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Riassunto: Il presente studio ha valutato l'impatto sulla qualità 
delle acque sotterranee di diversi tipi di uso del suolo nel medio 
bacino del fiume Njoro (Kenya). Campioni di acque sotterranee 
sono stati raccolti da 8 pozzi nel periodo compreso tra ottobre 
2017 e febbraio 2018; in questi campioni sono stati analizzati pH, 
temperatura dell'acqua, conduttività elettrica, ossigeno disciolto, 
nitrati, ammonio e fosforo totale. Questi parametri sono stati usa-
ti per calcolare l'indice di qualità delle acque sotterranee (GQI) 
per l'area di studio. Le mappe di concentrazione ("mappe primarie 
I") sono state realizzate per i sette parametri di qualità delle acque 
sotterranee utilizzando un'interpolazione Kriging tramite il pro-
gramma ArcGIS. Le "mappe primarie I" sono state standardizzate 
con i valori limite dell'OMS e del KEBS per realizzare le "mappe 
primarie II" al fine di facilitare l'integrazione in un ambiente SIT. 
Le "mappe primarie II" sono state successivamente valutate e pe-
sate tramite una funzione polinomiale al fine di generare "mappe 
di rango" prima di calcolare il GQI, usando lo strumento "spatial 
analyst" di ArcGIS. La mappa di uso del suolo è stata generata da 
immagini satellitari ad alta risoluzione ottenute da Google Earth. 
Sono stati calcolati e confrontati tra loro, tramite tecniche SIT, i 
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valori medi di GQI per i diversi poligoni a differente uso del suo-
lo. I valori di GQI variano da 68.38 a 70.92, indicando una buona 
qualità delle risorse idriche sotterranee presenti nel medio bacino 
del fiume Njoro. Le principali classi di uso del suolo identificate 
includono insediamenti, foreste, terreni agricoli e aree miste. Le 
aree agricole dominano l'area di studio, seguite dagli insediamen-
ti, dalle foreste e infine dalle aree miste. Il valore medio di GQI 
in ogni classe di uso del suolo varia di poco e questo può essere 
relazionato al fatto che queste sono distribuite in maniera diffusa 
nell'area di studio. Gli insediamenti hanno un basso GQI, seguiti 
dalle aree agricole e dalle aree miste; le foreste hanno il valore 
medio di GQI più alto, che corrisponde ad una buona qualità 
delle acque sotterranee. Anche se la variazione è insignificante in 
questo particolare caso studio, questa in qualche modo indica gli 
effetti negativi dei diversi usi del suolo sulla qualità delle acque 
sotterranee.
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Introduction
Groundwater is the world’s valuable and renewable 

natural source of fresh water. It contributes about 95% of 
the total freshwater resource found on our planet Earth 
(Foster et al. 2013; Kaur 2011). Sustainable development of 
this resource is the biggest challenges facing water resource 
managers worldwide (Foster et al. 2002; Goonetillike and 
Vithanage 2017).  Naturally, the groundwater is free from 
artificial impurities, caused by human activities, because of 
the natural filtration processes occurring in the subsurface, 
which eliminates contaminants before it reaches groundwater 
aquifers (Karanth 1989; Balke and Zhu 2008). 

However, when the decontamination capacity of the 
subsurface media is subdued by wastes generated over 
the years, then the groundwater becomes vulnerable to 
contaminations (Civita 2010; Obot and Edi 2012). Once 
the groundwater is contaminated, remedial measures and 
processes are too expensive and time-consuming to undertake 
in most of the developing countries (Agbaire and Oyibo 2009; 
Yin et al. 2013). Besides, polluted groundwater resource is a 
major impediment to the future economic growth as well as 
poses high risks to public health and environment (Pius et 
al. 2012). Hence, the best option is to prevent contaminants 
from reaching the groundwater system through frequent 
monitoring and quality assessments (Sanaa et al. 2016; Saleem 
et al. 2016). 

Balancing human development with the sustainable use of 
groundwater is a major problem in the water sector. Over-
abstractions, excessive use of fertilizers, improper wastes 
disposals and leakage from septic tanks have adversely 
affected groundwater quality and quantity (Wen et al. 2005; 
Gautam et al. 2015). Land use patterns, development trends 
and populations characteristics have also impacted negatively 
on the watershed and recharge health (Mishra et al. 2014). 
Therefore, it is very important to study the impact of land 
use and other human activities on the quality of groundwater 
every two to three years, to ensure clean and safe water are 
consumed by people. 

