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Abstract

Rapid urbanization and population growth in the upper Athi River basin in Kenya have increased the strain on the sub catchments
water supply and sanitation situation. Due to increasing demand, inadequate supply of drinking water and lack of sanitation
facilities, people in the sub-catchment are increasingly reliant on groundwater as a primary or supplementary water source.
However, the use of on-site wastewater systems and agricultural pollution, mainly from runoff containing fertilizers, pesticides,
herbicides, and faeces, pose a threat to groundwater in the sub catchment. Subsequently, the current study was conducted in the
Thiririka sub catchment, Kiambu County, Kenya, to determine the safety of groundwater sources and to examine the factors
influencing groundwater quality in the catchment area. This study assessed the influence of anthropogenic activities on the physical,
chemical, and bacteriological quality of groundwater in the Upper Athi River basin of Kenya between April and June 2022. Twenty
variables were analyzed and compared with water quality standards to determine hydro chemical characteristics, evidence of
contamination, and suitability of groundwater. Shallow wells (SW) had higher concentrations of major ions and key parameters than
boreholes (BH), such as alkalinity (7%), turbidity (96%), nitrates (92%), sulfates (48%), phosphates (93%), chlorides (77%),
potassium (84%), sodium (30%) and fecal coliforms (99%) significant at p < 0.01. Concentrations of eleven water quality variables
however were comparable in both systems. Farming, animal husbandry, and pit latrines were negatively but significantly correlated
with the water quality of SW explaining substantial amounts of variation (< 45%) in concentrations of water quality variables. lonic
and coliform levels increased with decreasing distance and vice versa. IDW interpolation maps were generated in ArcGIS software
to determine the spatial variability of groundwater quality in the basin. Anthropogenic activities such as pit latrines and animal
husbandry impaired the quality of groundwater which in most cases was not potable.
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1. Introduction

Groundwater is a life-sustaining resource that provides water  freshwater which is largely held in polar ice caps and glaciers
to many people and influences the health of many ecosystems [1].  (69%) and groundwater (30%). It is projected that by 2030, the
However, it is part of an extremely small fraction of freshwater  total demand for freshwater resources in some developing areas
available for human use. Only 3% of global water resources are  of the world will outstrip supply by 50% because of hu-
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man-driven factors that will potentially alter the spatial and
temporal distribution of freshwater quantity and quality [2].
Groundwater provides one of the realistic water supply options
for meeting rural demand as alternative water resources can be
unreliable and expensive to develop [3, 4] particularly when
surface water systems in most developing countries suffer from
heavy pollution [5]. Groundwater quality is affected by both
natural and anthropogenic factors and degradation in developing
countries is increasingly becoming a threat to the sustainability
of these natural water resources [5].

In Kenya, future projections show that increased consumption
of freshwater resources resulting from population growth will
drive per capita available water downward from 650m?*/year in
2012 to 359m°/year by 2020 [6, 7]. Approximately 42% of the
residents in rural areas and 88% of city dwellers have pure
drinking water [6] but the deficit is supplemented by shallow
wells and boreholes to meet water demand for domestic purposes
[8-10]. Most of the population of Kenya’s two major cities,
Nairobi and Mombasa depend on BH, SW, rivers, and water
supply vendors to meet their water needs [11]. Pollution by or-
ganic, inorganic, and microbial matter is a major threat to the
sustainability of the already scarce water resources of Kenya
[12-15]. The presence of pollutants in groundwater and surface
water systems is driven by hydrological factors, topography, and
human activities [16-18]. Groundwater contamination is driven
by unplanned urban developments, urban sprawl, poor sanitary
infrastructure (pit latrines), open defecation by both humans and
livestock and waste dumps [19].

The Upper Athi is a major river basin in Kenya and has
been cited as the only basin in Kenya to have a water deficit
[20-22]. Major anthropogenic activities in the basin include
slaughterhouses, tanneries, fishing industries, petrochemical
industries, and agro-processing plants [20]. Industrial efflu-
ents contribute to heavy metal pollution in water bodies in the
catchment [23]. The spatial variability of water quality pa-
rameters in groundwater and the extent of its use in the Athi

basin have been documented [24]. These studies have re-
vealed high fecal contamination of groundwater in the Athi
basin reducing its suitability for domestic use however about
50% of BH and SW close to coastal areas contain hard and
saline water evident of saltwater intrusion [25, 26].

This study aimed to collect one of the most comprehensive
datasets on groundwater quality by determining the water
quality characteristics of groundwater comprising boreholes
(BH) and shallow wells (SW) in the Upper Athi Basin of
Kenya. We also assess how various human activities impact
groundwater quality. The results will provide a baseline for
water quality management, decision-making by policymakers,
and monitoring of long-term trends in groundwater quality in
the basin. The results are compared to the National Envi-
ronmental Management Authority (NEMA) Kenya, the
United States Environmental Protection Agency (USEPA),
and World Health Organization (WHO) standards.

