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Abstract

Carbonated spring waters are natural sources of trace minerals considered to have important biological and therapeutic functions.
However, some trace elements are toxic to the human body upon exposure even at low concentration levels. Ten carbonated springs
located in Meru County, on the Eastern Slopes of Mt. Kenya were investigated to determine the levels of trace elements. The host
communities draw the carbonated mineral waters regularly for drinking, cooking, watering the livestock and selling. Cavity ring-down
spectroscopy was used for the analysis of dissolved inorganic carbon in the spring waters and inductively coupled plasma-optical
emission spectrometry for the determination of the following trace elements: As, B, Cd, Co, Cr, Cu, Fe, Hg, Mn, Mo, Ni, Pb, Se and
Zn. Host rocks analysis for major toxic elements As, Cd, Cr, Cu, Hg and Pb was done by X-ray fluorescence. The reported dissolved
inorganic carbon in the waters was significant ranging from 39.2-89.0 mmol/kg and this enhanced dissolution of minerals from rocks
due to the presence of carbonic acid. Levels of As in six springs ranged from 11.1 to 21.5 pg/L and exceeded the 10 pg/L WHO
recommended limit for drinking-water. There was a strong positive correlation with r = +0.8, between As levels and dissolved
inorganic carbon. The other elements were within the safe limit. Toxic elements in the rocks ranged from As 30-170 ppm, Cd <10
ppm, Cr <10-100 ppm, Cu 40-180 ppm, Hg <10 ppm and Pb <10-370 ppm. Therefore, water-rock interaction contributed significantly
to the presence of toxic elements in the carbonated waters. Arsenic (As) is a well-known carcinogen and poses many other health risks
to humans. An epidemiological study on clinical manifestations of As toxicity in the region as well as removal of As from the waters
prior to consumption are recommended.
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1. Introduction

Some springs in Eastern Mt. Kenya region discharge cold
waters containing high concentrations of dissolved CO, and
mineral content. The apparent sources of CO, in mineral
springs include the mantle and sedimentary carbonate rocks
(Cartwright et al., 2002; Mungai et al., 2014). Intake of
carbonated water enhances digestive solubility of food and
improves intestinal physiology by stimulating secretion and
motility of the digestive tract. Such waters are suitable remedy
for conditions such as dyspepsia (indigestion) and irritable
bowel syndrome. Studies have shown that bicarbonated
mineral waters minimises cardiovascular risks through
breakdown of cholesterol into bile salts and their subsequent
removal from the body (Gasbarrini et al., 2006; Schoppen et
al., 2004). Trace elements occur in various environmental
matrices at concentrations ranging from 1 ppb to 100 ppm
(Skoog, 2004). Some trace elements such as B, Co, Cr, Cu, Fe,
Mn, Mo, Ni, Se and Zn are essential trace or micronutrients

because their requirement in the body is less than 100 mg/day
and deficiency leads to serious disorders. These elements
regulate crucial biological pathways by acting as cofactors for
various enzymes and forming centers for stablisation of
enzymes and proteins (Vinha et al., 2019; Prashanth et al.,
2015). However, trace elements such as As, Cd, Cr, Cu, Pb
and Hg are highly toxic to humans even at low concentrations.
These metals interfere with functioning of body cells by
binding to enzymes, structural proteins and nucleic acids.
They are known to affect the nervous and circulatory systems,
causes multiple organ damage and some of them are human
carcinogens (Golekar et al., 2013).
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A study on CO,-rich waters in Iceland showed that water-
rock interaction is responsible for elevated trace elements
above the World Health Organization (WHO) guidelines for
drinking-water, especially As and Mn at <0.01-1.08 pumol/kg
and 0.1-184 pmol/kg, respectively (Thomas et al., 2016).
Groundwater in Bangladesh was found to contain excessive
levels of As with an average of 84.7 pg/L in the sedimentary
aquifers. The occurrence was associated with the reduction of
iron and manganese oxides containing adsorbed As. The
process allows the release of As species into the groundwater
(Nwankwo et al., 2020). Mt. Kenya with summit elevation of
5,199 m (Batian peak) is an extinct volcano which lies outside
the East Africa Rift System. The major rock types found in Mt
Kenya region are basalts, kenytes, trachytes, phonolites and
rhomb porphyrites (Baker, 1967). The commonest minerals in
this area are magnetite (Fe3O,4), rutile (TiO,), augite
[(CaNa)(Mg,Fe, Al Ti)(Si,Al),O¢], mica flakes and garnet
(Mason, 2007). Volcanic CO, degassing in the region is
manifested by occurrence of widespread carbonated mineral
springs called ‘muonyo’ in the local dialect which emerge
through point sources along the eastern slopes of the volcano.