There are several groundwater quality parameters to be 
studied to ascertain the safety of any drinking water. These 
parameters can be combined to generate a Groundwater 
Quality Index (GQI), which is used to describe the overall 
groundwater quality status of a given area. The GQI values 
help communicate groundwater quality status as wells as 
inform the groundwater quality programs and protection 
strategies (Singh et al. 2011). 

The groundwater quality assessment has been made easier 
by the GIS technology and many researchers have applied it 
in generating solutions to water quality assessment problems 
(Ishaku et al. 2009; Yue et al. 2010; Khan et al. 2011; Khan 
et al. 2017). Geostatistical methods are one of the advanced 
techniques used for interpolation of groundwater quality data 
and provide a number of methods base, which are frequently 
used to estimate the value of a spatially measured variable at 
the unsampled locations. Kriging is one of the best and most 
widely-known techniques used in spatial linear predictions. 

This study, therefore, evaluates the GQI of Mid River 
Njoro catchment, Kenya, using a GIS-based approach. The 
study further assessed the impact of land-use types on the 
groundwater quality of the study area by comparing the mean 
GQI value in each land use type using the spatial analyst 
tools of ArcGIS software. 

Study Area
Mid River Njoro catchment is located in Nakuru 

County, Kenya. It lies southwestern Rift valley and covers 
approximately 55.5 Km2. The area stretches between latitudes 
0° 30’ S and 0° 18’ S and longitudes 35° 46’ E and 35° 55’ 
E. The area experiences a trimodal precipitation pattern 
with long rains occurring from April to May, short rains 
occurring from November to December, and an additional 
small peak occurring in August. The rainfall ranges from 
800mm to 1700mm and potential evaporation is in the 
ranges of 1200mm to 1500mm. Average annual minimum 
and maximum temperatures are 9° C and 24°C respectively 
(Sombroeck 1982). The location map of the study area is 
shown in Figure 1.

Land Use Patterns 

Over the years the area has experienced drastic land-use 
changes from forest cover to an intensive agricultural field. 
Important centres such as Kenya Agricultural Research 
Institute (KARI), Njoro canning factories, Njoro town and 
Egerton University have been established in the mid-zone 
of the River Njoro catchment. The main economic activities 
in the study area are agricultural-based industries including 
vegetable and milk processing, large-scale wheat and barley 
farming. Light manufacturing industries such as timber 
milling and quarrying are also the mainstay of the economy 
(Olang et al. 2011).

Geological and Hydrogeological Characteristics
The area is covered by well-drained red volcanic soils 

(latosolic) and imperfectly drained loam soil covering volcanic 
rocks. Predominant rocks are agglomerates, sediments and 
phonolites on mountains; Pumice, ciders, basaltic tuffs and 
black ashes on hills; plateau and upland plains are alluvium, 
lacustrine and fluviatile derived from them (Sombroeck 
1982).  The geology of the study area comprises a succession of 
Miocene–Pleistocene volcanics, primarily phonolites, trachytes 
and basalts, with pyroclastics and intervening lacustrine beds 
being more widespread in occurrence during the Pleistocene 
(McCall 1967; Baker et al.1988). Much of the rift floor area 
is draped by Holocene pyroclastic, basalt flows, and volcanic 
soils (McCall 1967); grid faults that occur in this section 
of the rift (Baker 1986; Schlüter 1997; Woldegabriel et al. 
2016) are masked by the superficial materials. As assessment 
of borehole geo-logs in the study areas indicate that the top 
brown soils and sediments are on the order of 10 m thick 
or more. Below them are lava flows of rhyolites, basalts, 
trachytes or phonolitic trachytes, with varying thicknesses, 
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Fig. 1 - Location of study area.
Fig. 1 - Area di studio. 

from thin (10 m or less) to thick (sometimes 30–40 m), that 
alternate with consolidated pyroclastic materials such as tuffs, 
agglomerates, ashes and their derivatives comprising loose 
tuffaceous sands or pumiceous gravels. These also comprise 
layers that are thin (5 m or less) to thick (>50 m). This series 
occurs up to depths exceeding 200 m (Mogaka 2010). The 
mid River Njoro catchment is within the bigger rift valley 
aquifer with the static water levels being shallower that the 
than depth at which water was initially struck suggesting 
the presence of confined shallow aquifers (Isaac K and Janet 
S 2013). The depth at which groundwater samples were 
collected ranged from 22 m to 126 m. Aquifer lithological 
studies identified three types of aquifer media; sediments 
(including volcaniclastics), trachyte and tuffs. Sediment units 
intercalated in the volcanic formation forming the main 
sources of groundwater. 