2. Material and Methods

2.1. Study Area

The Upper Athi River Basin is in the Gatundu South Con-
stituency within the Kiambu County of Kenya and comprises
three sub catchments, Theta, Thiririka, and Rwabura. The ju-
risdiction is made up of four administrative provinces of central
Nairobi and Eastern Rift Valley (Figure 1) extending from the
Ngong Hills and parts of Aberdares in the Northwest and lies
between Latitudes 0°51'22.00” and 19’ 25.00” south of the
equator and longitude 3634’ 48.00” and 372’ 10.00" east of
the equator. The drainage basin occupies approximately an area
of 165 km?and reaches an altitude of 1500 m to 2600 m above
mean sea level, abutting the Rift Valley to the west, the Yatta
Plateau to the east, and the Indian Ocean to the southeast.
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Figure 1. Map of the Upper Athi drainage basin and its location in Kenya (upper panel) and groundwater sampling stations in the Upper

Athi drainage basin (lower panel).

The topography of the area is varied as well as the climate
that fluctuates across the catchment, typically being
sub-humid in the upper zone. There are two distinct rainy
seasons in the catchment; March-May and Octo-
ber-November. The daily temperatures range from 18<C in
the upper zone of the region to over 29<C. The primary
sources of water for the main Athi River originate from the
Ondiri Springs, the Tigoni Falls, the Kikuyu escarpment, and
the Kabete and Karura forests. The upper Athi catchment area
is drained by the main Athi River with the Koma, Ndaragu,
Ruiru, Ruaraka, and Mathare. The catchment is characterized
by significant economic activity, principally in the large urban
centers of Nairobi, Machakos, and Thika, however, there are
many other significant urban centers in the catchment. The
drainage basin is characterized by several tributaries, the main
ones being the Nairobi River, Ruiru, Thirika and Ndarugu
Rivers containing significantly large aquifers. The upper zone,
which is predominantly volcanic, has relatively good aquifers
of considerable value for domestic, community, and com-
mercial water supply.

2.2. Groundwater Sampling

Boreholes and shallow wells possess similar morphometric
features but differ mainly in their depth. Boreholes are simply
deep-constructed mechanical wells meant to locate ground-
water, typically in arid areas where access to good quality
surface water is lacking. We classified boreholes as charac-
teristically deep, tube wells ~ 15 m deep compared to the more
superficial shallow wells of <5 m. Duplicate monthly samples
were collected at monthly intervals between April and June
2022. Nineteen BH and seventeen SW were randomly se-
lected and marked with a GARMIN etrex 10 GPS device for
their spatial location. SW are poorly constructed, superficial,
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open systems embedded within intense farming and animal
husbandry activities and proximal to pit latrines (septic sys-
tems). By contrast, BH are properly engineered systems de-
tached from human activities and thus have an expected lower
risk of contamination. Groundwater was sampled for analysis
of twenty physicochemical and microbial parameters (Table
1). Sampling followed standard procedures described by
APHA [26]. The sampling bottles were acid-washed and
rinsed with distilled water and allowed to air dry overnight
before use.

Glass bottles for collecting microbial samples were sterilized
by autoclaving. In the field, BH and SW were purged a few
minutes before sampling. All sampling equipment were cali-
brated and cleaned with 1% Alconox™ detergent followed by
rinsing with 400 L of distilled water. Samples were filtered with
142 mm filter paper of 0.45 pm pore size. Water quality varia-
bles were measured with various instrumentation and tech-
niques. pH and turbidity were measured in situ using the port-
able PHS-25 pH meter and AL 250T-IR Turbidimeter. Simi-
larly, electrical conductivity (EC) and total dissolved solids
(TDS) were measured using Portable OakTon 510 Series elec-
trical conductivity meter. Samples for laboratory analysis were
freeze-stored in an ice cooler at a temperature of 4<C and
transported to the laboratory for further analysis. In the labor-
atory, samples were analyzed for major ions, trace metals, and
microbial parameters within 6-24 hours following sampling.

