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Abstract
Numerous deleterious impacts of anthropogenic activities on water quality are typically observed in areas bursting with 
mineral exploitation, agricultural activities, and industrial processes. Therefore, this contribution details the water quality 
and water origin in selected hand-dug wells of one the most prominent mining areas in Kenya (Kakamega County). The 
toxicological impacts of drinking water from a mining site may include cancer and genetic aberrations largely because of 
the toxic effects of waterborne metals including Hg and As. Accordingly, this study focuses primarily on the investiga-
tion of heavy metals, essential elements such as Na and K. Heavy metals and essential elements were determined using 
spectroscopic and titrimetric techniques. The study revealed that mercury (Hg) concentration ranged between 0.00256 and 
0.0611 ± 0.00005 mg/L while arsenic (As) concentration ranged from 0.0103 to 0.0119 ± 0.00005 mg/L. The concentration 
of potassium ranged from 2.53 to 4.08 ± 0.15 mg/L while that of sodium varied from 6.74 to 9.260 ± 0.2 mg/L. Although the 
concentration of cadmium was lower than that recommended by W.H.O, the concentrations of Hg, Pb, and As in Kakamega 
waters were higher than the internationally accepted levels. The generally high level of heavy metals in Kakamega bore-hole 
waters is, therefore, a public health concern that needs immediate intervention.
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Introduction

The bioavailability and biotransformation of trace metals in 
soil is an important factor in the assessment of the harmful 
effects on natural ecosystems and human health associated 
with polluted water (Niesiobedzka 2016). Although water is 
one of the most essential components of life, it is not acces-
sible to a large number of population in the recommended 
quality (Nkansah et al. 2010). Heavy metal interactions 
between groundwater and surface water bodies in river val-
leys are complex and may be influenced by various factors 
such as topography, geology, climate and the position of the 
surface water body relative to the groundwater flow systems 
(Aleksander-Kwaterczak and Ciszewski 2016). Accordingly, 
it has become necessary to conduct heavy metal studies in 

order to determine the quality of drinking water from vari-
ous sources especially bore-hole water near mining sites. 
The principal focus of this investigation was to determine 
the health status of such waters in Kakamega metropolis. 
Consequently, this study mapped out various sites within 
Kakamega metropolis that are likely to contain high levels 
of heavy metals and ultimately inform the general public on 
the harmful implications of consuming water contaminated 
with heavy metals. Kakamega County in western Kenya is 
home to mining activities and as a result water poisoning by 
heavy metals is a possible public health problem.

The origin of heavy metals in soil ecosystems includes 
both natural and anthropogenic sources (Niesiobedzka 
2016). For the natural sources, soil-forming processes have 
a strong impact on metal concentrations in soils and ground 
waters (Aleksander-Kwaterczak and Ciszewski 2016; Nie-
siobedzka 2016). Soils from mining sites interact with nat-
ural ground water and thus change the content of metals, 
macro-ions, suspended matter, oxygen, pH, temperature, and 
the deposition of fine sediments which ultimately increase 
the heavy metal content in groundwater (Aleksander-Kwa-
terczak and Ciszewski 2016). The role of groundwater for 
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a large population of people in the rural and urban com-
munities in Kenya is vital for life. Statistics have shown 
that a greater majority (47%) of rural households depend on 
hand-dug well water for domestic use and other uses (Ofelia 
et al. 2010; WHO 1993). The traditional water source for a 
large portion of the population in developing countries is 
groundwater mainly from hand-dug wells. However, since 
these wells are dug by hand, their use is restricted to areas 
with soils of high porosity such as clay, sand, gravel, and 
mixed soils where only small boulders are encountered dur-
ing digging. The volume of water in the subsurface aquifer 
of the well acts as a reservoir which recharges the bore-hole 
periodically. In recent years, widespread reports of heavy 
metals and other pollutants have increased public concern on 
the quality of water in hand-dug wells (Douglas et al. 2012a; 
Hajdu and Slaveykova 2012). Environmental pollution occa-
sioned by toxic metals represents a potential health risk to 
both human health and natural ecosystems. For instance, 
it was previously reported in Bangladesh that high levels 
of natural arsenic in ground water caused harmful effects 
on natural ecosystems including higher order animals such 
as man (Uddin and Huda 2011). Arsenic is known to leach 
into ground water from wood preservatives, pesticides, and 
sulphite-containing minerals, and mining areas (Aleksander-
Kwaterczak and Ciszewski 2016; McGuigan et al. 2010).

