                     1.25 

Total Dissolved Solid (mg/L) 147.9                                    <600 

Temperature (°C) 22.2                                     Low 

(World Health Organization , 2004) and (Bauder, et al., 2012).  

pH: The first parameter, pH, can vary a lot due to chemicals in the water and the type of 
materials used in the distribution system. The optimal pH is between 6.5 and 8. It can 
be seen in table 1 that the measured pH in the well was 7.86, which is relatively high, 
but within the recommended range.  

Dissolved oxygen: The amount of dissolved oxygen is dependent on the water 
temperature, treatment and processes in the water. A high content of dissolved oxygen 
can lead to chemical reactions such as the reduction of sulfates to sulfides and nitrates 
to nitrites. There are no recommended WHO guideline values for dissolved oxygen in 
drinking water.  

Total dissolved solids: Total dissolved solids, TDS, is dependent upon 
concentrations of inorganic salts such as potassium, sodium, calcium, chlorides, 
bicarbonates and sulfates, and of dissolved organic matter. According to the report from 
WHO there is no fixed guideline value for TDS, but the report mentions that it should be 
less than 600 mg/liter and definitely not above 1000 mg/litre (World Health Organization 
, 2004). The measured TDS of 147.9 is well below the maximum recommended value.   

Temperature: Bacterial growth is temperature dependent, and it is for this 
reason it is important to have quite low temperatures. The temperature in the well was 
quite high, at 22.2 degrees Celsius.  

To summarize; the results in table 1 of the first analysis of the drinking water 
quality in the well show that all the measured values were acceptable.  

At Uppsala University in Sweden a second analysis was performed to determine 
the chemical content of the water. Below in table 2, are the results of this analysis along 
with the WHO guidelines. All the values were below the maximum guidelines, except for 
Bromide.  
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Table 2. Cations and anions measured in Uppsala and guideline values. 

Ions (ppb) Well WHO guidelines (maximim) 

Fluoride 161.0 1500 

Chloride 404.0 200000-300000 

Bromide 19.4 10 

Nitrate 1025.4 50000 

Sulfate 3374.1 250000 

Sodium 10638.5 200000 

Potassium 1426.2 No value 

Calcium 26573.8 <100000-300000 

Magnesium 8076.4 <100000 

(World Health Organization , 2004). 
 

Fluoride: The guideline value for fluoride is 1.5 mg/liter, which is 1500 ppb. Fluoride is a 
commonly occurring mineral in nature, for example in the bedrock of the area. Therefore 
it can exist in high concentrations in the drinking water. Fluoride is also used for 
industrial purposes and during the production of phosphate fertilizers. Fluoride in 
drinking water can prevent dental caries but high amounts can result in the mottling of 
teeth and crippling skeletal fluorosis. The concentrations of fluoride often vary a great 
deal between different places, but it is unusual that the amount exceeds 10 mg/litre. If 
there are other sources of fluoride besides the drinking water, such as food, the 
guideline values should be lowered so as to reduce the risk of high fluoride 
consumption. The minimum concentration of flouride in the drinking water should be 
about 0.5 mg/litre or 500ppb. The measured value of fluoride for this well was 161.019 
ppb, which is below the minimum guideline value. 

Chloride: The second measured ion was chloride. Chloride is used for 
disinfection of the water. There are no exact health based guideline values for chloride, 
but the taste thresholds are between 200 and 300 mg/litre, i.e. 200 000-300 000 
ppb.  This is because high concentrations produce a salty taste. The measured value 
was 403.992 ppb which is well below the value for even tasting the chloride so it would 
not even be detectable by tasting. 

Bromide: The third measured ion was bromide. Bromide is a chemical that can 
naturally occur in water. Bromide can lead to the formation of bromate, during 
ozonation.  In some cases bromate is formed when using solutions do disinfect drinking-
water. The guideline value for bromate is 0,01mg/litre, i.e. 10 ppm. But the guideline is 
provisional due to lack of analytical and treatment methods.  Once bromate is formed in 
water it is hard to remove but it can be possible to get it below 0.01mg/litre. The 
measured value of bromide in the water was 19.351 ppb. There are not many bromide 
ions in the water but enough for bromate to form. Bromate forms partly because of the 
high bromide ion concentration, but also due to the amount of ozone, the alkalinity, pH 
and the dissolved organic carbon. There are reports saying that daily exposure of 0.19 
per mg/kg body weight of bromide can cause cancer.     

Nitrate: The fourth ion being measured was nitrate. Nitrate is commonly found in 
the environment due to its importance to plant nutrition. So nitrate can very often reach 
surface and ground water when used for agriculture or when wastewater is disposed. 
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The surface water concentrations can vary greatly depending on, for instance, runoff. 
The groundwater nitrate concentrations, on the other hand, change very slowly. The 
guideline value for nitrate is 50mg/litre, i.e. 50 000 ppb. This guideline is set to protect 
bottle-fed infants from exposure to methaemoglobinaemia. The measured value for 
nitrate in the area was 1025.387 ppm which is far below the guideline. 