2.3. Laboratory Analysis

Laboratory analyses of all water quality parameters fol-
lowed standard test procedures. Before analysis, samples were
acidified to pH < 2 with 10% analytical grade HNO,. Hard-
ness was determined through Ethylenediaminetetraacetic acid
(EDTA) titration. Chloride (CI") was analyzed by Argen-
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tometric titration while sodium (Na®) and potassium (K")
were cations measured with a flame photometer (Sherwood
Model 140 Flame Photometer). Phenol disulfonic, SPADNS
spectrophotometry, and nephelometric methods were used to
measure the concentrations of nitrates, fluoride, and sulfate
anions [28]. For analysis of calcium, iron, magnesium, and
zinc cations, aliquots were digested in HNO3, appropriately
diluted, and aspirated. A blank solution was similarly pre-
pared. Iron analyses were performed using an Atomic Ab-
sorption Spectrophotometer (AAS) (Buck Scientific Mode
240 VGP) using acetylene gas fuel and air oxidizer.
Calibration curves were prepared separately for analysis of
all the metals by running suitable concentrations of the
standard solutions. The digested samples were aspirated into
the fuel-rich air-acetylene flame and the concentrations of the
metal ions were determined from the calibration curves. Av-
erage values of three replicates were taken for each determi-
nation. The absorbance of the blank was taken before the
analysis of the samples [28]. The membrane filtration tech-
nique was used to enumerate fecal coliform levels of the
sampled water within 6-24 hours after sampling. The sample
was filtered through the membrane filter after which the filters
were placed onto modified fecal coliform agar (mFc) and
cultured at 41T for 24 hours. After incubation, typical colo-
nies were identified and counted. A colony counter was used
to record values in triplicates. The concentration of fecal
coliform bacteria was expressed as colony-forming units
(CFUs) per 100 mL (cfu/100 mL). Fecal coliforms were de-
tected as blue colonies on the mFc agar. Values of physico-
chemical and microbiological parameters analyzed were

compared with reference guideline/action levels prescribed by
the [26, 27] (Table 1).

2.4. Statistical Analysis

Statistical analysis was carried out with SYSTAT 10
(Systat Inc) software to derive means and standard deviation
of measured parameters for SW and BH. SW was categorized
according to the dominant land use or human activity that was
closely associated with it. Pollution sources and their effects
on groundwater were quantified in terms of distance from the
recipient groundwater system. The mean distance from the
pollution source was correlated with the concentrations of
each parameter in the SW to determine the extent to which
water quality parameters could best be explained by specific
pollution sources using Pearson pairwise correlation at p<
0.01 significance level.

2.5. Mapping of Ground Water Quality

The topographic sheet of 1:50,000 scales obtained from the
Survey of Kenya (SOK) was georeferenced in ArcGIS soft-
ware to generate base maps for analysis. The sample IDs used
were coded in ArcGIS software and converted into a raster
dataset.

The spatial and the non-spatial databases formed were in-
tegrated for the generation of spatial distribution (thematic)
maps of each of the analyzed water quality parameters
through spatial interpolation.

Table 1. Water quality parameters and recommended reference guideline values; National Environment Management Authority, Kenya
(NEMA), Guidelines on Drinking Water Quality and Effluent Monitoring (2008), United States Environment Protection Agency (USEPA),
2012 Edition of the Drinking Water Standards and Health Advisories (2012), World Health Organization (WHO), Guidelines for Drinking

Water Quality, Fourth Edition, (2017).

Parameter NEMA (2007)
pH 6.5-85
EC (uS/cm) 1200
TDS (mg/l) -
Hardness -
Alkalinity -
Turbidity (NTU) -

Nitrate (mg/l) 10
Sulphate (mg/l) 250
Zinc (mg/l) 15
Phosphate (mg/l) 30
Chloride (mg/l) 250
Fluoride (mg/l) 15
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USEPA (2014) WHO (2017)
6.5-8.5 6.5-8.5
500 1000
500 1500

- 200

- 500

5 4

10 50

250 250

4 4

30 30

250 250

2.0 15
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Parameter NEMA (2007)
pH 6.5-85

Iron (mg/l) 0.3

Potassium (mg/l) 200

Sodium 200
Manganese (mg/I) -

Calcium 200
Magnesium (mg/I) 100

Microbial parameter 0 cfu/200ml

The Inverse Distance Weighted (IDW) interpolation
methodology of ArcGIS software was used to generate the
spatial distribution maps of the analyzed physicochemical
parameters. IDW is a type of deterministic method for mul-
tivariate interpolation. It assumes that the value of an attribute
‘2z’ (physicochemical) at some unvisited point is a dis-
tance-weighted average of data points occurring within a
neighborhood surrounding the unvisited point. The unknown
value is estimated by Equation 1. The weighting of the sam-
pled location usually depends on the power parameter p. A
power of two (2) is adopted for IDW implying that when the
distance increases, the weight decreases exponentially.

Z(S,) = By AiZ(S) )
where,

Z (Si) = the measured value at the ith location.

Al = an unknown weight for the measured value at the ith
location.

So = the prediction location.

n = the number of measured values.

The weight Ai is calculated as follows:

. dio—p
A = S dio—p (2)
where,
dio is the distance between the predictions
So, and each of the measured locations Si
PoAl=1 (3

3. Results

3.1. Spatial Distribution of Groundwater
Systems in the Basin

Sampled BH and SW were evenly distributed within the
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USEPA (2014) WHO (2017)
6.5-85 6.5-85

0.3 0.3

200 200

200 200

0.4 0.4

200 200

- 150

0 cfu/100ml cfu/100ml

basin (Figure 1). SW was in areas of intense human activity
near farms, cattle kraals, and pit latrines. The mean distance of
SW from pit latrines, cattle kraal, and farms was 8.73 m, 7.36
m, and 9.42 m.