Clearly, public concern about environmental geology 
and heavy metals pollution can be unpredictable because of 
the influence from numerous activities such as natural and 
human activities (Aleksander-Kwaterczak and Ciszewski 
2016; Niesiobedzka 2016). Environmental health problems 
are often considered as disease precursors for carcinogens, 
mutagens, and other waterborne diseases (Harvey 2008). 
The threat by cancer due to metal ingestion is real and conse-
quently public awareness on the health effects from microbes 
and toxic trace metals is fundamental (Klitzke et al. 2012; 
Miyashita et al. 2012).

The toxicological implications of heavy 
metals

The toxicity of mercury depends on its chemical form. In 
the older literature, mercury has played an important role in 
the processing of gold ores (Vallee 1957). Gold processing 
using mercury involves a process known generally as mer-
cury amalgamation. Though, large mining companies are no 
longer using this method for gold extraction, the small-scale 
miners still rely very heavily on mercury amalgamation for 
their operation. Both short- and long-term oral exposure to 
inorganic mercury salts can lead to kidney damage, includ-
ing kidney failure. It can also cause nausea, vomiting, pain, 
ulceration, and diarrhea (WHO 1980). Toxicity to the brain 
and nervous system has been reported following large doses 

of inorganic mercury taken medically (Bernhoft 2012). 
Arsenic circulates widely in the lithosphere, hydrosphere 
and biosphere and is a well-established chemically reac-
tive element and affects the physiological and biochemical 
activities of biological systems which may lead to poisoning, 
cancer development, and mental problems (McGuigan et al. 
2010; Uddin and Huda 2011). Chronic As poisoning is asso-
ciated with hyperpigmentation and hyperkeratoses on the 
hands and feet; cancers of the skin, bladder, liver, and kidney 
(McGuigan et al. 2010). Environmental pollution by toxic 
metals represents a serious risk for ecosystems and humans 
(Hajdu and Slaveykova 2012). For instance, it is well-known 
in the literature that mercury and its various chemical forms, 
e.g. gaseous elemental Hg and monomethyl Hg, total Hg 
(THg) and reactive Hg  (HgR) cause serious medical prob-
lems in contact with the biological system (Douglas et al. 
2012b). It is persistent as well as a highly toxic contaminant 
that occurs ubiquitously in the environment (Bailey et al. 
2001). Mercury in its methylated form is a neurotoxin and 
is usually released into the aquatic environment through 
anthropogenic activities (Bailey et al. 2001). Exposure to 
Cadmium in the population is responsible for broad adverse 
health effects including damage to kidneys, liver, lungs, and 
bones (Huang et al. 2011). Cadmium can interfere with some 
of the organism’s enzymatic reactions, substituting zinc and 
other metals, manifesting in several pathological processes 
such as renal dysfunction, hypertension, arteriosclerosis, and 
growth inhibition, damage to the nervous system, bone dem-
ineralization, and endocrine disruption (Ofelia et al. 2010).

