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Abstract

The indiscriminate discharge of industrial effluents from beverage industries into nearby streams and lands within the Udi
area of Enugu State has resulted in a decline in the drinking water quality. In this study, geochemical, indexical, statistical
and spatiotemporal models were generated to assess the drinking water quality of the area. Seventeen borehole samples
were randomly collected across the area and examined for 18 chemical parameters using standard methods. Results revealed
that the groundwater is slightly acidic. Hydrochemical modeling identified Ca2+—Mg2+—Cl_—SO42_ as the major hydrogeo-
chemical facies and Ca’*-Mg?* and C1™—S0O,~ as the dominant water type, implying that the water is permanently hard
and unfit for laundry. The hydrochemical model, PHREEQC, was used in trace element species assessment. Results from
the model revealed that trace elements were immobile under the prevailing pH conditions owing to the presence of limiting
mineral phases (e.g. sulphates and carbonates). The pollution index of groundwater revealed that 29.5% of the water samples
recorded high pollution, hence are unsuitable for drinking, while 17% recorded insignificant pollution and were adjudged
fit for drinking. Similarly, water quality index and GIS-based spatiotemporal analysis revealed that 64.7% of boreholes
around the northeastern, west-central and southern parts of the area are unsuitable for drinking, however, boreholes within
the central parts are drinkable. The groundwater flow map showed that groundwater flow in the area is predominantly from
the northeastern to the southwestern direction. Hence, untreated wastewater and industrial effluents disposal sites should be
restricted to the southern parts of the study area.
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Introduction

Recently, research has shown that there is a growing global
scarcity of good quality water for human consumption, agri-
culture and industry. This problem is further compounded
in developing countries due to underdevelopment, poor and/
or inadequacy of effective water management and conserva-
tion measures, pollution and over-exploitation of the water
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ber of people accounting for about 66.3 million do not have
access to quality and safe drinking water sources (Ighalo
et al., 2020). Recently, there is an increasing demand for the
exploitation of groundwater resources. This is due to its high
relative abundance in the hydrological cycle and reduced
risks of exposure to contamination compared to the surface
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water bodies (Egbueri et al., 2021). Contrary to this belief,
findings have shown that, like surface water, groundwater is
not safe from contamination (Egbueri et al., 2021; Igwe &
Omeka, 2021; Nganje et al., 2019; Wagh et al., 2018). This
has been majorly attributed to anthropogenic controls such
as increasing population, poor waste management, agricul-
ture, mining and industrialization (Abbasnia et al., 2018;
Egbueri et al., 2021; Igwe & Omeka, 2021; Nganje et al.,
2019; Wagh et al., 2018).

In reality, the quality of groundwater is dependent on its
chemical, biological and physical characteristics. These pro-
cesses may be influenced by both anthropogenic and geo-
genic (natural) factors. Natural factors may be attributed to
the hydrogeochemical characteristics of the groundwater
system, the rock-water interaction within the aquifer, the
topography, regional rainfall intensity and the hydrody-
namic characteristics of the groundwater system (Barzegar
et al., 2018; Egbueri et al., 2021; Igwe & Omeka, 2021).
Anthropogenic factors include influx from human-induced
activities such as poor waste disposal practices, urbaniza-
tion, mining, industrialization, etc. that tend to have a direct
bearing on the modification of the natural hydrogeochemical
mechanism through pollutant influx (Gao et al., 2020; Xiao
et al., 2021). Therefore, the quality of drinking water may
be marred by these factors and may exact a negative effect
on public health directly through the ingestion and dermal
contact from contaminated water resources (Egbueri et al.,
2021; US-EPA, 2017). Hence, understanding the various
geochemical processes and mechanisms within the aquifer
as well as the pollution status of groundwater will serve
as a tool towards adequate groundwater resource manage-
ment, protection and sustainability (Egbueri et al., 2020a,
2021; Xiao et al., 2021). To this end, regular monitoring
and assessment of groundwater resources in pollution-prone
areas become very important. Keeping this in perspective,
several legislative groundwater quality guidelines have been
set up globally to serve as the benchmark for the assess-
ment of groundwater quality (SON, 2015; WHO, 2017).
Additionally, several researchers have employed conven-
tional scientific techniques in an attempt to monitor and
assess the quality of water resources (Adamu et al., 2014,
2015; Aghazadeh et al., 2017). These techniques include
a range of single methodological approaches such as pol-
lution load index (PLI), groundwater water quality index
(WQI), geo-accumulation index (I-geo), heavy metal evalu-
ation indices (HEI), pollution index of groundwater (PIG),
the overall index of pollution (OIP), degree of contamina-
tion (Cdeg) and contamination factor (CF) in water quality
assessment/monitoring (Edet & Offiong, 2002; Mohebbi
et al., 2013; Rahman et al., 2017). Each of these models
has its advantages and disadvantages; a particular model
may identify a water source as fit for drinking; however,
the other one may not agree. The major drawback to the use
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of the single indexical models is in their failure to provide
comprehensive and holistic information required for deci-
sion making (Egbueri et al., 2020a, 2020b, 2021; Nnorom
et al., 2019; Omeka & Igwe, 2021; Singh et al., 2019), as
the overall impact of the water quality on the human health
and other uses cannot be adequately ascertained. Informa-
tion on the geochemical behviour of contaminanted water in
the groundwater system in terms of fate, bioavailability and
mobility cannot be evaluated with the use of a single conven-
tional approach. Therefore, it is thought that the integrated
multiple indexical approaches will provide an equitable and
unbiased evaluation of the overall water quality in a particu-
lar studied system. Hence, in the present study, an integrated
based assessment of the impact of potentially toxic elements
on the groundwater quality within the area was carried out
using several numerical water quality indices such as the
water quality index (WQI), pollution index of groundwa-
ter (PIG), modified heavy metal index (MHMI) and heavy
metal pollution index (HPI). Further, the hydrogeochemi-
cal dynamics of the aquifer system have also been analysed
using stoichiometric models such as piper plots. The Ajali
river may act as a potential source of recharge to the ground-
water aquifer system, therefore knowing the pollution status
will provide precautionary measures for water consumers in
the area before government intervention. Moreover, due to
the highly complex geochemical processes that occur within
the aquifer system, this study needed to carry out a chemical
speciation assessment of the analysed trace elements within
the groundwater system using the computer simulation geo-
chemical model, PHREEQC. Knowing the level and type of
species of these elements will provide information on the
geochemical behaviour of elements in the water in terms
of their fate, bioavailability and mobility within the aquifer
system and will serve as an indirect measure of their poten-
tial human and environmental toxicity (Edet et al., 2004;
Ekwere & Edet, 2012). The presence of limiting mineral
phases such as sulphates and carbonates in water can influ-
ence the bioavailability and mobility of trace elements in
water (Edet et al., 2004). Hence, trace element speciation
analysis was considered integral in this study. Additionally,
GIS-based spatiotemporal models have also been employed
to ascertain the possible flow paths of pollutants in the area.
Further, multivariate statistical tools such as hierarchical
cluster analysis (HCA) and correlation analysis (CA) have
also been employed to identify the likely sources of con-
taminants and attempt a genetic classification of the different
contaminants. Multivariate statistical models are considered
very efficient as they are capable of detecting the relation-
ships between various water parameters, hence providing
adequate information on the water quality and the likely
contamination sources (Nnorom et al., 2019; Singh et al.,
2019). It is thought that knowledge of the pollution source
will serve as a basis for pollution control and mitigation.
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The present study is focused on Udi industrial area and
its environs. The inhabitants of the area are majorly reli-
ant on boreholes and hand-dug wells for drinking, domes-
tic, agricultural and industrial activities. The area can be
described as a semi-urban area characterized by commercial,
agricultural and industrial activities. Additionally, the area
is undergoing rapid human and socio-economic develop-
ment. This has further generated a lot of stress on the avail-
able groundwater sources within the area. It is, therefore,
thought that the poor management of waste effluents will
have a devastating impact on the groundwater quality. The
major industrial activities in the area include beverage and
brewing industries. The beverage industries are located
around 9th Mile Corner Ngwo. The unregulated discharge
of industrial wastewater by these industries onto lands and
surrounding surface water bodies such as the Ajali river
within the area has marred the quality and quantity of water
resources within the area; some of these effluents are trans-
ported into nearby streams as a run-off and eventually make
their way into the groundwater aquifer by way of recharge.
Some studies have been carried out in the study area on
the physicochemical and microbial characteristics of sur-
face water bodies from brewery effluents (Egwuonwu et al.,
2012; Ogbu et al., 2016). Reports by Egwuonwu et al. (2012)
concluded that the analysed physicochemical parameters of
water from the Ajali river were within the required stand-
ard. However, reports by Ogbu et al. (2016) suggest that the
surface water resources are slightly polluted and unsuitable
for consumption. Recently, Abugu et al. (2021) carried out a
hydrochemical evaluation of the Ajali river for its suitability
for irrigation purposes using several numerical irrigation
indices such as Permeability index, Soluble sodium percent,
Kelly ratio, Sodium adsorption ratio, Magnesium adsorption
ratio and Chloro-alkaline index. Results from their study
showed that albeit some samples recorded higher values of
carbonates above the FAO/UN (2017) required standards,
the water samples are generally suitable for irrigation pur-
poses. Although the impact of industrial activities on the
quality of surface water bodies has been considered by these
researchers, there seems to be no literature available regard-
ing the impact of industrial effluents on groundwater quality.