3.2. Water Quality Characteristics of Boreholes

Nineteen boreholes were studied for physicochemical and
biological characteristics and were used as a control because
they were isolated from human activities and generally had
lower anion and cation content (Table 2). The water was
slightly acidic, with low turbidity and increased hardness.
Concentrations of most water quality variables were like their
counterparts in the SW except for fecal coliforms that were
present in BH at low but highly variable levels (Table 2).
Electrical conductivity and TDS were high but the content of
the following anions: nitrate, sulfate, phosphate, and chloride
were low in comparison with SW. The groundwater in the
basin showed wide variations in chemical composition. The
most significant finding from this study is the high content of
anions and cations in groundwater and the presence of fecal
coliform contamination of BH and SW with excessively high
amounts in SW. Iron, manganese, electrical conductivity, and
hardness were above the threshold levels for potability in both
BH and SW but nitrates phosphates, chloride, and turbidity
were excessively high in SW well above the WHO standards.
Groundwater systems were particularly deficient in calcium
and magnesium.

3.3. General Water Quality Characteristics of
SW

Shallow wells by contrast contained more acidic, highly
turbid, and hard water and had higher cationic content com-
pared to BH (Tables 2 and 3). They were also contaminated
with extremely high levels of fecal coliforms (Tables 2 and 3).
The number of dissolved constituents seems to be high as
reflected in the high electrical conductivity and TDS meas-
urements, but equally high concentrations were observed in
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the BH (Table 2). Similar trends were observed for tempera-
ture, pH, hardness, fluoride, iron, manganese, calcium, mag-
nesium, and zinc (Table 1).

3.3.1. Contrasted Water Quality Patterns in BH and
SW

Both BH and SW contained a large range of cationic and
anionic elements. Among the cationic elements, sodium,
potassium, and iron were low in BH but high in SW. Man-
ganese, magnesium, zinc, and calcium had similar values in
both systems. Concerning ionic content, nitrates, sulfate,
phosphate, chloride, and fluoride were consistently higher in
SW than in BH. SW differed from BH by having higher levels
of alkalinity (7%), turbidity (96%), nitrates (92%), sulfates

(48%), phosphates (93%), chlorides (77%), potassium (84%),
sodium (30%) and fecal coliforms (99%) (Table 2). The dif-
ferences were significant at the p < 0.05 probability level.
Furthermore, there were marked differences in the range and
variability of the water quality parameters (Table 2). Among
SW, there was greater range and variability in the concentra-
tion of anions than cations (Table 2). Similar trends were
observed in the levels of fecal coliforms measured. Besides
the highly contrasted ionic composition of groundwater sys-
tems, common patterns could be observed. Similarly, con-
ductivity, hardness, TDS, turbidity, potassium, manganese,
zinc, fluoride, and pH showed similar degrees of variation in
both SW and BH (Table 3).

Table 2. Water quality parameters in boreholes and shallow wells of this study compared with groundwater quality reference guideline values
of the World Health Organization (WHO) 2017 fourth edition. Values above WHO standards are indicated in bold.

Parameter BH

pH 4.87-7.92
EC (uS/cm) 483.0 - 1330.0
TDS (mg/l) 309.6 - 850.0
Hardness 214.2 - 310.5
Alkalinity 98.9-176.5
Turbidity (NTU) 09-88
Nitrate (mg/l) 0.27 - 3.6
Sulphate (mg/l) 20.7-47.2
Zinc (mg/l) 0.98-3.13
Phosphate (mg/l) 0.84 -2.05
Chloride (mg/l) 37.40 - 163.00
Fluoride (mg/l) -0.52

Iron (mg/l) 3.03 -9.04
Potassium (mg/l) 0.68 - 6.01
Sodium 14.50 - 31.78
Manganese (mg/I) 0.39-2.58
Calcium 31.06-48.84
Magnesium (mg/l) 26.50-47.22
Microbial parameter 3.00 - 51.00

3.3.2. Relationship Between SW Water Quality and
Pollution Sources

Most sources of pollution examined exhibited negative but
significant statistical relationships with the chemical constit-
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SW WHO (2017)
44-70 6.5-85
477.0 - 1250.0 1000
302.0 - 789.9 1500
22.0-4233 200

