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ABSTRACT 

Although water is the most essential element for life, it is becoming increasingly scarce in 

different parts of the globe due to anthropogenic and/or climate change or variability. A 

number of African countries face the challenge of getting portable water from surface sources 

and rely mostly on groundwater. A case in point is Burundi where groundwater is almost the 

only source of drinking water for the entire population in rural areas. For many years, the 

population, particularly in the Northern region of the country, still faces a serious challenge 

related to water availability in terms of both quantity and quality which is accompanied by 

limited studies on groundwater resources in the region. Therefore, the sustainable and 

effective groundwater resources management, which requires a judicious understanding of 

the factors contributing to groundwater development and pollution, is highly needed. In this 

regard, the application of GIS and Remote Sensing techniques which have become essential 

and effective tools in water resources and particularly in groundwater studies in the last two 

decades were used in this study. This study investigated the groundwater potential zones and 

assessed its quality compared to the standards required for a safe usage for its various 

purposes. Different thematic features such as; elevation, slope, soil, drainage density, land 

use /land cover, lineament, fractional impervious surface and geology were utilized based on 

the relative contribution of each parameter to groundwater potential. The groundwater 

potential zones were delineated through the model development using the model builder tool 

of ArcGIS Pro with the help of the AHP method. Different indices were calculated for the 

assessment of the groundwater suitability to its main uses based on the results of physio-

chemical analysis of water samples from different boreholes/wells located in Kirundo 

province. The groundwater potential map revealed that 70.5 % of the province fall under very 

low and low groundwater potential whereas the medium, good and high groundwater 

potential have been respectively discovered in the extent of 10.8%, 8.9% and 1.2% of the 

study area. The water bodies occupy 8.6% of the province. It has been also noted that the 

groundwater of the province usually requires effective treatments for the safe usage except in 

some particularities where the groundwater quality has been judged as suitable before 

treatment. The results from the study will help the policy makers and water resources 

managers to make informed decisions in planning and management of water resources within 

Kirundo province.  
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CHAPTER ONE 

INTRODUCTION 

1.1 Background Information 

Water is among the most essential needs for every living being even though it is becoming 

increasingly scarce in different parts of the globe due to several threats on it either by natural 

or anthropogenic activities. Three litres of water per person are the minimum quantity needed 

(Fitts, 2009) but unfortunately,  not everyone has the chance to get such quantity.  

 

Naturally, water is unequally distributed on the earth where groundwater represents 90% of 

all accessible freshwater resources (Zhu and Schwartz, 2011). Apart from its high potential 

in terms of quantity on the earth, groundwater resources are generally less vulnerable to 

pollution compared to surface water resources but its protection against pollution is higher 

for deeper or confined aquifers compared to shallow or unconfined aquifer (Howari et al., 

2007; Şener et al., 2017).  

 

Groundwater resources are of great importance for people’s livelihood all over the world as 

the groundwater can be used for irrigation, domestic as well as industrial purposes. 

Therefore, the scarcity of groundwater resources slows down the socio-economic 

development globally with severe impact realized in the developing countries where most of 

the population rely on groundwater for domestic uses especially for drinking. Groundwater 

is preferred since it requires generally less treatment compared to surfaces water resources. 

 

In Burundi, despite its dense hydrographic network composed of a large number of streams, 

marshes and lakes, groundwater is the most important source of drinking water. The largest 

quantity of drinking water comes from natural springs. Gutierrez et al. (2016) state that  the 

water from boreholes is of generally good quality except some elements such as iron and 

manganese whose concentrations are higher than the admissible values (Gutierrez et al., 

2016). The inadequate groundwater quality and quantity has a huge impact on the livelihoods 

of the disadvantaged people such as those living in rural areas of the country. Therefore, 

groundwater resources need to be protected and managed properly for better living 

conditions for the current and future generation. In this regard, a judicious understanding of 

the factors such as either the subsurface geological or climatic conditions which affect 
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groundwater quantity and quality is highly needed in addition to acquiring adequate 

techniques and tools. Compared to various methods either geological or geophysical in 

assessing the quantity of groundwater, remote sensing techniques have been more effective 

tools as they are more convenient,  time saving,  and cost-effective for the reconnaissance 

survey (Indhulekha et al., 2019). Additionally,  Prasad et al. (2008) and Yeh et al. (2016) 

recognized also remote sensing as the most efficient means in observing the hydrological 

variables. Generally, over the last two decades, remote sensing techniques with geographical 

information systems have been used not only in water resources sector but also in different 

fields of sciences and are recognized as  efficient and powerful tools (Howari  et al., 2007). 

 

The northern region of Burundi, particularly in Kirundo province, faces a serious challenge 

in terms of safe water supply and relies on groundwater resources which are safer than the 

surface water available, usually unsuitable for drinking purposes. This study assessed the 

groundwater potential and quality as well its suitability to various purposes using the 

Geographical Information Systems (GIS) and Remote Sensing (RS) techniques. 

 

1.2 Statement of the Problem 

In Burundi, especially in rural areas, groundwater is the main source of drinking water either 

through the boreholes or natural sources. Therefore, groundwater resources need to be 

effectively protected and managed which requires a judicious understanding of climatic, 

geological, hydrological, physical, and ecological conditions of the region.  However, there 

are limited studies on groundwater resources in the country which would enhance the 

knowledge about a temporal and spatial variation of the quantity and quality of water 

resources in general. 

 

For many years, the northern region of Burundi has been facing serious problems related to 

water scarcity associated with the food insecurity despite the presence of water bodies such 

as lakes and rivers located in the region (Sibomana et al., 2017).  As the whole country, the 

population of Kirundo province practice mainly rain-fed agriculture as their livelihood. 

Similarly, they heavily rely on groundwater as source of drinking water despite its inadequate 

quality assessment. Generally, the Kirundo groundwater is free from bacteriological 

contamination but in some areas,  there is a high concentration of some chemical parameters 

such as  iron,  manganese and Uranium (Barrat and Gutierrez, 2015). 
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In addition, the groundwater would enhance effectively the food production though irrigation 

since the rainfall is relatively low in the region especially in dry season. Unfortunately, the 

groundwater suitability to agricultural uses is not known. 

 

Furthermore, limited knowledge on spatial distribution of groundwater potential has been 

noticed as another challenge. For instance, some boreholes have been unsuccessful or their 

life spam have been very small. As results, the groundwater exploration is neither effective 

nor sustainable.  

 

1.3 Main Objective 

The main objective of this study was to assess the groundwater potential and its quality using 

the geographical information system and remote sensing techniques in Kirundo province. 

 

1.3.1 Specific Objectives 

The specific objectives of the study were to: 

i. Assess the suitability of groundwater for drinking and agricultural purposes;  

ii. Evaluate groundwater potential zones; and 

iii. Present the spatial variation of groundwater quality in the province.  

 

1.4 Research Questions 

i. To what extent is the suitability of the groundwater in Kirundo province for its 

drinking and agricultural purposes? 

ii. What are the potential zones of the groundwater in Kirundo province? 

iii. How do the groundwater quality and potential vary spatially in Kirundo province? 

 

I.5 Justification of the Study 

The management of the water resources requires an understanding of water movement around  

the planet and different factors which drive the water contamination (Davie, 2008). The 

northern region of Burundi is still far from meeting effectively the water needs. The 

groundwater resources are the main sources of domestic water for the entire population 

especially through natural springs or wells. Apart from the inadequate groundwater quality in 
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some areas, the rapid population growth does not allow the sustainable water supply through 

the natural springs. This has a huge impact on groundwater exploitation. 

 

The sustainable and effective groundwater resources management is highly needed in order 

to satisfy the current and future water demands within the Kirundo province. Moreover, it 

obviously requires an effective assessment and scientific understanding of the spatial and 

temporal distribution of groundwater quantity and quality. This depends mainly on the 

geology, climatological and metrological conditions of the targeted area (Howari et al., 

2007) and in other hand, a groundwater quality monitoring and management system (Şener 

et al., 2017). Therefore, there was an urgent need to assess the groundwater potential and 

quality within the region for a sustainable usage of water. Geographical Information System 

and Remote Sensing techniques were used since they have been used and described as 

adequate and effective tools in water resources management in the last two decades (Swetha 

et al.,  2017). 

 

1.6 Scope and Limitations 

The assessment of groundwater potential zones and quality requires a range of several factors 

and data. The groundwater potential zones were identified using GIS and remote sensing 

techniques. However, these techniques are not reliable without field information (Sibomana 

et al., 2017). Therefore, different data collected on the field such as groundwater yield and 

field observation were used for the assessment of the effectiveness of the methods. 

Groundwater quality assessment did not take into account the eventual bacteriological 

contamination as some previous studies confirm that the groundwater in the region is 

generally free from bacteriological germs (Barrat and Gutierrez, 2015). 

 

The encountered limitations include the lack of reliable local laboratories and insufficient 

sampled boreholes where especially in the East and South of the study area, no boreholes 

were found for the analysis. In addition, financial limitations and time allocated for the 

research which would help to carry out sufficient field analysis and measurements, have been 

also noticed. Furthermore, the COVID-19 pandemic has been another challenge especially 

throughout the data collection. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Groundwater Resources 

Groundwater is water found in pore spaces in subsurface with generally low velocity (Fitts, 

2009) and the fact that it is buried under the ground, makes its investigations costly and 

complicated. Another challenge of exploring the groundwater is due to lack of direct 

measurement techniques. However, the occurrence and the movement of the groundwater 

depends on many factors and interactions between them. These factors are either as a result 

of terrains characteristics such as topography,  drainage,  land use and land cover, depth of 

weathering, geology or due to climatic conditions such as precipitation patterns (Pratap et al., 

2000).  

 

Because of the rapid population growth, the water demand has been increasing at high rate 

and this requires sustainable water sources. Although there are other sources of water such as 

surface water, the groundwater is the main choice for different water uses compared to surface 

water resources due its quantity and quality. Therefore, according to different authors such as 

Howari et al. (2007), Khodabakhshi et al. (2015), Şener et al. (2017) and Kumar et al. (2019), 

the assessment of groundwater resources availability and its quality is  the important tool for 

a better planning and sustainable management of these resources. 

 

2.2 Groundwater Resources in Burundi 

Generally, the groundwater quality in the country is excellent except in alluvial formations 

where some elements such iron and manganese are found in excess. In addition,  in some 

areas, springs and wells are contaminated by bacteriological germs (Barrat and Gutierrez, 

2015). Hahne (2014) highlighted the great influence of pit latrines and the existing 

lineaments to this bacteriological contamination of the groundwater in different parts of the 

country. The lineaments serve as open pathways of the contaminants but also for the 

groundwater recharge where groundwater potential is high in the intersection of the 

lineaments (Hahne, 2014). However, according to Post et al. (2017), also dissolved uranium 

concentration can reach up to 700g/l in groundwater resource where the admissible value 

is 30g/l according to WHO guidelines.  
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In the northern region of Burundi especially in Kirundo province which was the study area, 

the yield of some aquifers is around 5.5l/s and 100m of thickness; the transmissivity varies 

between 2.10-4 and 6.10-3m2/s and the storability is around 5.10-4 (Barrat and Gutierrez, 

2015). In the same region, the groundwater recharge which mainly occurs during the rainy 

season, is estimated to be 235mm/year (Post et al., 2017). 

 

In the central region of the country precisely in the aquifer of Gitega, despite the continuous 

decrease of the water table due to limited recharge, the yield of boreholes can reach many 

tens of m3/h with the operating discharge reaches more than 60m3/h. The transmissivity is 

between 10-3 and 10-2m2/s (Barrat and Gutierrez, 2015). 

 

2.3 Groundwater Potential  

The identification of groundwater potential zones has become extremely important in order 

to meet the increasing water demand. It contributes in adequate groundwater management 

while avoiding the overexploitation and locating the suitable areas of drilling or recharging 

(Howari et al., 2007). The localisation of groundwater potential zones was a hard, time 

consuming and costly task before the integration of remote sensing and GIS  techniques 

especially during the data collection and analysis (Shamuyarira, 2017).  

 

To date, different related studies such as by Howari et al. (2007), Kumar et al. (2007), Gouri 

et al. (2014) and Sibomana et al. (2017) were carried out mainly using geographical 

information system and remote sensing techniques and have been described as effective and 

efficient tools (Howari et al., 2007; Kumar et al., 2007; Gouri et al., 2014; Sibomana et al., 

2017). Yeh et al. (2016) used geographical information system while Indhulekha et al. (2019) 

used both geographical information system and remote sensing techniques with resistivity 

survey techniques.  

 

However, despite the advancement of technologies and research, groundwater potential 

studies are still challenging since there is no methods of observing or studying directly the 

groundwater a part from analysing and understanding its interrelationships with different 

surface factors and geological information ( Waikar and Nilawar, 2014) .  
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In this regard, the authors use thematic features as inputs to build groundwater potential 

models for a better identification of groundwater potential zones although they have not used 

exactly the same features. 

 

Jasrotia et al. ( 2013) used the land use and land cover, slope, soil, drainage density, 

groundwater level, static water level, specific capacity, discharge and drawdown as their 

thematic features while instead of the last four thematic features, Gouri et al. (2014) used 

the elevation, fractional impervious surface and lithology (Jasrotia et al., 2013; Gouri et al., 

2014). Ibrahim and Ahmed (2016) considered the land use/land cover, slope, soil, 

geomorphology, lineament, rainfall, lithology and weathered layer whereas Basavarajappa 

et al. (2016) replaced the last two features by the depth to water and drainage density 

(Ibrahim and Ahmed, 2016; Basavarajappa et al., 2016).  

 

Basavarajappa et al. (2016) validated the model using the groundwater yield and around 

70% (102 out of 140) of wells utilized were in the agreement with the model and the errors 

were due to variation in seasonal conditions. Dasho et al. (2017) utilized the geology, 

lineament-intersection density, aquifer thickness and resistivity while Shamuyarira (2017) 

considered the geology, geology faults, slope, drainage, rainfall and land use. Waikar and 

Nilawar (2014) integrated six thematic layers such as the geology, land use/land cover, slope, 

drainage density, geomorphology and lineament density whereas Indhulekha et al. (2019) 

used the same layers but in addition with the soil types, rainfall  groundwater depth and soil 

(Waikar and Nilawar, 2014; Indhulekha et al., 2019). However, despite the difference 

observed in different studies in choosing which feature to integrate, features such as geology, 

land use and land cover, drainage density, slope and soil; are more common. 

 

In Kirundo district as study area, Sibomana et al. (2017) integrated six thematic features 

(slope, drainage density, lineament density, land use /land cover and geology) and used the 

existing borehole yield data for validation of the model. However, there is no study in the 

region which encompassed also the other features such as relief, fractional impervious 

surface, geomorphology, rainfall, aquifer thickness or  groundwater level which have been 

described and used as important influencing factors to groundwater potential (Jasrotia et al., 

2013; Gouri et al., 2014; Basavarajappa et al., 2016; Ibrahim and Ahmed, 2016; Dasho et 

al., 2017; Waikar and Nilawar, 2014; Indhulekha et al., 2019). 



 
 

8 
 

2.4 Factors Influencing Groundwater Potential  

2.4.1 Rainfall 

Rainfall is the major component of water cycle and is generally the main source of 

groundwater recharge through infiltration. The rate of infiltration depends on the 

characteristics of the rainfall such as its intensity and duration. It is also influenced by the 

physiographic characteristics of the area which include the geology, slope, soil type, land 

use/cover, etc.  