As CO, gas rises through fractures or point sources, it
mixes with groundwater to form weak carbonic acid, H,CO3.
The acid increases the capacity of water to dissolve minerals
from the underlying rocks which increases the risk of
contamination. For example, siderite mineral (FeCO3)
dissolves in carbonic acid to form aqueous iron (II)
bicarbonate Fe(HCOs3), as shown in equation 1 (Andrews et
al., 2004).

FeCOj3 () + H2CO3 (aq) = FE(HCO3); (ag) 1)

The local communities in the study area use the carbonated
mineral waters directly for drinking, cooking, watering
livestock and selling. According to the consumers, the water is
claimed to have a pleasant soda taste and provide therapeutic
relieve for stomach discomforts. This study involved chemical
investigation on the levels of trace elements in the spring
waters as well as toxic elements in the host rocks. The purpose
of the study was to create awareness of the potential health
benefits and risks that may arise from drinking the carbonated
spring waters. Ten springs were investigated which included
Gikumene, Kathathantu, Kiambogo, Mbwinjeru, Nthungu,
Mulathankari, Rwarera-A, Rwarera-B, Tharu and Ukuu.

2. Methodology
2.1 Study area

The study area is located in Meru County on the Eastern
Slopes of Mt. Kenya which is about 250 km North-East of
Nairobi, Kenya. Fig. 1 shows the geological map and the sites
of the carbonated springs in the study region. The volcano
flanks have distinct craters and vents. The occurrence of
multiple lineaments is a sign of underlying buried faults
through which passive CO, degassing takes place from the
magma. The springs are bound within latitudes 00° 13.401> N
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and 00° 05.004’ S and longitudes 37° 35.620° E and 37°
40.763’ E as shown in Table 1.

Table 1: Sampling sites GPS coordinates and elevation above
sea level

Spring GPS Coordinates Elevation

(m)
Gikumene (GIK) N 00°01.154° E 037° 38.983° 1566
Kathathantu (KAT) S 00°04.799° E 037°39.639° 1491
Kiambogo (KIA) S 00°05.004° E 037° 40.763° 1410
Mbwinjeru (MBW) S00°01.545” E 037° 37.905° 1647
Mulathankari (MUL) N 00° 02.449° E 037° 40.584° 1425
Nthungu (NTH) N 00° 00.668° E 037° 38.629° 1601
Rwarera-A (RWA) N 00°13.333” E 037°37.534° 1413
Rwarera-B (RWB) N 00°13.401° E 037°36.759° 1414
Tharu (THA) S 00°04.467° E 037° 35.620° 1938
Ukuu (UKU) S00°02.616° E 037°38.322° 1614

2.2 Sampling

Ten carbonated springs regularly used by the local
communities were selected for sampling. The sampling was
done during a dry season to avoid runoff mixing with the
spring waters. Three water samples for dissolved inorganic
carbon (DIC) analysis were collected from each spring using
13 mL glass vials. One drop of saturated HgCl, was added to
each vial to preserve the samples. For trace element analysis,
three water samples were collected from each spring and
filtered through 0.45 um filters into clean 300 mL PET bottles.
The samples were treated by adding a drop of concentrated
HNO; in each bottle to adjust the pH (<2). They were then
preserved at approximately 4 °C in a refrigerator. Grab
sampling of host rocks on the surface was done within an area
of approximately 10 m? around the springs. Three rock
samples were collected from each site and the weathered
surface was scrapped off.