Materials and Methods
Groundwater quality data

The present study used groundwater quality data collected 
between the period of October to February 2018 from eight 
boreholes found in the mid River Njoro catchment. A total 
of 168 groundwater samples were collected from 8 boreholes 
to analyzed for pH, temperature, electrical conductivity, 

dissolved oxygen, nitrate, ammonium, and total phosphorus. 
The pH, water temperature, EC and DO of the collected 
water samples were measured in situ by Hach HQ40D 
portable multimeter. Extra samples were carried in sampling 
bottles, preserved as prescribed in America Public Health 
Association manual (APHA-2320 1999) and taken to Egerton 
University laboratory to analyze nitrate, ammonium and total 
phosphorus. The nitrate and ammonium were determined 
using the sodium-salicylate method (ALPHA 1995). The 
TP was determined by digesting and reducing the forms of 
phosphorus present in the water into free ortho-phosphate form 
(SRP) using persulphate digestion and then analyzed using the 
ascorbic acid method (APHA 1995) on filtered papers. 

The EC estimates the concentration of dissolved salts 
and indicates the potential chemical contaminants (Gali 
et al. 2012), while the pH, temperature and DO influences 
the chemical composition of the groundwater. The nitrate, 
ammonium and total phosphorus are chemical parameters 
derived from human activities and nutrient content of 
manure used in agriculture, hence indicators of possible 
contaminations from the surface activities (Bohlke et al. 
2006). The results obtained were compared with the standard 
values prescribed in Kenya Bureau of Standards (KEBS, 2004) 
and WHO standards and guidelines for drinking water. 
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Spatial data analysis
In order to capture the spatial variation of groundwater 

quality of the mid River Njoro catchment, the spatial 
analysts tool of ArcGIS software was employed. The location 
of groundwater samples and elevation were captured using a 
handheld Garmin 64 GPS receiver and coordinate recorded in 
geographic coordinate system in an Excel sheet. The location 
data (point shapefile) were then linked to the attribute table 
of the groundwater quality data obtained from the field and 
laboratory analysis using GIS techniques. The geographic 
longitude-latitude coordinates were converted to the metric 
coordinate system using the Universal Transverse Mercator 
projection for better spatial analysis and interpolation of 
geospatial groundwater quality data.

A raster model of GIS is used in manipulation of the 
spatial data because it is suitable for overlay analysis, has 
simple data structure, easy and efficient overlaying process 
and provides unified grid cells for several spatial attributes. 
However, large computational storage, inefficient projection 
transformations and loss of information when using large 
cell size discourages its uses. 

Kriging Interpolation Technique
Kriging is a multistep process which includes exploratory 

statistical analysis of the data, variogram modeling, creating 
the surface, and exploring a variance surface. In order to 
create a predicting surface map, Kriging tool goes through 
two-step process: it creates the variograms and covariance 
functions to estimate the spatial autocorrelation values 
that depend on the model of autocorrelation and predicts 
the unknown values.  Kriging estimates are calculated as 
weighted sums of the adjacent sampled concentrations and 
this means that the values closer to those estimated receive 
higher weights than those farther away (Ersoy et al. 2004).  

The main challenge of the kriging interpolation is the 
controversy in the number of sampling points used for 
estimation. Webster and Oliver (1992) recommended the 
sampling points for interpolation using kriging to be at 
least 30 or more. However, the extents to which a single data 
point is interpolated is not clear and as such many researchers 
have used points greater than 30 but within a bigger spatial 
area with single point interpolated more than a distance of 
3km. For example, Derakhshan et al. (2015) assessed the 
groundwater quality of Yazd-Ardakan plain with an area of 
4117 km2 using GIS and GQI with 80 samples from the 
wells. Shawgar et al. (2017), also assessed and modelled 
the groundwater hydrogeological quality parameters via 
Geostatistical approaches in southeast of Tehran, Iran, with 
an area of 1535 km2 using 78 well samples.  Augustina et 
al. (2017), also assessed the spatial variation of groundwater 
quality in a Mining Basin using GIS-based groundwater 
quality index (GQI). The catchment covers an area of about 
6336 km2 and 90 boreholes were used.   

