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[bookmark: _Toc72156944]Introduction
Water is a basic requirement of all life on earth. The increase in population and urbanization, among other factors, has necessitated growth in the agricultural and industrial sectors which demand for more fresh water from groundwater. This is because of its continuous availability in large quantities and in most cases better natural quality. 
Development of water resources presents a challenge for planners and decision makers in countries with high population growth and water scarcity. Exploitation of groundwater resources has increased in the past decades, leading to the over-extraction of groundwater, which eventually causes ecological problems such as decreased groundwater levels, water exhaustion, water pollution and deterioration of water quality. To ensure sustainability, it is necessary to undertake proper planning and investigations and apply novel groundwater exploitation techniques.
In Baringo County, the problem of water scarcity is faced in all sectors and the current share of water is extremely low as the County is dominated by an arid climate. Therefore, a considerable part of water for the households and livestock in the County depends on the available groundwater resources. 
The development of groundwater resource requires studies and surveys that identify areas with high potential for exploration to anticipate the inevitable geophysical surveys, which are expensive and time consuming. With the advancement in technology, geospatial tools (Remote Sensing and GIS) have emerged as effective tools for executing spatial data and decision making in several areas including engineering and environment. GIS is a computer system designed to capture, store, manipulate, analyze, manage and present all types of geographical data. It provides special data entry, retrieval, management, analysis and visualization functions. Remote sensing is the science, art and technology of acquiring information (spectral, spatial, and temporal) about material objects, area or phenomenon without coming into physical contact with the object, area or phenomenon under investigation.
Methodology
Generation of thematic maps
Development of thematic layers involves digital image processing of remote sensed data, digitization of existing maps and field data for extraction of pertinent information. The following table shows a summary of the data sources and resolutions.
[bookmark: _Toc70777889][bookmark: _Toc72155928]Table 1. Data sources
	Data type
	Source 
	Resolution/ period

	Borehole locations, their  fluoride concentration  and yields
	Central Rift Valley Water Works Development Agency
	2014-2020

	Landuse/ landcover
	United States Geological Survey (USGS) satellite image
	30m x 30m, 2020

	Soil 
	Kenya Soil and Terrain (KENSOTER) database
	1997

	Slope 
	United States Geological Survey website, Digital Elevation Model(DEM)
	30m x 30m, 2020

	Drainage density
	Basins and sub basins in Kenya database
	2007

	Lineament density
	United States Geological Survey website
	2020-2021

	Lithology 
	Survey of Kenya
	1962

	Rainfall 
	Kenya Meteorological Department
	1980-2019


[bookmark: _Toc72156968]    
 
Derivation of rank and weightage wise thematic maps
The relationship between the seven thematic layers was derived using Multi-Criteria Decision Making (MCDM) to compute the relative importance of each theme. The relationship between the 
The effect of each major and minor factor was assigned a weightage of 1.0 and 0.5 respectively (Anbarasu et al, 2019). Figure 1 shows the interrelationship between the groundwater influencing factors.
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[bookmark: _Toc72155913]Figure 1. Interrelationship between factors influencing groundwater (source: Anabarassu et al,2019)
The cumulative weightage of both major and minor effects were considered for calculating the relative rates. This rate was further used to calculate the score of each inﬂuencing factor as shown in Table 2.
[bookmark: _Toc70777890][bookmark: _Toc72155929]Table 2. Calculation of weightage for the factors influencing groundwater
	Factor
	Major effect
(a)
	Minor effect
(b)
	Proposed relative rates, c (a+b)
	Proposed relative score for each influencing factor (c/16) (%)