2.3 Chemicals

All the chemicals used were analytical grade obtained from
Sigma-Aldrich. They included: Mercury (I1) chloride (HgCl,),
nitric acid (HNO3), calcium carbonate (CaCOs), phosphoric
acid (H3PO,) and TraceCERT® 100 mg/L multi-element ICP-
OES standard solution.

2.4 Dissolved inorganic carbon measurement

Dissolved inorganic carbon (DIC) was determined by Cavity
Ring-Down Spectroscopy (CRDS) method (Dickinson et al.,
2017). Six CaCOj standards ranging from 0.3 to 2.0 mg were
weighed into 13 mL vials. The vials were tightly closed and
evacuated for five seconds. A volume of 2 mL of each sample
was transferred with a syringe into an evacuated and weighed
vial. The vial was reweighed. Similarly, a method blank was
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Figure 1: The geological map of the Eastern Slopes of Mt. Kenya. The carbonated springs are shown on the map trending North-
South. (Courtesy of Department of Geology, University of Nairobi)

prepared by transferring 2 mL of reagent water into a pre-
weighed and evacuated vial. To each standard, sample and
blank, 2 mL of 25% H3PO, was added. The released CO, gas
was directed into the Picarro CRDS system (Picarro CRDS
G2101-i Isotopic CO, Analyzer). The DIC measurement of the
sample was obtained by comparison with a reference CO, gas
released from the calibration standards.

2.5 Trace elements analysis in the water

Samples were digested with concentrated HNO; in a
microwave digester in order to dissolve all the elements of
interest prior to analysis using inductively coupled plasma-
optical  emission  spectrometer  (ICP-OES  Agilent
Technologies: 5110) as per US EPA Method 200.7 Revision
5.0 (US EPA, 2001). External calibration standards were
prepared from a 100 mg/L multi-element standard stock
solution. The following quality control measures were adopted
to check the performance of instrument and analytical
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procedures employed. Precision was ensured by analysis of
three replicates. Acceptable (<+0.5%) relative standard
deviation (RSD) range was established which showed reliable
reproducibility of the measurements. To ensure that the
elements were reliably detected and quantified, their limits of
quantitation (LOQ) were established by analysing ten
replicates of calibration blanks and multiplying the obtained
standard deviation by ten.

2.6 Heavy metals analysis in the rocks

The samples were dried in an oven at 110 °C for 24 hours.
They were ground into fine powder and filtered through a 100
micron mesh. About 2 g of each ground rock sample (~100
microns) was transferred into the sample holder and scanned
with a portable energy dispersive X-ray fluorescence
(EDXRF) spectrometer (BRUKER S1 TITAN) to a maximum
potential of 50 keV. Three replicate samples were analysed for
each spring.
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3. Results and Discussion

The results for dissolved inorganic carbon (DIC) and trace
elements analysis in the waters followed by the results for
toxic elements determination in the rocks are reported in this
section. The results are accompanied by their respective
relative standard deviations (RSD).

3.1. Dissolved inorganic carbon (DIC)

The DIC concentrations in the spring waters are shown in
table 2. The springs are identified with their first three letters
e.g. GIK for Gikumene.

Table 2: DIC levels (mmol/kg) in the spring waters

Spring DIC(mmol/kg)
GIK 39.2+2.7
KAT 54.0+3.1
KIA 47.6£3.6
MBW 81.3+2.9
MUL 66.8+3.5
NTH 70.2+1.5
RWA 89.0+3.2
RWB 72.4+2.6
THA 87.3+2.8
UKU 72.6+3.5

The DIC values obtained from the study region ranged
from 39.2 to 89.0 mmol/kg and indicated a large amount of
carbon species in the system which may increase dissolution
of minerals from the host rocks. The slight variations in RSD
values may be attributed to the loss of some CO, from the
samples. The DIC is possibly linked to CO, degassing from
the mantle and carbonate rocks deep in the crust. DIC
concentrations in natural waters usually range from
0.02 mmol/kg in acidic soft waters to 5 mmol/kg in highly
alkaline hard waters (Cole and Prairie, 2014). DIC
composition can be expressed as shown in equation 2
(Andrews et al., 2004).