Sulfate: The fifth measured ion with a result was Sulfate. There is no established 
guideline for sulfate. It usually occurs in drinking water in amounts that are not toxic. 
Though, in very high concentrations it may affect the quality of the drinking water, giving 
it a bad taste and may cause diarrhea. The taste threshold value varies from 250 
mg/litre, i.e. 250 000 ppb to 1000 mg/litre, i.e. 100 0000 ppb. The measured value in the 
area was 3374.08 ppb so this will not be detectable by taste and is definitely not 
harmful.  

Sodium: The sixth measured ion was sodium. Almost all food contains sodium 
salts, and sodium is common in drinking water. Sodium is often reacting with other 
elements and creating chemical compounds like sodium chloride, sodium bicarbonate 
and calcium disodium. Depending on the associated anion and also the temperature, 
the taste threshold differs. There is no health-based guideline for sodium, but the taste 
threshold at room temperature is 200 mg/litre or 200 000 ppb. Normally sodium in 
potable drinking water does not exceed 20 mg/litre, but this varies a lot. In the drinking 
water well in the Koga area, the sodium content was 10638.523 ppb, which is only 
about a fifth of the maximum guideline value.  

Potassium: The seventh measured ion was potassium. It is commonly in 
compounds with other elements, such as potassium bromate, potassium nitrite and 
potassium permanganate. Food is a main source of potassium and potassium is 
essential for humans. There is no guideline value for potassium. Potassium-40 is a 
naturally occurring radioactive element. There is a fixed ratio between stable potassium 
and potassium-40, and when measuring potassium it is therefore possible to determine 
the amount of potassium-40 in the sample.  

Calcium: Calcium affects the hardness of the water. Calcium also affects the pH 
of the water. For example, in soft waters the calcium carbonate content is less than 50 
mg/litre. The pH level affects the corrosive behavior of the water on many metals, like 
copper and zinc. Calcium has good effects on human health, but there are no minimum 
or maximum guideline values for calcium. Though, depending on the associated anion 
there is a taste threshold of 100-300 mg/litre or 100 000-300 000 ppb for calcium. The 
measured value of about 26600 ppb is well below this limit.  

Magnesium: There is no health-based guideline value for magnesium, but as 
with calcium there is a taste threshold of 100 000 ppb. The measured value of 8076 ppb 
is well below the taste threshold so undetectable. 

The chemical content analysis of the drinking water, i.e. the groundwater in the 
Koga area, showed water of good quality. The exceptions were low fluoride content and 
high bromide content. Fluoride is at certain levels good for the teeth which explains the 
guideline value from WHO.  
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8.2 Chemical content of the irrigation water  

The samples taken of the surface water in the irrigation channel in the Koga area were 
also analyzed twice. Just as with the drinking water samples, there were five 
parameters analyzed in Bahir Dar (table 3).  
 
Table 3. Parameters measured in Bahir Dar and guideline values. 

Parameters Point 1 Point 2 Point 3 Point 4 Guideline 
values 

pH 7.8 8 8.3 8.1 6.5-8.4 

Dissolved Oxygen 6.3 9.5 6.1 4.6 > 4.0 

Electrical Conductivity  (dS/m) 1.3 1.7 1.3 1.3 <0.76 

Total Dissolved Solid (ppm) 77.5 97.8 76.9 77 <1000 

Temperature (◦C) 21.8 21.2 21.1 21.3 Low 

(Bauder, et al., 2012) and (Freshwater & Toxics Programme, WWF - Pakistan, 2007). 

The pH-values in all the irrigation sample points tested were within the guideline value 
range. For dissolved oxygen all the sample points were over the minimum guideline 
value. The temperature in the irrigation channel was, as expected, around 22 degrees 
Celsius, which is normal for this area. The electrical conductivity values came in higher 
than the guideline values, but still within Class 3, permissible, as shown in table 4 
below. 
   
Table 4. Total dissolved solid and electric conductivity classifications. 

Parameters  Class 1, 
Excellent 

Class 2, 
Good 

Class 3, 
Permissible 

Class 4, 
Doubtful 

Class 5, 
Unsuitable 

Total Dissolved Solid 
(ppm) 

<1000    - 1000-2000      - >2000 

Electrical Conductivity 
(dS/m) 

≤0.25 0.25-
0.75 

0.76-2.00 2.01-3.00 ≥3.00 

(Bauder, et al., 2012). 

The electrical conductivity at all the measuring points was about 0.5 dS/m too high 
comparing with the guideline value of the good status. This can indicate that there is a 
high content of salt. This will show up in the ion chromatography tests performed in 
Uppsala University and shown below.  
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Table 5. Cations and ions measured in Uppsala and guideline values. 