Hence, this study aims to access the impact of industrially
derived effluents on the quality of groundwater resources
within Udi and its environs. The specific objectives include
the following: (1) evaluating the pollution status of ground-
water from toxic elements using the integrated HPI-MHMI
indexical study approaches; (2) assessing the suitability of
groundwater, for drinking and domestic purposes using the
integrated WQI-PIG study approaches; (3) assessing the
hydraulic characteristics of the aquifer system and flow paths
of contaminants using GIS-based spatiotemporal models; (4)
and to attempt a genetic identification and classification of
possible contaminants’ sources using multivariate statistical

models. It is expected that the finding from this pilot study
will serve as a baseline database of the quality of ground-
water within the area for future planning, monitoring and
management of water resources in the area, for public health
sustainability and protection.

Study area description

The present study was carried out within Udi and Ezeagu
Enugu State. The area can be described as a suburban
district, located about 10 km southeast of the Enugu
mega-city, southeastern Nigeria. The area lies between
longitude 7°0.9” and 7°0.28° E and latitudes 6° 0.12’
and 6°0.41’ N. It is bounded to the north by Igbo-Etiti,
L.G.A, to the south by Oji river L.G.A, to the east by
Enugu L.G.A and to the West by Ezeagu L.G.A. (Fig. 1).
Demographically, it spans over an area of about 897km?,
with a population of about 234,002 (Abugu et al., 2021).
The area occurs within the tropical rainforest with veg-
etation and climate that is characteristic of the equatorial
region. The area is predominated by two distinct kinds
of weather: the rainy season spans from March to Octo-
ber with a mean annual rainfall ranging from 1750 to
2000 mm (Abugu et al., 2021) and the dry season spans
from November to February characterized by dry dusty
winds. Three beverage companies (Coca-Cola bottling
company, Nigeria breweries, and Seven-Up bottling com-
pany) are located within the Udi axis. The effluents from
these industries are being indiscriminately channeled into
nearby streams such as the Ajali river, Ekulu and Nvene
river. These rivers are structurally controlled occurring
in a dendritic drainage pattern (Fig. 1). The Ajali River
is underlain by Ajali and Nsukka Formations at upland
and Mamu Formations in the lowlands (Nwajide, 2013;
Reyment, 1965). The Ajali sandstone is predominantly
characterized by thick friable, highly permeable, highly
porous, poorly sorted arkosic sandstones. The major
lithostratigraphic units of the Nsukka formation include
sandy shale and siltstones with shale intercalations and
thin coal seams (Nwajide, 2013). Due to the porous and
highly permeable nature of the underlying Ajali sands,
they can easily be washed off during intensive rainfall
activities (Abugu et al., 2021). It is thought that the
highly porous and permeable sandstone units may act
as a conduit for the movement of contaminants into the
surrounding groundwater aquifer system. Further, soils
around the area are predominantly sandy, with occasional
occurrence of silt/clay fractions along with the matrixes
(Nweke, 2015). The poorly disposed of effluents on the
soil can sorb onto the soil surfaces and act as a tempo-
rary repository of toxic elements, which during rainfall
activities can leach and infiltrate into the groundwater
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Fig. 1 Location, digital elevation model, and Geologic map of the study area

system thereby exposing the groundwater to the risk of
contamination. Moreover, both surface and groundwa-
ter from this area are being used by the inhabitants for
domestic, drinking and irrigation purposes. Therefore,
it is pertinent to carry out a comprehensive assessment
of the groundwater resources in the area for health and
environmental safety and sustainability.

