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Abstract

This paper quantified the level of heavy metals contamination, identified possible sources of pollution, and assessed the
human health risks associated with drinking water resources in Ojoto Province, Nigeria. The study’s gross findings revealed
that the suitability of some water sources for consumption purposes in this province is questionable. Based on water quality
index, 57.14% of the total samples are within acceptable limits, while 42.86% are unsuitable for drinking. It was observed
that the northwestern and southern parts of the study area have more of deteriorated water quality. The health hazard index
revealed that 25% of the samples predispose their consumers (both adult and children populations) to high chronic health
risks. Moreover, heavy metal pollution index, contamination index, and probability of cancer risk (CR) revealed that about
25% of the total samples were unsuitable and off the CR standard acceptable range of < 1 x 1071 x 10™*. Correlation and
component factor analyses linked the origin of major ions to geogenic processes and that of the heavy metals to both natural
and anthropogenic processes. Cluster analysis divided the samples into two equal classes (50% each): poor and excellent
quality waters. This study indicated that Pb is the priority pollutant impacting the water quality. The various assessments
revealed that waters from hand-dug wells and deeper boreholes are the least contaminated and hence best suited for drinking
than waters from springs, streams, and shallow wells.

Keywords Carcinogenic health risk assessment - Heavy metal contamination - Non-carcinogenic health risk assessment -
Pollution indices - Risk factor - Water quality assessment

Introduction weak degradation (decomposition), wide range of sources,

high toxicity, bioaccumulation and remediation difficulties

Quality and safe drinking water is essential for the sustain-
ability of human health and the environment. Contamination
of drinking water supplies poses a lot of threats to humans
and the environment. Usually, the deterioration in water
quality is due to organic and inorganic contaminations. Inor-
ganic contaminants include chemical ions and trace (heavy)
metals such as Pb, Ni, and Cr. These trace metals are among
the most hazardous water contaminants because they have
peculiar characteristics which include chemical stability,
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(Sun et al. 2016; Barzegar et al. 2018). Heavy metals con-
tamination in water systems has been noted to be a worri-
some problem worldwide due to growing population and
economic development.

According to US Environmental Protection Agency (US-
EPA 2011, 2017), a population’s exposure to heavy metals
in water can occur by direct ingestion (through drinking)
or indirect ingestion (through use in foods and drinks made
with contaminated water). However, incidental ingestion
(maybe, swallowing water while swimming), dermal contact
(during showering or bathing), or inhalation (inhaling vapors
during showering) can also occur (US-EPA 2011, 2017). All
over the world, the consumption (ingestion) of heavy met-
als-contaminated waters has been reported to cause serious
health issues (disasters) like skin, lung, and bladder cancers;
bronchiectasis; intellectual disabilities; neurological, cardio-
vascular, kidney, and bone diseases; hyperpigmentation of
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the palm and sole; hypertension; myocardial damage; liver
damage; Bowens disease; diabetes, etc. (Rahman et al. 2017,
Sridharan and Nathan 2018; Mgbenu and Egbueri 2019;
Ukah et al. 2019; Egbueri 2019c, 2020a).

These trace elements enter water systems through many
natural processes and anthropogenic activities (Wagh et al.
2018; Barzegar et al. 2018; Egbueri 2018, 2019a, b; Ezugwu
et al. 2019; Mgbenu and Egbueri 2019). The natural pro-
cesses that contribute to high concentration of heavy metals
in waters include weathering of rocks and soils, decomposi-
tion of living matter, and atmospheric fall-out, whereas the
anthropogenic activities encompass mining (which can lead
to acid mine drainage) and mineral processing, domestic,
agricultural and industrial wastes, etc. Furthermore, studies
have shown that heavy metal pollution in water resources
is also attributed to many other anthropogenic factors,
including the overuse of chemical fertilizers and pesticides,
untreated industrial wastes, poor management of open
dumpsites, etc. (Bhuiyan et al. 2010; Belkhiri et al. 2017,
Egbueri 2018, 2019a, b, 2020a, b; Ukah et al. 2019). When
these various processes release trace elements into water
systems, another important factor that determines the impact
such metals have on the quality of water is solubility. Musa
et al. (2013) and Wagh et al. (2018) reported that solubility
of trace metals in soils and waters is mainly governed by
pH, metal concentration, organic carbon concentration, ion
exchange capacity, the oxidation state of mineral constitu-
ents, and redox potential of the media (soils or waters).

Knowledge of the contents of trace elements in water and
their associated health impacts is imperative for effective
water resource monitoring, management, and sustainability.
Therefore, human health risk analysis is an important tool
toward actualizing these goals. Health risk assessment of
water resources measures and quantifies the potential impact
of water pollution on human health based on water qual-
ity standards and health risk benchmarks (Zhu et al. 2017,
Egbueri 2020a). Risk assessment is aimed at minimizing
the health risks associated with consuming contaminated
drinking water by a host of techniques (US-EPA 1999, 2011;
Zhu et al. 2017). This assessment is often carried out using
chemometrics, which basically employs mathematical or
statistical principles in solving problems linked to chemical
water pollution. In different parts of the world, researchers
(Belkhiri et al. 2017; Njinga and Tshivhase 2017; Rahman
et al. 2017; Barzegar et al. 2018; Wagh et al. 2018; Mgbenu
and Egbueri 2019) have successfully used different math-
ematical and statistical methodologies to assess the health
risks of various water supplies. Such methodologies include
pollution indices, multivariate statistical analyses, carcino-
genic and non-carcinogenic health risk analyses. Moreover,
various geostatistical tools (such as ordinary kriging and
semi-variogram models) and geospatial tools can also be
employed in attempt to classify water quality and health
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risks associated with contaminated water resources (Rah-
man et al. 2017).

In Ojoto Province, different water sources, such as
springs, streams, hand-dug wells, and boreholes, are used by
residents for various domestic purposes, including drinking
and cooking. However, no previous literature seems to have
assessed health risks associated with the use of these water
supplies. The possible health impacts of the heavy metals
in the waters of Ojoto Province have not been reported pre-
viously. Therefore, this present study attempts to employ
chemometrics in assessing the various human health risks
associated with the use of the water resources in the study
area. The study objectives were to (1) identify and measure
inorganic ions (such as Na, Cl, Ca, SO, NO;, and HCO5)
and trace elements (such as Fe, Zn, Pb, Ni, and Cr) in the
waters; (2) determine heavy metal pollution levels and indi-
ces in the study area; (3) assess and classify the potential
human health (carcinogenic and non-carcinogenic) risks of
these elements to children and adult populations through
ingestion; and (4) identify, using chemometric analytical
tools, the interrelationships between water quality and health
risk parameters and their source apportionment in the drink-
ing water resources. Basically, the major focus of this paper
is on heavy metals (Fe, Zn, Ni, Cr, and Pb) contamination.
These heavy metals were chosen for the study with regard to
the dominant human activities and land use pattern, which
were thought could release them into the sampled water sys-
tems, in the Ojoto Province. It is expected that this work will
provide insights needful in the monitoring, management, and
sustainability of the water resources for human health and
the environment in Ojoto Province, southeastern Nigeria.

Study area description

Ojoto area is a suburban which lies within latitudes 06° 00’
N-6° 05' N and longitudes 06° 50" E-07° 00" E (Fig. 1). The
study area is about 15 km southeast of Onitsha, a very big
and important commercial city in the West Africa. Some
businesspeople and industrialists in Onitsha city now settle
in Ojoto Province, thereby influencing its population growth.
Topographically, the study area is resting on top of gentle
dipping parts of the Awka—Orlu Ridge. Peak elevations are
attained toward the eastern parts of the area. In other parts,
elevation drops rapidly and the rivers Obibia and Odoh (not
shown on the map in Fig. 1) intensely reduce the landscape
to badlands, rills, and gullies of diverse sizes and shapes.
The surface water networks in the area ultimately pay trib-
utes to the large River Niger, westward of the study area.
The rills and gullies in the study area are commonly used as
open waste dumpsites.