Calculation of Groundwater Quality Index, GQI

The GQI of the mid River Njoro catchment was calculated 
following a four-step procedure proposed by Babiker, et al., 
(2007), outlined here:  
i Construction of Concentration Maps- “Primary Map I”

The concentration map for each groundwater quality 
parameter representing the “Primary Map I” was constructed 
using the Ordinary Kriging interpolation tool of ArcGIS 
software. The Kriging interpolation technique was preferred 
over other interpolation techniques because it was built on 
statistical procedure which is more accurate and provides 
reliable output. The concentration maps become raster format 
of the original point data of groundwater quality parameters. 
The raster format is usually preferred because it provides a 
simple data structure and provides easy and efficient overlay 
analysis as compared to vector format.

ii. Normalizing the Primary Maps I.
Using a normalized difference index function (Equation 

1), the primary maps I were standardized to a common 
universal scale by relating the primary maps I to the KEBS 
and WHO maximum desirable standards. The resultant 
maps, referred to the “primary maps II’, display for every 
pixel a contamination index (CI) values ranging from -1 and 
1. The normalized difference indexing therefore, provides a 
fixed upper and lower limits for the levels of contamination 
in primary maps II.

 '
'

X XCI
X X
−

=
+

   (1)

Where CI is the contamination index, X' is the measured 
concentration and X is the desired KEBS/WHO standards.

iii. The Rank Maps
The primary maps II were then rated between 1 and 10 to 

generate the “rank maps” using the polynomial Equation 2.  
The rate 1 indicates least impact on groundwater quality and 
the rate 10 indicates the highest impact.

 2* *0.5 4.5 5r CI CI= + +   (2)

Where CI is the concentration index value for every pixel in 
the “primary map II” and ‘r’ the corresponding ranking value.

iv. The GQI
The seven “rank maps” were summed up to generate GQI 

using raster calculator of ArcGIS software. This GQI value 
represents linear combination of factors rated and weighted as 
shown in Equation 3.

 { }1 21 2
( ... ) /100 n n

GQI Nw w wr r r= − + +   (3)

Where ‘r’ is the rate of the rank map (1-10); ‘w’ is the relative 
weight of the parameter which corresponds to the “mean” 
rating value (r) of each ranking map. The “mean” rating value 
(r) for the parameters that have potential risks to human 
health, such as nitrate, is calculated by adding the value 2 
(r+2). N is the total number of parameters used for suitability 
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analysis. The 100 value in Equation 3, is the reflection of 
high water quality and those values close to 100 reflect the 
high quality of water and those far below 100 reflect the low 
quality of water.

Preparation of Land use map
The Google Earth satellite provides high-resolution images 

that could be used to create a land-use map of an area. In 
this study, Google earth satellite imagery of 2015 was used 
to generate land use map of the study area. The Google 
earth digitizing tools such as polygons, lines and points were 
utilized to construct the various land use types present in the 
study area. Several polygons were constructed for settlement 
area, forest covers and mixed area. These polygons were then 
imported into ArcGIS software and converted into layers. The 
layers were joined using the union tool of ArcGIS software. 
The joined layer was then erased from the study area using 
the erase tool of ArcGIS software and the remaining area 
assigned to the agricultural land. These four major land-use 
types formed the land use map of the study area. This map 
was then employed to assess the impact assessment of land 
use types on the groundwater quality.

Results and Discussion
The groundwater quality data for the seven selected 

parameters for the 8 boreholes are presented in Table 1. 
These are mean values of data replicated three times for each 
parameters. Table 2 displays the basic statistics of the seven 
groundwater quality parameters used in generating the GQI 

and the corresponding KEBS/WHO standards. From the 
results the observed pH readings varied between 7.53 to 8.70, 
with the overall mean value of 8.01. The mean pH value of the 
study area exceeds the KEBS and WHO recommended value 
of 6.5 to 8.5. Since the mean pH is more than the neutral 
value of 7, the groundwater of the study area can be described 
as ‘slightly’ alkaline. The EC of the study area ranged from 
389.50 μS/cm to 902.00 μS/cm, with mean value of 631.19 μS/
cm. The observed EC is below the threshold value of 2500 μS/
cm set by KEBS and WHO standards. 

All the groundwater samples had observed DO varied 
between 1.53 mg/l to 9.01 mg/l, with overall mean of 5.38 
mg/l. This value slightly exceeds the maximum desired 
threshold recommended by KEBS and WHO standards. 
The temperature readings varied between 17.58 °C to 
24.50 °C. The overall mean was 21.34 °C, which is below 
the threshold recommended in KEBS standard and WHO 
standards. Nitrate concentration range between 0.05 mg/l to  
60.86 mg/l. Except for KARLO dairy borehole (which showed 
extremely high nitrate value of 60.86 mg/l) the observed 
nitrate values in other boreholes were lower than maximum 
acceptable level. ThThis extreme observation (as compared to 
KEBS of 10mg/l) is probably a case of point source pollution 
caused by fecal matters which might have directly flushed 
into the groundwater.  This extreme value was corrected in 
interpolation by dropping and replacing it with the mean of 
the group data. 