The major hydrogeologic units within the area include
confined, semi-confined, unconfined and perched aquifers.
Confined conditions exist over Ajalli sandstones in areas
overlain by the Nsukka Formation and Mamu Formation,
where overlying Ajali sandstone are considerably reduced
in thickness or eroded. Semi-confined conditions occur
in a few places and are made up of an interbedded thick
sequence of sand and sandy clay or clayey sand aquicludes.
Various aquifers in this group occur in the upper to middle
horizons of Ajali Sandstone and in the Upper section of
Mamu Formation which constitutes the partial recharg-
ing zones, for the deeper-seated confined aquifer. (Nwa-
jide, 2013; Nweke, 2015). Unconfined aquifer units occur
mostly in the Ajali sandstone and where semi-permeable
or impermeable cap beds have either been eroded and/or
are absent. Perched Aquifer conditions occur mostly in the
Lateritic or red earth cover over the Nsukka Formation and
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the Upper sandy units of the Formations. It is thought that
the unconfined aquifer units may be exposed to contamina-
tion from the effluent-derived River Ajali.

An observation of Fig. 1 reveals that the area is char-
acterized by two major topographic landforms as follows:
valleys and lowlands areas and high relief zones charac-
terized by undulating residual hills. The residual hills
are thought to be the remnants of Udi hills around the
southern part of the study area. The lowlands are con-
centrated around the central parts of the area around 9th
Mile Ngwo. The central part of the area is considered the
most prolific aquifer in the southeastern zone and serves
as a major source of drinking water for the inhabitants. A
lot of boreholes are being concentrated within the central
part of the area and these boreholes may be exposed to an
influx of contaminants from industrial sludge and human
waste materials. Moreover, geophysical studies of static
water level within areas underlain by Ajali/Nsukka For-
mations revealed that the depth to water table ranged from
30.8 m (around Eke areas) to 189 m (within Egede) (Ezeh
et al., 2013). At this depth, the groundwater aquifer system
may be vulnerable to the influx of contaminants washed
off from nearby contaminated industrial and agricultural
lands.



International Journal of Energy and Water Resources

Materials and methods
Groundwater sample collection and analysis

A total of 17 groundwater samples, comprising two sam-
ples from each point, were collected towards the end of the
rainy season (September—October 2019). Samples were
collected using a 2-L polythene container. The container
was sterilized by thoroughly washing and rinsing with
dilute 1:1 HCL and thereafter rinsed using distilled water).
At each sampling station, the polythene bottles were thor-
oughly rinsed with the source water. A drop (0.5ML) of
concentrated nitric acid was added to one portion of the
sample to preserve it to prevent microbial degradation,
adsorption to the container wall and cation precipitation.
Physicochemical parameters such as temperature, TDS, pH
and EC were determined in the field using the calibrated
temperature/TDS meter (model TDS-3), pH meter (Hanna
model HI-8733) and conductivity meter, respectively. Ice
crested coolers (at a temperature of <4 °C) were used in
preserving the water samples in the field before laboratory
analysis. In the laboratory, both the physicochemical and
heavy metal analyses were carried out. Physicochemical
analysis was integral in the measurement of major cations
and anions. Anions (e.g. Cl and HCO;) were measured
using the complexometric titration method, using EDTA
solution as a chelating agent following the standard pro-
cedure described by Tucker and Kurtz (1961); the Hach
DR/2000 spectrophotometry was used in SO, analysis. The
Gallenkamp flame analyser (at 33 °C) was used to measure
major cations such as Ca?*, and Mg?*. The PerkinElmer
Analyst 200 atomic absorption spectrophotometer (AAS)
was used in the analysis of selected heavy metals (As, Cu,
Fe, Mn, Zn and Cr) following the procedure as described
by Moran et al. (1994). All analytical procedures were
in line with the American Public Health Association's
(APHA, 2005, 2017) recommended standards.

Chemical speciation analysis

The geochemical behaviour of elements in water (in terms
of solubility, mobility, precipitation, bioavailability and
adsorption/desorption behaviour) can be influenced by
the different species in which they exist. The species in
which a particularly toxic element exists in water has a
direct bearing on the water chemistry and consequently
on human health (Nganje et al., 2019). According to the
Toxic Substances Disease and Registry (ASTDR, 2018),
mineral phases and species of elements such as Pb, Cd, As
and Cr are ranked among the most toxic elements on the
toxicological profile. Hence, this study needed to carry out

a comprehensive speciation analysis of analysed elements
to determine their overall influence on the groundwater
chemistry and potential impact on human health (Edet
& Offiong, 2004; Ekwere & Edet, 2012). The analysis
was carried out using a computer simulating program
PHREEQC interactive (ver. 3.7) using the Specific Ion
Interaction Theory (SIT) aqueous model.

Environmental pollution assessment
Heavy metal pollution index

The combined impacts of each heavy metal on the drinking
water quality can be quantitatively assessed using the HPI.
The HPI has been widely used by many researchers (e.g.
Brown et al., 1970; Edet & Offiong, 2002; Egbueri, 2018,
2020; Herojeet et al., 2015; Odukoya & Abimbola, 2010;
Wagh et al., 2018) to evaluate the general drinking water
quality from the concentration of heavy metals. In this study,
the SON (2015) standard for drinking water quality was uti-
lized as a background standard for the assessment of heavy
metal indices in the analysed water samples. Six selected
trace elements (As, Cu, Fe, Mn, Zn, Cr) were considered
for the assessment following the relation given in Eq. (1):

S/, (1)

HPI =

where HMC is the concentration of heavy metal in each
water sample; n refers to the total number of analysed trace
metal elements; AL is the SON (2015) allowable limit.

Modified heavy metal index

The heavy metal index (HMI) was proposed by Dash et al.
(2019) for the assessment of the impact of heavy metals on
the ecosystem by assigning weights to heavy metal param-
eters from the results of cluster groupings and eigenvalues
from the principal component analysis. However, the model
was modified by Egbueri et al. (2020b) by assigning different
weights on a scale of 1-5 to various heavy metal parameters
based on the impact of each water quality parameter on the
overall water quality evaluation, including agriculture and
human health. In the present study, different weights (rang-
ing from 1 to 5) were assigned for each metal based on their
impact on drinking water quality. The relative weights of
each parameter were then obtained based on the relationship
described in Eq. (2). Finally, the heavy metal index (modified
heavy metal index) values for each analysed sample were
determined using the following relation described in Eq. (3):
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Y wi @
MHMI = ) [Rw = Mi/Si], 3)
=1

where R, refers to the relative weight; w; represents the
assigned weight of each parameter; n represents the number
of analysed heavy metal parameters; M, refers to the value of
the analyzed heavy metal concentration in each groundwater
sample; S; represents the SON (2015) allowable limit for the
given heavy metal.