Wet/rainy season (which roughly spans from April to
November) and dry season (that lasts for about 4 months,
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Fig. 1 Location and geologic map showing the study area

usually from December to March) are the two distinct sea-
sons that characterize the study area. The two seasons are
attributed, respectively, to the southwest trade winds from
the Atlantics and the northeastern wind blowing across the
Sahara. Because of the location of the area, it receives con-
stant insolation all through the year. During the dry seasons,
temperatures reach as high as 32 °C, while average relative
humidity sometimes drops to as low as 20%. Annual rain-
fall in the area varies from about 1500 to 2000 mm in rainy
seasons, with the driest month (in the dry season) usually
recording less than 30 mm of precipitation (Nwajide 2013).

The Eocene Nanka Sandstone and the Oligocene—Mio-
cene Ogwashi Formation are two major geologic forma-
tions underlying the study area (Fig. 1; Egbueri et al.
2019). The regressive deposits of the Nanka Formation
(Nwajide 2013) comprise the later portions of the second
phase (Campanian-Eocene) of compressive movements
which were instrumental in the folding of the Abakaliki
Anticlinorium (Nwachukwu 1972). The third phase of that
tectonic movement is thought to have commenced toward
the end of the Eocene, depositing the Ogwashi Formation
and shifting the depocenters downward to form the Niger
Delta (Obi et al. 2001). The Nanka Formation, which is
composed of alternating friable sand, shale, sandy shale,
and fine-grained fossiliferous sandstone intervals with

some thin bands of limestone and ironstones, covers over
80% of the study area and spans the central and eastern
portions (Reyment 1965, Arua 1986, Nwajide 2013). Con-
trarily, the Ogwashi Formation, which overlies the Nanka
Sandstone, comprises an alternation of coarse-grained
sandstone, ironstones, light-colored mudrocks, and lignite
seams (Kogbe 1976, Nwajide 2013).

Previous researches reported that the Ogwashi and Nanka
formations are prolific aquiferous geologic units with vary-
ing aquifer depths (Nfor et al. 2007; Okoro et al. 2010a,
b; Akpoborie et al. 2011). Studies by Okoro et al. (2010a,
b) reported various aquifer properties, including hydraulic
conductivity, transmissivity, and pumping test estimates,
of the Nanka Formation. According to Nfor et al. (2007),
the Nanka Formation generally has its aquiferous layers at
depths >20 m, whereas Okoro et al. (2010b) reported that
the aquiferous layers are at depths of >7 m. However, Akpo-
borie et al. (2011) delineated two major aquifer systems in
the Ogwashi Formation. According to them, the first is
an alluvial terrace deposit which is shallow (at about the
range of 30-80 m) and most preferred by borehole drillers,
while the second is encountered at greater depths (about
110-180 m) and is composed of iron-rich water (Akpoborie
etal. 2011). However, Nfor et al. (2007) reported that three
aquifer units characterize the Ogwashi Formation: first unit
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at depth range of 30-50 m, second unit at 70-90 m, and third
unit at 140-169 m.

Commerce, agriculture, and industry are the main land
use activities in the study area. Commerce activities include
the buying and selling of auto spare parts, plumbing materi-
als, plastics, agricultural products, and basic commodities
for homes. Agricultural activities include the use of fertiliz-
ers and livestock farming, etc. Industrial activities, which are
relatively intense, include water industry, food processing,
and petrochemical production, etc. Due to the dominant land
use pattern and the presence of many mechanic workshops
in the study area, large amount of wastes is generated on
daily basis. However, these wastes are indiscriminately dis-
posed on soils, surface water bodies (which are most impor-
tant sources for the recharge of the aquifers in the area),
and in open waste dumpsites. In the study area, springs,
streams, hand-dug wells, and boreholes are extensively used
as primary sources of drinking water for different popula-
tions. Nevertheless, the poor waste disposal by commercial,
domestic, industrial, and agricultural activities exposes these
drinking water sources to contamination.

Materials and methods
Water sampling and sample analysis

A total of 28 water samples were analyzed to achieve the
aim of this study. The samples included those collected
from springs (5 samples), streams (3 samples), hand-dug
wells (3 samples), and boreholes (17 samples) in dry sea-
son. This study employed random sampling method across
the study area. For water sample collection, 1-L polythene
bottles washed with distilled water were used. Stream sam-
ples were collected about 1-2 m away from stream banks.
Spring samples were collected directly from spring head
(i.e., from the rock sourcing the water). Depths of hand-dug
wells ranged from about 7 to 11 m. Reports by Nfor et al.
(2007) and Okoro et al. (2010b) placed the depths of the
boreholes within the Nanka Formation of the study region
in the range of >20 and > 7 m, respectively. However, Nfor
et al. (2007) reported the aquifer depths of Ogwashi Forma-
tion to be in the range of 30-169 m, while Akpoborie et al.
(2011) reported the depths to be at around 30—80 m for shal-
low aquifer and 110-180 m for deeper aquifer. Locations
of the sampling points are illustrated in Fig. 1. Boreholes
were pumped for a minimum of 20 min prior to collection of
samples to ensure that the water was fresh. At each sampling
point, the water to be sampled was used to rinse the sample
bottle several times before sample collection. After sam-
pling, the samples were acidified with 1 mL concentrated
nitric acid (HNO,) to prevent precipitation of cations.
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The pH was measured in situ using a pH meter (Testr-2).
To reduce the growth of microbes and algae and other inor-
ganic reactivity in the collected samples, they were analyzed
within 48 h of samples collection. Standard testing meth-
ods, as recommended by American Public Health Associa-
tion (APHA 2005), were employed for chemical ions and
heavy metal analyses. Prior to the analysis of the chemical
constituents, the water samples were filtered through cel-
lulose acetate filter (0.45-micron millipore filter). The filter
was washed with deionized water before filtration. Flame
photometer (Model: Systronics Flame Photometer 128) was
used for analysis of Na, while titration method was employed
in assessing major and minor ions such as Cl, Ca, and HCO;.
NO; and SO, were analyzed by spectrophotometry. All the
heavy metals (Fe, Zn, Cr, Ni, and Pb) were analyzed using
the Atomic Absorption Spectrophotometer (AAS) technique
(Bulk Scientific 210 VGP).

Water quality indexing (WQI)

WQI reveals the multivariate composite influence of indi-
vidual water quality parameters on the overall quality
of water resources for drinking purposes (Rahman et al.
2017; Mgbenu and Egbueri 2019; Ukah et al. 2019). Using
weighted arithmetic quality indexing method, the WQI was
calculated to assess the suitability of the various water sup-
plies in Ojoto for drinking purposes. This was done with
respect to the pH and heavy metals in the waters. In other
words, this method classified the water quality of Ojoto
according to the degree of purity by calculating the quality
index using pH and the analyzed heavy metals used in the
health risk assessment. Specific weights (w;) were assigned
to the selected parameters, based on their individual signifi-
cance in water quality analysis (Egbueri et al. 2019; Mgbenu
and Egbueri 2019; Egbueri 2020a). The mathematical for-
mula used in calculating the WQI is given as:

WQI= ) s, (1)
where SI is the subquality index of ith variables. The SI is
obtained using Eq. (2).

SI, =W, X Q, )

where W, is the relative weight unit of each variable, and Q,
is the quality rating of each of the variables used in the WQI
analysis. The W, was calculated using Eq. (3), while the Q,
was obtained using Eq. (4).