DIC = [H,COs] + [HCO5] + [CO5”] @)

Kanakiya et al. (2017) established that carbon dioxide
(CO,)-rich fluids react with rock-forming minerals in volcanic
environments dominated with basalt rocks and the approach
can be applied in sequestration of anthropogenic CO,.
Similarly, the mechanism may explain how the carbonated
waters found in the Eastern Slopes of Mt. Kenya interact with
volcanic rocks raising the mineral content in such fluids. This
can lead to pollution of the spring waters by toxic elements
derived from the basalt and other types of rocks in the region.
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3.2. Trace elements in the waters

The average levels of 14 trace elements found in the
carbonated mineral waters are shown in table 3 and are
compared with the WHO guidelines for drinking-water quality
(WHO, 2011). The limits of quantitation (LOQ) for the
respective parameters are given.

3.3. Toxic elements in the host rocks

Table 4 shows the concentration of toxic heavy metals in the
host rocks. Levels of Cd and Hg were below the XRF
instrument detection limit (<10 ppm) in all the springs. Levels
of As, Cu and Pb were significant except for KAT whose Pb
levels were below levels of detection. Chromium (Cr) was
only detected in RWB, THA and UKU springs. Hence, these
volcanic rocks have the potential to contaminate the spring
waters with toxic elements.

The results in Tables 3 and 4 indicate significant levels of
trace minerals in both water and rock matrices, respectively.
The high quantity of DIC largely contributes to the elevated
mineralisation of the waters by the host rocks. Mercury which
was below detection limit in the rock samples was also below
quantitation limit in all the spring waters. Arsenic which was
relatively high in the rock samples was found to be high in the
spring waters even though there was no direct correlation. The
As concentration in the rocks was highest at KIA (170+0.002
ppm) but relatively low in the water compared to the other
springs. This disparity could be due to the low amount of DIC
at KIA hence low rate of As dissolution from rocks. Lead
levels were high in the rock samples but not correspondingly
high in the spring waters. Similarly, Cr was not detected in the
rocks in most springs but it was found in the waters. This may
indicate that besides water acidity and rock types, there are
other factors that affect the transfer of trace elements from the
rocks into the waters such as ion exchange. The distribution
and levels of the elements in the waters also depends on the
types of aquifer supplying water to the springs (Sidibé et al.,
2019). While most of these elements are useful or harmless to
the body, long term ingestion of some of them may trigger
human health complications (Wada, 2004).

3.4. Essential trace elements in the waters

The concentration of Boron (B) was found to range from 35 to
837 pg/L and was below the recommended WHO maximum
limit of 2400 pg/L. Boron helps in bone formation and
functioning of the central nervous system, promotes hormonal
action, has anti-inflammatory effects which reduce arthritic
symptoms and minimise risk for some types of cancer.
However, excessive intake of B is associated with toxicity of
the male reproductive system (Nielsen, 2014). There are no
WHO guidelines for cobalt (Co) whose levels ranged from
<1.6 (below LOQ) to 15.1 pg/L. Cobalt is an essential trace
metal in humans. It is a vital component of vitamin B, which
is involved in healthy functioning of blood cells, nerve cells,
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Table 3: Trace minerals (ug/L) in carbonated springs of Eastern Mt. Kenya