The research area

Kakamega metropolis is located in the western part of Kenya 
(Fig. 1) between 0.2833°N and 34.7500°E, and covers an 
area of ~ 5 km2. It is home to Kenyans whose economic 
activities include farming, fishing, and rampant small-scale 
gold mining. Their sources of drinking water is mainly hand-
dug wells whose water quality has not been explored previ-
ously. In such a set-up, the quality of water may be affected 
by rock weathering and waste materials from mining sites 
that may result in the release of toxic chemicals into the 
environment, especially into aquatic bodies (Akabzaa 2005). 
The ills observed through mining activities are rapid loss of 
farm lands, water in the selected study areas, and heaping 
of rocks and mine waste around trees; silting of rivers and 
streams is also evident. Heavy metals from waste rocks that 
can be leached into water hand-dug wells by similar pro-
cesses include arsenic, cadmium, mercury, lead, and nickel 
among others.

This study will provide policy makers and land owners 
in western Kenya and the Lake Victoria water basin with 
knowledge of the estimated water quality problems affecting 
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Fig. 1  The research area: Kakamega County
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Kakamega metropolis and also serve as a guide for hydro-
chemistry evaluation of other mining areas in Kenya that 
share similar characteristics with the area under study. Seven 
different samples were taken from different sites within 
Kakamega metropolis and analyzed for physico-chemical 
properties including pH, electrical conductivity, total dis-
solved solids, and total water hardness. The metals analyzed 
included, As, Cd, Pb, Ca, Mg, Na, K while the anions ana-
lyzed were Cl− , F− , and SO2−

3
 . The basic objective was to 

draw conclusions on whether drinking water from hand-dug 
wells in Kakamega metropolis was within the acceptable 
limits prescribed by the World Health Organization (WHO) 
and other international standards such as the European Com-
mission (EC).

Experimental protocol

Materials

All the chemicals used in this study were of analytical grade 
unless otherwise stated. The reagents and analytical proce-
dure utilized in this study are reported in reference (Zhong-
he and Ármannsson 2005).

Analysis of heavy metals

The AAS model, Shimadzu model 6800 with graphite 
furnace GFA 7000 (Japan) was used for determining the 
concentration of heavy metals; lead, mercury, arsenic, and 
cadmium. The procedure for heavy metal analysis is docu-
mented elsewhere (Zhong-he and Ármannsson 2005). The 
machine was operated thus: wavelength and the slit width 
were 357.9 and 0.2 nm, respectively, flame type: air-acety-
lene, oxidant flow rate was 1.5 L/min. The sensitivity was 
0.055 ppm, detection limit was 0.001 ppm, lamp current 
was 5 mA and optimum working range of the instrument 
was 0.001–20.0 ppm.

Titrimetric analysis and pH measurements

The concentration of essential elements including sulphates, 
total carbonate,  F− and  Cl− in hand-dug well water was 
determined automatically by means of a titroline processor 
using appropriate reagents. The detailed procedure for analy-
sis of these components is described elsewhere (Zhong-he 
and Ármannsson 2005). The pH of the water samples was 
determined using a pH meter. The pH probe was rinsed thor-
oughly using deionized water and calibrated using buffers 
of pH 7 and 9. Since pH values are temperature dependent, 
the measurements were carried out at the temperature of 
the well water. Temperature measurements were taken as 
soon the water was sampled to investigate if there was any 

thermal input in the well water. The electrical conductivity 
of the water samples was measured using a conductivity 
meter under standard conditions of temperature and pres-
sure. Measurement of conductivity was made immediately at 
the sample collection site because conductivity convention-
ally changes with time.

Quality assurance/quality control (QA/QC)

Control sample (bottle water) was analyzed for heavy met-
als, essential elements, sulphates, carbonates, fluorides, and 
chlorides prior to the analysis of water sample from hand-
dug wells. Standard concentrations were prepared in such a 
way that it was within the bracket of components in the water 
sample. This is termed the analysis range. The analyses of 
samples were conducted in replicates to enhance the validity 
and reproducibility of the results. To one sample out of 12 
samples, a known concentration of the analyte was added 
and the recovery checked. A recovery of ~ 95% was obtained 
and this was considered good enough.