The observed ammonium concentration in the study 
area was between 0.03 mg/l to 0.12 mg/l and these values 

Location pH EC (µS/cm) DO (mg/l) Temp. (°C) NO3 (mg/l) NH4
+ (mg/l) TP (mg/l)

Rurii (BH1) 8.47 766.00 5.49 20.43 0.44 0.0910 0.08

Mukuria (BH2) 7.53 538.00 3.34 21.07 1.99 0.0713 0.11

Ngondu (BH3) 8.70 623.00 5.85 24.5 0.05 0.0305 0.06

Muchiri (BH4) 8.64 738.00 6.82 24.65 3.36 0.0223 0.06

Timsales (BH5) 7.94 902.00 9.01 17.58 1.72 0.0883 0.05

Eriithia (BH6) 7.78 389.50 7.8 19.4 1.15 0.1248 0.02

KALRO Main (BH7) 7.71 591.50 4.67 22.75 3.56 0.1003 0.10

KALRO Dairy (BH8) 7.96 501.50 1.53 23.65 60.86 0.0927 0.11

Parameters KEBS/WHO Min Max Mean Std. Dev

pH 6.5 - 8.5 7.53 8.70 8.01 0.43

EC (µS/cm) 1500 389.50 902.00 631.19 153.49

DO (mg/l) 4 1.53 9.01 5.38 2.41

Temperature (°C) 25 17.58 24.50 21.34 2.56

NO3 (mg/l) 10/45 0.05 60.86 9.14 22.29

NH4 (mg/l) 0.5 0.03 0.12 0.09 0.03

TP (mg/l) 2 0.02 0.11 0.08 0.03

Tab. 1 - Results of the groundwater quality analysis.

Tab. 2 - Basics parameter statistics used in calculating GQI and their standards.

Tab. 1 - Risultati delle analsi della qualità delle acque sotterranee.

Tab. 2 - Parametri statistici di base delle variabili chimiche usate per calcolare il GQI e relativi limiti normativi.
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Fig. 2 - Groundwater quality index of the study area.

Fig. 3 - Land use map of the study area using Google Earth imagery of 2015.

Fig. 4 - Percentage area of each land use type.

Fig. 2 - Indice di qualità delle acque sotterranee per l’area di studio.

Fig. 3 - Mappa dell’uso del suolo dell’area di studio realizzata da immagini 
satellitari del 2015 di Google Earth.

Fig. 4 - Estensione percentuale di ciascuna classe di uso del suolo.

are below the maximum desired limits for safe drinking 
water. The total phosphorus concentration ranged between  
0.02 mg/l to 0.11mg/l and the overall mean concentration was 
0.08 mg/l. Compared to the desired value of 2 mg/l (KEBS 
2014), the observed concentration lower than maximum 
acceptable level.

Figure 2 represents the groundwater quality index map 
of the study area. The GQI range from 68.38 to 70.92 and 
the spatial mean is 69.65. The blue shade in the central area 
shows high GQI value and the green shade in the northern 
area shows the low GQI value. The northern part of the 
study area, occupied by the human settlement shows low 
values of GQI, while the central part, covered by patches 
of forest remnants and mixed area (forests, settlement and 
cropland) show high values of GQI, which correspond to good 
groundwater quality.

Figure 3 displays land use map of the study area constructed 
from google earth imagery of 2015. Four major land-use types 
believed to have potential adverse effects on the groundwater 
resources were identified which include: settlement area, 
forest cover, agricultural land and mixed area. 

The land-use types listed here are those that are capable 
of polluting the groundwater resources. As displayed in 
Figure 4 the agricultural land dominated the study area at 
72%, followed by built-up areas (14%), forests areas (11%) and 
agroforestry areas (3%).

GQI and land use correlation
The best approach to assess the impact of land use types on 

groundwater quality is by measuring the acreage of the nearby 
land-use types and correlating it with the overall groundwater 
quality of the borehole. However, in this study, it is difficult to 
do this because it is hard to establish the extent of a particular 
land-use type that is impacting on the groundwater quality of 
a given borehole, due to the spatial variability of the boreholes 
and the dynamic nature of land use type. 