	Lineament
	2
	0
	2
	13

	Land use/cover
	2
	1.5
	3.5
	22

	Lithology
	4
	0
	4
	25

	Drainage
	1
	0.5
	1.5
	9

	Slope
	2
	0.5
	2.5
	16

	Rainfall
	1
	0.5
	1.5
	9

	Soil
	1
	0
	1
	6

	Total
	
	
	16
	100








The individual layers and their classes were assigned weightages and ranks ranging from 1 to the highest value depending on the number of classes. Rank 1 indicated the most favorable sites for groundwater while rank 5 indicated the least favorable sites for groundwater potential.
[bookmark: _Toc72156969]Delineation of the groundwater potential zones
All the maps were converted into raster format and georeferenced to common reference point in the Universal Transverse Mercator plane coordinate system. The maps were then integrated using the overlay tool to generate the groundwater potential map for the study area. 
[bookmark: _Toc72156970]Assessment of the Fluoride concentration
[bookmark: _Hlk67296589]A map of fluoride concentration levels for the existing borehole data was generated. Water samples were taken from three boreholes and tested for fluoride levels using photometer procedures on drinking water quality. The colorimetric method was used in this study in conducting the fluoride test. The results were then compared with the WHO standards on permissible levels. 
Validation of the groundwater potential map
The delineated groundwater potential zone map was verified using the available borehole yield and fluoride concentration data from Central Rift Valley Water Works Development Agency. The borehole yield points and their fluoride concentrations were overlain onto the final groundwater potential map to check the accuracy of the study in the various groundwater potential zones.
[bookmark: _Toc72156972]Results 
[bookmark: _Toc72156973] Soils
The soil for the study area was classified using the Unified Soil Classification System (USCS) which consists of four main soil categories namely sandy, loamy, clay and very clayey. Table 3 shows the area covered by different types of soil. 
[bookmark: _Toc70777891][bookmark: _Toc72155930]Table 3. Area coverage for soil classes
	Soil type
	Rank
	Area covered in Km2
	% area

	Sandy
	1
	495.846
	5.55

	Loamy
	2
	946.5183
	10.60

	Clay
	3
	3454.6473
	38.69

	Very clayey
	4
	3884.4819
	43.50









A small area of the County (about 16%) has a high potential for groundwater due to the higher infiltration rates for the sandy and loamy soils. The remaining regions, about (84%), have low groundwater potential as they are covered by the clay and very clayey types of soil, which have lower groundwater infiltration rates. The ranked soil map is shown in Figure 2. 
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[bookmark: _Toc72155914]Figure 2. Ranked Soil map
[bookmark: _Toc72156974]Land Use/Land Cover 
[bookmark: _Toc7474037][bookmark: _Toc66790229][bookmark: _Toc67303000][bookmark: _Toc67406370][bookmark: _Toc67409354]Supervised classification was performed to classify the types of landuse landcover and five classes were identified as shown in Table 4. 
[bookmark: _Toc70777892][bookmark: _Toc72155931]Table 4. Area coverage for Landuse-landcover classes
	LULC classes 
	Rank
	Area covered in 
Km2 
	% area

	Water bodies
	1
	894.7827
	8.12

	Agricultural land
	2
	2187.7182
	19.86

	Forest cover
(Shrubs &bushlands)
	3
	432.8487
	3.93

	Fallow land
	4
	7375.2462
	66.97

	Urban areas
	5
	122.7105
	1.11


The areas covered with water bodies and agriculture have a higher potential for groundwater. The percentage total area coverage for these regions is about 28%. About 68% of the County is likely to have a low potential for groundwater since they are covered by fallow lands and urban areas.
[image: C:\Users\DOLPHINE\AppData\Local\Microsoft\Windows\INetCache\Content.Word\IMG-20210511-WA0000.jpg]
[bookmark: _Toc72155915][bookmark: _Toc72156975]Figure 3. Ranked Landuse-landcover map
 Slope
The area coverage of each class of slope in the County is presented in Table 5.
[bookmark: _Toc70777893][bookmark: _Toc72155932]Table 5. Area coverage for slope classes
	Slope classes in %
	Rank
	Area covered in 
Km2
	% area