Ions (ppb) Point 1 Point 2 Point 3 Point 4 Guideline value (ppb) 

Fluoride 202.1 188.2 221.8 163.1 1000-15000 

Chloride 1404.2 1350.4 1272.7 1285.9 70000-355000 

Bromide 44.8 2.3 31.9 51.3 - 

Nitrate 2493.8 2806.8 2018.9 2587.0 5000-50000 

Sulfate 4724.1 5464.9 4684.4 4633.0 <400000 

Sodium 4923.6 4972.5 4691.6 4749.9 200000 

Potassium 689.1 674.9 604.5 619.9 5000-20000 

Calcium 12704.1 13294.5 13108.0 12973.0 20000-60000 

Magnesium 5022.9 4858.8 4888.0 4926.1 10000-25000 

 
 
All the ions measured on the irrigation water were below the guideline values. Fluoride 
and chloride are used in the water to disinfect it. These are usually added just when the 
channels or basins are first built to remove the first bacteria. This was the case in the 
Koga basin, in which chloride was added once in the beginning. Although initially the 
chloride ion concentration was high it has decreased substantially to the low levels that 
are now measured. The nitrate and sulfate ions are below the guideline values. Even at 
these low concentration they are still beneficial. Both nitrate and sulfate have a fertilizing 
impact on the ground, which is positive in smaller amounts. Waters containing high 
amounts of nitrate can cause problems in some crops and both nitrogen and sulfate can 
affect the soil quality (Bauder, et al., 2013). As mentioned earlier, the sodium content in 
the water is a major concern if the concentration is high. (Fipps, 2010) The measured 
value here was far below the guideline value so there is no sodium hazard here. The 
calcium and magnesium ion amount is connected to the sodium and high sodium values 
relative to calcium and magnesium values and can cause a condition called sodicity. 
Since sodium, calcium and magnesium have low values there is no concerns for 
sodicity (Bauder, et al., 2013). Potassium is connected to the salinity of the water and 
the measured potassium levels here are far below the guideline values (Fipps, 2010).  

Looking at the drinking water results again, bromide was the only doubtful value. For 
irrigation water, no guideline value for bromide could be found. Looking at the values for 
bromide in Table 5, the question can be raised that the concentration of bromide may 
be too high.  

8.3 Chemical comparison of groundwater and irrigation water  

The test results from the surface water and the groundwater show pretty good values 
compared with the standards (except for the bromide value). An interesting question 
arises now as to whether there is a strong connection between the groundwater and the 
surface water. Similarities between the test values would indicate that there is a strong 
connection and that large amounts of surface water are percolating down into the 
ground and mixing with the groundwater. This is would cause changes to the 
composition of the groundwater and elevation of the groundwater table. In contrast, a 
big variation in test results between the surface water and the groundwater would point 
in the opposite direction; that the connection is not strong. This would mean that the 

(Duncan, et al., 2000) and (Fipps, 2010).   
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irrigation system is not having that big of an effect on the rising groundwater table or the 
groundwater quality.  
 
Table 6. Chemical ions in irrigation water and groundwater. 

Chemical ion 
(ppb) 

Point 1 Point 2       Point 3            Point 4              Groundwater 

Fluoride 202.091 188.169 221.827 163.059 161.019 

Chloride 1404.2 1350.37 1272.65 1285.85 403.992 

Bromide 44.751 2.278 31.848 51.271 19.351 

Nitrate 2493.83 2806.81 2018.85 2587.01 1025.387 

Sulfate 4724.11 5464.87 4684.41 4632.96 3374.08 

Sodium 4923.63 4972.5 4691.59 4749.93 10638.523 

Potassium 689.09 674.87 604.46 619.92 1426.222 

Calcium 12704.1 13294.5 13107.9 12973 26573.821 

Magnesium 5022.91 4858.83 4887.95 4926.05 8076.366 

 
Showing all the test results in one table (Table 6) makes it a bit hard to evaluate. For 
that reason a simpler table (Table 7) was made. By adding the 4 irrigation water test 
values for each chemical and then dividing by 4, one mean value for each chemical can 
be used for the irrigation water.  
 
Table 7. Mean values of the irrigation water samples compared to the groundwater samples. 