Drinking water quality assessment
Pollution index of groundwater

The PIG was also integrated into this study to assess the
drinking water quality based on input from different pollu-
tion sources. PIG is an important water quality index that
has been used in several studies to show the variation in the
quality of groundwater as a result of anthropogenic and geo-
genic inputs (Egbueri, 2020; Subba Rao, 2012; Subba Rao
et al., 2019). As proposed by Subba Rao (2012), the model
evaluates the relative level of the impacts a particular chemi-
cal parameter exerts on the drinking water quality of ground-
water. The model uses a combination of both physicochem-
ical and trace element parameters in its computation. To
achieve this, the relative weight (Rw) ranging from 1 to 5 is
being assigned for each quality parameter according to their
relative impact on the human health system (Table 1). The
weight parameter (Wp) was then derived for each analysd
parameter to determine their relative impact on the general

Table 1 Weights used in WQI and PIG assessment

Parameter Parameter Unit Relative weight (Wi) SON (2015)
weight (wi)
pH 3 - 0.078947368 6.5
Mg 3 mg/L 0.078947368 200
Ca 2 mg/L 0.052631579 200
SO, 3 mg/L 0.078947368 100
Cl 4 mg/L 0.105263158 250
HCO;, 1 mg/L 0.026315789 250
As 5 mg/L 0.131578947 0.003
Cu 4 mg/L 0.105263158 0.01
Fe 4 mg/L 0.105263158 0.3
Mn 3 mg/L 0.078947368 0.2
Zn 3 mg/L 0.078947368 3
Cr 3 mg/L 0.078947368 0.02
Y wi=38 YWi=1.0
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drinking water quality as shown in Eq. (4). Thereafter, the
concentration status (Sc) of each sample was computed; this
was done by dividing each parameter in the water sample
by the given drinking water quality standard allowable limit
(Eq. 5). In the present study, the WHO standard limit was
considered. Then, the overall drinking water quality (O,,)
was computed following the relation expressed in Eq. (6).
Last, the PIG values (pollution status) for each water sample
were derived by taking a sum of all O,, values (Eq. 7)

Rw
Y= >k )
- <
5. = o )
0, =W,xS, (6)
PIG =) 0y @)

Following the PIG classification criteria (Subba Rao,
2012), PIG < 1.0 indicates negligible pollution level, PIG
between 1.0 to 1.5 indicates low pollution, PIG between
1.5 and 2.0 depicts moderate or mild pollution level, PIG
between 2.0 to 2.5 implies high pollution, while PIG> 2.5
is an indication of very high pollution level.

Water quality index

A comprehensive summary assessment of the drinking water
quality level of groundwater samples can be obtained using
the WQI (Igwe & Omeka, 2021; Mgbenu & Egbueri, 2019).
To achieve this, different weights (wi) ranging from 1 to 5
are being assigned to the different water quality variables
based on their relative concentration and importance on the
drinking water quality; the relative weights (Wi) of each
parameter is then obtained (Eq. 8, Table 1) (Egbueri, 2020;
Egbueri et al., 2019).
Wiz — o,
Y, (wi) ©

where n = total number of parameters.

The quality rating scale for each parameter (qi) was then
computed using the relation in Eq. (9):

gi = (Ci/Si) x 100, ©)

where Ci=the concentration of each parameter in water;
Si=WHO (2017) allowable limit.

The sub-index of the ith parameter, (SI), was thereafter
computed using Eq. (10). The final WQI was then estimated
using the relation expressed in Eq. (11) as follows:
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ST = Wi X qgi (10)

woI = ) (SI) an
i=1

GIS-based spatiotemporal analysis

The GIS-based geospatial analysis was carried out to deter-
mine the groundwater flow direction and delineate zones
with unsuitable drinking water quality in the area. knowing
the direction of groundwater flow would provide adequate
knowledge on the flow of contaminants as well as avail water
resource managers with the necessary information on the
best locations to cite or drill boreholes. The input parameter
used for drinking water quality zonation was obtained from
the calculated WQI values, while those for groundwater flow
direction analysis were derived from hydraulic head values.
The hydraulic head values were obtained following the rela-
tion expressed in Eq. (12):

H = GSE - SWL, (12)

where H is the hydraulic head layer; GSE is the ground sur-
face elevation values expressed in meters, SWL is the static
water level expressed in meters (S1).

The inverse distance weighting (IDW) interpolation
method was used in both analyses using ArcGIS (ver.
10.4.1). IDW is a deterministic linear statistical method
that determines cell values from a combination of a linearly
weighted sets of sample points (Philips & Watson, 1982).
The groundwater quality zonation assessment was carried
out from the surface interpolation of WQI values for each
sample point. The derived WQI map was then delineated
into different zones such as suitable, moderate and unsuit-
able (Igwe & Omeka, 2021).

Multivariate statistical analysis

In the present investigation, Pearson’s correlation coefficient
was employed to determine the major factors that modify
the groundwater chemistry as a function of their origin. The
Pearson’s correlation coefficient was able to determine the
strength between the different groundwater quality param-
eters by predicting the linearity as well as the associations
between them. With this information, the source of the dif-
ferent chemical elements can easily be apportioned based
on their associations (Igwe & Omeka, 2021). A significant
level between the analytes was established at 0.05 using a
2-tailed correlation coefficient (Mustapha, 2012). Correla-
tion coefficients of p > 0.5 were considered significant, while
those at p <0.5 were considered insignificant. To validate
the results from the various assessment models and show the

relationship between them, the hierarchical cluster analysis
(HCA) and Spearman’s correlation coefficient were inte-
grated. All analysis was carried out using the IBM SPSS
statistical package (v. 25.0).

Results and discussion
Overview of the general groundwater quality

The univariate descriptive statistical results of analysed
groundwater quality parameters are presented in Table 2.
The obtained results were compared with the World Health
Organization (WHO, 2017) and Standard Organization of
Nigeria (SON, 2015) required standards for drinking water.
The groundwater pH ranged from 4.1 to 7.2 with a recorded
mean of 6.2 describing the water as acidic to slightly acidic,
with a few samples recording neutral to alkaline pH. Gener-
ally, the physical and major ion concentration of analysed
groundwater samples was observed to be within required
standards. The low pH observed among the water sam-
ples can be attributed to rock—water interaction and inputs
from anthropogenic influx such as effluents from human
and industrial wastes. Moreover, the geology of the area is
dominated by thick friable, poorly sorted arkosic sandstones
with intercalations of sandy shale and siltstones units. The
low pH of the water is thought to be from the breakdown
and mineral dissolution of sandstone and shales giving rise
to the release of orthosilicic acid (H,Si0,) (Nganje et al.,
2019). Also, sampling was carried out during the rainy sea-
son, accompanied by high vegetation cover. The acidity of
the water may have also been influenced by the rotting of
vegetation cover (Nganje et al., 2019). Ingestion of acidic
water has been reported to result in gastrointestinal disorder
and mucous membrane deterioration in humans (Gaikwad
et al., 2019).