	<3
	1
	183.2805
	1.76

	3-8
	2
	5611.4172
	53.87

	8-14
	3
	703.8288
	6.76

	14-22
	4
	1399.797
	13.44

	>22
	5
	 2519.0865
	24.18


Baringo County has 24.18% of its area with a steep slope of >22%. These locations could have a lower groundwater potential since steep areas have a lower capability of holding rainfall that would facilitate groundwater recharge.
[bookmark: _Toc7432872][bookmark: _Toc7433054][bookmark: _Toc67295345][bookmark: _Toc67295935][bookmark: _Toc67406470][bookmark: _Toc67406787][bookmark: _Toc67406846][bookmark: _Toc67409377][bookmark: _Toc7432873][bookmark: _Toc7433055][bookmark: _Toc67295346][bookmark: _Toc67295936][bookmark: _Toc67406471][bookmark: _Toc67406788][bookmark: _Toc67406847][bookmark: _Toc67409378][image: ]
[bookmark: _Toc72155916]Figure 4. Ranked Slope map
[bookmark: _Toc72156976]Lineament density
[bookmark: _Toc7474039]Table 6 shows the areas covered by each lineament density class in the study area.
[bookmark: _Toc70777894][bookmark: _Toc72155933]Table 6. Area coverage for lineament density classes
	Lineament density classes
	Rank
	Area covered in Km2
	% area

	0-1.55x10-4
	5
	3725.0379
	33.82

	1.56x10-4-3.21x10-4
	4
	2897.8479
	26.31

	3.22x10-4-5.16x10-4
	3
	2497.2579
	22.68

	5.17x10-4-7.71x10-4
	2
	1356.4386
	12.32

	7.72x10-4-1.28x10-3
	1
	536.6673
	4.87


It was concluded that regions with the lowest lineament density class, were of low susceptibility to groundwater potential.
                  [image: ]
[bookmark: _Toc72155917]Figure 5. Ranked Lineament Density map
[bookmark: _Toc7389211][bookmark: _Toc7432876][bookmark: _Toc7433058][bookmark: _Toc67295348][bookmark: _Toc67295938][bookmark: _Toc67406473][bookmark: _Toc67406790][bookmark: _Toc67406849][bookmark: _Toc67409380][bookmark: _Toc72156977] Drainage Density
[bookmark: _Toc7474040]In the study area, five main drainage density classes were identified and mapped. Table 7 shows the drainage density classes.
[bookmark: _Toc70777895][bookmark: _Toc72155934]Table 7. Area coverage for drainage density classes
	Drainage density classes
	Rank 
	Area covered in Km2
	% area

	6.9 – 28.3
	1
	837.642
	8.10

	28.4 – 38.4
	2
	1351.60
	13.07

	38.5 – 47.6
	3
	2021.44
	19.54

	47.7 -57.7
	4
	2703.53
	26.13

	57.8 – 82.6
	5
	3430.36
	33.16


Groundwater potential is poor in areas with very high drainage density since water is lost majorly in the form of runoff. Areas with low drainage density indicate comparatively higher infiltration and low runoff. 
            [image: ]
[bookmark: _Toc72155918]Figure 6. Ranked Drainage Density map
[bookmark: _Toc72156978]Lithology
The several rock types in the study area were classified into igneous, metamorphic and sedimentary rocks. Their respective area coverages are presented in Table 8.
[bookmark: _Toc7474042][bookmark: _Toc70777897][bookmark: _Toc72155936]Table 8. Area coverage for lithology classes
	[bookmark: _Hlk67381546]Rock type
	rank 
	Area covered in Km2
	% area

	Sedimentary rocks
	1
	1917.03
	17.41

	Igneous rocks
	2
	8669.55
	78.72

	Metamorphic rocks
	3
	246.05
	2.23


The sedimentary rocks were taken to have the highest prospects for groundwater potential. It was therefore assumed that the central and some parts of north west areas of the study area were likely to have higher groundwater prospects.
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[bookmark: _Toc72155919]Figure 7. Ranked Lithology map
[bookmark: _Toc72156979]Rainfall 
The annual rainfall classes and their area coverage for Baringo County was represented by five main classes as presented in Table 9. 
[bookmark: _Toc70777898][bookmark: _Toc72155937]Table 9. Area coverage for the rainfall classes
	Rainfall Amount (mm/annum)
	Rank
	Area covered in Km2
	% area

	1183-1418
	1
	553.3
	5.02

	1003-1183
	2
	1186.3
	10.77

	832-1003
	3
	2060.8
	18.43

	678-832
	4
	2648.4
	24.04

	482-678
	5
	4568.8
	41.47












It was concluded that areas with high amount of rainfall were found to result in higher groundwater potential compared to areas with low annual rainfall. Figure 8 presents the ranked rainfall map for Baringo.