The alternative to this approach is to generate continuous 
GQI values of the study area and correlate it with land-use 
types using GIS zonal statistics tool of ArcGIS software (Khan 
et al. 2017). This approach assumes that the ground surface   
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level is relatively flat and the surface run off from the nearby 
land use type collects and percolates into ground surface 
beneath it. The polygons of each land use type were overlaid 
on the GQI map and the mean and the standard deviation 
of the GQI values within each land use type calculated and 
compared using spatial analysts tool of ArcGIS software. 

Table 3 shows the GQI statistical results of each land-use 
type. From the statistics (Tab. 3) it is evident that the mean 
GQI value varies among the different classes of land use 
present in the study area. The forest areas have high GQI 
value corresponding to good groundwater quality, while the 
built-up areas have low GQI value hence poor groundwater 
quality as compared to the former. This confirms that land 
use types of the mid River Njoro catchment has bearing on 
the quality of the groundwater and the intensity of it depends 
the type of land use.

Land use type
Groundwater quality index

Mean Std. dev.

Forest areas 70.82 0.40

Agricultural land 69.15 0.68

Built-up areas 68.48 0.34

Mixed areas 70.03 0.44

Tab. 3 - GQI statistics for each land-use type.

Tab. 3 - Statistiche relative al GQI per ciascuna classe di uso del suolo.

For instance, it has been researched and confirmed that the 
forest cover and grassland have significant positive impact on 
the quality of surface water and by extension the groundwater, 
while the built-up/settlement areas and agricultural land with 
intensive application of agricultural chemicals have negative 
influencing on the quality of the groundwater (Bullard 1966; 
Huang et al. 2016). These variations are depicted in the 
results obtained from this study as shown in Table 3 above. 

The mean value of GQI in each of the land use type 
differed. Forest cover has high GQI value while the built-up/
settlement area registered low GQI, confirming the finding 
of previous studies. A high standard deviation is seen in 
agricultural land and this simply means a greater spatial 
variation of groundwater quality. This could be attributed to 
the systems of farming and intensity of agricultural chemicals 
used in agricultural production. Such a great spatial variation 
of groundwater quality and overall contamination index 
is not desired since it will lower the groundwater resource 
sustainability. 

Conclusion 

Assessing the impact of land use on the underlying 
groundwater quality is not an easy and straightforward task. It 
involved generation of continuous groundwater quality index 
values from a point data obtained at the specific locations of 
the boreholes. The land-use type prepared from the Google 
Earth satellite imagery is also a spatially varying parameter, 
which can be linked to the spatially varying GQI values. The 
mean GQI value for each land use type was extracted using 

GIS, spatial analyst tools. The GQI of the study area ranges 
from 68.38 to 70.82, with spatial mean of 69.65, suggesting 
an average groundwater quality. 

The northern part of the study area shows low GQI values, 
which corresponds to a relatively poor quality of groundwater. 
The central and towards the southern part shows high GQI 
values and hence good groundwater quality. The mean GQI 
value differed from one land-use type to the other, with forest 
covers showing the highest value and the settlement area, 
the lowest. This implies that the human settlements have a 
significant negative impact on the quality of groundwater, 
hence there is need to monitor the growth of the settlement 
and assess the potential types and sources of contaminants 
emanating from these land-use types. This study, therefore, 
provides a better insight into the impact of land use type on 
groundwater quality of an area and the need for continuous 
assessment and monitoring of both land-use type and 
groundwater quality for the sustainable development of 
groundwater resources. 

REFERENCES 
APHA (1999) Standard Methods for Examination of water and waste-

water America Public Health Association-2320, Washington, DC. 
Agbaire PO, Oyibo IP (2003) Seasonal variation of some physico-chem-

ical properties of borehole water in Abraka, Nigeria. Afr J Pure 
Appl Chem 2009; 3: 116-118.

Augustina CA, Julius N, Ramadhan S and Alex M (2017) Assessment 
of spatial variation of groundwater quality in a Mining Basin, 
South Africa. Sustainability 2017, 9(5), 823; https://doi.org/10.3390/
su9050823

Babiker IS, Mohamed MAA, Hiyama T (2007) Assessing groundwater 
quality using GIS. Water Resour Manag,2007; 21: 699-715. 