W; = Wi/z w; (3)
i=1
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where w; is the assigned specific weight of parameter; n
is the number of parameters; C; is concentration of each
parameter in mg/L; and S, is permissible limit of the Nige-
rian Industrial Standard (NIS 2007) in mg/L. The waters
were later classified based on the WQI classification scheme
reported in Mgbenu and Egbueri (2019): WQI < 50 =excel-
lent water; 50-100 = good water; 100-200 = poor water;
200-300 = very poor water; and > 300 = unfit for drinking.

Non-carcinogenic health risk assessment

The non-carcinogenic health risks of intake of trace element-
contaminated water by human (adults and children) popula-
tion in undesirable quantities have been classified by different
authors (Bortey-Sam et al. 2015; Duggal et al. 2017; Barzegar
et al. 2018; Zhang et al. 2018; Ezugwu et al. 2019; Mgbenu
and Egbueri 2019; Ukah et al. 2019; Egbueri 2020a).

Chronic daily intake (CDI)

Employing the guidelines presented by US-EPA (1989), the
chronic daily intake (CDI) risks posed by ingesting a single
trace element are computed for the children and adult popula-
tions as follows:

Cyw X IRW X EF x ED

CDI
BW x AT

®

where CDI is the chronic daily intake and otherwise referred
to as the exposure dose (mg/kg/day); C,, signifies the con-
taminant concentration in water (mg/L); IRW represents the
water ingestion rate (IRW is equal to 1 L for children and 2 L
for adults); EF is used to denote the exposure frequency (EF
is equivalent to 365 days per year); ED signifies the exposure
duration (adult ED =70 years while children ED =6 years);
BW is the body weight (equivalent to 70 kg and 15 kg for
adult and children, respectively); AT represents the aver-
age exposure time (equivalent to 25,550 days and 2190 days
for adult and children, respectively) (Duggal et al. 2017,
Barzegar et al. 2018; Mgbenu and Egbueri 2019; Egbueri
2020a).

Hazard quotients (HQ)

Using Eq. (6) the non-carcinogenic risk of a single element
calculated as the hazard quotient is evaluated using the
function:

CDI
Q=R ©

where RfD represents the reference dose of a specific ele-
ment (mg/kg/day). The RfD equivalent for the different trace
elements is 0.0035 (Pb), 0.7 (Fe), 0.3 (Zn), 1.5 (Cr), and 0.02
(Ni) (Duggal et al. 2017; Barzegar et al. 2018; Zhang et al.
2018; Mgbenu and Egbueri 2019; Egbueri 2020a).

Hazard index (HI)

The final value for the non-carcinogenic risk assessment is
the hazard index (HI), which is the summation of the hazard
quotient values.

HI =} HQ ™

According to US-EPA (1989) and Su et al. (2017), if HI
is greater than unity (HI> 1), it implies that the non-car-
cinogenic health risk of ingesting a particular element is
above the acceptance limit, whereas HI < 1 implies that they
are within the acceptance limit. Non-carcinogenic risk is,
therefore, classified on the basis of HI values into negligible
(risk level 1; HI<0.1), low risk (risk level 2; HI>0.1< 1),
medium risk (risk level 3; HI> 1 <4), and high risk (risk
level 4; HI >4) (Bortey-Sam et al. 2015; Mgbenu and
Egbueri 2019; Egbueri 2020a).

Carcinogenic health risk assessment
Heavy metal evaluation index (HEI)

HEI is used in assessing associated carcinogenic risks of a
given set of water samples. This is because it gives an overall
quality of waters with respect to their heavy metals content
(Edet and Offiong 2002; Wagh et al. 2018; Ezugwu et al.
2019; Ukabh et al. 2019; Egbueri 2020a). HEI is, therefore,
calculated using:

n

HEI = A,
B pr H mac ®)

where H,.=monitored value; Hy s =maximum admissible
concentration (MAC) of the ith parameter.

Heavy metal pollution index (HPI)

The HPI is also a risk assessment method that considers the
composite effects of individual heavy metal on the overall
water quality and suitability for drinking. Many research-
ers (Horton 1965; Brown et al. 1970; Edet and Offiong
2002; Odukoya and Abimbola 2010; Herojeet et al. 2015;
Wagh et al. 2018; Egbueri 2018, 2020a) have successfully
employed HPI extensively in determining the overall qual-
ity of water based on heavy metal concentrations. The NIS
(2007) drinking water quality standards were used for the
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calculation of heavy metal indices of the various samples. In
this study, the five trace metals were considered for calcula-
tion of HPI. The HPI is then calculated using the formula
given in Eq. (9) (Odukoya and Abimbola 2010; Egbueri
2018, 2020a; Ezugwu et al. 2019; Ukah et al. 2019).

HMC
HPI = ——

Nk ©)
where HMC =heavy metal concentration in water sample;
AL =allowable limit; and n=number of analyzed heavy
metals.

Degree of contamination (Cdeg)

In order to further analyze the quality of the water resources
based on carcinogenic exposure and impact, the degree of
contamination (Cdeg) (also known as contamination index)
was evaluated. Cy,, 1s also used as a reference of estimating
the extent of trace element pollution (Al-Ami et al. 1987).
The Cdeg was computed using Eqgs. (10 and (11) (Edet and
Offiong 2002; Wagh et al. 2018; Egbueri 2020a):

n
Cace = X, Gy (10)
i=1
CA'
C,= A1
ko (an

where Cj;=contamination factor for the ith parameter;
C,;=analytical value for the ith component; and C,;=upper
permissible concentration of the ith parameter.

Probability of cancer risk (CR)

The cancer risks associated with the use of the water
resources were estimated as the incremental threat of an
individual developing cancer over a lifetime, resulting from
the exposure to a potential carcinogen (Rahman et al. 2017).
The CR of each carcinogenic metal is calculated as product
of CDI (mg/kg-day) (from Eq. 5) multiplied by the slope
factor (SF) (mg/kg/day) (Eq. 12).

CDI x SF 12)

An acceptable value is <1 X 107%, which means, on
average, the probability is that approximately 1 per
1,000,000 will develop cancer as a consequence of the
exposure to a carcinogen (Lim et al. 2008; Adamu et al.
2014). However, risk in the range of 1x 107°-1x 10~ typ-
ically has been reported to be acceptable (US-EPA 1999;
Yang et al. 2012; Rahman et al. 2017; Egbueri 2020a). In
calculating the CR for this study, only Pb and Cr concen-
trations in water were utilized. This was because the SF of
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Ni is not determined (i.e., unknown). SF values for Pb and
Cr (carcinogens) used in this study were given as 0.0085
and 0.05 (Naveedullah et al. 2014; Patrick-Iwuanyanwu
and Chioma 2017).

Chemometric analysis for pollution source
identification and risk assessment

Correlation analysis (CA), principal component analysis
(PCA), and hierarchical cluster analysis (HCA)

The analyzed water quality and health risk parameters
were subjected to Pearson’s correlation analysis using the
IBM SPSS software (v. 22). This was done to establish
the interrelationships between the analyzed parameters
(contaminants/pollutants) and their possible sources in
the Ojoto Province. Parameters with association (correla-
tion) coefficients () > 0.7, 0.7 >r>0.5, and r< 0.5 were
considered as strong, moderate, and weak, respectively
(Barzegar et al. 2018; Mgbenu and Egbueri 2019). Strong
and moderate coefficients also indicate pairs with signifi-
cant risk factors, while those with weak coefficients indi-
cate low risk factor.