Results and discussion

Physico‑chemical parameters

Conductivity generally is a measure of free ions in solu-
tion; therefore, the higher the number of ions in solution, 
the higher the conductivity. Clearly, this study has shown 
that water samples from Muphenji bore-hole (sample 5) 
hand-dug well had the highest conductivity of 283.0 µs cm−1 
while the sample from Iguhu bore-hole (sample 2) had the 
lowest conductivity of 79.6 µs cm−1. The turbidity levels 
ranged between 2.34 and 0.88 ntu in the study area. Clearly, 
the turbidity values are well within the WHO allowable lim-
its for all the hand-dug wells in the study area as reported 
in Table 1. The anions reported in this work were discussed 
briefly in our earlier article as critical ligands for metal spe-
ciation (Kibet et al. 2016). Their consequent discussion in 
this study is mainly for quantitative purposes in relation to 
the water quality of Kakamega metropolis.

Total dissolved solids (TDS) had a bearing on turbidity; 
generally the samples having higher content of dissolved 
solids also had higher turbidity. By definition, total dis-
solved solids comprise of all organic and inorganic mat-
ter in a water sample. TDS is not associated with health 
effects but it is an indication of esthetic characteristics of 
drinking water. The level of TDS was low in all hand-dug 
wells except in bore-hole 1 (sample 1—Lusui) which had 
the highest levels of TDS (142.3) while the sample from 
bore-hole 2 (sample 2—Iguhu) had the lowest TDS at 39.6. 
Pure water always contains a small number of molecules that 
have dissociated into hydrogen ions  (H+) and hydroxyl ions. 
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Water samples from Kakamega metropolis were generally 
neutral and within the permissible pH levels set by WHO, 
and based on these results alone, are suitable for drinking 
(WHO 1980). In a previous study, we demonstrated that both 
pH and cation valency affected the distribution of dissolved 
and colloidal Pb, As and Hg in water suspensions of a con-
taminated (Klitzke et al. 2012). Basically, there was very lit-
tle thermal input in the bore-hole water of Kakamega County 
considering the temperatures range for the hand-dug wells 
under study was 0.3 °C. From Table 1, it is clear that the 
temperature was approximately ambient in all bore-holes.

Essential elements and other waterborne 
components

In all water samples the level of chloride was found to be 
within the required level by the world health organization 
(WHO 1980). Bore-hole 5 had significantly levels of chlo-
ride (0.46 mg/L) while bore-hole 4 and 2 had the lowest 
concentration of 0.30 mg/L (Table 2).

Water sample from bore-hole 5 which was found to 
have high concentration of chloride was also found to have 
high conductivity (Table 1). Bore-hole 4 and 2 which had 
a low concentration of chloride were found to have the low-
est conductivity. Potassium varies from 2.53 to 4.08 mg/L 

while sodium varies from 6.74 to 9.260  mg/L. Clearly 
from Fig. 2, sodium is the dominant element in all of the 
Kakamega waters in comparison to potassium. Lusui and 
Mupenji bore-holes registered the highest levels of sodium 
(Fig. 2). The same observation can be made for sulphates, 
total dissolved solids, and electrical conductivity (Tables 1, 
2). These bore-holes (Lusui and Mupenji) are, therefore, 
unique and require further investigation. Furthermore, the 
mercury levels in these two bore-holes are high as projected 
in Fig. 3, vide infra. It would, therefore, imply that the water 
from these bore-holes are not fit for human consumption and 
must henceforth be abandoned.

All the water samples were found to be within the 
required amount by W.H.O (250 mg/L). Whereas Lusui, 
sample 1, had the highest concentration of sulphate at 
6.30 mg/L, Shilalunga (sample 6) and Shivikwa (sample 7) 
had the lowest sulphate concentrations, 0.15 and 0.07 mg/L, 
respectively. Generally, Kakamega bore-hole water was 
found to have low fluoride concentrations. Similarly, the 
chloride levels in all bore-holes were also very low. For 
instance, the lowest concentration was recorded at Shivikwa 
(0.24 ± 0.01 mg/L), sample 7, while the highest concen-
tration was noted at Mupenji (0.46 ± 0.01). Accordingly, 
the fluoride and chloride levels were very low in Kakamega 
waters. Remarkably, because of the low fluoride levels, 