GIK KAT KIA MBW MUL NTH RWA RWB THA UKU LOQ WHO
As** <3.7 8.8+0.4 6.5+0.3 14.4+£0.7 5.1+0.2 11.1+0.6 16.5+04 19.7#0.3 21.5+0.8 13.9+04 3.7 10
B 35+0.7 210£1.3 193+0.6 38715 44+0.8 241+10 33514  302+0.9 837+2.2 414+17 6.8 2400
Cd 0.5%0.6 0.3£0.6 <0.1 0.7£0.5 0.5+0.8 0.6x0.4 0.5£0.6 0.2+£0.5 0.3x0.7 0.2£0.4 0.1 3
Co 15.1+04 <16 <1.6 <1.6 9.8+0.1 <1.6 2.4+05 2.6x£0.3 <1.6 <1.6 16 -
Cr 0.6+0.9 0.6+0.5 0.8+0.5 25+0.4 1.2+0.7 1.3+0.1 1.3+0.4 0.8+0.5 0.6x0.2 0.7+0.1 0.2 50*
Cu 4.2+0.7 6.1+0.8 6.4+0.1 10.8+0.3  7.8x0.5 8.4+0.9 11.1+04 10.9+0.2 115+#05 119403 0.1 2000
Fe 7077£3.2 8757+2.8 8077£3.4 7070+3.1 1972+1.4 6678+2.7 4207+2.1 2538+2.2 2602+15 6079+25 15 -
Hg <0.8 <0.8 <0.8 <0.8 <0.8 <0.8 <0.8 <0.8 <0.8 <0.8 0.8 6
Mn 1347+1.2 920+1.6 1069+2.0 135%0.5 1041+1.7 531+0.8  444+1.1 329+0.5 224+09 522+14 0.2 -
Mo 1.5+0.8 1.4+0.3 1.8£0.5 1.8+0.2 2.4x0.7 1.9+0.1 2.2+£0.5 <1.0 <1.0 2.6+0.3 1 -
Ni 23+£0.5 <5.8 <5.8 <5.8 255+0.2 8.0£0.2 9.6+0.1 9.1+0.5 <5.8 <5.8 5.8 70
Pb <1.2 <1.2 <1.2 4.3+0.6 <1.2 <1.2 3.2+0.6 4.1+£0.5 3.1+0.8 2.6£0.4 12 10*
Se <4.9 <4.9 7.5+0.8 <4.9 9.2+0.7 6.0+0.4 10.8+0.5 14.7+0.5 20.6£04 6.0+£0.7 4.9 40
Zn 15.7¢0.3 4.5#0.1 5.5+0.6 16.4+04  7.2%0.2 13.7¢05 5.6+0.4 <3.0 4.01£0.1 6.2+0.5 3.0 -
- Occurs in drinking water at concentrations well below those of health concern.
*Provisional guideline value.
**Above WHO guidelines for drinking-water quality (GDWQ) of 2011.
Table 4: Levels of toxic elements (ppm) in the rocks
Spring As Cd Cr Cu Hg Pb
GIK 30+0.002 <10 <10 160+0.003 <10 310+0.005
KAT 170+0.002 <10 <10 140£0.003 <10 <10
KIA 50+0.002 <10 <10 40+0.002 <10 250+0.005
MBW 50+0.001 <10 <10 40%0.002 <10 190+0.004
MUL 30+0.002 <10 <10 100+0.003 <10 310+0.005
NTH 50+0.001 <10 <10 90+0.002 <10 270+0.005
RWA 30+0.001 <10 <10 70+0.003 <10 370+0.006
RWB 30+0.001 <10 80+0.005 180+0.003 <10 280+0.005
THA 40+0.002 <10 40+0.004 120+0.002 <10 310+0.005
UKU 80+0.002 <10 100£0.004 160+0.003 <10 240+0.004

amino acid metabolism and DNA synthesis (Czarnek et al.,
2015). Iron (Fe) levels were significant varying from 1972 to
8757 pg/L. There is no WHO limit for Fe. Its functions in the
body include oxygen transport, electron transport, enzymes
cofactor and DNA synthesis. Iron deficiency in the body leads
to anaemia; however, excess Fe has ability to form damaging
free radicals (Abbaspour et al., 2014). Figure 2 shows a
photograph of Tharu spring. The brown precipitates indicated

13

occurrence of insoluble Fe(OH); which usually form due to air
oxidation of aqueous Fe®* to the less soluble Fe** when the
water gets aerated at the surface, as shown in equation 3
(Andrews et al., 2004).