The PCA was also used to study the interrelationships
between analyzed parameters and their factor loadings
(Egbueri 2018, 2019a, b). The degree of the impact of
heavy metals on non-carcinogenic and carcinogenic health
risk parameters and WQI was also analyzed using the PCA.
The PCA was used to show the parameters (components)
with low, medium, and high factor loadings. In addition, it
was used to identify the most significant health risk factor
(parameter) loadings. Varimax rotation (with Kaiser nor-
malization) was used in extracting the factor components.
The exact number of factors was chosen by Kaiser (1958,
1960) criterion in which factors with eigenvalues < 1 are not
considered. In this study, factor loadings above 0.75 were
classed as high, those between 0.50 and 0.75 as medium,
and those below 0.50 as weak (Tziritis et al. 2017). This
was based on the fact that the higher a factor loading of a
parameter, the greater its participation to the examined fac-
tor group.

The SPSS software (v. 22) was also used to perform the
HCA. This statistical tool (HCA) is commonly used in water
quality evaluation to group, into the same cluster/class, sam-
ples with similar quality, and risk characteristics (Egbueri
2018, 2019a, b, c; Egbueri and Unigwe 2019). In other
words, HCA successfully classifies water samples based on
their qualities. The Ward’s linkage method (with squared
Euclidean distance and z-score standardization) was used
in this analysis. A dendrogram was produced to show the
quality groups of the water samples based on their pH, trace
metal contents, WQI, HI, HPI, HEI, and Cdeg.
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Results and discussion
lonic and heavy metal concentrations in the waters

Results of the physicochemical analysis of the water sam-
ples are presented in Table 1. Table 2 presents the univari-
ate statistical summary of the physicochemical results and
their comparisons with drinking water quality standards
(NIS 2007; World Health Organization, WHO 2017). The
pH value varies from 4 to 6.4 which indicates that most
of the samples are slightly acidic. pH has no health-based
guideline by the NIS (2007) and WHO (2017). However,
Ravikumar et al. (2013) and WHO (2017) reported that
long-term exposure of aesthetics to acidic water could lead
to corrosion effect. Bicarbonate ion concentration ranges
from O to 5 mg/L, not exceeding the standard maximum

permissible limits (NIS 2007; WHO 2017). The low con-
centration of the bicarbonate ions in the waters suggests
low dissolution of atmospheric CO, in water, low content
of soil CO,, and no carbonate rock/mineral dissolution
within the study area (Mgbenu and Egbueri 2019). Ca con-
centrations are below the maximum permissible limits of
WHO (2017) and, hence, would neither pose health risks
nor lead to water hardening (Egbueri 2019a). The presence
of calcium ions in water is linked to the weathering and
dissolution of calcium-bearing minerals. Likewise, sodium
ion concentration is generally low (<39 mg/L), indicating
minimal weathering of Na-rich minerals. The low concen-
tration of NO; indicates low inputs from anthropogenic
activities (such as the use of organic and NPK-rich ferti-
lizers, and poor sewage disposal) that could lead to high
nitrates in water (Egbueri 2018, 2019a, b).

Table 1 The chemical ions and heavy metal concentrations in water samples

Sample code Water source pH Measured in mg/L

Nat  Ca®* CI© SO, HCO,~ NO,~ Fe Zn Ni Cr Pb
WS05 Spring 52 25 7 25 24 0.0 004 31 0.00  0.000  0.000 1.090
WS14 Spring 4.5 14 6 62 55 0.5 0.0 0.8 0.00 0.000 0.000 0.090
WS15 Spring 46 28 23 41 60 0.5 0.0 0.1 0.12  0.000  0.000  0.000
WS23 Spring 44 14 6 2 7 0.3 0.1 04 021 0.000  0.190  0.052
WS27 Spring 42 21 4 2 23 0.0 0.1 1.1 0.12  0.000 0.002 0.980
WS01 Stream 5.4 14 8 2 10 1.2 0.6 02 004 0.000 0.010 0.000
WS02 Stream 6.3 13 13 15 14 4 0.0 36 054 0140 0.002  3.087
WS20 Stream 50 30 8 18 64 32 0.4 0.5 0.00 0.000 0.000 0.000
WS06 HW 4.8 17 8 8 115 32 002 04 011 0.000  0.000  0.000
WS12 HW 5.1 15 4 3 40 32 0.0 24 000 0.000 0.000 0.000
WS24 HW 4.1 20 7 9 130 0.6 0.03 0.0 0.11 0.000  0.000  0.000
WS03 BH 5.8 15 2 2 70 2 0.9 04 020 0.020 0.001 2.000
WS04 BH 4.6 13 4 4 10 0.0 0.0 04 003 0000 0000 0021
WS07 BH 4.7 10 20 4 48 0.0 0.03 0.5 032 0000 0015 0.000
WS08 BH 4.8 8 8 2 13 0.0 1.9 02 004 0.000 0.000 0.012
WS09 BH 4.8 10 3 21 24 0.4 0.03 03 0.00 0.000 0.000 0.000
WS10 BH 59 27 25 20 67 35 0.0 0.1 0.10  0.000  0.000  0.000
WS11 BH 4.3 15 6 12 8 32 0.2 0.1 0.06  0.000 0.000 0.061
WS13 BH 6.0 16 11 25 2.0 0.3 04 0.01 0.120  0.000  0.001
WS16 BH 4.0 15 10 33 0.4 1848 04 0.00 0.000 0.000  0.000
WS17 BH 5.0 17 2 18 0.0 8.4 03 0.00 0.000 0.000 0.000
WS18 BH 6.4 12 8 26 3 006 04 001 0.120  0.000  0.001
WS19 BH 49 38 4 33 72 5 42 0.1 040 0340  0.004 1.980
WS21 BH 53 12 3 25 8 0.4 1.68 03 012 0000 0.000  0.000
WS22 BH 4.6 14 3 23 25 0.6 0.03 02 000 0.000 0.000 0.000
WS25 BH 44 11 5 10 64 0.0 1.8 04 000 0000 0000 0011
WS26 BH 4.8 12 7 21 15 0.0 14.4 02 034 0230 0.012 1.430
WS28 BH 54 14 2 3 70 1.5 124 03 020 0.020 0.001 2.000
Table arranged based on sources of water samples
BH borehole, HW hand-dug well
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Table 2 Statistical summary of chemical ions and heavy metal concentrations compared to quality standards

Analyzed parameter Min. Max. Mean SD WHO (2017) NIS (2007) Impact when in excess (NIS 2007; WHO 2017)

pH 4 6.4 4975 0.6438 6.5-8.5 6.5-8.5 Problems related to taste, odor, and color

Na* (mg/L) 8 38 16.786  6.9461 200 200 No health-based guideline

Ca?* (mg/L) 2 25 7.750 59791 75 No health-based guideline

SO,% (mg/L) 7 130 40.643 32.2343 250 100 Undesirable taste

Cl™ (mg/L) 2 62 13.643 14.3119 200-300 250 Salty taste

HCO;™ (mg/L) 0 5 1.382  1.5300 250 No health-based guideline

NO;™ (mg/L) 0 18.48 1.962 4.4803 50 Methemoglobinemia (blue-baby syndrome); encourages
growth of microorganisms

Fe (mg/L) 0 3.6 0.629 0.8915 0.3 No health-based guideline; scaling in pipes; cloth; and
plumbing fixtures discoloration

Zn (mg/L) 0 0.54 0.110 0.1415 4 No health-based guideline; undesirable taste

Ni (mg/L) 0 0.34 0.035 0.0823 0.07 0.02 Carcinogenic and non-carcinogenic health impact

Cr (mg/L) 0 0.19 0.009 0.0358 0.05 0.05 Carcinogenic and non-carcinogenic health impact

Pb (mg/L) 0 3.087 0.530 0.8562 0.01 0.01 Carcinogenic, mental retardation, toxic to nervous systems,

inhibits the metabolism of vitamin D

The order of dominance of heavy metals in the analyzed
samples is Fe > Pb>Zn > Ni> Cr. Heavy metals’ concentra-
tions in the water resources can be linked to land use and
natural processes such as mechanic workshops, industrial
effluents, poor waste disposal system, weathering, erosion,
and leaching (Duggal et al. 2017; Barzegar et al. 2018;
Egbueri 2018, 2019a; Egbueri et al. 2019; Mgbenu and
Egbueri 2019). In this study, the measured values of Pb in
water show that about 46% of the water samples are unsafe
for human use (NIS 2007; WHO 2017). The high Pb concen-
trations in these samples may be attributed to lead leaching
from plumbing systems and waste disposal sites. Zn concen-
tration is generally low in the samples (Table 2). However, it
was observed that 17.85% and 14.28% of the total samples,
respectively, have Ni and Fe concentrations higher than the
NIS (2007) and WHO (2017) standard limits. Only sample
WS23 had Cr ions concentration higher than standard limit,
and this can lead to cancer of the respiratory system (NIS
2007; WHO 2017).