106.2 - 201.4 500
6.0-381.3 4
46-71.1 50
45.1-125.4 250
1.1-3.2 4
10.1-50.3 30

139.6 - 500.0 250
0.02-0.76 15
38-217 03
5.1-30.4 200

14.7 - 49.0 200
0.08-1.91 0.4
23.2-49.1 200
27.1-43.2 150

106.0 - 342.0 cfu/100ml

uents in the SW (Table 4). Consequently, many water quality
variables were negatively and significantly correlated with the
distance of the pollution sources (Table 4). lonic content and
coliform levels in the SW were highly variable concerning the
proximity of pollution sources close to the SW. Pollution
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points located at shorter distances were correlated with in-
creasing concentrations of water quality variables in SW.
Turbidity and water hardness were considerably high in SW
even though alkalinity, chlorides, magnesium, and fluorides
were also significant at p < 0.01. Less than 45% of the varia-
tion in all these variables could be explained by farm sources
(Table 4). However, the covariation of farms with phosphates
and sulfates were weakly correlated and nitrates showed a
positive correlation with farms.

Hardness was the major water quality variable that showed
a significantly high but negative correlation with cattle kraals
(r=-0.62, p<0.01) as were turbidity (r=-0.31, p<0.01) and
magnesium (r = - 0.34, p < 0.01). The remaining water quality
variables in the SW were not affected by cattle kraals. Cattle
kraals also showed a significant relationship with moderate
levels of fecal coliform levels present in the SW (r=-0.31, p
< 0.01). The statistical relationships examined between cattle
kraals and water quality variables did not yield adequate sig-
nificant effects to explain the low levels and variation in most
of the water quality variables measured in SW.

Though nitrates and sodium were positively and signifi-
cantly correlated with farm activities, the latter could not
account for most of the variations in nitrates and sodium.
Phosphates, manganese, magnesium, turbidity, and alkalinity
all showed significant negative correlations with farms. Farms

could only explain less than 50% of the variation in concen-
trations of these parameters in the SW.

Pit latrines accounted for 62% of the variation in fecal
coliforms in the SW but variations in zinc (42%), p < 0.01),
calcium (51%, p < 0.01), turbidity (47%, p < 0.01) and alka-
linity (35%, p < 0.01) though positively correlated with dis-
tance, showed decreasing concentrations with increasing
distance from SW Anionic constituents such as nitrates and
chlorides increased significantly in the SW with increased
proximity to pit latrines. Similar trends were observed with
cations magnesium and potassium with the latter significant at
p <0.05.

3.4. GIS Concentration Maps for Water Quality

The generated thematic maps for the anions (NO3 ", SO, 2,
PO, ¥, F, CI) as illustrated (Figures 2 and 3), revealed a
general increase towards the main flow direction from north
to south across the basin. The generated concentration maps
for the cations (Ca**, K*, Na*, Fe*" Mn?*, Mg®" and Zn ") in
the study area showed a general increase from the north to the
southern portions of the area with the highest values recorded
in the north-eastern portions and middle parts of the sub
catchments (Figures 3 and 4).

Table 3. Mean, standard deviation (sd.%), range (min. and max.) of water quality parameters in Boreholes (BH) and Shallow Wells (SW) and
statistical significance of the means of each water quality parameter between BH and SW systems. Sample size (n) = 17.

BH
Parameter

Range Mean =sd
Temp. 20.3-24.9 23.1+0.9
Conductivity 483.0 - 1330.0 736.3 £195.3
TDS 309.6 - 850.0 481.7 £132.7
pH 4.87-7.92 6.5 +0.7
Hardness 214.2 - 310.5 254.0 £22.9
Alkalinity 98.9-176.5 144.8 +22.6
Turbidity 09-88 27+22
Nitrates 0.27-3.6 1.7+10
Sulfates 20.7-47.2 34.5 +6.6
Phosphates 0.84 - 2.05 1.2+0.2
Chlorides 37.40 - 163.00 72.1 +£38.7
Fluorides -0.52 0.2+0.1
Iron 3.03-9.04 50+1.7
Potassium 0.68 - 6.01 23%15
Sodium 14.50 - 31.78 216 +55
Manganese 0.39-2.58 0.9+0.6
Calcium 31.06-48.84 41.9+4.0
Magnesium 26.50-47.22 36.3 5.1
Zinc 0.98-3.13 +0.6

SW BH vrs SW
Range Mean £sd 5% Significance
21.4-256 23.1+10 p =0.982
477.0 - 1250.0 703.0 £192.3 p =0.440
302.0- 789.9 449.7 £123.3 p =0.268
44-70 5.7 0.6 p =0.001
22.0-4233 250.5 £53.5 p=0.727
106.2 - 201.4 156.3 £26.7 p =0.053
6.0-381.3 66.9 +106.2 p =0.002
46-711 21.6 £18.7 p =0.001
45.1-125.4 66.7 £18.9 p =0.001
10.1-50.3 16.3 £8.3 p =0.001
139.6 - 500.0 314.8 +108.1 p =0.001
-0.76 0.28 0.2 p=0.013
3.8-217 8.0#4.5 p =0.001
51-304 14.3145.4 p =0.001
14.7 - 49.0 31.0#10.2 p =0.001
0.08-1.91 0.840.4 p=0.078
23.2-49.1 40.64.9 p =0.337
27.1-432 36.244.3 p =0.920
1.1-3.2 1.620.6 p =0.580
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BH
Parameter
Range