Chemical ion (ppb)              Mean value                       
irrigation  water                              

                                                         Groundwater   

Fluoride 193.79                                             161.02 

Chloride 1328.27                                             403.99 

Bromide 32.54                                               19.35 

Nitrate 2476.62                                           1025.39 

Sulfate 4876.59                                           3374.08 

Sodium 4834.41                                        10638.52 

Potassium 647.09                                           1426.22 

Calcium 13019.88 26573.82 

Magnesium 4923.94                                           8076.37 
 

  

The aquifer is open and for that reason it can be assumed that the surface water will 
eventually reach the groundwater. The time for this to happen is dependent on the 
distance from the ground surface to the groundwater table (which may be shortened by 
the irrigation project) and of the transport time in the soil. The soil in the area where the 
samples were taken is mostly clay, which has low permeability, i.e. long transport times. 
It can be hard to determine the interaction between surface water and groundwater 
because of the many controlling factors. One good way is to investigate the ratios of 
some conservative ions between the surface water and the groundwater. Fluoride and 
chloride are conservative ions and the ratio comes from the surface water value divided 
by the groundwater value (SW /GW).  
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The fluoride values are quite similar 193.79 versus 161.02. The fluoride ratio (FSW /FGW 

i.e. 193.79/161.02) is about 1.20. The same calculation for chloride results in a ratio of 
3.29. Fluoride is conservative and cannot be taken out, only added. The fact that the 
ratio of surface water to groundwater fluoride is different from the ratio of surface water 
to groundwater chloride indicates that there may be a source of fluoride in the 
groundwater. The fluoride ratio is very low, and that indicates that there is an interaction 
between the surface water and the groundwater, i.e. the irrigation water is mixing with 
the drinking water. 

9. Discussion  

Ethiopia has periodic droughts and the Koga irrigation and watershed management 
project was started with the purpose of maintaining productive agriculture all year round. 
During the drought months the production has increased enormously thanks to this 
project. The question now arises as to whether the irrigation is having an effect on the 
drinking water in this area.  

The hydrological cycle, which is a naturally occurring process, is affected by 
adding surface water that was not there from the beginning. According to the 
groundwater cycle, surface water will eventually reach the groundwater and adding 
irrigation water to this cycle will cause a rising of the groundwater table. In addition, it 
was observed in the field that the irrigation channels are built with no barriers for 
percolation. This would make the interaction between surface water and groundwater 
even easier and greater.   

This study has shown that there is a good probability of a connection between 
surface water and groundwater. For more exact and detailed results more studies have 
to be made. The results presented in this thesis give a hint of upcoming problems. Work 
has to be done at this early stage to minimize the risks and ultimately prevent the 
contamination of the groundwater. 

The quality of the groundwater was relatively good and within the standard 
values. The chemical ions of concern were fluoride and bromide. The fluoride 
concentration was a bit low according to the guideline value of 0.5-1.5 mg/litre, i.e. 500-
1500 ppb. With a measured value of 161.019 ppb it is under the guideline so no action 
has to be taken. It is only positive if the levels go up but only up to the guideline values. 
The bromide value was high and could be cause for alarm.  

According to WHO, good water quality is dependent on both chemical and 
biological factors. This study only takes into account the chemical factors of the water 
quality. A further study of the fecal pathogens and bacteria in the drinking water is 
necessary.  
 The irrigation project is still quite new (completed in 2011). Due to the long 
transport times in the ground because of the Luvisols and Vertisols soil, i.e. clay, there 
is a question of how much of the percolating surface water has already reached the 
groundwater. A future concern is what will happen when the surface water eventually 
reaches the groundwater, and mixes with it. The values of the irrigation water were in 
many cases not within the guideline values for drinking water. For example the 
measured value of bromide in the irrigation water was three times the maximum 
guideline value for drinking water. The nitrate value of the irrigation water was over two 
times that of the drinking water guideline and the sulfate value was also very high.  
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 Today the drinking water has good chemical quality in the Koga area, but what 
will happen in a couple of years or more? The question is what can be done to prevent 
contamination of the drinking water in the area. If nothing is done, what will happen with 
the people living in the area when their drinking water becomes too contaminated by 
chemicals to drink?  
 The best thing to do to prevent disastrous events from occurring is to always act 
in time. If the percolation of irrigation water could be prevented, at least to a certain 
amount, it would spare the drinking water resource for a bit longer.  

More studies have to be done in this area to further investigate the connection 
between surface water and groundwater. With more time, knowledge, money and 
equipment many things could have been done differently in this study. But, even with 
limited resources this study has shown that although there is no acute drinking water 
quality problem there are warning signs. These need to be addressed now before 
irreparable damage to the groundwater occurs. Further studies are needed to check the 
rate at which the surface water is mixing with the ground water.  

10. Conclusion  

At present the water quality of the irrigation water and groundwater in the Koga basin 
area is good with respect to the chemical content according to guideline values. After 
several different studies, including this one, the connection between the surface water 
and the groundwater is almost certain. So, for the continuation of good groundwater 
quality, the irrigation water and groundwater should be carefully monitored.   

If the groundwater table continues to rise at its present rate, deeper drilling for well 
water will be required to obtain less contaminated water. The transport through the 
vadose zone is of great importance, the longer the transport time the more chemicals 
that are filtered out. 
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