Table 1  Physico-chemical parameters of Kakamega bore-hole water samples

Sample 1-Lusui, Sample 2-Iguhu, Sample 3-Ikolomani 1, Sample 4-Ikolomani 2, Sample 5-Mupenji, Sample 6-Shilalunga, Sample 7-Shivikhwa

Parameter Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 Maximum 
allowable by 
WHO

Temperature (°C) 26.9 26.8 26.9 26.7 26.8 26.6 26.8 –
Turbidity (ntu) 2.68 0.88 1.98 1.89 2.34 2.10 1.36 5.0
pH 7.4 8.4 6.8 6.9 7.5 7.4 7.2 6.5–8.5
Conductivity (μs) 165.98 79.6 141.3 84.3 283 251 156.7
TDS 142.3 39.6 78.6 70.4 130.2 125.5 42.5 1000

Table 2  The major constituents of Kakamega bore-hole water

Sample 1-Lusui, Sample 2-Iguhu, Sample 3-Ikolomani 1, Sample 4-Ikolomani 2, Sample 5-Mupenji, Sample 6-Shilalunga, Sample 7-Shivikhwa

Parameter (mg/L) Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 Maximum 
WHO 
levels

Cl
− 0.34 0.30 0.42 0.30 0.46 0.36 0.24 250.00

F
− 0.60 0.40 0.67 0.40 0.20 0.60 0.40 1.5

NO
−

3
10.2 5.5 6.0 1.3 3.0 4.6 3.3 10.00

SO
2−

4
6.30 1.00 1.11 2.41 3.93 0.15 0.07 250.00

Ca2+ 50.60 17.54 26.55 23.05 22.04 22.55 14.53 –
Mg2+ 27.97 29.78 30.40 29.18 32.83 27.66 28.58 –
TC 166.08 126.14 121.14 170.29 153.68 182.90 155.57 500
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fluorosis may not be common in Kakamega County and 
possibly the larger Western region of Kenya.

According to these findings, it is clear that the concen-
tration of nitrate was generally low and within the W.H.O 
guidelines; however, sample from bore-hole 1 (Lusui) 
slightly exceeded the maximum amount of nitrate required 
by the body; 10.2 mg/L against the WHO recommended 
level of 10.0 mg/L. The nitrate level in all other boreholes 
fell below the acceptable WHO limits despite Kakamega 
County being a sugar farming area where nitrate fertilizers 
would be expected to leach into the soil and possibly to 

underground waters. Additionally, the presence of nitrates 
could be a result of micro-organisms breaking down ferti-
lizers, decaying plants, manures or other organic residues. 
Usually plants take these nitrates, but sometimes rain or 
irrigation water can leach them into ground water. High 
levels of nitrate can cause methemoglobinemia or blue 
baby syndrome, this is a condition mainly found in infants 
less than 6 months (Knobeloch et al. 2000). Nonetheless, 
the nitrate levels in Kakamega waters are within accept-
able WHO limits.

Fig. 2  The concentrations of 
sodium and potassium in the 
bore-hole waters of Kakamega 
County

Fig. 3  The concentrations 
of mercury and lead in the 
bore-hole waters of Kakamega 
County
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Total water hardness

Hardness is defined as a characteristic of water which repre-
sents the total concentration of Ca and Mg expressed as their 
calcium carbonate equivalent. Water hardness may be caused 
by natural geological process or pollution from industries 
and commercial operations. The ratio of  Ca2+ to  Mg2+ in 
Lusui bore-hole was about 2 (Table 2). This is an interesting 
result which may suggest that most of the calcium in Lusui 
waters may be due to maize and tea farming in the upper 
areas of Lusui (Nandi County). Another remarkable result 
was observed in Shivikwa borehole, where Mg was twice the 
concentration of Ca. Although it is expected that Ca should 
dominate the water because of application of calcium-based 
fertilizers such as calcium ammonium nitrate and lime in 
sugar farms, this was not so in Shivikwa waters (sample 
7). Large concentrations of Mg may, therefore, be attrib-
uted to a geological source containing soil minerals rich in 
magnesium. Generally, apart from Lusui bore-hole which 
had the highest concentration of Ca (50.6 ± 1.5 mg/L), all 
other boreholes contained low concentrations of calcium in 
comparison to Mg levels. Ideally, Kakamega waters have 
significantly high concentrations of Mg.