Fecal Coliforms 3.00 - 51.00

Mean #sd

12.3+11.8

SW
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106.0 - 342.0

Mean +sd
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Figure 2. Water quality concentrations of pH, TDS, hardness, turbidity, nitrates and phosphates in shallow wells and boreholes in the basin.
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Figure 3. Spatial water quality concentrations of sulfates, chlorides, fluoride, calcium, potassium and sodium in shallow wells and boreholes

in the basin.

Table 4. Correlation coefficients and statistical significance between the location of pollution sources (cattle kraals, pit latrines, farms) and
concentration of each water quality parameter in shallow wells.

Parameter

Temp.

EC (uS/cm)
TDS (mg/L)

pH

Hardness (mg/L)

Farms

0.019
0.086
0.088
-0.205
-0.432

p <0.01

p =0.001
p =0.001
p =0.001
p=0.036
p =0.001

Cattle Kraals

R

-0.202
0.007
0.008
-0.018
-0.602

66

p <0.01

p =0.001
p=0.001
p =0.001
p =0.001
p =0.001

Pit Latrines

r p<0.01

0.320 p =0.001
0.320 p =0.001
-0.077 p =0.001
-0.070 p =0.001
-0.008 p =0.001
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Parameter

Alkalinity (mg/L)
Turbidity (NTU)
Nitrates (mg/L)
Sulphates (mg/L)

Chlorides (mg/L)
Fluorides (mg/L)
Iron (mg/L)
Potassium (mg/L)
Sodium (mg/L)

Calcium (mg/L)

Zinc (mg/L)

Farms Cattle Kraals Pit Latrines
r p <0.01 R p <0.01 r p <0.01
-0.314 p =0.001 -0.219 p =0.001 0.346 p =0.001
-0.407 p =0.044 -0.311 p =0.048 0.467 p = 0.052
0.260 p =0.006 -0.011 p =0.015 -0.431 p=0.014
-0.063 p = 0.001 0.009 p = 0.001 -0.193 p =0.001
Phosphates (mg/L) -0.129 p =0.001 0.252 p =0.001 -0.174 p =0.008
-0.331 p =0.001 -0.076 p =0.001 -0.435 p =0.001
-0.238 p = 0.001 -0.208 p = 0.001 -0.210 p =0.001
0.010 p =0.680 0.409 p = 0.447 -0.053 p =0.383
-0.059 p = 0.001 -0.165 p = 0.005 -0.227 p=0.035
0.275 p =0.001 -0.117 p =0.001 0.208 p =0.001
Manganese (mg/L) -0.224 p =0.001 -0.217 p =0.001 0.095 p=0.001
-0.118 p =0.001 0.206 p =0.001 0.505 p =0.001
Magnesium (mg/L) -0.354 p = 0.001 -0.340 p = 0.001 -0.279 p = 0.001
0.449 p = 0.001 -0.201 p = 0.001 0.415 p =0.001
Faecal Coliforms cfu/100ml  -0.048 p =0.001 -0.381 p =0.001 -0.620 p =0.001
e : s o
s
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Figure 4. Spatial water quality concentrations of iron, magnesium, manganese, zinc and ground water quality zone map showing the suitable

and non-suitable zone of ground water in the study area.

4. Discussion

Boreholes and shallow wells showed similarities in chem-
ical composition but also a high degree of chemical and bac-
teriological differences. These ranges of concentrations of the
various parameters suggest that both natural and anthropo-
genic factors may significantly affect water quality in the
groundwater systems. The close association with human ac-
tivities could potentially impact quality characteristics. The
short distances of BH and SW to human activities suggest the
potential for high contamination and pollution.

Boreholes showed generally better water quality than
shallow wells however both contained levels of fecal coli-
forms not permitted in drinking water based on WHO water
quality standard which sets zero microbial loads for accepta-
ble water quality. The patterns of water chemistry observed in
shallow wells and boreholes are like results obtained by [24,
29] who conducted similar investigations in Kiambu County,
Kenya. Major cations groups tested in the BH were below the
threshold recommended values by WHO [26]. Cations (Zn,
Mg, K) were detected in lower levels in ranges. Although
these are not directly related to any significant health hazards,
however, the presence of their salts sometimes imparts a bad
taste on water. Anions (CI', F, S, NO3;™ and PO43') were also
lower than recommended limit values across all monitored
boreholes. The tested turbidity was high in most of the bore-
holes which were above the recommended threshold limits
[26, 27]. Turbidity in water is caused by total suspended par-
ticles, colloidal matter, or the presence of microbial contam-
ination that obstructs light transmission through water or a
combination of the two [29]. The high level of turbidity may
be attributed to poor well construction which allows surface
debris from run-off to enter the well, over-drawing, or large
water level changes associated with sediment flux in the well
and may cause water to become turbid. Iron was detected at
high concentrations across all monitored boreholes above the
recommended standard of 0.3 mg/I [29]. Dissolved Fe and Mn
are secondary chemical contaminants and a limitation to the