 

Increase of rainfall is expected to increase the infiltration and as result, the water level in 

subsurface increases. Therefore, the rainfall is the major contributor of the groundwater 

potential of specific areas except for the fossil groundwater (Shamuyarira, 2017). It may help 

also in preventing the groundwater overexploitation.  Post et al. (2017) highlighted also the 

importance of rainfall on groundwater recharge in the northern region of Burundi which is 

estimated to be 235mm/year during the rainy season (Post et al., 2017). 

 

2.4.2 Geology 

The geology of a specific region gives an idea on groundwater recharge and movement, it 

has been described as a major parameter in groundwater potential and analysis (Gouri et al., 

2014; Indhulekha et al., 2019). According to Indhulekha et al. (2019), the geology is the 

main factor which determines the ability of an area to store and discharge water and then the 

occurrence of groundwater. Therefore, Shamuyarira (2017) and Indhulekha et al. (2019) 

gave to the geology theme the highest weight in their groundwater potential assessment 

studies and Gouri et al. (2014), the second highest weight after the land use/ land cover. 

 

2.4.3 Lineament 

Lineaments have been defined as linear features visible on  surface which are related to 

subsurface features such as faults or lithological boundaries ( Indhulekha et al., 2019). They 

can be also developed by tectonic stress or strain (Basavarajappa et al., 2016). Waikar and 

Nilawar (2014) described major lineaments as lineaments with a length above 3km and 

minor lineaments as lineaments with a length less than 3km (Waikar and Nilawar, 2014) 
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Pradhan (2009) pointed out the importance of lineament in development of groundwater 

zones due to its influence on infiltration of surface runoff but also groundwater movement 

and storage (Pradhan, 2009). Furthermore, according to many groundwater potential studies, 

high to good groundwater potential zones are usually found where the lineament density 

which is expressed in (km/km2), is high (Waikar and Nilawar, 2014; Indhulekha et al., 2019). 

However, Hahne (2014) stated that lineaments can serve also as pathways of contaminants 

from the earth’s surface to groundwater. The same study confirmed the existing of high 

groundwater potential in lineaments intersections in some regions of Burundi such as Gitega, 

Kirundo and Rumonge  Provinces (Hahne, 2014).  

 

2.4.4 Land Use and Land Cover 

Land use/land cover is among the main factors which determine the magnitude of 

infiltration, soil moisture, runoff, and evapotranspiration. In areas with high vegetation, 

infiltration is expected to be high and runoff decreases whereas for the urban or impervious 

areas, runoff is high and infiltration decreases (Waikar and Nilawar, 2014). However, when 

infiltration increases, evaporation and runoff decrease and then groundwater potential is 

expected to be high. 

 

Due to its influence on the groundwater regime particularly on groundwater recharge, land 

use/land cover types are of great importance in groundwater potential investigations 

(Basavarajappa et al., 2016). Apart from its impacts on groundwater quantity, Sibomana et 

al. (2017) pointed out the importance of land use on groundwater quality. Some researchers 

such as Gouri et al. (2014) and Indhulekha et al. (2019)  have given the land use/land cover 

the highest weight in assessing the groundwater potential zones in their respective study 

areas while it has been  given the second weight after the geology (Gouri et al., 2014; 

Shamuyarira, 2017; Indhulekha et al., 2019). 

 

2.4.5 Slope 

The slope in a region describes the change in its altitude based on a specific horizontal 

distance and has a great influence on infiltration, runoff and soil erosion (Ibrahim and 

Ahmed, 2016). Sibomana et al. (2017) highlighted the importance of gravity which is driven 

by the slope, in groundwater movement.  
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The increase in slope generates the high runoff and decrease the infiltration whereas the 

decrease in slope favours the water infiltration into the soil. Therefore, the slope is among 

the important elements which determine water holding capacity of a specific region. For 

instance, the groundwater potential is expected to be poor for steep slopes and the 

groundwater potentialis is expected to be high when the slope is gentle or closer to zero. The 

groundwater potential is then inversaly related to slope factor  (Waikar and Nilawar, 2014). 

Gouri et al. (2014) and Waikar and Nilawar (2014) found out that good to excellent 

groundwater potential were located in areas with gentle slopes. 

 

2.4.6 Fractional Impervious Surface 

Fractional impervious surface (FIS) presents the coverage rate of impervious surfaces in the 

region and its highest values are usually found in urban areas. Impervious surfaces are parts 

of land use/land cover which favour the surface runoff and limit the infiltration and then the 

subsurface water availability (Gouri et al., 2014).  

 

Accordingly, Kaspersen et al. (2015) highlighted the influence of impervious surfaces on 

hydrological cycle particularly on runoff volumes and velocity and then on the amount of 

groundwater recharge (Kaspersen et al., 2015). The fractional impervious surface is 

inversely related to groundwater potential where its highest value is given the lowest 

probability of groundwater potential and vis-versa (Gouri et al., 2014). 

 

2.4.7 Soil 

The soil is another important variable in terms of groundwater potential investigations. It has 

a great influence on groundwater recharge and hence on groundwater potential depending 

on its water retaining and transferability capacities. Soil properties such as porosity and 

permeability which depend  mainly on soil texture and structure, play a significant role on 

water infiltration and runoff (Basavarajappa et al., 2016).  

 

The porosity refers to soil ability to hold water whereas the permeability refers to the motion 

of water into the soil. One soil type like sand can be both porous and permeable whereas 

another one like limestone is very permeable but less porous. The more the soil is permeable 

and porous, the more it facilitates the infiltration and hence favours the groundwater 
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potential. Sandy soils are supposed to be assigned the highest weight comparatively to clay 

soils in the groundwater potential assessment (Shamuyarira, 2017). 

 

2.4.8 Drainage Density 

A drainage basin also known as catchment area, is defined as a natural unit draining the 

surface runoff into a specific unique point (Waikar and Nilawar, 2014). The drainage density 

determines how closer are the streams channel within a drainage basin or specific region of 

interest and is given by the following formula (Indhulekha et al., 2019): 


A

L
Dd d                                                                                                                        (2.1)                                                                             

Where; 

           Ld = Total length of a stream (km) 

           A = Total area of drainage basin drained by the stream(km2)  

 

The drainage density is directly related to the time of hydrological response to rainfall events 

but inversely proportional to groundwater potential. Therefore, the groundwater potential is 

high when the drainage density is low and vis-versa. (Ibrahim and Ahmed, 2016; Sibomana 

et al., 2017 ). As results, the highest and lowest weight are respectively given to low and 

high drainage density. 

 

2.4.9 Relief 

The relief or elevation of a region provides the spatial distribution or interpolation of its 

altitude. A high relief is likely to cause huge runoff and less infiltration and reflects poor 

groundwater potential and vis-versa. Therefore, the high relief is assigned the lowest weight 

and the lowest relief is  given the highest weight in groundwater potential assessment (Gouri 

et al., 2014). 

 

2.5 Groundwater Quality  

The groundwater quality is generally better compared to the surface water due to its passage 

from the surface through different layers under the ground which facilitate its filtration (Şener 

et al., 2017). The groundwater quality in a specific area depends on several factors either 

natural or anthropogenic. Some of the natural factors are the geology and the age of the water 
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in the aquifer which gives an idea on the velocity  and the movement of contaminants within 

the aquifer or towards the extraction zone (Davie, 2008).  

 

However, the population growth, the human activities such as agricultural activities, 

industrialization and urbanization, have led to groundwater pollution and then threatened the 

groundwater quality. Some anthropogenic practices are attributed to  increased groundwater 

vulnerability to pollution especially in shallow or unconfined aquifers (Khodabakhshi et al., 

2015).  

 

Additionally, apart from the eventual disturbance or blockage of soil pores, the above said 

methods of augmenting artificially the groundwater resources can cause the degradation of 

groundwater quality through reactions between added and resident chemical parameters in 

the groundwater (Howari et al., 2007). As it has been stated by El-Shahat et al. (2016), the 

quality of groundwater resources depends on the hydro geochemical and environmental 

factors which are the main driving forces to groundwater pollution (El-Shahat et al., 2016). 

 

2.6 Guidelines for Water Quality 

Water quality is assessed by its chemical, biological, aesthetic and physical aspects. As water 

is used for several purposes, each water use has its specific needs, standard and guidelines 

in terms of water quality. Therefore, either guidelines or standards for water use differ based 

on the intended use. Standards are limits that must not be exceeded and reflect a legal duty 

but guidelines are limits that should not be exceeded but can be adjusted at national level for 

example. They serve as assisting documents in policies and strategies formulation for the 

development of local standards and regulations in order to ensure an adequate and safe water 

use (WHO, 2006).  

 

However, guidelines for drinking water quality have been provided by the World Health 

Organisation (WHO). These guidelines include the requirements, minimum procedures, 

specific guidelines and its ways of implementation. Guidelines values for some chemical 

parameters are shown in Table 2.1. For agricultural purposes, water quality needs must also 

be met for the safety of humans, soil and crops. Therefore, guidelines have been made also 

specifically for agriculture based on the relationship between the water contents and the 
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observed problems. Similarly, for industrial uses for example, if water does not fit some 

requirements, it may cause corrosion or other related problems. 

 

Table 2.1: Guidelines for Drinking-Water Quality 

Parameters Unit WHO Guidelines 

Values 

 

pH - 6.5-8.5  

Temperature 0C -  

Total Dissolved Solid mg/l 600  

Electrical 

Conductivity 
s/cm                               -  

Iron mg/l 1-3  

Dissolved Oxygen mg/l -  

Chloride mg/l 250  

Aluminium mg/l 0.2  

Sodium mg/l 200  

Magnesium mg/l 30  

Calcium mg/l 300  

Sulphate mg/l 250  

Bicarbonates mg/l 500  

Manganese mg/l 0.4  

Nitrates mg/l 50  

Bromide mg/l -  

Ammonia mg/l 1.5  

Uranium mg/l 0.03  

Fluoride mg/l 1.5  

Source: (WHO, 2008) 

 

2.7 Description of Groundwater Quality Parameters 

2.7.1 pH 

The pH is an important operational chemical parameter of water quality and affects the 

usability of water and the aquatic life (WMO, 2008). Generally, it determines the ratio of 
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hydrogen (H+) and Hydroxyl (OH-) ions in a solution and helps to assess its salinity and 

acidity. pH does not have health-based guideline value due to the absence of direct impacts 

to consumers. Many suggestions have been made where the WHO guidelines of 1958, 1963 

and 1971 suggest a range of 6.5-9.2 and the ones for 1984 gave the range of 6.5-8.5 (WHO, 

2008). However, the optimum value of pH is between 6.5 and 9.5 (WHO, 2008). 

 

2.7.2 Electrical Conductivity 

The electrical conductivity (EC) is another important parameter in water quality analysis. It 

measures how easy the movement of electrical charges in water is. WMO (2008) highlighted 

the linear correlation between the conductivity and the concentration of dissolved solids in 

many natural waters (WMO, 2008). The electrical conductivity determines indirectly the 

quality of water and increases with the concentrations of different ions, solutes which are 

present in water (Rajesh et al., 2019). The electrical conductivity with the adsorption sodium 

ratio is also used to assess the quality of water for agricultural purposes and helps to 

determine the water salinity (Ishaku et al., 2011). 

 

2.7.3 Turbidity 

Turbidity in water reflects its relative clarity and depends on the material content in the water 

such clay, silt, microscopic organisms and others. It measures the amount of scattered light 

in water sample due to its contents (USGS, 2018). The value of turbidity is directly 

proportional to the intensity of scattered light. High turbidity affects the effectiveness of 

disinfectants, favour the growth of bacteria and then increase the chlorine. The turbidity has 

effects also on the effectiveness of the treatment (WMO, 2008). 

 

2.7.4 Alkalinity 

Alkalinity refers to the concentration of carbonate and bicarbonates or the contents of natural 

salts in water. It is one of the most important factors in water quality and particularly affects 

the taste and appearance of drinking water and then its acceptability to consumers. 

Additionally, it controls the levels of water corrosion rates in pipes (WHO, 2008).  
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2.7.5 Hardness 

Hardness or Total Hardness of water reflects its ability to react with detergents and limits its 

uses. It depends mainly on calcium concentrations and at some extent to magnesium ions 

(Rajesh et al., 2019). According to  Fitts (2009), water hardness is defined as: 

  22 1.45.2 MgCaHardness                                                                                                                      (2.2) 

Where;  

Ca2+ and Mg2+ are concentrations in mg/l.  

 

Ishaku et al. (2011) highlighted also the effects of excess salinity on osmotic activity of crops 

(Ishaku et al.,2011). 

 

The water  is taken as hard when its hardness is more than 159mg/l and soft when its hardness 

is less than 75mg/l (Fitts, 2009). The high hardness of water associated with its pH and 

alkalinity contributes to scale deposition and corrosion of pipes especially when it is less 

than 100 mg/l. WHO (2008) highlighted the relationship between the cardiovascular disease 

and the hardness in drinking-water. However, there is no health based guideline value for 

the hardness despite its effects on taste of water (WHO, 2008).  

 

2.7.6 Sodium 

The Sodium ion (Na+) is one of the common inorganic solutes and major constituents in 

water. Sodium salts are present in foods, water and air but their level in air is generally lesser 

compared to the ones in water or foods. There is no health based guideline value given to 

sodium but its high level (greater than 200mg/l) in water may affects the taste of water and 

then its acceptability to consumers (WHO, 2008). 

 

Sodium is an important parameter in assessment of water suitability to agricultural purposes 

due to its effects to crops and soil. Rajesh et al. (2019) stated that when sodium is mixed 

with other chemical parameters such as chloride or carbonate, there may be respectively 

formation of saline or alkaline soils. The same study according to Rajesh et al. (2019) 

highlighted the sodium’s effects on the sustainability of crop productivity and soil 

permeability. Different indices which depend on sodium content are computed in order to 

evaluate the water suitability to agricultural purposes. In this case, the following indices are 

commonly used to determine the water suitability for agricultural productivity: 
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i. Sodium Percentage (Na%)  

The Sodium Percentage is inversely proportional to water suitability to irrigation purposes 

(Ishaku et al., 2011). 

ii. Residual Sodium Carbonate (RSC)  

Residual Sodium Carbonate (RSC) is also inversely proportional to water suitability to 

irrigation purposes. The value lesser than 1.25 reflects the suitable water and the one higher 

than 2.5 as unsuitable (Ishaku et al., 2011; Rajesh et al., 2019). 

iii. Sodium Adsorption Ratio (SAR)  

Sodium Adsorption Ratio (SAR) depends on the concentration of sodium, calcium and 

magnesium and reflects the high content of sodium in water. It increases with the sodium 

content and is inversely proportional to calcium and magnesium content. Rajesh et al. (2019) 

stated that the excess of sodium can cause the soil structure destruction. Additionally,  it 

hurts the plant growth due to the disturbance of  the osmotic activity of plants (Rajesh et al., 

2019). In addition, Ishaku et al. (2011) highlighted also the effects of excess salinity on 

osmotic activity of crops. 

iv. Permeability Index 

According to Pichiah (2013), the water containing sodium, bicarbonate, calcium, and 

magnesium effects the soil permeability based on their relative concentrations.  