Heavy metals

Heavy metals occur naturally in the ecosystem with signifi-
cant variations in concentration. In modern times, anthro-
pogenic sources of heavy metals, with significant grave 
pollution effects have been introduced to the ecosystem 
(Wojtkowska et al. 2016). In this study, four types of heavy 
metals including Hg, As, Pb, and Cd are reported. It is clear 
from the results presented in Fig. 3 that the levels of Hg are 
higher than those recommended by international agencies in 
all boreholes (WHO 1980). The range of mercury levels in 

Kakamega waters lies between 0.0025 ± 0.00001 mg/L in 
bore-hole 6 (Ikolomani 2) to 0.061 ± 0.0005 mg/L in bore-
hole 1 (Lusui). These results, therefore, show that although 
other species have acceptable levels in Kakamega waters, the 
high levels of mercury in all the boreholes renders the water 
unfit for domestic use. This observation is by far the most 
critical recommendation in this study based on the permis-
sible levels reported in Table 3. 

The concentration of arsenic (As) in bore-holes ranged 
from 0.012 ± 0.0001 to 0.019 ± 0.0001 mg/L. Approxi-
mately 5% of the boreholes had arsenic concentration 
slightly in excess of the WHO recommendations of 
0.01 mg/L (WHO 1993). This low percentage suggests that 
arsenic presently poses only limited potential physiological 
problem to the use of groundwater for drinking purposes in 
Kakamega metropolis. The concentration of As is generally 
very low in most boreholes, and may safely be taken to be 
below the detection limit of the instrument (Table 4).

Conclusion

It is evident from this study that the concentrations of mer-
cury, lead, and arsenic in most bore-holes are generally in 
excess of the levels recommended by W.H.O. The elevated 
concentrations of these metals in the underground waters 
of western Kenya renders the water unfit for domestic use. 
These findings, especially on mercury, point to an emerging 
serious public health problems owing to the use of mercury 
contaminated waters in Kakamega metropolis and possibly 
its environs. The concentration of essential elements was 
found to be within the acceptable limits as recommended 
by the World Health Organization. Fluoride and nitrate 
concentrations for instance were low in all the hand-dug 

Table 3  Permissible limits of 
drinking water quality (WHO 
1993)

USEPA United States Environmental Protection Agency, EC European Commission, USFDA United States 
Federal Drug Agency

Parameter Permissible levels from different standards (mg/L)

USEPA Canada EC Japan WHO USFDA

Mercury 0.002 0.001 0.001 0.0005 0.001 0.002
Arsenic 0.05 0.025 0.05 0.01 0.01 0.05

Table 4  The levels of heavy 
metal content in the hand-dug 
wells of Kakamega metropolis

Sample 1-Lusui, Sample 2-Iguhu, Sample 3-Ikolomani 1, Sample 4-Ikolomani 2, Sample 5-Mupenji, Sam-
ple 6-Shilalunga, Sample 7-Shivikhwa
BLQ below the limit of quantitation

Parameter Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 WHO levels

Lead 0.004 0.003 BLQ 0.003 0.006 BLQ 0.003 0.001
Cadmium BLQ BLQ 0.003 BLQ BLQ BLQ BLQ 0.003
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wells sampled. Therefore, health problems such as fluorosis 
and blue baby syndrome may not be common in Kakamega 
metropolis and generally in various parts of Western Kenya.
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