A total of six selected trace elements (Fe, As, Cu, Cr,
Zn, Mn) were analysed to determine their pollution levels
in groundwater. According to their mean concentration,
the order of dominance was Zn>Mn > Cu> Cr> As > Fe.
Generally, all analysed trace elements except for Fe and Zn
recorded values above the WHO (2017) and SON (2015)
maximum required limits. The concentration Cu varied
between 0.01 mg/L and 0.76 mg/L. with a mean concen-
tration of 0.18 mg/L. Naturally, the concentration of Cu in
water occurs from the dissolution of sulphide minerals such
as chalcopyrite (CuFeS,) (Obasi & Akudinobi, 2020) from
the underlying rock or soil. Cu is known to have low mobil-
ity potential; hence its concentration is expected to be very
low (Egbueri et al., 2021). However, the recorded high con-
centration above the required standard can be attributed to
anthropogenic sources such as leaching of municipal waste
materials, industrial chemical effluents and car batteries
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(Onyemesili et al., 2020; US-EPA, 2017; Wagh et al., 2018).
The indiscriminate disposal of these waste materials is a
common practice in the study area. The ingestion of Cu in
excess by humans has been known to be responsible for
chronic illnesses such as liver damage (Wagh et al., 2018).
Nausea, vomiting and diarrhea have also been reported from
the excessive ingestion of Cu in drinking water (US-EPA,
2017; WHO, 2017). The concentration of As and Cr ranged
from 0.001 mg/L to 0.54 mg/L and 0.001 mg/L to 0.67 mg/L.
with an average concentration of 0.09 mg/L and 0.15 mg/L
respectively. According to the Toxic Substances Disease
and Registry (ASTDR 2018), As and Cr are ranked among
the most toxic elements on the toxicological profile. Cr in
the analysed water samples (Table 3) was observed to be
in the form of chromium (III) (Cr**), although other forms
such as Chromium (VI) are known to exist under different
environmental conditions. Kimbrough et al. (1999) noted
that the reduction of chromium (VI) to chromium (III) is
highly favorable under acidic conditions. The low pH values
observed among the water samples in the present study vali-
date this assertion. Chromium (VI) is considered to be the
most toxic species of Chromium, compared to Chromium
(IIT). Corrosion of metallic storage facilities and allergic
reactions (irritation of the nose lining resulting in nose ulcer)
are some of the recorded devastating effects associated with
Chromium (VI) (Kimbrough et al., 1999; Obasi & Akud-
inobi, 2020). Chronic cardiovascular, respiratory, gastroin-
testinal and neurological conditions have also been reported
(Engwa et al., 2018). The geology of the area is composed of
sandy shales and siltstones units, this can serve as a natural
source of chromium in the area (Obasi & Akudinobi, 2020).
Moreover, in the study area, metallic storage facilities are
used for the storage and distribution of municipal water,
this could constitute an anthropogenic source of Cr con-
tamination in the water. According to WHO (2011), ground-
water underlain by sedimentary rocks (e.g. shales) can be
significantly enriched in Arsenic (As) in concentration up
to 12 mg/L. This is because As is a chalcophile element
(i.e. it has the propensity or affinity to bond with sulfur to
form highly insoluble sulphides). The geology of the study
area is composed of sandy shales and siltstones units. The
shales are highly enriched with sulphide minerals which may

occur in association with potentially toxic elements such as
As as a result of similarity in their geochemical behaviour
(Nganje et al., 2019). Anthropogenic sources of As in the
area are attributed to indiscriminate disposal of industrial
effluents and agricultural activities such as the use of phos-
phatic fertilizer which consequently drains their residues or
percolates into the groundwater system. The major source of
phosphatic fertilizers is from phosphorus-rich rocks enriched
in apatite naturally enriched in transition metals (e.g. Cu,
Ni, Zn) in trace amounts; Fe and Mn (as major elements)
and metalloids (e.g. As) in trace quantity (Boumaza et al.,
2021). Among the analysed elements, Zn records the highest
concentration among the groundwater samples with concen-
trations varying between 0.008 mg/L and 7.02 mg/L and a
mean concentration of 1.73 mg/L. Zn is highly chalcophile
(i.e. it exhibits a high affinity to sulphide minerals) (Mason
& Moore, 1982; Nganje et al., 2020). Shales makes up the
major lithostratigraphic unit of the area and sulphide-rich
ores mineral such as sphalerite (ZnS) is known to be the
major mineralogical constituent of shales (Igwe & Omeka,
2021; Nganje et al., 2020). Additionally, the high concen-
tration of Zn among the water samples can be attributed to
its low mobility potential in water; Zn solubility increases
with a decrease in water pH (Gundersen & Steinnes, 2003).
Zn concentration from the analysed water samples recorded
values within the recommended standards. Human toxicity
from ingestion of Zn in water occurs at a concentration of
3 mg/L. Consumption of Zn in excess has been attributed
to muscular pains and stiffness, nausea and loss of appetite
(WHO, 2011, 2017). Fe appears to have the least concen-
tration among the groundwater samples with a concentra-
tion ranging from 0.02 mg/L to 0.78 mg/L with an average
concentration of 0.008 mg/L. All samples recorded values
below the WHO (2017) and SON (2015) maximum admis-
sible limits for drinking water quality. Fe concentration in
groundwater occurs from the weathering of iron-rich rocks.
The low concentration of Fe among the water samples can
be attributed to the low occurrence of Fe-bearing formations
from the geology of the area. Nevertheless, anthropogenic
sources of Fe could be from discharge from industrial efflu-
ents and solid wastes in the area, and the unregulated min-
ing of the ferruginous lateritic soil, as well as dissolution

Percentage concen-
tration (%)

Other identified chemical species

-(I;?siilrfbsutil\o/lr? J:fr tiljgeizlzlsements PTE Major Component
in water

Mn Mn**

Fe Fe?*

Cr crit

Zn Zn**

As AsO,~

Cu Cu*

67.29 MnSO,, Mn[HCO;]*, Mn[NO;]*

63.42 FeSO,, Fe[HCO;]*, Fe[CI]*, Fe[Cl,]

85.87 Cr[CI]*, [CrClL,]*

87.96 ZnS0,, Zn[CI]*, ZnCl,, Zn[Cl;]", Zn[Cl,]*
73.52 As(OH)*~

77.96 Cu[Cl,]~, Cu[Cl;]*~, CuFeO,
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of metallic water storage facilities. Fe when found elevated
concentration has been known to cause “red-hot diseases”
in humans (Egbueri et al., 2021; Onyemesili et al., 2020).