 

2.7.7 Uranium 

Uranium is usually present in mineral deposits such as granites or others. It can be found in 

the environment due to human activities either industrial or agricultural. Its provisional 

guideline value is 0.015mg/l (WHO, 2008). 

 

2.8 Water Quality Index 

Water quality index (WQI) is an important numeric expression or technique in evaluating 

the quality of water. Many chemical parameters are combined with different weights to 

compute one value which determines the quality for a specific water sample. Many studies 

highlighted the effectiveness of the WQI parameter in describing the water quality (Pradhan, 

2009;Tyagi and Sharma, 2014; Şener et al., 2017;  Indhulekha et al., 2019). 
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2.9 Groundwater Pollution  

As mentioned above, the groundwater quality is generally better compared to surface water 

and it is less vulnerable to pollution due to its location and paths under the ground. However, 

due to high population growth as well as high pressure on available water resources, 

groundwater quality has been affected and threatened by numerous human activities such as; 

agriculture, urbanisation, industrialisation and mining. Apart from these anthropogenic 

factors, some natural factors such as geology and soil have a huge impact on groundwater 

quality and can decrease or increase groundwater vulnerability to pollution in specific 

location. 

 

Based on the current water needs and the consequences of its pollution, Howari et al. (2007) 

considers groundwater pollution as another dangerous hazard to human life and ecosystem. 

According to the same study, pollution can be either of biological origin, organic origin or 

simply the stalinization and/or suspended solids. Apart from the sub-surface waste disposal 

and chemical substances such as pesticides, insecticides and fertilizers which infiltrate with 

water; depending on groundwater flow, surface water bodies can affect the groundwater 

pollution through seepage of contaminants to aquifers. 

 

2.10 Geographic Information System 

Geographic information system (GIS) is a system which has the ability of capturing, storing, 

classifying, analysing,  manipulating, updating, retrieving and managing different types of 

data either spatial or non-spatial (Howari et al., 2007). It is appreciated for its ways of 

presenting the information of simple manner, more understandable for many users with 

different background and knowledge. GIS has been used in several domains and its 

performance has been acknowledged by different researchers. 

 

Nowadays, GIS techniques are being used in water resources management such as drought,  

floods,  surface and ground water studies and are recognized as effective and powerful tools 

by different researchers such as Howari et al. (2007); Beser et al. (2016) and Şener et al. 

(2017). GIS has been widely used either in assessing or modelling the quality and the quantity 

of groundwater resources (Şener et al., 2017). Furthermore, It has the abilitiy to present the 

results in a more understandable way. In addition, Khodabakhshi et al. (2015) stated that GIS 
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can be used in assessing groundwater vulnerabily to pollution which is among the main 

threats to water resources quality. 

 

2.11 GIS Interpolation 

GIS has been widely used in different domains due to its ability and effectiviness in 

representing the spatial distribution of information. Its interpolation techniques are needed 

when the information for a specific location is missing or given as point data. GIS 

interpolations are either deterministic or geostatistical. The spatial analysis, one of the GIS 

extensions, contains many tools which are very important not only in spatial representation 

of data but also for different computations and analysis (Khodabakhshi et al., 2015; Rajesh 

et al., 2019).  

 

2.11.1 Kriging Method 

The Kriging Method is an improved interpolation method from squared distance or Inverse 

Squared Distance Weighting. It estimates the spatial distribution of information in analysing 

the degree of spatial correlation of neighbouring data points based on the distance and 

direction between them. Howari et al. ( 2007) highlighted  its interpolation performance at 

measurement points when measurement data are missing. In addition, the Kriging method 

can be used in model calibration (Howari et al., 2007). 

 

2.11.2 Inverse Distance Method 

The Inverse Distance Method (IDW) is a GIS interpolation technique available in spatial 

analyst tools. It helps to estimate the missing data for a specific point location using the 

nearest known data sets. The method assumes that the missing value is a distance-weighted 

average of surrounding known values but this method is suitable for the few observations 

(Khodabakhshi et al., 2015).    

 

2.12 Remote Sensing 

Remote sensing (RS) can be defined as a science and art of acquiring either a spectral, spatial 

or temporal information about physical objects or areas without a physical observation or 

without touching the observed objects (Masud and Bastiaanssen, 2017). Remote sensing 

techniques have been used in water resources studies by different researchers and their 
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effectiveness is appreciated (Howari et al., 2007;  Sibomana et al., 2017; Masud and 

Bastiaanssen, 2017). 

 

Remote sensing has several advantages such as data provision for a large area or inaccessible 

areas, efficiency and effectiveness in data collection and easy interpretation of its data. 

Howari et al. (2007) confirms RS performance in spatial and temporal data collection and its 

efficiency in terrain observation over large and remote areas. These authors stated that remote 

sensing can be used as well in water quality assessment since different unwanted elements in 

water change the energy spectra of reflected solar from water surfaces which can then be 

measured by RS techniques. 

 

However, due to difficulties in assessing different data needed such as the inputs to GIS or 

other types of data, remote sensing is highly needed in natural resources management (Howari 

et al., 2007). Furthermore, remote sensing images do not require the geo-referencing which 

facilitates its importation in geographic information system database. Despite that, field 

information is necessary to assess the accuracy of the provided data. Therefore, many studies 

related to groundwater potential have been carried out using both geographic information 

system and remote sensing techniques (Sibomana, 2017; Prasad et al., 2008; Indhulekha et 

al., 2019).  

 

2.13 Groundwater Modelling  

Modelling is generally a representation of a reality in a simple manner of a certain 

phenomenon in order to ease the understanding or to predict the future behaviour. For 

instance, a simplification or a representation of a real system, an aquifer for example, in 

another simple form  can be carried out in order to assess its response under defined conditions 

or for future predictions (Baalousha, 2009). The author states that since models are 

simplifications of natural or real systems, they are imperfect. Another cause of their 

imperfection is the implication of different assumptions. 

 

As stated by Howari et al. (2007), the models can be classified based on their objectives in 

three types; as predictive models which simulate the future behaviour of the aquifer, 

interpretative models which study system dynamics and generic models which help to 
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understand the flow dynamics hypothetically. However, Baalousha (2009) classifies them 

also in three categories as; mathematical,  analogue and physical models.  

 

Furthermore, the choice of one model among others depends on the objectives of modelling 

and the problem targeted. Because of the advancement of technologies, mathematical models 

are the most used especially the ones using the numerical methods because of their ability of 

solving more complicated problems compared to analytical methods even though they require 

less data. Nowadays, groundwater models are some of the most important tools in water 

resources management that have been recognised as effective and powerful tools in many 

groundwater studies (Pham and Tsai, 2018; Howari et al., 2007; Baalousha, 2009; Sibomana 

et al., 2017; Fouad et al., 2018). 

 

Sibomana et al. (2017) used the GIS-based groundwater potential index in estimating the 

groundwater potential zones in Kirundo province based on different data layers and its 

specific weights. The model was validated using the measured yield data from the wells 

located in the region (Sibomana et al., 2017). The index was given by the following equation: 

 

WIWWiWWiWWiWWiWWiW GGGGSOSOLULULDLDDDDDSLSLGWPI              (2.3)  

Where; 

    SL= Slope 

   DD = Drainage Density 

   LD= Lineament Density 

LU = Land Use and Land Cover  

SO= Soil  

GG = Geology 

w =Normalised weight of a theme 

wi = normalized weight of the individual features of a theme 

 

For the groundwater  quality studies, the DUPIT and DRASTIC models have been used 

respectively in (El-Shahat et al., 2016) in investing the protect ability of groundwater against 

pollution and assessing the groundwater vulnerability (Khodabakhshi et al., 2015). 
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Commonly, the groundwater potential models encompass different thematic features which 

are judged as influential to groundwater occurrence. The main differences include the number 

and type of themes, the given weights to each theme or sub-domain and the overlying method.  

Normally, the integration of all contributors to groundwater development and the weights 

assignment determine the closeness of the model to the reality. This is usually evaluated by 

the field data especially the boreholes/wells yield. 

 

In this study, the groundwater potential model integrated eight themes including the slope, 

drainage density, relief, land use/ land cover, soil, fractional impervious surface, lineament 

density and geology. The themes were overlaid using the data process model known as the 

model builder tool of the ArcGIS Pro software. More importantly, the built model can be 

easily modifiable, shareable, reusable and efficient.  
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Description of the Study Area 

The Kirundo province is located in the northern region of Burundi and it borders Rwanda on 

the North, Muyinga and Ngozi provinces on the West and the South-East respectively. The 

study area covers approximately an area of 1772 km2 and geographically, it is located between 

20 34´60´´S and 30 10´ 0´´ E. The altitude varies between 1321m and 1873m above the sea 

level with a mean elevation of 1427m. The elevation is higher in the South and the East where 

there is a transition from the Bugesera depression which is one of the eleven natural regions 

of the country, to the highlands of Bweru (Sibomana et al., 2017). 

 

The livelihood of the population and the province’s economy rely mainly on agriculture 

which is the main activity in region.  

 

 

Figure 3.1: Location of Study Area 
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As it is in the entire country, the study area experiences two main seasons; dry and rainy, 

which normally occur respectively from September to May and from July to August. 

According to meteorological data from 1990 to 2019 provided by the Geographical Institute 

of Burundi (IGEBU), the highest rainfall of 180.83 mm occurs in April whereas the minimum 

rainfall amount of 6.64 mm occurs in July. The annual rainfall is estimated to be 1055.27 mm 

while the standard deviation is 52.26 mm (Figure 3.2). Contrary to the rainfall, the minimum 

temperature is recorded in April and the highest in September as the start of the rainy season. 

However, the temperature in the study area does not vary as much as rainfall. The annual 

average temperature is 27.73oC with the standard deviation value of 0.83oC for the recorded 

maximum temperature recorded from 1990 to 2019 whereas the minimum and maximum 

temperatures are respectively 26.50oC and 29.10oC. For the minimum temperature, the 

statistical analysis revealed that the average is 16.21oC with the standard deviation value of 

0.43oC whereas the minimum and maximum temperature are respectively 15.21oC and 

16.70oC (Figure 3.3 and Table 3.1). 

 

 

Figure 3.2: Monthly Average Precipitation of Kirundo Province from 1990 to 2019 
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Figure 3.3: Monthly Average Maximum and Minimum Temperature of Kirundo          

Province from 1990 to 2019 

 

Table 3.1: Statistical Analysis for the Precipitation and Temperature of Kirundo 

Province from 1990 to 2019 

  Precipitation(mm) T max (o c) T min (o c) 

Mean 87.94 27.73 16.21 

Min 6.64 26.50 15.20 

Max 180.83 29.10 16.70 

Standard deviation  52.26 0.83 0.43 

 
 

The geology of the study area as the whole natural region in which Kirundo province is 

located, is characterized by the Kibaran belt which is known locally as Burundi super group. 

The Kibaran belt has a length of 1500 km with a width varying between 100 km and 500 km. 

It extends from Democratic Republic of Congo (Katanga) through Burundi, northwest 

Tanzania and Rwanda  to south-western Uganda (Sibomana et al., 2017).  
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3.2 Conceptual Research Design 

The research activities included; data collection and preparation, development of thematic 

maps, data analysis and data processing using GIS techniques. Some data sets such as DEM 

and satellites images were collected and analysed using remote sensing and GIS techniques. 

The other data related to geology, soil and groundwater quality were obtained from different 

institutions and organisations as given under section 3.3. Afterwards, depending on their 

type and intended use, data were prepared and used to extract necessary information. The 

groundwater potential zones were identified using eight (8) thematic maps using GIS, remote 

sensing techniques as well as the analytical hierarchical process method.  

 

In addition, the groundwater quality was assessed and mapped using the results of physio-

chemical analysis carried out on samples taken from the different locations of the study area 

with the help of GIS tools. Figure 3.4 illustrates the conceptual research design. 
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Figure 3.4: Conceptual Research Design
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3.3 Data Collection 

As shown in the conceptual research design, data were collected from different sources such 

as governmental institutions, non-governmental organisations and satellite images. The 

monthly average meteorological data (precipitation and temperature) from 1990 to 2019 were 

provided by the Geographical Institute of Burundi.  

 

Some groundwater quality related data such as iron, pH, temperature were collected from the 

field. The other groundwater quality and yield related data were collected from IGEBU, NCA 

and AHMAR. The groundwater quality analysis was carried out in different laboratories such 

as the one of BGR, Hannover, Germany and the “Analyses des Eaux Africaines”, Bujumbura, 

Burundi. The geology and soil data were respectively given by OBM and ISABU with their 

related different coding. 

 

Digital Elevation Model (DEM) and Sentinel-2 products were downloaded from US Earth 

explorer website. The DEM has been specifically provided by the Shuttle Radar Topography 

Mission (SRTM) with a resolution of 1 arc-second for global coverage (~ 30 metres). 

 

3.4 Satellite Images Analysis, Data Preparation and Thematic Maps Generation 

The two downloaded DEM tiles were first merged with the help of data management tools 

specifically the mosaic to new raster tool of the ArcGIS Pro and then clipped for the study 

area. Afterwards, the clipped digital elevation model was utilized for generating the slope, 

drainage density and relief themes. Each of these themes was classified into five (5) classes 

using the natural breaks method in primary symbology in ArcGIS Pro. 

 

The following were the downloaded Sentinel-2 granules from US Earth explorer website:   

1. T35MRT_20190727T080611_B01.jp2  

2.  T35MRT_20190727T080611_B02.jp2 

3. T35MRT_20190727T080611_B03.jp2  

4. T35MRT_20190727T080611_B04.jp2  

5. T35MRT_20190727T080611_B05.jp2  

6. T35MRT_20190727T080611_B06.jp2 ; 

7. T35MRT_20190727T080611_B07.jp2  
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8. T35MRT_20190727T080611_B08.jp2  

9. T35MRT_20190727T080611_B8A.jp2  

10. T35MRT_20190727T080611_B09.jp2  

11. T35MRT_20190727T080611_B10.jp2  

12. T35MRT_20190727T080611_B11.jp2  

13.  T35MRT_20190727T080611_B12.jp2 

14.  T35MRT_20190727T080611_B12.jp2 

 

Four bands (B2, B3, B4, B8) with 10*10 m resolution were used for the land use/land cover 

map generation types using the supervised classification method. The land use/land cover 

theme was categorized into six classes which included; dense forest, open forest, agricultural 

land, water bodies, barren land and built up land. 

 

The band 8 was again used for the lineament extraction with the help of Geomatica Banff 

software.  The algorithm librarian-line tool was used in the extraction process and the output 

file was imported and analysed into ArcGIS Pro for the lineament map generation. 

 

The two bands (B4, B8) were used respectively as red and near infrared bands for the 

generation of fractional impervious surface (FIS) map. The normalised difference vegetation 

index (NDVI) for the study area was first calculated using the following formula: 

   
REDNIR

REDNIR
NDVI




                                                                                                       (3.1) 

Where; 

 NDVI = Normalised Difference Vegetation Index 

 NIR = Near Infra-Red 

 RED = Red 

The fractional impervious surface (FIS) map were then generated using its relation (3.2)with 

the fractional vegetation cover (FVC) which is given by the Equation (3.3) (Kaspersen et al., 

2015). 