Water quality index (WQI) for drinking purpose

Table 3 presents the various weights and relative weights
assigned to the selected parameters used in the WQI analy-
sis. The final results obtained from the WQI analysis are
presented in Table 4. It was observed that 50% of the sam-
ples classified as ‘excellent water’ for drinking purposes.
Nevertheless, only two samples, constituting 7.14% of the
total samples, classified as ‘good water.” In total, 25% of the
total samples are unfit for drinking, whereas 10.72% and
7.14% of the total samples are in ‘poor water’ and ‘very
poor water’ categories, respectively. It was also observed
that the samples in poor, very poor, and unfit water catego-
ries (42.86% of the total) are the samples with high heavy
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Table 3 Relative weight of selected WQI parameters (Mgbenu and
Egbueri 2019)

Parameter NIS (2007) Weight (w,) Relative weight (W)
W,=w/Yw; (i=1to n)
pH 6.5-8.5 3 0.1364
Fe 0.3 2 0.0909
Zn 3 2 0.0909
Pb 0.01 5 0.2273
Ni 0.02 4 0.1818
Cr 0.05 4 0.1818
Sw,=22 Y W,;=0.9091

metal contents. Being polluted with trace metals, the waters
may only serve domestic purposes that do not require them
for food processing.

The geospatial distribution based on the WQI classes of
the analyzed waters was determined by creating a zonation
map for the study area (Fig. 2). This was done to evaluate the
spatial extent of water quality for drinking purposes in the
study area. From Fig. 2, it can be observed that the area is
dominated by two extreme classes, the ‘excellent water’ and
‘unfit for drinking water.” The eastern and northern portions
of the study area are dominated by excellent drinking waters
than other portions. This could be attributed to differences
in the impact of urbanization, land use/industrial activities,
and human population. The eastern and northern parts have
low rate of urbanization, low industrial activities, and low
population. However, the northwestern and southern parts
have deteriorated water quality (Fig. 2), and this could be
due to the following reasons: (1) They are more urbanized
with industries; (2) they have higher population; (3) they
have higher volumes of wastes per capita and poor waste
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Table 4 Quality index of the individual water samples

Sample code Water source wQl Water quality class

WSO01 Stream 21.15 Excellent water
WS06 HW 22.52 Excellent water
WSO07 BH 31.43 Excellent water
WS08 BH 43.53 Excellent water
WS09 BH 19.16 Excellent water
WS10 BH 15.41 Excellent water
WS15 Spring 13.04 Excellent water
WS16 BH 10.51 Excellent water
WS17 BH 19.58 Excellent water
WS20 Stream 25.64 Excellent water
WS21 BH 20.57 Excellent water
WS22 BH 15.71 Excellent water
WS24 HW 8.93 Excellent water
WS25 BH 46.35 Excellent water
WS04 BH 87.77 Good water
WS12 HW 83.42 Good water
WS11 BH 150.88 Poor water
WS13 BH 136.09 Poor water

WS18 BH 136.93 Poor water
WwS14 Spring 238.25 Very poor water
WS23 Spring 209.55 Very poor water
WS02 Stream 7268.67 Unfit for drinking
WS03 BH 4589.44 Unfit for drinking
WSO05 Spring 2582.38 Unfit for drinking
WS19 BH 4825.57 Unfit for drinking
WS26 BH 3480.98 Unfit for drinking
WS27 Spring 2271.40 Unfit for drinking
WS28 BH 4585.57 Unfit for drinking

Table arranged based on quality of samples
BH borehole, HW hand-dug well

management strategies; and (4) they have numerous auto-
mobile workshops. According to Egbueri (2018), these char-
acteristics predispose an area to water quality deterioration.
It was further observed that sample WS02, a stream water,
in the southern part of the study area has the poorest water
quality (with the highest WQI value) (Table 4, Fig. 2). Based
on field observations, this stream receives the highest vol-
umes of different kinds of wastes than other surface waters.

Human health risk assessments
Non-carcinogenic health risk assessment

The HQ and HI from ingestion of trace—metal-contaminated
water on humans (adult and children populations) for all the
samples are presented in Table 5. Based on the HQ analy-
sis, the order of impact of the trace metals with respect to
their mean values is Pb > Ni> Fe >Zn > Cr for the children

population and Pb > Fe > Ni > Zn > Cr for the adult popula-
tion (Table 5). In both population groups, and by examina-
tion of the samples based on their HQ, values > 1 increase
the non-carcinogenic risks of water by ingestion (US-EPA
1989; Bortey-Sam et al. 2015; Su et al. 2017). The HI results
show that 25% of the samples (including WS02, WS03,
WSO05, WS19, WS26, WS27, and WS28) predispose their
users (both adult and children populations) to high non-
carcinogenic, chronic risks. The samples’ high HI is attrib-
uted to their high Pb HQ values. These samples identified
in the ‘high risk’ category are the same samples described
in WQI as ‘unfit for drinking.” Furthermore, High HI values
were observed in drilled well samples (WS03, WS19, WS26,
WS28) suspected to be characterized by shallow aquifers
(Nfor et al. 2007; Okoro et al. 2010b; Akpoborie et al. 2011).
Generally, shallow aquifers, which usually lack confining
layers, are easily contaminated by surface processes, thereby
deteriorating the groundwater quality (Egbueri 2018,
2019b). Moreover, these samples were collected from parts
of the study area where mechanic, industrial, and poor waste
disposal activities are relatively intense. However, samples
WS09, WS16, WS17, WS20, and WS22 (constituting about
17.86% of the total samples) have negligible non-carcino-
genic risk for both adult and children populations. Other
samples’ risk levels vary from ‘negligible’ to ‘medium’
non-carcinogenic risks from consumption by the adult and
children populations (Table 5). Nevertheless, it was observed
that none of the hand-dug wells poses medium—high chronic
risk to water consumers (both adult and children).

Carcinogenic health risk assessment

Results of the carcinogenic risk assessments (HPI, HEI, Cdeg,
and CR) were summarized and are presented in Table 6. For
this study, HPI <20 indicates safe water quality, whereas
HPI> 20 indicates a critical water quality. Based on the HPI
classification, 75% of the total samples are safe drinking
water, whereas 25% of the samples are not safe for drinking
(Table 6). Based on HEI classifications: HEI <400 indicates
high-quality water, HEI =400-800 indicates medium con-
tamination risk, and HEI > 800 indicates high contamination
risk (Edet and Offiong 2002). All the samples are in the first
category and therefore would pose low carcinogenic risk
when ingested. However, Cy,> 80 indicates low-quality
water for drinking, while Cy., <40 indicates high-quality
water (i.e., with low contamination index). In this study,
and on the basis of the Cy,, 21.5% of the total samples are
highly contaminated with heavy metals, whereas 78.5% of
the samples have low contamination index and hence have
low potentiality for carcinogenic risk.