Baker, BH (1986) Tectonics and volcanism of the southern Kenyan Rift 
Valley and its influence on sedimentation. In: Frostick LE, Renaut 
RW, Reid I, Tiercelin J-J (eds) Sedimentation in the African Rifts.
Geol Soc Lond Spec Pub 25:267–284.

Baker BH, Mitchell JG, Williams LAJ (1988) Stratigraphy, geochro-
nology and volcano-tectonic evolution of the Kedong-Naiva-
sha-Kinangop region, Gregory rift valley, Kenya. J Geol Soc 
Lond145:107–116.

Balke KD, Zhu Y (2008) Natural water purification and water man-
agement by artificial groundwater recharge. Journal of Zhejiang 
University, Science, 2008, 9: 221-226.

Bohlke J, Smith R, Miller D (2006) Ammonium transport and reac-
tion in contaminated groundwater: application of isotope tracers 
and isotope fractionation studies. Water Resource Research, 2006; 
42:1-19.

Acknowledgment: I thank my supervisors for the support and 
guidance through my study and Jomo Kenyatta University of 
Agriculture and Technology for the financial provision during the 
field work. I would also like thank Egerton University, through 
the Department of Biological Sciences, for providing laboratory 
working space.



28 Acque Sotterranee - Italian Journal of Groundwater (2020) - AS35 - 350: 21 - 28 

DOI: 10.7343/as-2020-350

Bullard, W (1966) Effects of Land Use on Water Resources. Journal 
(Water Pollution Control Federation), 38(4), 645-659. Retrieved 
from http://www.jstor.org/stable/25035540

Civita MV (2010) The combined approach when assessing and map-
ping groundwater vulnerability to contamination. Journal of Water 
Resource and Protection 2010; 2: 14-28. 

Derakhshan Z, Seyed AA, Mohammad F and Ali T (2015) Groundwa-
ter quality assessment based on geographical information system 
and groundwater quality index. 

Ersoy A, Yunsel TY, Cetin M (2004) Characterization of land contami-
nated by heavy metal mining using geostatistical methods. Arch 
Environ Contam Toxicol 46:162–175.

Foster S, Hirata R, Gomes D, D’Elia M, Paris M (2002) Groundwater 
quality protection: A guide for water utilities, municipal authori-
ties and environmental agencies. Washington, DC. 2002.

Foster S, Chilton J, Nijsten GJ, Richts A (2013) Groundwater – a global 
focus on the “local resource.” Current Opinion in Environment Sus-
tainability 2013; 5: 685-695.

Gali RK, Soupir ML, Helmers MJ (2012) Electrical conductivity as a 
tool to estimate chemical properties of drainage water quality in 
the Des Moisnes Lobe, Iowa. Agricultural and Biosystem Engineer-
ing Conference Proceedings and Presentations. 209, 2012.  

Gautam KS, Chinmaya M, Divya S, Abhay KS, Jayant KT, Sudhir KS 
(2015) Evaluation of groundwater quality in the Chotanagpur pla-
teau region of the Subarnarekha river basin, Jharkhand State, India. 
Sustainability of Water quality and Ecology, 2015; 6: 57-74.

Goonetillike A, Vithanage M (2017) Water Resources Management: 
Innovation and Challenges in a Changing World. Water 2017; 8: 
281. 

Hameed A, Alobaidy M, Abid H, Mauloom B (2010) Application of 
water quality index for assessment of Dokan lake ecosystem, Kurd-
istan, Iraq. Journal of Water Resource and protection, 2010; 2: 792-
798. 

Huang Z, Han L, Zeng L, Xiao W, Tian Y (2016) Effects of land use 
patterns on stream water quality: a case study of a small-scale wa-
tershed in the Three Gorges Reservoir Area, China. Environ Sci 
Pollut Res Int. 2016 Feb;23(4):3943-55. doi:10.1007/s11356-015-
5874-8. Epub 2015 Dec 17.

Isaac K and Janet S (2013) Hydrogeochemistry of shallow and deep 
water aquifers of Menengai geothermal area, Kenya rift valley. GRC 
Transactions, vol.37. 

Ishaku JM, Ahmed AS, Abubakar MA (2012) Assessment of ground-
water quality using water quality index and GIS in Jada, northeast-
ern Nigeria. Int Res J Geol Min, 2012; 2:54-61.

Karanth KR (1989) Hydrogeology. New Delhi: Tata McGraw-Hill 
Pub.Co. 1989.

Kaur B (2011) Impact of Climate Change and Cropping Pattern on 
Groundwater Resources of Punjab. Ind J of Agric Econ, 2011; 66: 3.