FVCFIS 1                                     (3.2) 

2)(
lowhigh

lowi

NDVINDVI

NDVINDVI
FVC




                                                                                                       (3.3) 
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Where;  

NDVIi =   Specific value of the normalized difference vegetation index 

                  NDVIlow= Lowest value of the normalized difference vegetation index  

            NDVIhigh= Highest value of the normalized difference vegetation index 

  

The soil theme was generated into ArcGIS Pro from the soil data provided as a shape file 

format by the Institute of Agronomic Sciences (ISABU). It was categorised into ten classes 

based on the soil texture. The generated soil classes of the study area were; clay-sandy to 

loam, clay, clay loam, clay-sandy, clay-sandy to loamy-clay-sandy, loam to loamy-sandy, 

sandy clay loam, sandy loam, Organic soils. 

 

In addition, the geology data were provided as six digital maps which were first merged and 

clipped into the study area. The mapping was carried by the Royal Museum of Central Africa, 

Belgium and the Ministry of hydraulic, Energy and Mines, Burundi. The geology theme was 

then prepared and categorised into different geological formations using the ArcGIS Pro 

software. 

 

The groundwater quality and yield related data collected from different sources given above 

as either excel sheets or pdf reports were compiled into one excel sheet. The excel sheet was 

then imported using the GPS coordinates of sampled boreholes and wells into ArcGIS pro for 

further analysis depending on the intended use of each parameter. 

 

3.4.1 Kriging Interpolation Method 

The Kriging Interpolation method was used for the spatial interpolation of point data such as 

the results of physio-chemical analysis of different groundwater samples towards a generation 

of their spatial variation. The method was chosen based on its effectiveness in areas with high 

topographic variation. 
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3.5 Groundwater Quality Analysis 

3.5.1 Ionic Balance Analysis 

The ionic balance analysis method, known also as Normalized Inorganic Charge Balance or 

Charge Balance Error was used for verifying the chemical analysis performance. It is an 

important and indispensable step before any interpretation or presentation of results.  

 

The units of the analysis results were first converted into meq/l before applying the following 

equation: 

 
 






)(

)(
100

AnionsCations

AnionsCations
NICB                                    (3.4) 

 Where;    

∑Cations = The summation of the cations in meq/l 

             ∑Anions = The summation of the anions in meq/l 

 

The NICB is expressed in percentage. In this case, the interpretation of the results of the NICB 

was based on the following rating: 

 

-1  NICB +1     :  Excellent 

-5  NICB +5    : Acceptable 

-10  NICB +10 :   Poor   

 

After assessing the performance of the chemical analysis of the groundwater samples, other 

technical water analysis techniques were applied since the results were judged reliable. 

 

3.5.2 Interpretation and Representation of Groundwater Quality 

The results of physio-chemical analysis of groundwater samples were analysed and compared 

with WHO guidelines and IS (2012) standard values. The results of some parameters such as 

iron, sulphate, nitrate, uranium, potassium, calcium, electrical conductivity and nitrate were 

then spatially represented for the entire study area using the Kriging Interpolation Method. 
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3.6 Calculation of Water Quality Indices related to Agricultural Purposes 

3.6.1 Sodium Adsorption Ratio 

The sodium adsorption ratio (SAR) is an index for assessing the suitability of water to 

irrigation. It evaluates the concentration of sodium, calcium and magnesium into water 

samples which have a negative impact on crops depending on their concentration. The index 

was calculated using Equation (3.5) with the help of the field calculator tool in ArcGIS Pro 

(Belkhiri et al., 2010; Ishaku et al., 2011).  

2

122

2

)
2

(







MgCa

Na
SAR               (3.5)            

The SAR values were classified based on values given in Table 3.2. 

 

Table 3.2: SAR Values Classification 

SAR values Water quality classes 

<10 Excellent 

10 - 18 Good 

18-26 Doubtful 

>26 Unsuitable 

                                                                           

       

3.6.2 Percentage of sodium 

The percentage of sodium (Na%) were calculated because of its effects on agriculture 

particularly to soil permeability. Afterwards, it was spatially represented. 

 

Equation (3.6) was used to calculate the Na% with the help of the field calculator tool in 

ArcGIS Pro (Belkhiri et al., 2010 ; Ishaku et al., 2011 ). 
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NaKMgCa

KNa
Na                                                                                         (3.6) 

 

The Na% values were classified based on values given in the Table 3.3. 
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Table 3.3: Classification of Na% Values 

 

Na% 

 

Water quality classes 

<20 Excellent 

20 - 40 Good 

40-60 Permissible 

60-80 Doubtful 

>80 Unsuitable 

                                                                                 

3.6.3 Permeability Index 

The soil permeability factor is of great importance when evaluating water intended to be 

used in irrigation. It reflects the rate of water circulation and infiltration into the soil. 

Depending on its contents especially the sodium, calcium, magnesium and bicarbonate, the 

water if used for irrigation can then affect the permeability of the soil being irrigated. In this 

study, the suitability of Kirundo groundwater for agricultural purposes was also evaluated 

based on the permeability index (PI) while using Equation (3.7) with the help of the field 

calculator tool in ArcGIS Pro (Davraz and Varol; 2014).  
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NaMgCa

HCONa
PI                                                          (3.7)

                         

The PI values were classified as given in the Table 3.4 

 

Table 3.4: Classification PI Values 

PI Water quality classes 

<25 Excellent 

25 - 75 Good 

>75 Unsuitable 

                                                                            

3.6.4 Kelly Index 

As stated above, elements such as sodium, calcium and magnesium in water affect hugely 

the soil properties. The Kelly Index (KI) was calculated in computing the ratio between the 

sodium and the calcium and magnesium contents in the groundwater of the study area and 
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the following formula was used (Belkhiri et al., 2010 ; Ishaku et al., 2011 ; Davraz and Varol; 

2014). 

 

)( 






MgCa

Na
KI                                                                                                            (3.8) 

The KI values were classified based on values given in Table 3.5 

 

Table 3.5: Classification of KI Values 

KI  Water quality classes 

<1 Suitable 

>1 Unsuitable 

 

 

3.7 Water Quality Index  

The water quality index (WQI) was calculated based on the results of physio-chemical 

analysis of groundwater samples. Weights were assigned to each parameter based on its 

influence on water quality. The water quality index was computed using the  processes 

proposed by Tyagi and Sharma (2014) and Boah et al. (2015) which is expressed as:  

 


n

nn

W

Wq
WQI                            (3.9)                                                                                                                                                           

Where;   

n    = number of parameters for a specific water sample  

Wn = relative weight of each parameter  

qn, = water quality rating of each parameter 
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                               (3.10)                                                                                                                                                 

Where; 

Vn= the observed value of each parameter (mg/l) 

Sn= standard permissible value for each parameter (mg/l) 

Vid, = ideal value of each parameter in pure water (mg/l) 
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Where;  

          k= a coefficient of proportionality which is given by the following expression: 
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                                                                                                      (3.12) 

 

3.8 Groundwater Potential 

Weights were given to the thematic features as well as their specific sub-domains based on 

their rate of influence in groundwater potential. The themes were; the slope, drainage density, 

relief, land use/ land cover, soil, fractional impervious surface, lineament density and 

geology. 

3.8.1 Rating and Weighting  

The weightings and ratings were assigned to thematic maps and their specific classes 

according to their magnitude of influence to groundwater potential. It was done using the 

Analytical Hierarchal Process (AHP) method. The method has been used and appreciated by 

many studies due to its effectiveness in solving complex problems related to decision making 

(Shamuyarira, 2017 ; Maniar et al., 2019).  

 

The AHP method was selected among the other multi-criteria decision analysis techniques 

because of its ability of checking systematically the consistency of judgements which reduce 

the bias in decision making. Furthermore, it synthetises the results by using the pair-wise 

comparison while considering the objectivity and subjectivity of the decision. However, the 

decision maker’s experience affects the method performance. 

 

The method involved the following four main steps: 

i. Development of a hierarchical structure including the main objective, themes and its 

specific classes; 

ii. Determination of relative importance of different themes/classes to groundwater 

occurrence. This was done using the scale of Saaty (Table 3.6) which compares one 

theme to another and then the pair-wise comparison matrix was formulated. 
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Table 3.6: Scale of Importance  

 

 

 

 

 

 

 

 

 

 

 

iii. Normalizing and Ranking the pair-wise comparison matrix. The matrix was 

normalized using the following Equation. 
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1

                                                                                                                   (3.13) 

         Where;   

       jka =   Matrix values 

       j = column number 

       k= row number 

       i= theme 

                   m=total number of themes 

 

Afterwards, thematic weights were computed and ranked from the normalized matrix using 

the following Equation: 

m

a
w

jk

j                           (3.14) 

    

iv. Consistency check of the pair wise comparison matrix. 

More important Absolutely 9 

Very strongly 7 

Strongly 5 

Slightly 3 

Equally important Equal 1 

Less important Slightly 1/3 

Strongly 1/5 

Very strongly 1/7 

Absolutely 1/9 
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Due to many pairwise comparisons, inconsistencies might arise. Accordingly, the consistency 

of the made judgements was assessed by calculating the consistency index (CI) as proposed 

by AHP method. 

 

The following formula was used  

1

max






m

mX
CI                          (3.15) 

Ideally, CI should be equal to zero. 

Acceptable inconsistencies were evaluated using the following condition: 

1.0
RI

CI
                                                                                                                   (3.16) 

Where; 

           RI= Random index values depend on the number of themes and are given in Table 3.7 

 

Table 3.7: Random Index Values 

m 2 3 4 5 6 7 8 9 10 

RI 0 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.51 

      

Once Equation (3.16) is respected, the inconsistency was judged tolerable. Otherwise, the 

pairwise comparison would be unreliable. 

 

Studies such as by; Gouri et al. (2014), Jhariya et al. (2016), Sibomana et al. (2017), 

Shamuyarira (2017), Waikar and Nilawar  (2014) and Indhulekha et al. (2019) were used as 

reference in ranking and assigning weights to thematic maps and its specific classes.  

 

3.9 GIS Processing 

3.9.1 Groundwater Potential Zones Delineation  

Using the spatial analysis tool in ArcGIS Pro, the groundwater potential zones were 

delineated based on the eight generated thematic maps which were overlaid using the 

Equation (3.17).                     

WiWWiWuWiWuoWioWWiWiWWiWWiWW GG+FF+LL+SS+LL+EE+DD+SS=GWP   
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(3.17) 

Where; 

    S= Slope 

   D = Drainage Density 

            E= Relief 

            L= Lineament  

So= Soil  

Lu = Land Use and Land Cover 

F= Fractional impervious surface 

G = Geology 

W=Normalised weight of a theme 

Wi = normalized weight of the individual features of a theme 

 

The model builder was used to develop a simple model based on the Equation (3.17). The 

model performed first the weights assignment to each thematic map and its sub-classes using 

the reclassify and raster calculator tools of the spatial analyst tools in ArcGIS Pro. The 

thematic features were then overlaid using the raster calculator tool of the same toolset. The 

built model is shown in Figure 3.5. 
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Figure 3.5: Groundwater Potential Index Model 

 

Afterwards, the groundwater potential zones were classified and delineated into five zones 

using values given in Table 3.8.  

 

Table 3.8: Groundwater Potential Zones 

Zones GWP 

1            High 

2             Good 

3             Medium 

4             Low 

5             Very low 

 

3.9.2 Water Quality Index Mapping 

The groundwater quality was spatially represented by applying the Kriging Interpolation 

method. The method enabled the spatial interpolation of WQI values in order to get its spatial 
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variation for the case study. The interpretation of the groundwater quality was based on the 

following ranking as given in Table 3.9. 

 

Table 3.9: Water Quality Index Ranking 

Ratings WQI 

0-25                            Excellent 

26-50                          Good 

51-75                          Poor 

76-100                        Very poor 

100                           Unsuitable 

 

3.10 Validation of the Model 

The collected groundwater yields of nineteen (19) boreholes were first classified into five 

(5) classes as shown in Table 3.10 (Barrat and Gutierrez, 2015).  

 

Table 3.10: Classification of Groundwater Yield 

Classes Yield (l/s) 

High > 10 

Good  1-10 

Medium 0.3-1 

Low  0.1-0.3 

Very low <0.1 

 

Afterwards, they were imported into the groundwater potential index map based on their 

specific locations. The agreement and disagreement between the expected (model) rank and 

the real rank of each borehole yield were assessed and plotted in a tabular form. The validation 

was guided by the percentage of wells which agreed or disagreed with the model prediction. 

If the agreement is very high, then the model results are reliable. Otherwise, the model results 

are unreliable. The weights assignment for thematic features and their specific classes had to 

be adjusted until the model results fitted or closely reflected on the real information about the 

groundwater yield. 
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CHAPTER FOUR 

RESULTS AND DISCUSSIONS 

 

4.1 Results of the Groundwater Quality Analysis 

4.1.1 Results of the physio-chemical Analysis 

The analysis was carried out on fourteen (14) boreholes and two (2) wells located in the 

study area. The considered parameters in the Kirundo groundwater quality assessment are 

listed in Table 4.1. The selection was based on parameters’ importance in water quality 

assessment coupled with the data availability factor. 

 

Among nineteen (19) parameters (pH, temperature, Ec, Fe2, K, Na, Cl, Mg, Ca2+, SO4, 

HCO3, Br, U, NH4, F, PO4, NO3, SiO2 and Mn), the average concentration values of only 

four parameters (uranium, manganese, ammonia, and iron) fell out of the guidelines range. 

Their respective standard deviation values are: 14.9, 1.3, 7.4 and 1 which indicates high 

variation of uranium compared to the manganese, ammonia, and iron. The concentration of 

Uranium varies from 0 mg/l to 57.9 mg/l. The pH varies from 5.6 to 7.1 with a mean value 

of 6.5 which falls within guidelines range. However, it reflects the acidic condition of the 

assessed groundwater.  

 

The bicarbonate (HCO3
-) is the ion with the highest concentration in water samples although 

its guideline concentration value is relatively higher. It is followed by the silica, the calcium, 

and the sodium. The lowest concentration is for the phosphate ion. The results of statistical 

analysis carried out on the concentrations of considered parameters are provided in the Table 

4.1. However, the details of the physio-chemical analysis results which were used in the 

study are given in the Appendix 1. 
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Table 4.1: Results of the Statistical Analysis of the Physio-chemical Results 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.1.2 Results of the Ionic Balance Analysis  

The following parameters were taken into consideration in the ionic balance analysis as 

anions: Bicarbonate, fluorine, chlorine, bromide, nitrates, phosphates and sulphates whereas 

the Calcium, magnesium, sodium, potassium, iron and manganese were taken as cations.  

minimum NICB value has been estimated to be -1.65 whereas the maximum was 2.00 with 

the mean value of 0.23. Among sixteen samples, only six fell in an acceptable reliability 

while the remaining fell in an excellent range of reliability. 