Chemical speciation analysis

Metals exist in different species in water and this has a
direct bearing on the geochemical behaviour of elements
in the water regarding their solubility, mobility, precipita-
tion, bioavailability and adsorption/desorption. Results of
the predicted major chemical (aqueous) species identified
from the PHREEQC model are presented in Table 3. Among
the identified mineral phases, the major species identified
include Zn** (87.96%), Mn** (67.29%), Cu* (77.96%), Cr**
(85.87%), HyAsO, ™ (73.52%) and Fe** (63.42%). The impli-
cation of this is that the groundwater conditions are majorly
influenced by the solubility of these components in water.
Zn occurred in several aqueous species such as Zn**(aq),
ZnS0,(aq), ZnCl*(aq), ZnCl,(aq), ZnCl; (aq), ZnCl42_(aq).
However, Zn2+(aq) (67.96%) made up the major chemical
species, occurring as free ion. As reported by WHO (2011;
2017) human toxicity from Zn ingestion in water occurs at
a concentration of 3 mg/L. Under the prevailing pH condi-
tions, Zn>* is said to be immobile: however, its immobility
is further enhanced by precipitation as Zn sulphate (ZnSO,)
(Gundersen & Steinnes, 2003). Mn existed in different spe-
cies such as Mn**, MnSO,, Mn(HCO;) * and Mn(NO3), ;-
with the dominant species being the ionic Mn** (67.29%).
Based on the prevailing pH condition, Mn?" is said to be
immobile. Moreover, the occurrence of sulphate and bicar-
bonate species (MnSO,, Mn(HCO3) *) also hindered its
mobility. No toxicity potential from the ingestion of Mn in
water has been reported (Ekwere & Edet, 2012). The vari-
ous species of Fe were Fe**, FeSO,, Fe(HCO;) T, Fe(Cl)*
and Fe(Cl,), among the species, the dominant species was
Fe?* making up about 64%. The human toxicity level of
Fe in drinking water is reported to be at a concentration
of >200 mg/L (Reimann & Caritat, 1998). Fe”* is immo-
bile under the present pH condition. Moreover, the precip-
itation of Fe oxides such as Fe,O; (hematite), and Fe,O,
(Magnetite), and other associated metal phases (e.g. FeSO,,
Fe(HCOs)) further hindered its mobility (Edet et al., 2004;
Ekwere & Edet, 2012). Cu* appears to be the major identi-
fied ionic species making up about 77% of the total copper
species in the groundwater of the study area. In the present
environmental condition, Cu* is immobile. The presence of
Cuprous ferrite (CuFeO,) among the species will inhibit its
mobility in the groundwater (Edet et al., 2004). Neverthe-
less, the marked anomalous concentration of Cu™ reported
in this study is attributed to elevated anthropogenic activi-
ties in the area. Although the mean concentration of As
(mean 0.09 mg/L) slightly exceeded the permissible limit
for drinking water, its concentration was generally very low

@ Springer

among individual water samples. As reported by Smedley
and Kinniburgh (2002), environmental conditions such as
Eh and pH are the major controls on the speciation of As.
H,AsO*" constitutes the major species at pH < 6.9, while at
increasing pH (pH > 6.9), HASO,> is the dominant species
(Yan et al., 2000). Under the present groundwater pH condi-
tion of the study area, HZASO42_, was identified as the domi-
nant species accounting for about 73% of the total As. This
species is relatively immobile in water (Edet et al., 2004)
and its mobility will further be hindered by adsorption onto
sediments and clay mineral surfaces (Reimann & Caritat,
1998). Three species of Cr were identified (Cr**, CrCI** and
CrCl,™), with Cr** being the dominant species. Cr is known
to exist in a wide range of valences (+2 to + 6) and the form
in which they exist in water is dependent on the prevailing
environmental conditions. According to Kimbrough et al.
(1999), at pH < 6.9, Cr®* can be reduced to Cr** which is
less toxic.

The application of the hydrochemical prediction model
in species assessment has successfully provided a better
understanding of the geochemical behaviour of elements
in the water. Metals existing as free ions are known to be
highly toxic and bioavailable (Apte et al., 1995) and mobile
under prevailing environmental conditions (Eh—Ph) (Edet
et al., 2004). However, the use of the prediction model in
this study has shown that their low concentration among the
groundwater sample is owed to the low pH and the presence
of “limiting mineral phases” or precipitates such as sulphates
and carbonates (Edet et al., 2004).

Hydrochemical and facies evaluation
of groundwater

Stoichiometric evaluation of the groundwater samples was
carried out to understand the prevalent geochemical con-
trols on the groundwater system. This was done by con-
ducting a geochemical analysis of the major ionic compo-
sition of the water samples. Additionally, the identification
of different facies and water types based on their origin was
represented visually using hydrogeochemical models such
as Piper trilinear diagram (Fig. 2). Based on their mean val-
ues, the concentration of major ions among the water sam-
ples decreased in the order of Ca’* >Mg?* >Nat >K*
and SO,*~> Cl~>HCO,~ > NO,~ for cations and anions,
respectively (Table 2). The dissolution of feldspar and
calcium-rich minerals as well as ferromagnesian miner-
als from shales and sandstone units that underlie the area
was responsible for the prevalence of alkaline earth metals
(Ca%*, Mg?*) (Barzegar et al., 2018; Mgbenu & Egbueri,
2019). Ionic exchange reactions occurring between the
alkaline-earth metals and alkali metals may also have
been responsible for their enrichment in water (Barzegar
et al., 2018; Igwe & Omeka, 2021). The prevalence of
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LEGEND

Hydrogeochemical facies
I Ca* - Mg*- CI—SO4*
II Na” -K" —CI - SO *
III Na™ - K™ - HCOy"

IV Ca*-Mg*-HCO;y

Water type

1: (Ca* -Mg*)>Na -K°)

2: Na~- K°) >(Ca* - Mg?)