KEBS (2014) “Drinking water – specifications.” KS EAS 153: 2014. 2nd 
edition, Kenya Bureau of Standards, Nairobi, Kenya. 

Khan HH, Khan A, Ahmed A, Perrin J (2011) GIS-based impact as-
sessment of land-use changes on groundwater quality: study from 
rapidly urbanizing region of South India. Environ Earth Sci, 2011; 
63:1289-1302. 

Khan A, Khan HH, Rashid U (2017) Impact of land-use on ground-
water quality: GIS-based study from alluvial aquifer in the western 
Ganges basin. Appl Water Sci, 2017; 7: 4593-4603. 

McCall GJH (1967) Geology of the Nakuru: Thompson’s Falls–Lake 
Hannington area. Geological Survey of Kenya, Nairobi, 122 pp.

Mishra N, Khare D, Gupta KK, Shukia R (2014) Impact of Land Use 
Change on Groundwater – A Review. Advances in Water Resource 
and Protection, 2014; 2: 28-42.

Mogaka DN (2010) Geophysical characterization of the lithology and 
structure of the Olobanita Well Field, Lower Lake Baringo Basin, 
Kenya Rift: implication on groundwater occurrence. MSc Thesis, 
University of Nairobi, Nairobi, Kenya

Obot EE, Edi DB (2012) Spatial variation of borehole water quality 
with depth in Uyo Municipality, Nigeria. Int J Environ Sci Manag 
Eng Res 2012; 1:1-9.

Olang LO, Kundu, P, Bauer T (2011) Analysis of spatio-temporal land 
cover changes for hydrological impact assessment within the Nyan-
do River Basin of Kenya. Environ Monit Assess (2011) 179: 389. 
https://doi.org/10.1007/s10661-010-1743-6

Pius A, Jerome C, Sharma N (2012) Evaluation of groundwater quality 
in and around Peenya industrial area of Bangalore, South India us-
ing GIS techniques. Environ Monit Assess, 2012; 184:4067-4077. 

Saana SBBM, Fosu SA, Sebiawu GE, Jackson N, Karikari T (2016) As-
sessment of the quality of groundwater for drinking purposes in the 
Upper West and Northen regions of Ghana. SpringerPlus, 2016; 5.

Saleem M, Athar H, Gauhar M (2016) Analysis of groundwater quality 
using water quality index: A case study of Greater Noida (Region), 
Uttar Pradesh (U.P), India. Congent engineering, 2016.

Schlüter T (1997) Geology of East Africa. Borntraeger, Berlin, 484 pp.
Shawgar K, Hassan M, Homayoon K and Ahmad FJ (2017) Assess-

ment and modeling of the groundwater hydrogeochemical quality 
parameters via Geostatistical approaches. Springer. Applied Water 
Science (2018) 8:23 https://doi.org/10.1007/s13201-018-0641-x

Singh CK, Shstri S, Mukherjee S, Kumari R, Avatar R, Singh A, Singh 
RP, (2011) Application of GWQI to assess effect of land-use change 
on groundwater quality in lower Shiwaliks of Punjab: remote sens-
ing and GIS based approach. Water Resour Manag, 2012; 25:1881-
1898. 

Sombroeck WG (1982). Exploratory soil map and Agro-climatic zone 
map of Kenya. Exploratory soil survey, EI, Kenya Soil Survey, Nai-
robi, 1982. 

Webster R, Oliver MA (1992) Sample adequately to estimate vario-
grams of soil properties. Journal of soil science. 1992 Mar;43(1):177-
92.

Wen X, Wu Y, Su J, Zhang Y (2005) Hydrochemical characteristics 
and salinity of groundwater in the Ejina Basin, Northern China. 
Environmental Geology, 2005; 48:665-675.

WHO (2004). Guidelines for drinking water, 3rd ed., World Health 
Organisation, Geneva, 2004. 

Woldegabriel G, Olago D, Dindi E, Owor M (2016) Genesis of the east 
African rift system. In: Schagerl M (ed.) Soda Lakes of East Africa. 
Springer, Cham, Switzerland.

Yin L, Zhang E, Wang X (2012). A GIS-based DRSTIC model for 
assessing groundwater vulnerability in the Ordos Plateau, China. 
Environmental Earth Science, 2012; 69: 171-185. 

Yue LP, Hui Q, Hua WJ (2010) Groundwater quality assessment based 
on improved water quality index in Pengyang County, Ningxia, 
Northwest China. E-J Chem, (2010), 7:209-2016. 