 

Parameters Unit Max Min Average STDV WHO/IS(2012) 

Guidelines  

Temp. 0C 31.7 24.3 26.3 2   

pH   7.1 5.6 6.5 0.4 6.5-8.5 

EC (µS/cm) 1730.3 60.2 549.2 446.3 1000 

Fe2+ (mg/l) 3.9 0 0.6 1 0.3 

K+ (mg/l) 19 0.3 6.8 6.1 10 

Na+ (mg/l) 144.7 1.2 34 39.1 200 

Cl- (mg/l) 161.9 1.5 31.3 35.9 250 

Mg2+ (mg/l) 55.5 0.4 12.3 16.6 30 

Ca2+ (mg/l) 124.7 0.4 37.6 34.8 300 

SO4
2- (mg/l) 105 0 20.9 32.2 250 

HCO3
- (mg/l) 747.3 14.6 271.6 232.4 500 

Br- (mg/l) 1.2 0 0.3 0.4   

NH4
+ (mg/l) 37 0 1.9 7.4 0.3 

F- (mg/l) 2 0 0.4 0.4 1.5 

PO4
2- (mg/l) 0.6 0 0.2 0.1 250 

SiO2 (mg/l) 68 7.2 37.6 21.5   

NO3
- (mg/l) 43 0 8.3 12.8 50 

Mn2+ (mg/l) 6.1 0 0.5 1.3 0.4 

U (mg/l) 57.9 0 4.2 14.9 0.03 
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The results of the ionic balance analysis reflect the excellent performance of carried physio-

chemical analysis. The details of the ionic balance analysis are given in the Appendix 2. 

 

4.2 Spatial Variation of Chemical Parameters 

4.2.1 Electrical Conductivity 

The electrical conductivity (EC) has been considered as one of the important parameters that 

needs to be regularly monitored especially in water for drinking (WHO, 2008). It is an 

indirect measure of salinity and some ions content in water. Usually with the sodium 

adsorption ratio, it is also an important factor in quality assessment of water for irrigation. 

The physical analysis of the assessed groundwater with the help of the statistical analysis 

revealed that the maximum values the EC is 1730.3 µS/cm whereas the minimum is 60.2 

µS/cm (Appendix 1). The mean value was estimated to be 549.2 µS/cm which fell within 

the admissible  range (WHO, 2008). Varol and Davraz (2014) and Ehya and Marbouti (2018) 

have discovered the electrical conductivity in their samples varying respectively from 5.27 

µS/cm to 3028 µS/cm and from 497 µS/cm to 12190 µS/cm. It has been then noticed that 

the electrical conductivity varies widely in the groundwater.  

 

In terms of agricultural uses, the analysis results and its spatial distribution showed that the 

electrical conductivity increases from the East to the West. Most of the study area falls 

between low and medium range of the salinity index and then excellent to good water quality 

index for irrigation purposes (Rajesh et al., 2019). Rajesh et al.(2019) indicated that the 

excellent water quality (<250 µS/cm) covers almost its study region. 

 

However, in this study, the majority of the study area has been found under the excellent and 

good water quality classes. The biggest part of the Busoni, Gitobe and Bwambarangwe 

communes fell under the low salinity index and excellent water quality (<250 µS/cm).  

The communes of Ntega, Kirundo, Vumbi, the southern part of Gitobe and the small part of 

Busoni fell under the medium salinity index and water quality index for irrigation (250 

µS/cm - 750 µS/cm). However, the highest electrical conductivity was noted in the north-

western part which reflects the higher salinity index (Figure 4.1).  
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Figure 4.1: Spatial Distribution of EC in Kirundo Province 

 

4.2.2 Iron 

Despite the absence of the health based guideline value for Iron, it is an important parameter 

when assessing the water quality either for drinking or irrigation. Its excess may favour the 

growth of some bacteria and then impact negatively the water distribution, turbidity and 

colour of water (WHO, 2006). The iron concentration can vary from 0.5 to 50 mg/l. 

 

The iron concentration in the study area varied from 3.9 to 0.0 mg/l with the mean value of 

0.6mg/l and the standard deviation value of 1.0 (Appendix 1). It can be naturally present in 

water at a range of 0.5 to 50 mg/l (WHO, 2006). Most of the study area presented the iron 

content exceeding the guideline value (0.3 mg/l) except the small central part of the province 

particularly in Kirundo commune. The spatial distribution analysis showed that iron content 

of the Busoni, Gitobe and Bwambarangwe communes is respectively almost 5,7,10 times 

higher than the values provided in the guideline as given in Figure 4.2.  
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Figure 4.2: Spatial Distribution of Iron in Kirundo Province 

 

4.2.3 Uranium 

The excess uranium content in water, air and food may cause health problems despite the 

insufficient related investigations. The uranium content in the sampled groundwater varied 

from 0 to 0.7 mg/l with an average value of 0.12 mg/l which is far from the guideline range 

value of 0.03 mg/l (Appendix 1). The spatial analysis of uranium content distribution shows 

that its concentration is relatively good in the Central regions of Kirundo province whereas 

it is high especially in the Western region (Figure 4.3).  
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Figure 4.3: Spatial Distribution of Uranium in Kirundo Province 

 

4.2.4 Calcium 

Calcium is one of the major ions usually abundant in groundwater and its presence can 

impact water usages such as drinking and irrigation. The highest concentration of calcium 

observed in the study area was about 125 mg/l and the minimum was 0.4 mg/l with the mean 

value of 34.8 mg/l. The standard deviation value was 34.8 (Appendix 1). All observed 

concentration values fell below the guideline value of 300 mg/l. In this study, the calcium 

concentration was relatively lower. Belkhiri et al. (2010) illustrated the calcium 

concentration ranging from 64.13 to 232.46 mg/l with the mean value of 134.13 mg/l. 

 

 However, as the conductivity, the calcium content varied ascendingly from the eastern to 

western part of the province. Its concentration is relatively high in Bugabira commune and 

relatively low in Bwambarangwe, Busoni and Gitobe communes as given in Figure 4.4.  
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Figure 4.4: Spatial Distribution of Calcium in Kirundo Province 

 

4.2.5 Magnesium 

In general, the magnesium is one of the abundant ions in groundwater and surface water. It 

is also one of the inorganic salts constituting the total dissolved solids in water. The excess 

of magnesium contents affects the water usage. The magnesium concentration of the 

sampled groundwater varies from 0.4 to 55.5 mg/l with a mean value of 12.3 mg/l which 

falls within the permissible limit of 30 mg/l (Appendix 1). The magnesium concentration 

was relatively low comparatively to the one found by  Belkhiri et al. (2010) and Varol and 

Davraz (2014) where it respectively varied from 35.88 to 181.20 mg/l with the mean value 

of 84.20 mg/l and from 1.25 to 101.90 mg/l with the mean value of 27.69. 

 

The spatial distribution analysis of magnesium contents showed that its concentration varies 

increasingly from the East to the West as the calcium concentration and the electrical 

conductivity. 
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The majority of the study area (Bwambarangwe, Busoni, Kirundo, Gitobe and a large part 

of Ntega) presented the magnesium concentration falling within the permissible limit. 

Although, the highest concentration (30-55 mg/l) was observed in Bugabira and Vumbi 

commune respectively in West and South as shown in Figure 4.5.  

 

 

Figure 4.5: Spatial Distribution of Magnesium in Kirundo Province 

 

4.2.6 Potassium 

Potassium is one of the major cations usually found in water and affects the water usage in 

many ways. With bromide, the potassium may cause heath-based problem. When it is 

combined with other salts like magnesium, calcium, sodium at excess concentration, it can 

be harmful to crops. In the study area, the potassium concentration varied from 0.3 to 19 

mg/l with an average value of 6.8 mg/l which falls within the permissible limit of 10 mg/l 

(Appendix 1). The results were almost similar to those found by Varol and Davraz (2014) 
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where in their study, the potassium concentration varied from 0.33 to 12.50 mg/l with the 

mean value of 2.19. 

 

The spatial distribution of potassium content showed that its concentration is within the 

permissible limit except in the northern part of Bugabira commune as given in Figure 4.6. 

 

 

Figure 4.6: Spatial Distribution of Potassium in Kirundo Province 

 

4.2.7 Sulfate 

At high concentration, sulfate causes health based problems such as; gastrointestinal, 

dehydration and laxative effect (Weight, 2008). The maximum sulfate concentration 

observed in the study area was 105 mg/l while the minimum was 0.0 mg/l with a mean value 

of 20.9 mg/l (Appendix 1). All the sulfate concentrations of the assessed groundwater fell 

within the permissible limit of 250 mg/l. Compared to the sulfate concentration analysed by 

Belkhiri et al. (2010) and Varol and Davraz (2014), the concentrations presented in this study 

are relatively low. 
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The spatial distribution analysis showed also that the sulfate content is within the guideline 

range for the entire study area but with relative highest values in the West (Bugabira 

commune) as given in Figure 4.7. 

 

 

Figure 4.7: Spatial Distribution of Sulfate in Kirundo Province 

 

4.2.8 Nitrate 

The main origins of nitrate ion in water are: the leaching of the natural vegetation, 

agricultural activities and waste disposal. It is usually found in the ground and surface waters 

at low concentrations and may have major health problems especially for infants (Varol and 

Davraz, 2014). The results show that the nitrate concentration in the study area varies from 

0 to 43 mg/l with a mean value of 8.3 mg/l. The results are closer to ones revealed by Ishaku 

et al. (2011) where the nitrate concentration varied from 1.4 to 20.7 mg/l with a mean value 

of 9.2 mg/l. All the assessed samples presented the concentration falling within the 

permissible limit of 50mg/l (Appendix 1).  
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The spatial distribution of nitrate ion showed that its concentration is relatively low. It is 

generally less than 15 mg/l for the entire study area except small areas in Bugabira, Busoni 

and Kirundo communes, the only areas where the nitrate concentrations are within the range 

of 20-43 mg/l as given in Figure 4.8.  

 

 

Figure 4.8: Spatial Distribution of Nitrate in Kirundo Province 

 

4.3. Suitability Analysis of Groundwater to Agricultural Purposes 

4.3.1 Sodium Adsorption Ratio 

The sodium adsorption ratio (SAR) parameter is of great importance when assessing the 

water suitability for irrigation. It impacts the crops growth and the soil structure (Nagaraju 

et al., 2006; El-Shahat et al., 2016).  
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The SAR is inversely proportional to calcium and magnesium content and increases with 

sodium content in water. Nagaraju et al. (2006) presented the SAR values ranging from 0.38 

to 1.67 whereas Belkhiri et al. (2010) revealed the SAR values varying from 0.30 to 1.89 

with the mean value of 0.89. 

 

In this study, the SAR varied relatively widely compared to those above said studies, the 

SAR values range from 0.3 to 4.3 with a mean value of 1.3. The spatial distribution of SAR 

showed that SAR is generally lesser than 1.5. However, it is relatively high (1.5 - 4.3) in 

some small areas of Bugabira, Busoni and Kirundo communes (Figure 4.9). In addition, it 

has been noticed that the SAR values are high where the nitrate concentration is high. 

However,  all the SAR values for the entire study area were lesser than 10 and then were 

judged as of excellent quality based on SAR index (Belkhiri et al., 2010; Pichaiah et al., 

2013). 

 

 

Figure 4.9: Spatial Distribution of SAR in Kirundo Province 
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4.3.2 Percentage of Sodium 

The percentage of sodium (Na%) is another important parameter indicating how the water 

for irrigation will affect the soil properties such as permeability and then the plants growth. 

It depends on sodium, potassium, calcium and magnesium concentrations in water. The soil 

permeability ability is inversely proportional to the percentage of sodium. This implies that 

the higher the percentage of sodium reflects the higher the clogging of the soil particles 

(Nagaraju et al., 2006). In this study, the maximum and the minimum values of the Na% 

were estimated respectively to be 88% and 9.2% with a mean value of 42.3% while the 

standard deviation value was 19.8 (Appendix 3). These results are relatively higher 

compared to those revealed by Belkhiri et al. (2010) where the Na% values range from 6.86 

% to 29.15% with the mean value of 15.19%.  

 

According to the spatial distribution of the Na%, the western part (Bugabira, Kirundo) of the 

province presented the water quality ranging mainly from excellent to good with small areas 

of permissible water quality class. The excellent and good water quality classes respectively 

cover around 0.1% and 22.9% of the study area.  However, the permissible class is the one 

which covers the biggest part, 74.6 % of the study area. In addition, the doubtful and 

unsuitable classes were found in small areas in the East with respectively 2.1% and 0.3% of 

the study area (Figure 4.10 and Table 3.3). It has been confirmed that the percentage of 

sodium is high where the potassium, magnesium and calcium concentrations are relatively 

low. 
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Figure 4.10: Spatial Distribution of the Percentage of Sodium in Kirundo Province 

 

4.3.3 Permeability Index 

The soil permeability is of great importance in terms of water use in agriculture. The 

permeability index is an important factor used when assessing the eventual water quality 

impacts on soil permeability. It depends on sodium, bicarbonate, calcium and magnesium 

contents in irrigation water (Nagaraju et al., 2006). The PI in the study area varies between 

47.0 and 177.4 with a mean value of 99.0 (Appendix 3). The results of this study are almost 

similar to those presented by Ishaku et al. (2011) where the PI results range from 24.1 to 

254.3 with the mean value of 93. In the same study, it has been noticed that the extents of 

the suitable and unsuitable classes were found closer to each other where they respectively 

cover 44 % and 56% of the study region (Ishaku et al., 2011). 

 

However, in this study, the spatial distribution of the PI (Figure 4.11) illustrates that the 

western part of the province (Bugabira) is within the good range whereas the eastern part 



 
 

54 
 

presented the unsuitable water quality class for irrigation. The good water quality class 

occupies only 17.8 % of the study area while the unsuitable class covers the 82.2%. The 

excellent class has not been found in the study area.  

 

 

Figure 4.11: Spatial Distribution of the Permeability Index in Kirundo Province 

 

4.3.4 Kelly Index 

The soil properties in particular its permeability ability can be disturbed due to the excess of 

sodium compared to calcium and magnesium contents in irrigation water. As a result, the 

Kelly Index (KI) which is a ratio of the sodium concentration against the calcium and 

magnesium concentrations, is needed to assess the water suitability to irrigation. Ishaku et 

al. (2011) presented the KI values ranging from 0.00 to 0.07 with the mean value of 0.01 

and the entire study area has been found under the suitable class (Ishaku et al., 2011).  
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 However, in this study, the KI was relatively higher compared to those presented by Ishaku 

et al. (2011). The KI values ranged from 0.0 to 7.2 with a mean value of 0.9 which is under 

the suitable class (Appendix 3).  

 

Figure 4.12 illustrates the spatial distribution of the Kelly Index in the entire study area. The 

KI values are lesser than 1 in the West (Bugabira and Kirundo) which reflects the suitable 

water quality class for irrigation while the Eastern part presented the unsuitable class since 

the index values are greater than 1. The suitable water quality class covers 40.2% (711.9 

km2) whereas the unsuitable covers 58.8 % (1041.3 km2) of the study area. The Kelly Index 

increases with the sodium concentration which impacts negatively the soil structure.  

 

 

Figure 4.12: Spatial Distribution of the Kelly Index in Kirundo Province 
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4.4 Analytical Hierarchical Process Results  

The targeted objective of the AHP was the delineation of the groundwater potential zones. 

Eight (8) thematic maps associated with their specific sub-classes were utilised and given 

weights for a better achievement of the objective according to their specific influences to 

groundwater prospects. 

 

Table 4.2 illustrates the pair-wise comparison matrix formed using the scale of importance 

of each theme to groundwater occurrence where; T-1=Elevation, T-2= Geology, T-3=Soil 

texture, T-4=Drainage density, T-5=Lineament density, T-6= Land Use/Land Cover, T-

7=Slope, T-8= Fractional Impervious Surface. 