3: (HCO;—-C03) > (Cr -S04 -F)

4: (CI'-SOy - F) > (HCO;—- COy)

5: Ca* - Mg* and HCO;— - CO3*
(Temporary hardness)

6: Ca* - Mg* and CI - SOy (Permanent
hardness)

7: CI'-SOy4 and Na™ - K~ (Saline)

8: HCO;— - CO3*and Na™ - K- (Alkali
carbonate)

9: Mixing zone

A: Calcium water type

B: No dominant water type

C: Magnesium water type

D: Sodium water type

E: Bicarbonate dominant

F: Sulphate dominant

G: Chloride dominant

GwW1

GW3
Gw4
GW5
, GW6
GwW7
Gws8
GW9
GW10
GW11
GW12
GW13
GW14
GW15
GW16
GW17

Fig.2 Piper trilinear diagram showing the dominant water facies and type

S0,>~ and CI~ among the anions can be attributed to
anthropogenic and geogenic inputs. SO, can be sourced
from the dissolution of sulphide minerals (H,S) from agri-
cultural soils and organic matter decomposition (Egbueri,
2019). CI concentration was from anthropogenic activi-
ties such as run-offs from agricultural lands and industrial
waste discharge from the beverage companies. A visual
representation of the water facies and type is shown in
the ternary piper diagram in Fig. 2. From the diagram,
Ca’*-Mg**-C1™-S0,*" is identified as the major hydro-
geochemical facies while Ca>*-Mg?* and C1™—S0,*~ was
identified as the dominant water type, an implication that
the water is permanently hard and would be unsuitable
for domestic purposes such as laundry. Hard water is
known to cause scales on metallic storage facilities and
does not readily form lather with soap (WHO, 2017).
Furthermore, the prevalence of SO,*~ and C1~ among the
water type implies that strong acids (C1~ +SO,), have a
greater influence on the modification of the groundwater
chemistry than weak acids (CO;+HCO,) in the study area.
The strong acids may have taken their source from the

oxidation of sulphide minerals in the groundwater system
(Igwe & Omeka, 2021; Mgbenu & Egbueri, 2019).

Environmental pollution assessment using
numerical models

Heavy metal pollution index and modified heavy metal
index

The HPI and MHMI were integrated into this study to
numerically ascertain the pollution level of groundwater
from toxic elements. Calculated results for both indices are
presented in Table 4. As observed from Table 4, HPI values
ranged from 0.22 to 10.34. According to the HPI classifica-
tion criteria (Brown et al., 1970; Edet & Offiong, 2002),
HPI < 20 indicates safe water quality, while HPT>20 depicts
critical water quality. Based on the results in Table 4, all the
HPI values are <20 implying that the waters are adjudged
safe although some water samples in some areas (Abor, and
Egede) recorded higher HPI values, implying that these sites
may portend high pollution potential if no remedial meas-
ures are put in place. MHMI values ranged from 0.04 to
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Table 4 Results of indicators used for environmental pollution assessment (HPT, MHMI)

GWs

GWs

16

GWs 12 GWs 13 GWs 14 GWs

GWs9 GWs10 GWs 11

GWs GWs GWs

GWs

GWs

GWs2 GWs

Sample ID GWs

17

15

Nsude Obinagu Obioma

1.98
0.21

9thMile Ngwo

2.09
0.05

Nachi
2.54
0.12

Eke

Egede

Amokwe Ebe

6.56
0.18

Awhum Afah Akpakwume AmekeNgwo AmofiaAfa

Abia  Abor
0.22

1.44
0.04

Location
HPI

1.47
0.05

2.58
0.04

0.26
0.91

2.28
0.37

10.34
0.14

4.11
0.37

2.83
0.06

2.028
0.15

2.52
0.13

0.83
0.17

11.58
0.09

0.045

MHMI

0.91. According to the MHMI classification scheme as per
Dash et al. 2019 and Egbueri et al. 2020b), MHMI < 50
indicates excellent water quality, MHMI 50-100 indicates
good water quality, MHMI 100-200 depicts good water
quality, MHMI 200-300 indicates very poor water quality,
and MHMI > 300 indicates unsuitable water quality. Based
on these criteria, all the analysed water samples appear to be
in excellent condition and are, therefore, adjudged safe for
drinking. These results are consistent with findings by Igwe
and Omeka (2021).

Integrated drinking water quality assessment
indicators

Pollution index of groundwater

In this study, the PIG was used to assess the drinking water
quality of groundwater by determining the relative impact
of each analysed chemical parameter in each water sample.
According to Subba Rao (2012) “if the overall chemical
quality of water (Ow), is greater than 0.1, there will be a
10% value of 1.0 of the PIG”. Hence at a PIG> 1, distinct
information regarding the impact of contamination from
chemical parameters contained in the groundwater can be
given. Table 5 shows the results of the overall PIG (OW)
for each chemical element and the final PIG (Y OW). From
the results, the OW for all the analysed chemical elements
except for Cr and As was below 1.0, implying that these
two elements have a greater impact on the pollution level
of groundwater in the area. 76.47% of the groundwater
samples recorded negligible pollution levels from Arsenic
pollution, 5.88% (GWS-6) recorded low pollution, 5.88%
(GWS-9) recorded moderate pollution. However, 11.77%
of the groundwater samples (GWS-2, GWS-10) recorded a
very high level of As pollution. Conversely, 52.95% of the
total water samples (GWS-10, GWS-11, GWS-12, GWS-
13, GWS-14, GWS-15, GWS-16 and GWS-17) recorded
very high pollution levels from Cr. The final PIG (}.OW)
values obtained varied from 0.1902 to 9.8982 (Table 5).
Based on the PIG classification criteria, 29% of the water
samples (GWS-2, GWS-8, GWS-10, GWS-12) have very
high pollution levels and are hence unsuitable for drinking;
35% (GWS-5, GWS-6, GWS-7, GWS-13, GWS-15, GWS-
16) have moderate pollution level; 11% (GWS-1, GWS-17)
have low pollution level, while the remaining 17% (GWS-
3, GWS-4, GWS-14) recorded insignificant pollution and
are hence adjudged to be fit for human consumption. These
results are consistent with the observation of Egbueri et al.
(2021).
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Water quality index zonation

The results of WQI are presented in Table 6. To have an
overall and visual assessment of the drinking water qual-
ity status of the entire area, it was necessary to delineate
the drinking water quality status of the entire area into
different zones by generating a zonation map from GIS
spatiotemporal analysis (Fig. 3a). The final WQI results
were used as input values for generating the drinking
water quality zonation map of the area. It is thought that
knowing the pollution status of the different zones in the

Table 6 Water quality index (WQI) and class category results

area will aid the inhabitants, researchers, and environ-
mental policy and decision-makers in proper groundwater
resource management and sustainability. From the WQI
results presented in Table 4, it is observed that 64.7% of
the water samples (found around Abor, Ameke-Ngwo,
Amofia-Afa, Amokwe, Ebe, Egede, Eke, Nachi, 9th Mile,
Nsude and Obinagu) all fall within the “unsuitable” class
and hence are unsuitable for drinking purposes, while very
poor water quality was recorded in three samples (GWS-1,
GWS-5, GWS-17) within Abia, Akpakwume and Obioma,
respectively. However, good drinking water quality was
recorded in only three samples (GWS-3, GWS-4, GWS-
14) found around Awhum, Afah and Ngwo areas of the
study area (Table 6) and are hence adjudged suitable for
human consumption. The drinking water quality zonation
map reveals that poor and unsuitable drinking waters are
found in patches around the northeastern, west-central and
southern parts of the study area, while good drinking water
quality is noticeable within the central parts of the study
area (Fig. 3a).