Probability of cancer risk (CR) due to Pb and Cr con-
taminations, for both adult and children populations, is also
presented in Table 6. Generally, cancer risk in the range
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Fig.2 Spatial distribution of samples’ quality based on their WQI

of <1Xx107°-1x107* is acceptable (US-EPA 1999; Lim
et al. 2008; Yang et al. 2012; Adamu et al. 2014; Rahman
et al. 2017; Egbueri 2020a). The CR results show that eight
samples (28.57% of the total samples) predispose adult and
children to high cancer risk. However, 25% (7 samples) pose
cancer risk due to Pb contamination, while only 3.57% (1
sample) predispose the adult and children populations to
cancer risk due to Cr contamination. It was observed that
none of the hand-dug wells poses cancer risk to water con-
sumers. The CR results also revealed that Pb has the highest
risk factor and, thus, identified to be the top priority pollut-
ant in the study area. Therefore, the residents (who consume
the contaminated waters without treating) are more predis-
posed to health risks associated with lead poisoning. The
high content of Pb in the waters can be attributed to sources
like plumbing materials, mechanic workshops, industrial
activities, and open dumpsites (where automobile spare
parts, e.g., batteries and plastics, are also disposed).

Chemometric analysis for pollution source
identification and risk assessment

Correlation analysis (CA)

The Pearson’s correlation matrix (Table 7) was successfully
used to show the interrelationships between the analyzed
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water quality parameters and their possible sources. Table 7
shows that some of the variables have significant positive
relationship with one another. However, it was observed
that no significant relationship exists between the pH and
all other parameters, except for HCO,. Therefore, pH is
believed to play insignificant role in releasing the analyzed
trace metals into the waters (Barzegar et al. 2018). From
Table 7, it is observed that Fe has weak correlation with
other heavy metals. This indicates differences in origin
(sources). Although other heavy metals may be attributed
to anthropogenic sources (including mechanic workshops,
industrial activities, and open dumpsites), the Fe in water is
attributed to weathering processes of iron-bearing minerals
in the rocks and soils of the study area. Moreover, research
has shown that Fe concentration in water is greatly influ-
enced by redox conditions (Barzegar et al. 2018).
Furthermore, just like the Fe, Cr has more of negative
associations (and no significant correlation) with the other
parameters (including the heavy metals). This could be due
to the presence of various pollution sources (Chen et al.
2014; Tziritis et al. 2017; Barzegar et al. 2018; Egbueri
2018, 2019a). Although all the heavy metals (except Fe)
were generally classified to have anthropogenic sources, Cr
is thought to have peculiar waste source(s) (with different
leachate makeup), different from where other heavy metals
(Zn, Ni, and Pb) were leached from. According to Egbueri
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Table 5 Results of non-carcinogenic health risk assessment (HQ and HI)

HI<O0.1 (negligible) HI>0.1<1 (low) HI>1 <4 (medium) HI >4 (high risk) Statistical summary of HQ for the heavy metals
Sample ID Source (HI adult) (HI children) Heavy metal HQ range HQ mean
S05 Spring 9.0245 21.0571 Fe (adult) 0.000-0.147 0.026
S14 Spring 0.7674 1.7905

S15 Spring 0.0155 0.4362 Fe (children) 0.000-0.343 0.060
S23 Spring 0.4644 1.7837

S27 Spring 8.0564 19.1982 Zn (adult) 0.000-0.051 0.010
S01 Stream 0.0122 0.1617

S02 Stream 25.5984 61.0629 Zn (children) 0.000-0.120 0.024
S20 Stream 0.0204 0.0476

S06 HW 0.0268 0.4292 Ni (adult) 0.000-0.486 0.051
S12 HW 0.0980 0.2286

S24 HW 0.0105 0.3911 Ni (children) 0.000-1.800 0.367
S03 BH 16.3905 38.8445

S04 BH 0.1906 0.5448 Cr (adult) 0.000-0.004 0.000
S07 BH 0.0512 1.1861

S08 BH 0.1099 0.3898 Cr (children) 0.000-0.008 0.000
S09 BH 0.0123 0.0286

S10 BH 0.0136 0.3651 Pb (adult) 0.000-25.200 3.736
S11 BH 0.5078 1.3848

S13 BH 0.1969 0.0927 Pb (children) 0.000-58.800 8.718
S16 BH 0.0163 0.0381

S17 BH 0.0122 0.0286

S18 BH 0.1969 0.0927

S19 BH 16.6912 39.1462

S21 BH 0.0237 0.4552

S22 BH 0.0082 0.0191

S25 BH 0.1061 0.2476

S26 BH 12.0428 28.4666

S28 BH 16.3864 38.8350

Table arranged based on sources of water samples

(2018) and Mgbenu and Egbueri (2019), Cr in water could
be leached from metallurgical waste sources, whereas Zn,
Ni, Pb could be leached from automobile batteries, tyres,
and paints, wires, plumbing, and electronic wastes disposed
in dumpsites. The significant correlation between Zn and Ni,
Zn and Pb, and Ni and Pb further indicates that they were
derived from the same anthropogenic/leachate sources in
the study area. For the current study, the major source of
pollution for the heavy metals (Zn, Ni, Cr, Pb)-contaminated
samples (WS05, WS14, WS19, WS26, and WS28) in the
northwestern portion of the study area is strongly linked to a
central dumpsite directly opposite the National Metallurgical
Institute, Oba, located northwest of the study area.

The trace metals (Zn, Pb, and Ni) were also observed to
have significant association with the WQI, HI, HPI, HEI, and
Cyeg- The correlation matrix establishes the point that these
metals are the priority heavy metals (pollutants) deteriorat-
ing water quality in the study area. However, Pb is the top

priority pollutant (having strongest association with WQI,
HI, HPI, HEI, and C deg the highest risk factor). Although CR
for Ni in water was not calculated, it is suspected (based on
the correlation matrix) that cancer risk due to Ni concentra-
tions could be significant in some of the water samples. Fur-
thermore, perfect correlations were observed among WQI,
HI, HPI, HEI, and Cdeg, indicating strong positive interrela-
tionships between them. It also confirms that the same kind
of parameters (trace metals), following a particular trend/
pattern, impacts their significance in this study.

Principal component analysis (PCA)

In order to establish adequate understanding of the sources
of heavy metals and other parameters in the analyzed sam-
ples, the PCA is integrated with the CA. Results of the PCA
are presented in Table 8. The significance of the factor load-
ings is defined at 0.500. In the present study, six different
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Table 6 Results of carcinogenic