 

Table 4.2: Pair-wise Comparison Matrix 

Themes T-1 T-2 T-3 T-4 T-5 T-6 T-7 T-8 

T-1 1.000 0.333 0.500 1.000 1.000 0.333 0.500 0.500 

T-2 3.000 1.000 3.000 3.000 3.000 1.000 1.000 2.000 

T-3 2.000 0.333 1.000 1.000 1.000 0.500 0.500 1.000 

T-4 1.000 0.333 1.000 1.000 1.000 0.500 0.500 1.000 

T-5 1.000 0.333 1.000 1.000 1.000 0.500 0.500 0.500 

T-6 3.000 1.000 2.000 2.000 2.000 1.000 1.000 2.000 

T-7 2.000 1.000 2.000 2.000 2.000 1.000 1.000 2.000 

T-8 2.000 0.500 1.000 1.000 2.000 0.500 0.500 1.000 

Sum 15.000 4.833 11.500 12.000 13.000 5.333 5.500 10.000 

 

By applying Equation (3.10), the matrix given in Table 4.2 was normalised and the 

normalised pair-wise comparison matrix is presented in Table 4.3. 

 

Table 4.3: Normalised Pair-wise Comparison Matrix 

 Themes T-1 T-2 T-3 T-4 T-5 T-6 T-7 T-8 

T-1 0.067 0.069 0.043 0.083 0.077 0.063 0.091 0.050 

T-2 0.200 0.207 0.261 0.250 0.231 0.188 0.182 0.200 

T-3 0.133 0.069 0.087 0.083 0.077 0.094 0.091 0.100 

T-4 0.067 0.069 0.087 0.083 0.077 0.094 0.091 0.100 
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T-5 0.067 0.069 0.087 0.083 0.077 0.094 0.091 0.050 

T-6 0.200 0.207 0.174 0.167 0.154 0.188 0.182 0.200 

T-7 0.133 0.207 0.174 0.167 0.154 0.188 0.182 0.200 

T-8 0.133 0.103 0.087 0.083 0.154 0.094 0.091 0.100 

 

Values of each row of the normalised pair-wise comparison matric were averaged by 

applying the Equation (3.11). As result, the thematic weights were computed and are given 

in the Table 4.4.  

 

Table 4.4: Thematic Weights 

 
T-1 T-2 T-3 T-4 T-5 T-6 T-7 T-8 

Criteria Weights 0.07 0.21 0.09 0.08 0.08 0.18 0.18 0.11 

Criteria Weights(%) 6.8 21.5 9.2 8.3 7.7 18.4 17.5 10.6 

 

The geology theme was found out to be the most important with the weight of 21.5 % 

followed by the land use/land cover and the slope themes with the weight of almost 18.4 %. 

The fractional impervious surface which is generally incorporated to the land cover to some 

extent was given a weight of 10.6%. It was followed by the soil texture with 9.2%. The 

drainage density and lineament density themes which are also important in groundwater 

potential assessment, were given almost the same weights of 8% each. The lowest weight of 

6.8% was assigned to the elevation due to its relation with the slope. 

 

These results are closer to those presented by Gouri et al. (2014) and Shamuyarira (2017) 

where the geology was assigned the highest weight followed by the land use/land cover and 

then the slope as it has been found in the present study (Gouri et al., 2014;  Shamuyarira, 

2017). However, Basavarajappa et al. (2016) assigned the second highest weight to the 

lithology after the geomorphology features (Basavarajappa et al., 2016). Similarly, the 

lithology was given the second highest by Gouri et al. (2014) after the land use/land cover 

and the slopes, FIS, soil and drainage density followed in descendant order as it has been 

presented in this study  (Gouri et al., 2014 ). All this highlighted the relative importance of 

the used thematic features. 
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4.4.1 Consistency Check of the Pair-wise Comparison Matrix 

The consistency check was carried out firstly by multiplying each column of the pair-wise 

comparison matrix by its specific thematic weight (Table 4.5). Afterwards, values of each 

row of the resulted matrix were averaged and the Consistency Index (CI) was then calculated 

using the Equation 3.2. Results are presented in Table 4.6. The Random index was 1.41 which 

corresponds to the number (eight) of used themes. The consistency ratio (CR) was then 

computed by diving the consistency index by the random index. The CR value revealed that 

the weight assignment was consistent since it was lesser 10% (Table 4.6). Therefore, the 

weights assignment was judged as reliable. 

 

Table 4.5: Pair-wise Comparison Matrix for Reference 

 Themes T-1 T-2 T-3 T-4 T-5 T-6 T-7 T-8 

T-1 0.068 0.072 0.046 0.083 0.077 0.061 0.088 0.053 

T-2 0.204 0.215 0.275 0.250 0.232 0.184 0.175 0.211 

T-3 0.136 0.072 0.092 0.083 0.077 0.092 0.088 0.106 

T-4 0.068 0.072 0.092 0.083 0.077 0.092 0.088 0.106 

T-5 0.068 0.072 0.092 0.083 0.077 0.092 0.088 0.053 

T-6 0.204 0.215 0.184 0.167 0.154 0.184 0.175 0.211 

T-7 0.136 0.215 0.184 0.167 0.154 0.184 0.175 0.211 

T-8 0.136 0.107 0.092 0.083 0.154 0.092 0.088 0.106 

 

 

Table 4.6: Consistency Check Results 

  T-1 T-2 T-3 T-4 T-5 T-6 T-7 T-8 

Weight sum Value  0.55 1.75 0.75 0.68 0.62 1.49 1.43 0.86 

Criteria weights 0.07 0.21 0.09 0.08 0.08 0.18 0.18 0.11 

Weights Ratio 8.07 8.13 8.12 8.12 8.09 8.13 8.13 8.12 

Xmax 8.11               

CI 0.02               

RI 1.41               

CR 0.01               
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The analytical hierarchical method was also applied in order to find out the weights for the 

sub-domains of each thematic feature and the results are provided in Table 4.7. 

 

Table 4.7: AHP Results 

Themes Sub-domains Weights_% CR  Weights_% CR 

  691.7 35.8        

  726.2 34.3        

T-1(m) 763.9 13.8 0.02  6.8   

  811.3 9.4        

  935.2 6.7        

  Mixed 11.6        

  Ngozi 10.9        

  Murehe 9.7        

  Migendo 6.8        

T-2 Cohoha Complex 13.1 0.02  21.5   

  Alluvium 14.9        

  Tonga 2.8        

  Rukago 7.4        

  Ruganza 10.6        

  Nyagisozi 5.8        

  Granitic rocks 6.4        

  clay-sandy to loam 7.7        

  clay 5.3        

  clay loam 8.3        

  clay-sandy 9.4        

T-3 

clay-sandy to loamy-

clay-sandy 10.8 0.02 

 

9.2   

  loam to loamy-sandy 9.7        

  sandy clay loam 10.2        

  sandy loam 13.4        

  Organic soils 12.6      0.01 

  varied texture 12.6        
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  0.59 35.0        

  1.14 33.1        

T-4 (Km/km2) 1.74 16.2 0.01  8.3   

  2.54 8.7        

  4.54 7.0        

  0.04 4.2        

  0.11 6.8        

T-5 (Km/km2) 0.2 12.1 0.01  7.7   

  0.36 37.3        

  0.73 39.6 
 

     

  Open Forest 29.0        

  Dense forest 32.0        

T-6  Barren land 10.0 0.02  18.4   

  Agricultural land 24.0        

  Water bodies 0.0        

  Built up 5.0 
 

     

  4 36.9        

  8.9 30.6        

T-7(o) 14.7 16.5 0.02  17.5   

  22.3 8.7        

  56.9 7.3        

  0.2 36.7        

  0.3 30.6        

T-8 0.5 16.4 0.02  10.6   

  0.7 10.0        

  1 6.3        

 

4.5 Thematic Maps 

4.5.1. Land Use/Land Cover (LULC) 

The LULC map was generated from the sentinel-2 bands with the help of the ArcGIS Pro 

software. The land use/land cover is one of the important features considered while assessing 

the groundwater potential of a specific location. It contributes widely in the amount of water 
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infiltration into the soil which is the main source of groundwater recharge. Accordingly, the 

land use/land cover was given the weight of 18.4% in the current study. The land use and 

land cover was categorised into six (6) features which included; agricultural land, dense 

vegetation, open vegetation, barren land, build up, water bodies.  

 

The agricultural land which is most abundant covering 43.1 % (762.9 km2) of the study area. 

This is reasonable since the study area is located in the rural areas where the main activity is 

the agriculture. It was given a weight of 24.0 % within the rating and weighting process. The 

open vegetation is the second largest sub-class with the surface area corresponding to the 

30.1 % (533.2 km2) of the study area. It was given a weight of 29.0 %.  

 

The dense vegetation which is mainly in the western part, the extremes of the province, 

covers 9.6 % (170.1km2) of the study area and was assigned the highest weight of 32.0 % 

due to its influences in water infiltration. It was mainly located in the wetlands with flat 

slopes and sometimes closer to water bodies. 

 

Despite the water related problems of the province, the water bodies occupy 8.6 % (151.7 

km2) of the province’s surface. They are located mainly in the northern part. The water 

bodies feature was not considered in groundwater potential assessment since they are not 

generally used as drilling areas. The built up and barren land features which occupy 

respectively 5.2% (92.6 km2) and 3.4% (60.5 km2) of the study area respectively, were given 

the least weights due to the greatest runoff and least infiltration within such areas. The built 

up land was assigned a weight of 5.0 % whereas the barren land was given a weight of 10.0% 

as presented in Table 4.7 and Figure 4.13. 
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Figure 4.13: Land Use and Land Cover Map of the Study Area 

 

4.5.2. Elevation 

The relief of the province was generated from the digital elevation model of the area which 

was downloaded from the US Earth explorer website. The relief  is another very important 

factor to consider in groundwater potential detection. It was noted that high recharge 

occurred generally in valleys and the lowest recharge in the hills (Gouri et al., 2014; 

Shamuyarira, 2017). In the current study, it was given a weight of 6.8% because of its high 

relation with the slope. 

 

In the Kirundo province, the elevation is relatively higher in the South and the Southeastern 

parts while it is lower in the other directions. The highest  and lowest elevations are 935. 189 

m  and 660.459 m respectively. It was classified using the natural breaks into symbology 

tools in ArcGIS Pro into five (5) classes such as the areas with the elevation lesser than or 

equal to 692 m, 726 m, 764m, 811m and 935m. The two lowest elevation ranges (≤692 m 



 
 

63 
 

and ≤726 m) were found to have the largest surface area, greater than the half of the study 

area. They respectively occupy 27.7% ( 491 km2) and 29.5 % ( 522 km2) of the study area.  

During the weights assignement to the sub-classes of the themes, they were respectively 

assigned the weights of 35.8% and 34.3 %. The results show that 20.7% ( 368 km2)  of the 

study area is covered by the elevation varying from 726m to 764m. The elevation of 763.9 

m has been assigned the weight of 13.8% where it was assumed that the runoff starts rising 

to this range and then less groundwater recharge comparatively to the two previous elevation 

ranges. The elevation of the nothern region of Burundi where the current study area is 

located, is generally lower compared to the other parts of the country.  

 

The elevation range of 764 m - 811 m covers 15.1% of the province wheras the elevation 

greater than 811 m and lesser than or equal to 935 m occupies only 7% of the study area. 

These elevations were respectively assigned weights of 9.4% and 6.7% due to the fact that 

the water stagnation is generally very low in such areas and then less groundwater potential 

as  presented in Table 4.7 and Figure 4.14.  

 

Figure 4.14: Elevation Map of the Study Area  
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4.5.3. Drainage Density  

The drainage density of a specific location is one of the major factors which determine the 

degree  to which water infiltrates and the runoff distribution occurs (Ibrahim, 2016). In the 

current study, the drainage density map was generated with the help of ArcGIS Pro software 

particularly by using the line density analysis tool of the software. Afterwards, the drainage 

density map was classified by the Jenks method in into five (5) ranges which included 

drainage density values lesser than or to 0.6, 1, 1.7, 2.5, 4.5 km2/km and which respectively 

occupy 30.6 % (541.7 km2), 28.5% (504.5 km2), 19.6% (347.3 km2), 15.6% (276.4 km2), 

5.7% (101 km2) of the study area (Figure 4.15). The drainage density theme was assigned a 

weight of 8.3 %.  

 

However, studies have revealed that the drainage density is inversely proportional to soil 

permeability and infiltration capacities  and then inversely related to groundwater potential 

(Gouri et al., 2014; Das and Mukhopadhyay, 2018). As a result, when the drainage density 

is high, the probability of groundwater occurrence is lower and vis-versa. Therefore, the 

highest weights of its sub-classes were assigned to lowest drainage density values and vis-

versa as presented in Table 4.7.  
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Figure 4.15: Drainage Density Map of the Study Area 

 

4.5.4 Geology  

The geology is another heaviest factor in the groundwater potential identification due to its 

high influence in groundwater storage, movement and occurrence. It has been assigned the 

highest weight in many studies related to groundwater potential prospects ( Jhariya et al., 

2016; Shamuyarira, 2017; Dar et al., 2020). The Precambrian rocks are the most abundant 

rocks in the entire country (Hahne, 2014). The geology of the study area is attributed to the 

Kibaran belt of the central-eastern Africa. Different types of geological formations have been 

found in the province which have been categorized into eleven (11) classes depending on 

their different characteristics and influences to groundwater prospects (Table 4.8). The 

geology theme was assigned a weight of 21.5% which is the highest weight in the present 

study. The weights assigned to the sub-classes are presented in Table 4.7. However, the 

highest weight was given to the alluvium due to its high permeability and infiltration 

capacity. It occupies 8.7% (154.4 km2) of the study area and usually in the valleys and 

wetlands.  

 



 
 

66 
 

The lowest weight was attributed to the Tonga formation which is formed by misclassified 

gray quartz with conglomerate lenses and covers 2.9% (52.2 km2) of the province. The 

granitic rocks cover 0.1% (1.7 km2) of the study area and was given the weight of 6.4% 

(Table 4.7). Figure 4.16 illustrates the geological formations of the study area and their 

location coverage. 

 

Table 4.8: Characteristics of Geological Formations of the Study Area 

Formations  Characteristics   Area (km2) Area(%) 

Mixed(Gisha, Kamaramagambo, 

Nyabihanga and Vumasi) 

Schists and  metric quartzite 

intercalations. 505.2 28.5 

Ngozi 

Schists, phyllites, phyllades, quartzo-

phyllades and mica schists. 77.8 4.4 

Murehe Meta quartzitic sediments 131.7 7.4 

Migendo 

Meta quartzitic sediments and mica 

schists 226.6 12.8 

Cohoha Complex Granitic and quartzitic arenas 259.2 14.6 

Alluvium 

Alluvial deposits from valleys and 

low terraces  154.4 8.7 

Tonga 

Misclassified gray quartz, well 

laminated siltstones intercalations 52.2 2.9 

Rukago 

Gray and green phyllites sometimes 

with quartzites intercalations 35.9 2 

Ruganza 

Meta quartzites and phyllites 

intercalations 43.6 2.5 

Nyagisozi Gray psammites et psammoschists 138.8 7.8 

Granitic rocks   1.7 0.1 

 



 
 

67 
 

 

Figure 4.16: Geology Map of the Study Area 

 

4.5.5 Soil 

The soil properties are among the most influencing factors in groundwater potential 

assessment. The soil permeability and porosity which depend on the soil types and texture, 

heavily contribute to the rate of the rainfall infiltration and then the groundwater recharge. 