extent of utilizing groundwater drinking water as a drinking
water source [30]. The levels of Fe in boreholes can be at-
tributed to the overtime dissolution of metallic boreholes,
hand pump components, oxidation-reduction potential, and
bacterial metabolic activity [31-33]. Igneous rocks minerals
containing high iron content such as pyroxenes, amphiboles,
biotite magnetite, and nesosilicate olivine rock types are
characteristics of the Upper Athi basin and may potentially
influence high Fe content in boreholes [34]. Manganese levels
recorded across the monitoring borehole stations ranged from
0.39 - 2.58 mg/L occurring above threshold concentrations of
0.4 mg/L prescribed by WHO [26]. Manganese behavior
shows increased similarity to Fe characteristics in boreholes at
levels exceeding 0.1 mg/L causing undesirable taste and
staining of sanitary and laundry wares [35-37]. High Fe and
Mn levels can also be due to natural hydrogeologic processes
that generate unconsolidated deposits and dissolution of the
underlying bedrock of the earth [38-41]. The highly variable
acidic content of boreholes can be attributed to the geological
characteristics of the study area which falls within the pH
range for naturally occurring water between 6 - 9 [29]. Most
of the boreholes were above this limit as well as the 8.5 pre-
scribed by APHA and WHO [26, 27]. The types of dissolved
constituents in groundwater can influence pH levels particu-
larly dissolved carbon dioxide (CO,) which forms carbonic
acid in water and acts as an important control on the pH of
natural waters [42]. Electrical conductivity and TDS were
higher than the prescribed levels for drinking water deter-
mined by the WHO [27]. The high TDS levels may be ex-
plained based on the high solubility of different minerals that
are in contact with water. Water in contact with highly soluble
minerals contains higher TDS levels than water in contact
with less soluble minerals [42]. lon exchange in clays also
increases TDS levels due to electrical exchange and balance
between two monovalent sodium or potassium ions that must
enter the solution for each divalent ion to be absorbed [42].
The presence of high levels of fecal coliforms in boreholes
suggested that they were highly contaminated and unsuitable
for human use based on all the referenced water quality
standards [29]. Fecal coliform counts were higher in ranges of
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3.0 - 51.00 cfu/100ml than the prescribed standard limits of
WHO and APHA for drinking water quality [26, 27]. Alt-
hough boreholes are constructed to have a stick-up
above-the-ground surface, the potential for microbial con-
tamination may be high through the activities of community
end users. High TDS, pH, and EC have been shown to have a
major influence on bacterial population growth in ground-
water [29, 43]. Elevated levels of TDS and EC are an indica-
tion/high probability of bacterial contamination which is the
case in the observed boreholes [14, 44].

Water hardness was determined at high levels in the ranges
of 214.2-310.5 mg/L which was above the levels recom-
mended by the APHA and WHO [26, 27]. "Hardness" relates
to concentrations of particularly magnesium and calcium in
water and is usually expressed as an equivalent concentration
of dissolved calcite (CaCOs). The classification scheme for
water hardness is described as follows; soft water - 0 to 60
mg/L (as CaCOs); moderately hard water - 61 t0120 mg/L;
hard water - 121 to 180 mg/L; very hard water - over 180
mg/L [45, 46]. A hardness level of about 100 mg/L or less is
generally not a problem in waters used for ordinary domestic
purposes [42]. Lower hardness levels, however, may be re-
quired for waters used for other purposes. This scheme sug-
gested that the water in the boreholes was very hardwater
which may have implications for drinking and other domestic
uses. The low contribution of calcium to water hardness may
be indicative of relatively low amounts of calcium-bearing
rock minerals from the underlying aquifer. The high hardness
values may be due to the introduction of polyvalent cations in
the groundwater system [47-49]. Though hard water is not
considered a health hazard, its occurrence can be a nuisance
for both domestic and industrial purposes [47, 48].