4Fez+ (aq) +02 (9) + 10H20 n— 4FC(OH)3 () + 8H+ (aq) (3)
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Figure 2: Tharu spring and the host rocks

Manganese (Mn) levels varied from 135 to 1347 ug/L.
According to WHO, Mn levels generally found in drinking
water is not of health concern although some epidemiological
studies have associated high levels of Mn in drinking water
with neurotoxicity such as tremors (Chen et al., 2018). It acts
as a cofactor for various enzymes involved in digestion,
reproduction, antioxidant defense, immune response,
respiration and neuronal activities. Molybdenum (Mo) ranged
from <1.0 to 2.6 pg/L and there is no maximum limit provided
for Mo by WHO. Mo is an essential trace element with an
estimated daily requirement of 0.1-0.3 mg for adults. It is
present in enzymes such as sulphite oxidase, aldehyde oxidase
and xanthine oxidase/dehydrogenase (Wada, 2004).

Nickel (Ni) levels (<5.8-25.5 ug/L) were below WHO
limit of 70 pg/L. Nickel is involved in hormonal activity and
lipid metabolism. The most common adverse effect of Ni is
allergic contact dermatitis (Zdrojewicz et al., 2016). Selenium
(Se) levels of <4.9 to 20.6 pg/L were below the WHO
provisional guideline value of 40 pg/L. Selenium is an
essential trace mineral in humans. Selenium constitutes
selenoproteins whose functions include providing anti-oxidant
and anti-inflammatory effects in the body. Selenium
deficiency is associated with severe cardiomyopathy (Keshan
disease). The effects of selenium toxicity (selenosis) include
gastrointestinal disturbances and dermatological effects (skin
discolouration, hair and nail loss). Other effects are decayed
teeth, degeneration of motor neurons and prevalence of
cancers (Rayman, 2012). The levels of Zinc (Zn) ranged from
<3.0-16.4 pg/L and it has no WHO limit. It is an essential
trace mineral in humans and its requirement in adult males is
15-20 mg/day. Zinc enhances normal growth and
development during pregnancy, childhood and adolescence.
Reproductive  (spermatogenesis), nervous, immune,
dermatological and gastrointestinal systems are the most
affected by Zn deficiency. However, excess absorption of Zn
interferes with Cu and Fe uptake (Roohani et al., 2013).
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3.5. Toxic trace elements in the waters

Arsenic (As) levels varied from <3.7 to 21.5 pg/L against
WHO guideline value of 10 pg/L (WHO, 2011). The
following springs exceeded As safe limit: MBW (14.4 ug/L),
NTH (11.1 pg/L), RWA (16.5 pg/L), RWB (19.7 pg/L), THA
(21.5 pg/L) and UKU (13.9 pg/L). The source could be As-
bearing sulphide and sedimentary mineral deposits such as
arsenopyrite-FeAsS (Herath et al., 2016). Figure 3 shows a
strong positive linear relationship (r = +0.8) between As levels
and DIC. Hence, high amount of CO, in the waters enhances
leaching of As from the underlying rocks.

r=+0.8
25
[
20 o
=15 hd
I~
[ ]
L ]
2
[
2 10
< °
L ]
5 L
0
35 45 55 65 75 85
DIC (mmol/kg)