It is very likely that the soil types found in the province were derived from the weathering 

of the Precambrian meta sediments and metamorphic intrusions (Bakundukize et al., 2011). 

The soil theme was assigned a weight of 9.2% in the current study.  

 

After preparation of the soil map, it was classified into ten (10) classes based on the soil 

texture distribution with their respective coverage surface areas as presented in Table 4.9. 

The clay-sandy soil texture which was found to be the most abundant with 1060.7 km2, 

equivalent to almost 60% of the study area was assigned a weight of 9.4% (Table 4.7). The 
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highest weight was assigned to sandy loam texture which covers 0.4% (6.6 km2) of the study 

area. Figure 4.17 presents the spatial distribution of different soil textures in the study area. 

Table 4.9: Soil Texture and Respective Surface Area in the Study Area 

Texture Surface (km2) Surface (%) 

clay-sandy to loam 9.8 0.6 

clay 127.7 7.2 

clay loam 96.3 5.4 

clay-sandy 1060.7 59.9 

clay-sandy to loamy-clay-sandy 75.2 4.2 

loam to loamy-sandy 47.7 2.7 

sandy clay loam 105.8 6.0 

sandy loam 6.6 0.4 

Organic soils 4.6 0.3 

varied texture 95.9 5.4 
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Figure 4.17: Soil Map of the Study Area 

 

4.5.6 Slope 

Important influencing factors in groundwater occurrence include the slope. The slope 

comprises the relief and the horizontal spacing between contours. It influences the soil 

stability or erosion and heavily contributes to the velocity of water runoff on the surface due 

to the gravity law (Jhariya et al., 2016). 

 

In the current study, the slope theme was assigned a weight of 17.5%. Afterwards, using the 

natural breaks method in ArcGIS Pro, it was divided into five (5) sub-classes such as: ≤4o, 

≤8.9o, ≤14.7o, ≤22.3o, ≤56.9o which were respectively considered as flat or almost flat, 

gentle, moderate, steep, very steep. As the relief, the flattest and/or gentlest slopes were 

generally found in the northern part, whereas the steepest were found in the south-eastern 

and southern part. The highest slope was estimated to be closer to 57o (56.862o) and the 

lowest was 0o. It was observed that the steeper slope reflects higher water runoff velocity, 

lesser water infiltration and lesser groundwater recharge and vis-versa. Reasonably, the 
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highest weight was then attributed to the flattest or gentlest slope whereas the lowest weight 

was given to the steepest slopes. 

 

The flattest, gentlest and moderate slopes cover more than 80% (1462 km2) of the study area 

with respectively 27.1% (479.8 km2), 32.4%(573.9 km2), 23% (407.9km2) of the province. 

Based on the above said reason, they were assigned the highest weights (respectively 36.9%, 

30.6%, 16.5%) comparatively to the remaining slopes. Due to their less influence in 

groundwater occurrence, the steepest slopes which occupy 12.4% (219.6km2), was assigned 

a weight of 8.7 %. The steepest slopes which cover only 5.1% (89.8km2) of the study area, 

was given the lowest weight of 7.3% (Table 4.7 and Figure 4.18). 

 

 

Figure 4.18: Slope Map of the Study Area 
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4.5.7 Lineament Density 

Lineaments of an area represents rock fractures, joints and faults, which act as pathways of 

groundwater recharge. Tolche ( 2020) highlighted the most influential contribution of the 

lineament on groundwater occurrence. Moreover, lineaments cross points and areas with 

high lineament density are described as areas with high groundwater potential (Hahne, 

2014). The lineament density which was prepared using the Geomatica Banff, Toolbar and 

ArcGIS Pro software, was assigned a weight of 7.7. Contrary to the drainage density, the 

lineament density is inversely proportional to the hydrological response. Therefore, higher 

lineament density reflects lesser water runoff and higher infiltration rate. The lineament 

density was classified into five (5) classes: ≤ 0.04, 0.11, 0.2, 0.36, 0.73 km/km2 which 

respectively cover 42.3% (749.8 km2), 27.7% (491.5 km2), 18.1% (320.43km2), 10% (176.7 

km2) and 1.9% (32.7km2) of the study area (Figure 4.19). Guided by the above said 

information, the highest lineament density values were given the highest weights and vis-

versa. In their ascending order, the lineament density ranges were respectively assigned the 

weights of 4.2%, 6.8%, 12.1%, 37.3% and 39.6%. 
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Figure 4.19: Lineament Map of the Study Area 

 

4.5.8 Fractional Impervious Surface 

Impervious surfaces such as buildings, roads, paved areas which are usually found in urban 

areas, increase the hydrologic response of the basin and reduce water infiltration.  Apart from 

their limitation to groundwater recharge, they amplify the soil erosion and inundation due to 

high runoff with high velocities and volumes (Gouri et al., 2014). Based on that, the 

fractional impervious surface (FIS) was included in the current study as one of the 

influencing factors in groundwater recharge and was given a weight of 10.6% (Table 4.7). 

The FIS map was prepared and classified into five (5) classes: ≤0.2, ≤0.3, ≤0.5, ≤0.7, ≤0.9. 

They respectively occupy 23.8% (422.2 km2), 39.8% (706.6 km2), 27.5% (487.8 km2), 3.5% 

(62 km2), 5.2% (93 km2) of the study area (Figure 4.20). Based on the above mentioned 

impacts of impervious areas on groundwater recharge, the lowest weights were assigned to 

the highest FIS values and vis-versa. The FIS values lesser than or equal to 0.2, 0.3, 0.5, 0.7 

and 0.9 were then respectively assigned 36.7%, 30.6%, 16.4%, 10.0% and 6.3% (Table 4.7). 
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Figure 4.20: Fractional Impervious Surface Map of the Study Area 

 

4.6 GIS Processing  

4.6.1. Groundwater Quality Index 

The water quality index has been computed using sixteen (16) parameters based on their 

importance in terms of water suitability to its main uses associated with the data availability. 

The used parameters are: pH, electrical conductivity, iron, potassium, sodium, chloride, 

magnesium, calcium, sulphates, bicarbonate, ammonia, fluoride, phosphates, nitrates, 

manganese and uranium. Using the permissible values provided by  WHO (2008) and IS 

(2012), the relative weights for each parameter were computed by applying the Equations 

(3.10) and then (3.11). The highest weight was given to electrical conductivity and the 

minimum to iron. 



 
 

74 
 

Table 4.10: Relative Weights of Water Quality Parameters 

Parameters Sn Vi 1/Sn K Wn 

pH 8.5 7 1.18E-01 2.30E-02 2.71E-03 

EC_µS/cm) 1000 0 1.00E-03 2.30E-05 

Fe (II)_mg/l 0.3 0 3.33E+00 7.67E-02 

K_mg/l 10 0 1.00E-01 2.30E-03 

Na_mg/l 200 0 5.00E-03 1.15E-04 

Cl_mg/l 250 0 4.00E-03 9.20E-05 

Mg_mg/l 30 0 3.33E-02 7.67E-04 

Ca_mg/l 300 0 3.33E-03 7.67E-05 

SO4_mg/l 250 0 4.00E-03 9.20E-05 

HCO3_mg/l 500 0 2.00E-03 4.60E-05 

NH4_mg/l 0.3 0 3.33E+00 7.67E-02 

F_mg/l 1.5 0 6.67E-01 1.53E-02 

PO4_mg/l 250 0 4.00E-03 9.20E-05 

NO3 50 0 2.00E-02 4.60E-04 

Mn 0.4 0 2.50E+00 5.75E-02 

U 0.03 0 3.33E+01 7.67E-01 

 

Afterwards, the water quality rating of each parameter was computed and then the Equation 

(3.9) was applied for the water quality index (WQI) calculation. The water quality index 

values for the fifteen boreholes/wells are provided in Appendix 3. The statistical analysis of 

WQI values revealed that the maximum and minimum values were 1980.4 and 0.8 

respectively with a mean value of 435.8.  

 

According to results presented in the Table 3.9, boreholes such as: F.Bunyari, F.cds Bunyari, 

Munzenze1, F.Marembo, F.Sigu, Kubanira 1, Kubanira 2, Munzenze1, Munzenze2, 

Kiyanza, Kamwayi, Bigwa, Cewe1, Cewe2 fell under the excellent class. The well 

“P.Nyange” and the borehole “Bu-F3” respectively presented the medium and good water 

quality index. The remaining boreholes/ wells fell under the unsuitable class. 

 

Figure 4.21 presents the spatial distribution of the water quality index for the entire study 

area. The Kriging method was used for the spatial interpolation of the water index values. 
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The generated water quality index map was then classified based on the range of values 

provided in Table 3.9. 

 

The water quality index map revealed that more than 90 % (1633 km2) of the study area is 

under the unsuitable water quality class. The very poor, poor and good classes are the least 

abundant with the area coverage of 0.3 % (6 km2) and are shown as a straight line. This needs 

further studies and investigations on the location. The excellent class is only in 7% (127km2) 

of the Kirundo province. The groundwater quality of the province is generally threatened by 

the excess presence of iron, uranium, magnesium and the electrical conductivity in many 

parts of the study area. However, it was revealed that for example, where the uranium content 

falls under the standard and permissible values, the water quality index generally tends to lie 

in the excellent class. For instance, the uranium content of boreholes F1, F4, and F7 exceeds 

respectively 10, 3, and 20 times the permissible content. But, once the uranium content is 

equal to zero, the quality becomes excellent (WQI < 25). 

 

 

Figure 4.21: Water Index Map of the Study Area 
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4.6.2. Groundwater Potential Index 

The groundwater potential map was generated using the built model in ArcGIS Pro (Figure 

3.5). It was then classified into five (5) classes (very low, low, medium, good and high). 

Figure 4.22 illustrates the groundwater potential variation for the entire study area. The 

results show that the northern part of the province especially, the north-western region, is 

generally better than the southern part in terms of groundwater potential. The extent analysis 

of the groundwater potential classes show that very low and low potential classes cover 

70.5% of the entire study area. They respectively occupy 27.2% and 43.3% of the province.  

 

A closer observation at the GWP map reveals that the last two classes (Low and very low) 

have been commonly noticed in the areas of such characteristics: Ruganza and Tonga 

formations, hills with high slope, built up land and sometimes open vegetation, FIS values 

lesser than or equal to 0.5, drainage density varies from 0.6 to1.7. The medium and good 

classes of groundwater potential respectively occupy 10.8 % and 8.9 % of the study area for 

whereas the high class covers only 1.2 % of the study area.  

 

The medium groundwater class was observed to occur mostly in Cohoha complex with 

agricultural land where the slope is moderate to high. The good and high groundwater 

potential classes were observed to occur in alluvial areas which are mostly flat or almost flat 

slopes with dense or open vegetation. The Cohoha complex which is characterised by 

granitic and quarzitic arenas, and sandy clay loam soil texture have also shown positive 

influence to groundwater potential. All of this confirmed the great importance of the used 

thematic features in groundwater occurrence. 
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Figure 4.22: Groundwater Potential Map of the Study Area 

 

4.7 Model Validation Results 

The groundwater yield data have been collected from nineteen boreholes for the model 

validation. Based on the Table 3.10, the actual yield data have been classified also into five 

classes as very low (< 0.1  l/sec, low (0.1 – 0.3 l/sec), medium (0.3 – 1 l/sec), good (1 – 10 

l/sec), and high (>10 l/sec) (Barrat and Gutierrez, 2015). The similarity analysis between the 

model and real classification of the groundwater potential has revealed that out of the 

nineteen sampled boreholes, only two boreholes (F1 and F8) has shown a disagreement 

(Appendix 4). Meaning that collected groundwater yield from seventeen boreholes match 

the expected yield classes provided by the model. The model accuracy has been estimated 

to be closer to 90 % (89.5%). Therefore, the model results have been judged as reliable and 

fit for use. 
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion 

The present study was aimed at evaluating the groundwater potential and its quality with 

regard to the intended water use in Kirundo Province, Burundi. This was achieved with the 

help of the Geographical Information System (GIS) and Remote Sensing (RS) techniques. 

The groundwater quality assessment was based on the concentrations of the selected physio-

chemical parameters which were also used in the computation of other important water 

quality indices such as WQI, SAR, PI, Na% and KI. 

i. More than 90% of the entire province are under unsuitable water quality class for 

human consumption. Based on the EC, SAR and Na% indices, the results show that 

the groundwater of Kirundo Province is suitable for agricultural purposes. However, 

based on KI and PI values, the results show that suitable groundwater for irrigation has 

respectively been presented into 40.2% and 17.8% of the study area; 

ii. The biggest part of the entire study area is under very low and low groundwater 

potential especially in South-Eastern and Eastern parts of the province; and 

iii. Through the water quality indices together with the selected chemical parameters, the 

groundwater quality was spatially presented for the entire study area for better 

interpretation meant to inform policy makers. 

Therefore, it can be concluded that the GIS and remote sensing techniques with the help of 

AHP method are suitable, effective and efficient tools in assessing the groundwater quality 

and potential for a specific location. 