. Sample ID Water source HEI HPI Cye For children For adult
health risk of samples €
CR(Pb) CR(Cr) CR(Pb) CR(Cr)
WS05 Spring 11933 2387 1143  6.21x10™* 0.000 2.60x10~* 0.000
WS14 Spring 11.667 2333 6.667 5.10x107° 0.000 2.55%10™ 0.000
WS15 Spring 0.373 0.074 —4.627 0.000 0.000 0.000 0.000
WS23 Spring 10.4 208 7303 2.50x107 6.50x107* 8.50x107% 2.50x10~*
WS27 Spring 101.75 2035 99.74 5.53x10™* 0.000 2.38x10~* 0.000
WS01 Stream 0.879 0.175 —4.121 0.000 5.00x 107> 0.000 0.000
WS02 Stream 327.920 65.58 322 1.75x10~% 0.000 7.48x10~* 0.000
WS20 Stream 1.667 0.333 —3.933 0.000 0.000 0.000 0.000
WS06 HW 1.369 0.273 —3.631 0.000 0.000 0.000 0.000
WS12 HW 8 16 3 0.000 0.000 0.000 0.000
WS24 HW 0.0366  0.0073 —4.963 0.000 0.000 0.000 0.000
WS03 BH 20242 4048 1974  1.13x10™% 0.000 4.85x10™* 0.000
WS04 BH 3.443 0.688 —1.557 8.50x107° 0.000 8.50x107° 0.000
WS07 BH 2.073 0.414 —2.927 0.000 5.00x10™ 0.000 0.000
WS08 BH 1.879 0376 —3.121 8.50x107° 0.000 0.000 0.000
WS09 BH 1 02 -4 0.000 0.000 0.000 0.000
WS10 BH 0.366 0.072 —4.634 0.000 0.000 0.000 0.000
Wwsi1 BH 0.353 129 1453  3.40x107 0.000 1.70x 10~ 0.000
WS13 BH 7.436 1.492 2.436  0.000 0.000 0.000 0.000
WS16 BH 1.333 0.266 —3.667 0.000 0.000 0.000 0.000
WS17 BH 1 02 -4 0.000 0.000 0.000 0.000
Ws18 BH 7.436 1.486 2.103  0.000 0.000 0.000 0.000
WS19 BH 21555 43.11 2105 1.12x107* 0.000 4.85x10~* 0.000
WS21 BH 1.04 0.208 —3.96 0.000 0.000 0.000 0.000
WS22 BH 0.666 0.133 —4.334 0.000 0.000 0.000 0.000
WS25 BH 2.433 0.486 —2.567 8.50%x107° 0.000 0.000 0.000
WS26 BH 15599 3124 1509 8.08x10™* 5.00x107> 3.49x10~* 0.000
WS28 BH 202.17 4043 197.16 1.13x10~* 0.000 4.85x10™* 0.000

Samples with CR values in bold predispose water users to carcinogenic risk. Table arranged based on

sources of water samples

factor groups were identified. Their total variances were
explained at 86.416%. Principal component (PC) 1 has a
variability of 45.881% with significant loadings of Zn, Ni,
Pb, WQI, HI, HEI, HPI, and Cdeg. This is a factor class for
the variables with very significant associations in the corre-
lation matrix. The PC 1 accounts for the major pollutants in
the study area, with their sources attributed to anthropogenic
inputs such as industrial, mechanic, and waste disposal activ-
ities. Also, PCA indicated that Zn, Ni, and Pb are the major
parameters influencing the water quality and health risks.
PC 2 explains 9.735% of the total variance, with significant
loading of pH (0.810) and HCO; (0.720). Concentration of
HCO; ion in the water is suggestive of influence from natural
processes like CO, dissolution in water (Egbueri 2019a).
Moreover, research has shown that change in pH of water
can influence the conversion of dissolved CO, to bicarbonate
ion (McDonald 2006). In PC 3, Na (0.605) and SO, (0.882)
have significant loading, explaining 8.812% variability. This
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factor group is indicative of geogenic origin. However, based
on the geology of the study area, there are no deposits of
rocks like halite, gypsum, and anhydrites (Reyment 1965,
Kogbe 1976; Arua 1986; Nwajide 2013) that could release
sodium and sulfate in the water. Therefore, their origin in
water could be attributed to natural geogenic processes such
as weathering of Na-rich silicate minerals (e.g., feldspars)
and oxidation of sulfide in soil (to form sulfate).

PC 4 explains 7.822% of the variance and has significant
loadings of Na, Ca, and CI. The sources of these chemi-
cal variables are linked to weathering of silicate miner-
als in the soils and rocks of the study area (Tziritis et al.
2017; Mgbenu and Egbueri 2019). In PC 5 (which explains
7.561% variability), NO5, Fe, and Ni have significant load-
ings (0.838, -0.508, and 0.563, respectively). However, Fe
recorded negative loading, suggesting it has a different ori-
gin from the NO; and Ni. Fe in the water resources is attrib-
uted to geogenic, natural processes such as the weathering



Page130f 18 98

Applied Water Science (2020) 10:98

UAIP[IYO = 4D NP = 4V

0001 000'T 6660 6660 6660 0001 0001 L900— €950 L9L0 90 6L0°0 Geeo 0€0°0 6£0°0 LET0O—  S9T1°0 ILE0 (+0) TH
000l  000°T 000T 6660 000 000 ¥LOO— 6950 86L0  T9¥0 £80°0 8¢€0 8200 1v0°0 SYI'0— 6910 SLEO (+V) TH

000T 0001 0001 000T 6660 €900— 1850  T9L0 9LF0  +800  €F€0  LIOO €400  #bI0— €LT0O  LLED o)
000T 0001 0001 6660 L900— €850  19L0 LLYO  ¥800  SHE0D 61000  SHOO  TPI'0O— €L10  08€0 IdH
000T 0001 6660 L900— €860  19L0 8LF0  $800  TPEO 1200 SO0  I¥PI0— €LI0  TSEO I9H
000T 000 8900— 1850  T9L0 P¥9¥0  S800  E€FE0 €200  €H00  FPI0— TLIO  SLED 1OM
000T ©LO'0O— 8SS0  SSL'O T9Y0 0800  €€€0 6200  8€00  9PI'0— 9910  €LEO ad
000T  0S00— €610 6S00— LSO0O— #ST'0— 8ITO— OLI0— 1I€00— S600— SLIO— D
000T 6090 9€00  06T0  09¥0  0T00— €810  6£00— €I€0  LOEO IN
0007 8TCTO  LLOO  ¥IE0  ¥900  I¥00  ¥OTO 9110  SITO uz
000T  69T0— €L1'0  90T0— 9£00 €000 000  LOEO o
000T  $ITO— €ST'0— T800— 0800— 8S00— SSTO—  _‘ON
000T  94T0  LEO0  SET0  ISFO  €0S0 _*ooH
000T  IET0  €ST0  00v0  vTI0—  _'OS
000T  TLIO  ILE0  OIT0-— o)
000T  6vTO0  LLTO +280
000T  TIO0-— +BN
000'T Hd
GOMH GYIH ™ WH EH  1OM ad D IN uz a1 _fON _f0OH _f'OS D +280 +EN Hd

s1o1owered pazA[eue ay) Jo X1IeW UONR[ALIO) / d|qel

nger

cllallayao
STauaillg roglell @ Spr.

\
s



98 Page 140f 18

Applied Water Science (2020) 10:98

Table 8 The PCA loadings,

. . Quality parameter
communalities, and variances

Communality
(initial at 1.00)

Principal components (initial eigenvalue=1)

(varimax rotated with Kaiser PC 1 PC2 PC3 PC4 PC5 PC6
normalization)
pH 0.852 0.293 0.810 -0206 —-0.088 —0.180 —0.167
Na* 0.679 0.144 0.163 0.605 0.511 0.062 —0.033
Ca** 0.684 —-0.201 0452 0.011 0.596 -0.032  0.287
ClI- 0.789 0.062 -0.189  0.110 0.833 -0.017  -0.208
SO, 0.802 0.006 -0.024  0.882 0.048 -0.112  -0.090
HCO;~ 0.779 0.277 0.720 0.417 0.038 —-0.038 -0.083
NO;~ 0.805 0.088 -0222 -0.193 -0.018 0.838 —0.092
Fe 0.714 0.499 0.090 -0.384 0.171 -0.508 -0.150
Zn 0.850 0.765 0.191 0.065 0.143 0.165 0.418
Ni 0.787 0.555 0.356 0.102 0.159 0.563 0.014
Cr 0.853 -0.013 -0.150 -0.108 —0.105 —0.058 0.897
Pb 0.992 0.991 0.090 0.025 -0.012 0.011 -0.039
WwQI 0.995 0.991 0.101 0.022 —-0.004 0.023 -0.034
HEI 0.996 0.992 0.104 0.015 0.001 0.019 -0.034
HPI 0.996 0.992 0.104 0.015 0.001 0.020 —0.035
Ceg 0.996 0.992 0.101 0.015 0.000 0.019 —0.031
HI (A%*) 0.993 0.991 0.095 0.024 —0.008 0.017 —0.039
HI (C*) 0.993 0.991 0.094 0.024 —0.007 0.013 —-0.027
Total 8.259 1.752 1.586 1.408 1.361 1.189
% variance 45.881 9.735 8.812 7.822 7.561 6.605
Cumulative % 45.881 55.616 64.429 72.250 79.811 86.416