The superficial depth and structure of shallow wells may
readily expose them to environmental pollution from both
natural and anthropogenic sources. Shallow wells were highly
polluted due to exceedingly high coliform levels and in-
creased turbidity, cations, and dissolved constituents and may
not be suitable for drinking purposes. Most of the chemical
parameters examined had concentrations below WHO stand-
ards for drinking water, however, iron, nitrates, phosphates,
turbidity, and coliform concentrations were above permissible
levels for potable water [29]. Nitrates and phosphates natu-
rally occur in groundwater, but excessive concentrations are
associated with animal and human waste as well as agricul-
tural practices which are prevalent in the basin [50-53]. Lack
of potability particularly about fecal coliforms in shallow
wells has been reported in Kenya and the results reveal that
lack of proper construction accounts for increased suscepti-
bility to contamination by exposing the shallow wells to
run-off containing high concentrations of dissolved and sus-
pended substances and fecal coliforms [54].

Anthropogenic factors namely agricultural activities,
animal husbandry, and sewage systems influenced the qual-
ity of groundwater in SW by increasing chemical content
and transmission of fecal coliforms. Many of the quality
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indices analyzed showed that the human activities investi-
gated had compromised the quality of groundwater either by
increasing chemical content or elevating fecal coliforms.
Our results revealed that the vulnerability of SW to con-
tamination from sources of pollution was enhanced by the
short intervals potential contaminants had to travel between
the points of release to the recipient systems. The rate of
transmission of environmental contaminants in the basin
may be enhanced by a range of factors such as hydrology,
soil characteristics filtration capacity, and climate change
[55-57]. These factors are known to facilitate or impede the
diffusion of contaminants in groundwater [55, 56]. Fur-
thermore, the anthropogenic variables could account for the
elevated levels of cation, anion, and fecal coliforms in SW
probably above the natural hydro chemical background
levels. The similar proportions of most anions and cations in
both SW and BH could reflect the natural geochemical
background of bedrock and soil as the chemical signature of
water quality of groundwater is known to be affected by rock
type and mechanism of weathering [58, 59]. We hypothe-
sized that the well-engineered and mechanized BH could be
well-protected from pollution due to the predicted limited
pathways of exposure to contaminants from point and
non-point sources. However, our study found high levels of
fecal coliforms in BH suggesting that our assumed water
quality integrity of BH was not supported by our data. It is
therefore apparent that both groundwater systems may be at
risk of sewage pollution from human activities in the
catchment which further renders them unsuitable and unsafe
for human use without treatment. Water hardness, alkalinity,
turbidity, chlorides, magnesium, and fluorides were collec-
tively influenced by farming activities in the catchment to a
significant degree. The common agriculturally driven anions
in surface and groundwater such as nitrates, phosphates, and
sulfates originated from chemical fertilizer applications on
farms and were however not found to be connected to
farming activities because of their weak statistical relation-
ship. This may indicate low application rates of inorganic
fertilizers containing nitrates, phosphates, and sulfates in
agricultural activities in the basin. Similarities in concen-
trations and ranges of eleven water quality variables in both
SW and BH namely temperature, electrical conductivity,
total dissolved solids, pH, hardness, fluorides, iron, man-
ganese, calcium, magnesium, and zinc indicate that both
groundwater systems are impacted by the same mechanisms
of anthropogenic impacts or that they could reflect the nat-
ural background geochemical characteristics of the catch-
ment. This assertion may be supported by the evidence of
fecal coliform contamination of BH. This means that both
natural and anthropogenic factors may be playing significant
roles in the water quality properties of groundwater systems
in the catchment as reported in other studies [60]. The bac-
teriological quality of both shallow wells and boreholes in
the catchment was extremely poor suggesting that ground-
water was highly vulnerable to pollution from sewage sys-
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tems. Poor water sanitation and hygiene have been identified
as the foremost factor that affects groundwater quality in
developing countries [58-60]. Pit latrines and animal hus-
bandry contributed significantly to high coliform levels in
SW. Human-originated sewage was responsible for 62% of
the variation of fecal coliforms in SW.

5. Conclusions

The quality of groundwater in three sub catchments in the
Upper Athi River Basin in Kenya was assessed in the current
study. The assessment was done by determining the levels of
the different physical, and chemical (heavy metals, cations, and
anions) parameters in the shallow wells and boreholes. The
assessment was done by determining the levels of the different
physical, chemical (heavy metals, cations, and anions), and
geographic information systems techniques to evaluate the
quality of groundwater obtained from three sub catchments in
Kenya to determine the degree of water quality and its suita-
bility for consumption and other purposes. The study revealed
that groundwater contained in boreholes and shallow wells
showed varying degrees of water quality either below, above,
or within the range of key water quality reference guidelines.
Boreholes and shallow wells were significantly influenced by
natural and anthropogenic factors affecting groundwater char-
acteristics in the basin. The chemical content of both systems
showed evidence of the geology of the basin dictating the water
chemistry. Human activities such as farming, animal husbandry
practices, and sanitary systems also contributed significantly to
the water chemistry and bacterial loads which were excessively
high. The findings of this research conclude that groundwater
sourced from the three sub catchments should be treated before
utilization for human consumption.
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