 

5.2 Recommendations 

i. From the study, it is recommended that monitoring system of groundwater quality and 

yield should be carried out through comprehensive boreholes’ data within in the 

province. As a result, the groundwater potential in terms of quality and quantity will be 

protected, conserved and its management improved;  

ii. It is also recommended to carry out proper water treatment techniques especially in areas 

where the iron content exceeds the permissible values. In this case, proper water 
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treatment techniques such as the use of water softeners and filtration should be applied 

for the iron removal before the water use especially for drinking. These techniques will 

also effectively reduce the water hardness. For the excess of the uranium concentration, 

water treatment techniques including the reverse osmosis, ion exchange, distillation or 

other filtration techniques need to be implemented before the water is consumed; 

iii. For the agricultural purposes, different water treatment procedures including the reverse 

osmosis, water injection of sulphur or sulphuric acid or other sodium dissolution or 

neutralisation techniques are recommended in areas where water was found to be 

unsuitable. Alternatively, the soil amendments are also recommended to improve the soil 

permeability and retention abilities; and 

iv. For the groundwater potential, the study recommends that the ArcGIS Pro model 

produced should be enhanced by carrying out further investigations on groundwater 

potential within the Kirundo province. Accordingly, it is highly recommended to carry 

out a quantitative study with a view to estimating the groundwater recharge which will 

effectively help in providing the quantifiable information on the groundwater potential 

within the study area.  
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APPENDICES  

Appendix 1: Physio-chemical Parameters used in Groundwater Quality Assessment and Locations of Boreholes/wells in which Samples were Collected 

 

Boreholes 

/Wells Altitude 

X_WGS 

84 

Y_WGS 

84 Temp. pH EC Fe2+ K+ Na+ Cl- Mg2+ Ca2+ SO4
2- HCO3

- Br- NH4
- F- PO4 SiO2 NO3 Mn U 

  m     0C   (µS/cm) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) 

BU_F1 1400 30.0094 -2.4153 24.3 6.5 625.0 0.0 7.0 83.0 6.0 13.0 35.0 61.5 290.5 0.1 0.0 0.7 0.6 61.5 20.5 0.1 0.3 

BU_F2 1360 29.9811 -2.4282 24.4 6.4 808.0 1.0 6.0 38.0 19.5 44.5 69.5 76.5 416.0 0.1 0.3 0.3 0.3 52.5 0.0 6.1 0.1 

BU_F3 1355 30.0429 -2.4422 27.3 6.4 587.0 0.0 9.5 46.0 10.5 14.0 43.5 12.5 269.0 0.1 0.0 0.2 0.1 59.0 43.0 0.0 0.0 

BU_F4 1356 30.0266 -2.3928 27.5 6.5 1253.0 0.0 10.0 67.0 42.0 55.5 108.0 105.0 601.5 0.6 0.1 0.2 0.1 46.0 0.0 0.5 0.7 

BU_F5 1356 30.0267 -2.3928 26.7 6.6 1200.0 0.0 15.0 70.0 56.0 43.0 69.0 81.0 436.0 0.8 3.7 0.4 0.1 47.0 0.0 1.9 0.0 

BU_F6 1356 30.0268 -2.3923 31.7 6.4 918.0 3.4 19.0 53.0 55.0 29.0 55.0 41.0 333.0 0.8 2.0 0.6 0.1 56.0 0.0 1.3 0.0 

BU_F7 1349 30.0319 -2.4112 24.3 6.5 1336.0 1.5 7.0 136.3 53.3 38.0 124.7 77.0 747.3 0.7 0.0 0.6 0.3 55.3 0.0 0.2 0.6 

Bu_ F8 1362 30.0742 -2.5105 24.8 6.4 380.8 0.4 5.5 26.5 2.5 14.0 35.0 2.0 203.0 0.0 37.0 0.1 0.3 68.0 37.0 0.2 0.0 

Bu_ F9 1358 30.0527 -2.4362 27.0 6.2 364.0                                 

Bu_ F10 1356 30.0317 -2.3598 25.5 6.8 1730.3                                 

Bu_ F11 1362 30.0742 -2.5105 25.1 6.4 385.0                                 

F. BUNYARI 1378 30.1847 -2.5135 24.5 6.8 199.5 0.0 2.9 18.3 18.4 3.3 16.4 2.7 74.2 0.1 0.0 0.2 0.0 21.3 7.2 0.0 0.0 

F.CDS 

BUNYARI 1368 30.1818 -2.5136 29.3 6.2 173.3 0.1 2.5 18.3 18.2 3.0 10.4 2.2 57.5 0.1 0.0 0.2 0.1 23.0 6.6 0.0 0.00274 

F.MAREMBO 1359 30.1711 -2.4534 25.0 6.6 1072.3 0.0 16.0 144.7 80.1 23.6 47.0 4.7 505.3 1.2 0.0 2.0 0.1 32.4 37.3 0.2 0.058 

F.MUNAZI II 1390 30.2029 -2.4781 26.2 5.6 112.0 1.2 0.4 19.6 2.0 1.1 2.5 1.6 54.7 0.0 0.1 0.3 0.1 13.7 6.4 0.0 0.0001 

F.SIGU 1359 30.3633 -2.4108 25.4 7.0 77.5 0.0 0.3 13.6 2.4 0.4 1.0 8.4 14.6 0.0 0.0 0.1 0.1 7.2 11.6 0.0 0.0 

P.NYANGE 1339 30.3401 -2.4297 26.2 5.8 60.2 1.4 0.3 4.9 1.9 1.1 3.8 0.8 26.3 0.0 0.0 0.1 0.1 7.4 1.9 0.0 0.0 

P.SENGA 1333 30.3149 -2.4465 27.4 5.7 97.6 3.9 0.4 6.5 1.5 2.0 5.2 1.4 45.2 0.0 0.0 0.5 0.1 13.7 0.6 0.1 0.0 

KUBANIRA 1 1376 30.1988 -2.4807   6.5 270.0 0.4   10.6 10.5 1.2 34.8 1.0     0.0 0.4 0.1   1.6 0.3   

KUBANIRA 2 1389 30.1986 -2.4813   6.1 160.0 0.2   1.2 10.5 1.0 0.4 2.0     0.0 0.3 0.1   0.0 0.0   

MUNZENZE1 1406 30.1144 -2.5671   6.0 156.0 0.0   20.0 17.1 2.9 20.8 3.0     0.0 0.1 0.2   3.3 0.1   

MUNZENZE2 1338 30.1086 -2.541   6.7 388.0 0.0   10.9 44.7 1.7 52.0 2.0     0.0 0.3 0.4   1.6 0.0   

KIYANZA 1344 30.1506 -2.5144   6.6 455.0 0.1   16.9 33.1 1.5 27.2 17.0     0.7 0.4 0.1   1.4 0.4   

CEWE1 1365 30.0735 -2.5109   6.6 259.0 0.0   14.2 10.6 2.4 16.8 0.0     0.0 0.2 0.5   16.2 0.0   

CEWE2 1353 30.0793 -2.5026   6.6 1000.0 0.1   8.4 161.9 3.7 99.6 19.0     0.0 0.3 0.2   7.6 0.0   

KANABUGIRI 1388 30.048 -2.5467   7.1 465.0 1.0   10.3 75.8 4.6 14.4 1.0     4.2 0.0 0.1   1.2 1.1   

KAMWAYI 1340 30.0699 -2.4642   7.1 568.0 0.0   5.1 31.4 2.2 44.8 0.0     0.0 0.1 0.3   1.0 0.0   

BIGWA 1363  30.06236  -2.4734    6.6 304.0 0.0   6.3 16.8 0.7 2.4 0.0     0.0 0.4 0.0   2.6 0.0   

Max       31.7 7.1 1730.3 3.9 19.0 144.7 161.9 55.5 124.7 105.0 747.3 1.2 37.0 2.0 0.6 68.0 43.0 6.1 57.9 

Min       24.3 5.6 60.2 0.0 0.3 1.2 1.5 0.4 0.4 0.0 14.6 0.0 0.0 0.0 0.0 7.2 0.0 0.0 0.0 

Average       26.3 6.5 549.2 0.6 6.8 34.0 31.3 12.3 37.6 20.9 271.6 0.3 1.9 0.4 0.2 37.6 8.3 0.5 4.2 

STV       2.0 0.4 446.3 1.0 6.1 39.1 35.9 16.6 34.8 32.2 232.4 0.4 7.4 0.4 0.1 21.5 12.8 1.3 14.9 

WHO/IS 

Guidelines          6.5-8.5 1000 0.3 10 200 250 30 300 250 500   0.3 1.5 250   50 0.4 0.03 
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Appendix 2: Results of the ionic Balance Analysis 

Samples  HCO3
-  F- Cl- Br- NO3

- PO4
2- SO4

2- Ca2+ Mg2+ Na+ K+ Fe2+ Mn2+ NICB 

  (meq/l) (meq/l) (meq/l) (meq/l) (meq/l) (meq/l) (meq/l) (meq/l) (meq/l) (meq/l) (meq/l) (meq/l) (meq/l)   

BU_F1 4.77 0.04 0.17 0.00 0.33 0.01 1.28 1.75 1.07 3.61 0.18 0.00 0.00 0.04 

BU_F2 6.82 0.02 0.55 0.00 0.00 0.01 1.59 3.47 3.66 1.65 0.15 0.04 0.22 1.15 

BU_F3 4.41 0.01 0.30 0.00 0.69 0.00 0.26 2.17 1.15 2.00 0.24 0.00 0.00 -0.92 

BU_F4 9.86 0.01 1.18 0.01 0.00 0.00 2.19 5.39 4.57 2.91 0.26 0.00 0.02 -0.39 

BU_F5 7.15 0.02 1.58 0.01 0.00 0.00 1.69 3.44 3.54 3.04 0.38 0.00 0.07 0.15 

BU_F6 5.46 0.03 1.55 0.01 0.00 0.00 0.85 2.74 2.39 2.30 0.49 0.12 0.05 1.15 

BU_F7 12.25 0.03 1.50 0.01 0.00 0.01 1.60 6.22 3.13 5.93 0.18 0.05 0.01 0.36 

Bu_ F8 3.33 0.01 0.07 0.00 0.60 0.01 0.04 1.75 1.15 1.15 0.14 0.02 0.01 2.00 

F. BUNYARI 1.22 0.01 0.52 0.00 0.12 0.00 0.06 0.82 0.27 0.80 0.07 0.00 0.00 1.01 

F. MAREMBO 8.18 0.11 2.25 0.01 0.53 0.00 0.10 2.44 2.00 6.04 0.42 0.00 0.01 -1.25 

F.CDS BUNYARI 0.94 0.01 0.51 0.00 0.11 0.00 0.05 0.52 0.25 0.79 0.06 0.00 0.00 0.21 

F.MAREMBO (N) 8.28 0.11 2.26 0.02 0.60 0.00 0.10 2.35 1.94 6.29 0.41 0.00 0.01 -1.65 

F.MUNAZI II 0.90 0.01 0.06 0.00 0.10 0.00 0.03 0.12 0.09 0.85 0.01 0.04 0.00 0.53 

F.SIGU 0.24 0.00 0.07 0.00 0.19 0.00 0.17 0.05 0.03 0.59 0.01 0.00 0.00 0.45 

P.NYANGE 0.43 0.01 0.05 0.00 0.03 0.00 0.02 0.19 0.09 0.21 0.01 0.05 0.00 0.65 

P.SENGA 0.74 0.03 0.04 0.00 0.01 0.00 0.085.03 0.26 0.16 0.28 0.01 0.14 0.00 0.16 

Max 12.25 0.11 2.26 0.02 0.69 0.01 2.19 6.22 4.57 6.29 0.49 0.14 0.22 2.00 

Min 0.24 0.00 0.04 0.00 0.00 0.00 0.02 0.05 0.03 0.21 0.01 0.00 0.00 -1.65 

Average 4.69 0.03 0.79 0.00 0.21 0.00 0.63 2.11 1.59 2.40 0.19 0.03 0.03 0.23 

STDV 3.80 0.03 0.80 0.01 0.25 0.00 0.77 1.85 1.49 2.09 0.16 0.04 0.06 0.94 
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Appendix 3: Indices used in Groundwater Quality Assessment   

Boreholes 

/Wells Altitude 

X_WGS 

84 

Y_WGS 

84 SAR Na_% PI KI GQWI 

  m               

BU_F1 1400 30.0094 -2.4153 3 57.4 130.4 1.3 892.535 

BU_F2 1360 29.9811 -2.4282 0.9 20.2 96.4 0.2 367.879 

BU_F3 1355 30.0429 -2.4422 1.6 40.3 120.4 0.6 72.3449 

BU_F4 1356 30.0266 -2.3928 1.3 24.1 99.2 0.3 1908.4 

BU_F5 1356 30.0267 -2.3928 1.6 32.9 101.6 0.4 219.444 

BU_F6 1356 30.0268 -2.3923 1.4 35.2 104.4 0.4 234.764 

BU_F7 1349 30.0319 -2.4112 2.7 39.5 119 0.6 1561.25 

Bu_ F8 1362 30.0742 -2.5105 1 30.8 110.6 0.4 970.521 

F. BUNYARI 1378 30.1847 -2.5135 1.1 44.4 106.7 0.7 1.45552 

F.CDS 

BUNYARI 1368 30.1818 -2.5136 1.3 52.8 111.3 1 5.73775 

F.MAREMBO 1359 30.1711 -2.4534 4.3 61 137.8 1.5 9.59299 

F.MUNAZI II 1390 30.2029 -2.4781 2.6 80.3 164.3 4 155.351 

F.SIGU 1359 30.3633 -2.4108 2.9 88 123.4 7.2 0.85438 

P.NYANGE 1339 30.3401 -2.4297 0.6 44.3 131.4 0.8 35.9038 

P.SENGA 1333 30.3149 -2.4465 0.6 41.1 145.6 0.7 100.611 

KUBANIRA 1 1376 30.1988 -2.4807 0.3 24.8   0   

KUBANIRA 2 1389 30.1986 -2.4813 0.9 47.7   0.4   

MUNZENZE1 1406 30.1144 -2.5671 0.8 49.1   0.1   

MUNZENZE2 1338 30.1086 -2.541 0.3 18.9   0   

KIYANZA 1344 30.1506 -2.5144 0.3 29.4   0   

CEWE1 1365 30.0735 -2.5109 0.8 49.8   0.1   

CEWE2 1353 30.0793 -2.5026 0.5 9.2   0   

KANABUGIRI 1388 30.048 -2.5467 1.7 49.3   0.3   

KAMWAYI 1340 30.0699 -2.4642 0.5 14   0   

BIGWA      1363 30.0624 -2.4734 0.7 74.2   0.3   

Max       4.3 88 164.3 7.2 1908.4 

Min       0.3 9.2 96.4 0 0.85438 

Average       1.3 42.3 120.2 0.9 435.777 

STV       1 19.8 19.1 1.6 612.316 
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Appendix 4: Details of the Model Validation 

 

Boreholes Z_m 

X_WGS 

84 

Y_WGS  

84 

Real Yield 

_l/s Real Classes 

Model 

Classes 

Agreements(A) 

/Disagreements(D) 

BU_F1 1400 30.0094 -2.4153 0.5 Medium Low D 

BU_F2 1360 29.9811 -2.4282 0.6 Medium Medium A 

BU_F3 1355 30.0429 -2.4422 0.3 Low-Medium Medium A 

BU_F4 1356 30.0266 -2.3928 0.1 Low-very low Low A 

BU_F5 1356 30.0267 -2.3928   
 

Medium   

BU_F6 1356 30.0268 -2.3923     Medium   

BU_F7 1349 30.0319 -2.4112 3.6 Good Good A 

Bu_ F8 1362 30.0742 -2.5105 3.6 Good Medium D 

Bu_ F9 1358 30.0527 -2.4362 1.4 Good Good A 

Bu_ F10 1356 30.0317 -2.3598 1.4 Good Good A 

Bu_ F11 1362 30.0742 -2.5105 0.8 Medium Medium A 

F. BUNYARI 1378 30.1847 -2.5135   
 

Good   

F.CDS 

BUNYARI 1368 30.1818 -2.5136   
 

Good   

F.MAREMBO 1359 30.1711 -2.4534   
 

Low   

F.MUNAZI II 1390 30.2029 -2.4781   
 

Low   

F.SIGU 1359 30.3633 -2.4108   
 

Low   

P.NYANGE 1339 30.3401 -2.4297   
 

Low   

P.SENGA 1333 30.3149 -2.4465   
 

Low   

KUBANIRA 1 1376 30.1988 -2.4807 0.8 Medium Medium A 

KUBANIRA 2 1389 30.1986 -2.4813 2.5 Good Good A 

MUNZENZE1 1406 30.1144 -2.5671 1.0 Medium-Good Good A 

MUNZENZE2 1338 30.1086 -2.5410 1.4 Good Good A 

KIYANZA 1344 30.1506 -2.5144 4.2 Good Good A 

CEWE1 1365 30.0735 -2.5110 2.5 Good Good A 

CEWE2 1353 30.0793 -2.5026 0.5 Medium Medium A 

KANABUGIRI 1388 30.048 -2.5467 5.8 Good Good A 

KAMWAYI 1340 30.0699 -2.4642 1.4 Good Good A 

BIGWA 1363 30.0624 2.4734 2.2 Good Good A 