  [image: C:\Users\DOLPHINE\Downloads\RainfallRec(1).jpg]
[bookmark: _Toc72155920]Figure 8. Ranked Rainfall map
[bookmark: _Toc72156980]Groundwater Potential Zone Map
The final groundwater potential map had three classes; very good, good and poor potential zones as indicated in Table 10 and Figure 9.
[bookmark: _Toc70777899][bookmark: _Toc72155938]Table 10. Groundwater potential zone classes
	Groundwater Potential Zone
	Rank
	Area covered in Km2
	% area

	Very Good
	1
	42.688
	0.39

	Good 
	2
	7011.93
	65.33

	Poor
	3
	3678
	34.27








[bookmark: _Toc7036367][bookmark: _Toc7072140]

Generally, areas with very good and good class of groundwater map account for a large areal coverage. Hence it can be inferred that the study area had a high groundwater potential suitability as compared to its total areal coverage.
[image: C:\Users\DOLPHINE\Downloads\PotentialZonesAnalysis1.jpg]
[bookmark: _Toc72155921]Figure 9. Groundwater Potential Zone map             
[bookmark: _Toc67409171][bookmark: _Toc72156982]Validation of Groundwater Potential with Borehole Yield
The groundwater potential map of the study area was validated by the discharge data collected for 85 boreholes. 
From the validated groundwater potential map, the low yield boreholes (1-4 mg/l) were found in the poor groundwater potential zones while moderate yield boreholes (5-8, 9-12, 13-18mg/l) were found in the good groundwater potential zone. Additionally, majority of the high yield boreholes (19-28 mg/l) were lying in the high groundwater potential zones as presented in Figure 10. 
[image: ]

[bookmark: _Toc72155923]Figure 10. Overlain Groundwater Potential with Borehole yields map
[bookmark: _Toc72156983] Validation of Groundwater Potential Zone Map with Fluoride Concentration Levels
With reference to the acceptable fluoride concentration of 3 mg/l in Kenya, majority of the boreholes in the very good and good groundwater potential zones were within this limit as presented in Figure 11. 
[image: ]
[bookmark: _Toc72155924]Figure 11. Overlain Groundwater potential with Borehole Fluoride Concentration map 
Conclusions and Recommendations
Overexploitation of groundwater owing to increasing population, urbanization, industrialization and gradual depletion of groundwater table due to inadequate recharge presents a looming water crisis in Baringo county. Satellite data, conventional maps and pumping test data integrated with GIS were used to delineate groundwater potential zones in the study area. The groundwater potential map was demarcated into three zones, namely; Very good, good and poor. The verification of the groundwater potential map using borehole discharge and fluoride concentration was found satisfactory.
The study concludes that long-term monitoring of groundwater depth can also be used as a validation of the groundwater map. However, the validation through test pumping is more reliable. Thus, the groundwater potential map developed in this study is very useful to the planners, policy/decision-makers, researchers and engineers seeking suitable locations at which to implement resource explorations. It can help formulate effective groundwater exploitation strategies for the study area so as to ensure long term sustainability of this vital resource.
The following recommendations were made from the study:
· Identification of the sites and suitable artificial recharge methods for augmentation of groundwater resources in the poor groundwater potential zones.
· Water de-fluoridation of the groundwater potential zones with excessive fluoride levels to prevent dental fluorosis and other advanced effects.
· More influencing factors such as temperature and aquifer thickness should be incorporated.
· Collaborative initiative in groundwater management.
Experience / Lessons learnt from the internship programme 
The following activities were undertaken during the internship period.
· Evaluation of tender documents for projects to determine the most suitable contractor to do the works as described in the bill of quantities.
· Preparation of bill of quantities for projects. 
· [bookmark: _GoBack]Supervision of ongoing projects at the firm to ensure the works are up to standard and as described in the bill of quantity. 
· Attending site meetings.
· Conducting hydrogeological surveys for the identification of locations for boreholes to be drilled.  Surface exploration methods such as electrical resistivity method were undertaken.
· Design of boreholes to determine the pump capacity and pipe sizes required to deliver the water to an overhead tank.
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