A* =adult; C*=children

of iron-rich, ferruginous soils, and rocks (e.g., ironstones) in
the study area. Contrarily, the Ni and NO; may be attributed
to local anthropogenic inputs from dumpsites and poor sew-
age disposal (from residential, industrial, and agricultural
activities), respectively (Egbueri 2018, 2019a, b). Compar-
ing the human health risk assessment and the statistical anal-
ysis, it can be deduced that although Fe has different origins
from other heavy metals, it moderately influences the water
quality in this province. This assertion follows its impactful
values in the calculation of the various quality indices, its
correlation strengths with Zn, Pb, WQI, HI, HEI, HPI, and
Cyeg» and its loading strengths in PC 1 and PC 5. Finally, PC
6 has strong factor loading (0.897) of Cr. Although most of
the samples have very low Cr concentrations, its cancer risk
was high in WS23, a spring sample commonly used by local
residents. Based on the geology of the study area, no rock
source (such as ultrabasic formations) that could release Cr
is reported. Hence, Cr origin is attributed to inputs from
human activities like industry, agriculture, and landfills
(Egbueri 2018).

Hierarchical cluster analysis (HCA)
HCA was used to classify the water samples, and the result-

ing dendrogram is presented in Fig. 3. Two major clusters
were identified, each cluster with 50% of analyzed samples.
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The first cluster consists of poor quality water samples (2,
28,19, 26, 2, 27, 5, 14, 23, 12, 13, 18, 4, and 11) with the
following characteristics: (1) Their WQI classes ranged from
‘good water’ to ‘unsuitable for drinking’; (2) with respect to
HI analysis, they are samples with medium to high chronic
risk; and (3) on the basis of carcinogenic health risk, they
predispose water consumers to medium to high cancer risk.
These samples (water sources) are identified as the most
vulnerable to contamination by anthropogenic activities.
Nevertheless, differences in depths, geology, and land use
(anthropogenic activities) have been identified as some fac-
tors influencing the pollution of water systems in the study
area. It has been indicated in this study that some drilled
boreholes (WS03, WS19, WS26, WS28) are shallow based
on the reports of previous workers (Nfor et al. 2007; Okoro
et al. 2010b; Akpoborie et al. 2011). High heavy metals
pollution in these borehole samples suggests that (similar
to the contaminated springs and stream) they are also vul-
nerable to surface contamination processes. Furthermore,
although the geology of the study area has been described
to have alternating friable sands, shales, sandy shales, and
fine-grained fossiliferous sandstones (a scenario whereby
aquifer compartmentalization is expected), it is inferred that
these shallow boreholes lack confining layers.

The second cluster has the following water samples,
which are suitable for consumption by both adult and
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Fig.3 A dendrogram group-
ing water samples with respect 0 s
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children populations: 8, 25, 7, 6, 20, 9, 17, 1, 21, 10, 22,
15, 16, and 24. These samples have peculiar characteris-
tics such as: (1) They are described in WQI as desirable
excellent drinking water; (2) based on HI assessment, they
would pose low to negligible chronic risk to consumers;
and (3) carcinogenic health risk assessment revealed that
they are best suited for human consumption and will pose
low to negligible cancer risk. The geospatial analysis
(Fig. 2) revealed that unsuitable water quality is predomi-
nant in the southern and northwestern parts of the study
area due to relatively intense anthropogenic activities.
However, a stream (WS20) and boreholes (9, 10, 16, 17,
21, and 22) samples were classified as excellent drinking
water. Their low level of contamination may be attributed
to: (1) low amount of waste disposed into the stream,
compared to stream sample WS02; and (2) the boreholes’
aquifer being at deeper depth or having confining layers
that could inhibit migration of pollutants into the wells.

Conclusions

This paper has evaluated the chemical constituents, pos-
sible pollution sources, quality index, and human health
risks (non-carcinogenic and carcinogenic) of water
resources in Ojoto Province, southeastern Nigeria. Gener-
ally, chemical ions in the waters are within the acceptable
limits of the WHO (2017) and NIS (2007). However, some
water resources in the study area are subject to different
degrees of heavy metals contamination; hence, long-term
exposure can pose health risks to residents of the Ojoto
Province. Based on the WQI, 50% and 7.14% of the total
samples classed as excellent and good waters, respectively.
Other samples are either in ‘poor,” ‘very poor,” or ‘unfit for
use’ categories. On the basis of the WQI, it was observed
that the northwestern and southern parts of the study area
have more of deteriorated water quality. The HI revealed
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that 25% of the samples predispose their users (both adult
and children populations) to high chronic health risks.
Moreover, HPI, Cy,, and CR revealed that about 25% of
the total samples were unsuitable and off the CR stand-
ard acceptable range of <1x 107%-1x 10~*. However,
this study indicated that none of the hand-dug wells poses
medium or high chronic and cancer risks to water consum-
ers. The various assessments revealed that Pb is the prior-
ity pollutant impacting the water quality and consequently
increasing the human health risks.

The chemometric analyses successfully aided the identi-
fication of the possible sources of the water pollutants and
the classification of the water resources. Correlation and
component factor analyses linked the origin of major ions
to geogenic processes and that of the heavy metals to both
natural and anthropogenic processes. Based on their pecu-
liar characteristics, the cluster analysis divided the samples
into two equal classes (50% each): poor quality waters and
excellent quality waters. Based on the gross characteristics
of the different analyzed sources of drinking water in Ojoto
Province, the surface waters (springs and streams) and shal-
low wells are more vulnerable to contamination and pose
more health risks than hand-dug wells and deeper boreholes.
In other words, the hand-dug wells and deeper boreholes are
the least contaminated and hence best suited for consump-
tion by both adult and children populations.

With regard to the water pollution and health risks of the
study province, the following recommendations are given
for water quality and risk management/control:

1. Residents, policy makers, and governments in the study
area should embrace adequate sanitation strategies and
regular (temporal) water pollution and quality monitor-
ing over the seasons.

2. Residents should avoid shallow aquifer and drill deeper
for aquifer sources that are better insulated from surface
processes and contamination.

3. Proper construction of wells to seal off surface contami-
nants (and thereby protecting groundwater) should be
embraced.

4. Public enlightenment campaigns and warnings are
essential for sustainable water quality and human health
risk management in the area. Instant action is recom-
mended to protect the general public health from serious
drinking water pollution problem in the Ojoto Province.

5. Contaminated water should be treated before use. Meth-
ods like reverse osmosis, activated carbon filtration, and
distillation could be employed, to ensure public health
sustainability.

6. This paper is a baseline study and was based on data
from 28 water samples and could be expanded (using
more sophisticated approaches such as microbiological
analysis, lithology geochemical analysis, redox poten-
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tial analysis, and their roles in enhancing the release of
heavy metals in water, etc.) in the future by collecting
more samples across the study area. There is also need
for a regional study approach/design, for effective pol-
lution monitoring and control plans.
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