Figure 3: Correlation of As with DIC

Carbonation of arsenic sulphide minerals helps in leaching
of As into the groundwater under anaerobic conditions by
forming stable arseno-cabonate complexes such as
As(CO3)(OH),’, As(CO3),” and AsCO;* (Kim et al., 2000).
Arsenic is a metalloid of great public health concern in some
natural waters as it is considered to be carcinogenic. It induces
changes in DNA which have been linked with cancer
development on the skin, prostate, lungs, liver, bladder and
kidney. It is also associated with skin lesions, diabetes and
cardiovascular disease (Abdul et al., 2015; WHO, 2011,
IARC, 2019). A study in Bangladesh by Ahmed et al. (2016)
on groundwater revealed clinical manifestations of arsenic
poisoning (arsenicosis) among the residents, such as
neuropathy and dermatology. There was lack of proper
awareness about arsenic toxicity among the people. Arsenic
can be removed from the waters prior to consumption using
available methods such as flocculation followed by
microfiltration (Han et al., 2002) and electrocoagulation
(Kumar et al., 2004). Cadmium (Cd) levels of <0.1 (below
LOQ) to 0.7 pg/L were below the WHO permissible limit of 3
pg/L. While the waters may be considered safe with respect to
Cd toxicity, it is important to note that Cd accumulates in the
human kidneys causing damage (Liu et al., 2015). It is a
probable carcinogen according to the International Agency for
Research on Cancer (IARC, 2019).

Chromium (Cr) levels (0.6-2.5 pg/L) were below the WHO
provisional guideline value of 50 pg/L. The ratio of Cr** to
Cr®* in natural waters varies widely and significant high

95
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concentrations of toxic Cr®* may occur. In the gastrointestinal
tract, Cr®* is reduced to the less toxic Cr®* which is an
essential trace nutrient and its deficiency leads to impairment
of glucose tolerance (WHO, 2011). Chromium toxicity causes
dermatitis, renal failure and pulmonary cancer (Cefalu and Hu,
2004). Copper (Cu) level which ranged from 4.2 to 11.9 ug/L,
were below the WHO maximum limit of 2000 pg/L. Copper
helps in the synthesis of blood haemoglobin, bone
development and connective tissue metabolism. In high doses
it can cause kidney dysfunction, stomach and gastrointestinal
bleeding (Uauy et al., 2008). Mercury (Hg) was below the
LOQ (<0.8 ug/L) and also below WHO set limit in all the
springs implying that this element is not a significant
contaminant of the spring waters. It is nevertheless
bioaccumulative and highly toxic, capable of causing
neurological disorders, kidney damage, benign tumours and
genotoxicity (Davidson et al., 2004). Lead (Pb) concentrations
ranged from <1.2 (below LOQ) to 4.3 pg/L while the WHO
provisional guideline value for Pb is 10 pg/L. Hence, all the
springs were below the permissible level. Lead accumulates
over time in the brain, kidney, liver and bones. It causes low
intelligence quotient (IQ) in children, behavioural disorders,
kidney damage, impaired fertility, adverse pregnancy
outcomes and hypertension (Wani et al., 2015).

4. Conclusions

The investigated waters were characterised by large amounts
of DIC which accelerates the acid dissolution of minerals from
the host rocks. The waters contained substantial levels of
essential trace elements (B, Co, Cu, Fe, Mn, Mo, Ni, Se and
Zn) which have important biological functions in humans.
However, highly toxic elements such as As, Cd, Cr and Pb
were present in varying amounts. The level of As was
particularly high and exceeded the WHO guideline value of 10
pg/L in drinking-water at Mbwinjeru, Nthungu, Rwarera-A,
Rwarera-B, Tharu and Ukuu. The results showed a strong
positive correlation between DIC and As concentrations which
resulted in water contamination. The rocks had significant
levels of As, Cu and Pb in all the springs while Cr was
reported in three sites. Through water-rocks interaction in the
aquifer and the surrounding rocks which is aided by the
dissolved CO,, these toxic elements could get leached into the
waters. Intake of the As-contaminated waters may have long
term health effects such as development of various types of
cancers. Therefore, As should be lowered to permissible level
before using the polluted waters. Results for Gikumene,
Kathathantu, Kiambogo and Mulathankari were within the
acceptable range and people can enjoy the associated health
benefits. However, the waters should be taken in moderation
to avoid overexposure to significant levels of B, Fe, Mn, Ni
and Se. Further biochemical and epidemiological studies
should be carried out to ascertain the potential health risks of
these spring waters on human population especially the threat
by arsenic toxicity. An extended geochemical study of the
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springs covering several dry and wet seasons is also
recommended to monitor the variability of the chemical
composition with time and seasons.
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