Groundwater flow system

The results of the groundwater static water level and
hydraulic head are presented in S1. The groundwater flow
direction map is shown in Fig. 3b. An observation of the
map reveals that groundwater flow direction is predomi-
nantly from the northeastern to the southwestern parts of
the study area. The implication of this concerning ground-
water pollution vulnerability is that the pollutants will be
majorly transported from the northern to the southern
parts of the area. It is, therefore, recommended to site
municipal boreholes within the northern parts of the study

Sample ID Location Long Lat WQI Class

GWs 1 Abia 7417 6.333 24475388 Very poor
GWs 2 Abor 74 6.483 3242.09921 Unsuitable
GWs 3 Awhum 7417 6.533  97.8540756 Good

GWs 4 Afah 72 6.567  79.4680533 Good

GWs 5 Akpakwume 7.292 6.65 286.334399 Very poor
GWs 6 AmekeNgwo 7.383 6.45 369.351157 Unsuitable
GWs 7 AmofiaAfa  7.267 6.567 545.18613 Unsuitable
GWs 8 Amokwe 7.367 6.333  350.590108 Unsuitable
GWs 9 Ebe 7.367 6.483  668.432409 Unsuitable
GWs 10 Egede 7.367 6.55 1889.49193 Unsuitable
GWs 11 Eke 7.342 6.458  482.507935 Unsuitable
GWs 12 Nachi 7325 63 575.309283 Unsuitable
GWs 13 9th Mile 735 6.333  556.689553 Unsuitable
GWs 14 Ngwo 7417 6.45 52.4283738 Good

GWs 15 Nsude 74 6.4 416.659777 Unsuitable
GWs 16 Obinagu 7.383 6.283  534.375169 Unsuitable
GWs 17 Obioma 74 6.367  252.325749 Very poor
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area. Untreated wastewater and industrial effluent disposal
sites, as well as intensive agricultural activities, should be
restricted to the southern parts of the study area.

Multivariate statistical analysis of groundwater
samples

Pearson’s correlation analysis

Table 7 shows the linearity as well as the strength
between the analysed groundwater parameters. It is gen-
erally observed that most of the physicochemical param-
eters have strong linearity between them. The implication
of this is that these parameters have a strong influence
on the concentration of each other. KrishnaKumar et al.
(2014) have pointed out that the greater the correlation
between geochemical parameters, the greater the vari-
ation in geochemical components responsible for their
concentration. Hence, the strong correlation observed
among these parameters implies that different environ-
mental factors (both geogenic and anthropogenic) were
responsible for their concentration in the groundwater.
A strong positive correlation is observed between Mg
and Ca (0.909), K and Mg (0.985), Na and K (0.875) and
SO, and Ca (0.85). This association implies that each
of these element pairs influences the concentration of
each other. The significant positive correlation between
TDS and Mg, Ca and Na implies that the weathering
and dissolution of these ions in the water had a major
influence on the groundwater's total dissolved solids. The
poor correlation observed between Na and Cl reflects
that there is no occurrence of mixture or intrusion of salt-
water into the groundwater system. It also suggests that
the aquifer system is not underlain by salt-forming rocks
such as evaporate. This assertion is further affirmed by
the poor correlation observed between EC and all the
major ions. A strong correlation is observed between
SO, and Mg, Ca, indicating that weathering and oxida-
tion of carbonate rocks (mostly from shale) that make up
the major lithostratigraphic units are the major controls
on the modification of the groundwater chemistry. The
negative correlation observed between TDS and NOs,
and K implies that agricultural activities such as the use
of fertilizers (N—P-K-based fertilizer) had little or no
influence on the groundwater chemistry. The poor lin-
earity observed between pH and all the analyzed chemi-
cal parameters is an indication that pH had little to no
influence on mineral dissolution in the groundwater sys-
tem, and as such played a very little role in the modifica-
tion of the groundwater chemistry.

Except for Zn, Cu and Fe, a poor correlation was
observed among the heavy metals, suggesting that

their concentration in the groundwater was under
varying environmental conditions; the positive cor-
relation observed between Cu and Fe (0.694) can be
attributed to a similar environmental condition such as
leaching of sulphide-rich minerals, e.g. chalcopyrite
(CuFeS,).

Establishing the relationship between the assessment
models using multivariate statistical simulation models

To show the relationship between the various environmental
pollution and drinking water quality models and to test the
validity of the models in environmental pollution and water
quality assessment, two multivariate statistical models—
Hierarchical cluster analysis (HCA) and the Spearman’s
correlation coefficient—were integrated into this study. For
Spearman’s correlation, significant correlations were taken
at p=0.05, using the 2-tailed correlation matrix coefficient
(Mustapha, 2012). The HCA was performed using Ward’s
linkage method, squared Euclidean distance and z-score data
standardization algorithm. The z score data standardization
is considered as a better algorithm due to its efficiency in
minimizing bias due to disparity in various measurement
units (Yidana, 2010), as it can transform data set into a
uniform scale (Amiri et al., 2020; Subba Rao & Chaud-
hary, 2019). From Spearman’s correlation matrix scores
(Table S2), a strong significant correlation was observed
between WQI, PIG and HPI. This shows that the results
of the various models used in this study agree and validate
each other and that the different pollution and water quality
models accurately validated the results of their counterparts.
However, a poor correlation was observed between MHMI
and all other models. This may have been a result of the
peculiarities involved in its computation.

Additionally, the dendrogram generated for all the assess-
ment models showed a similar trend (Fig. S3), further affirm-
ing that findings from the various models is in tandem. Two
cluster classes were extracted with cluster 1 accounting for
WQI, PIG and HPI, while Cluster 2 recorded only MHMI.
The results from the dendrogram are in strong agreement
with those obtained for the Spearman's correlation coeffi-
cients which further affirms and validates the results from
these models.

Comparison of WQI and PIG with other related
studies

These two models were integrated into this study to assess
the drinking water quality of groundwater samples from
Udi and its environs. To the best of the authors’ knowl-
edge, these models have not been utilized in this area by
any study to assess groundwater quality. However, Nganje
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et al. (2019) used the WQI to assess the surface and ground-
water quality in Kumba, Cameroon. The use of the model
showed excellent results for the evaluation of water from
different sources such as catchment water (CW), pipe-born
water (PW), stream/surface water (SW) and hand-dug wells
(HDW). According to their findings, a greater portion of
water samples from CW (75%) was unfit for drinking pur-
poses while 25% were drinkable. However, about 57.1% of
water samples from PW were of good quality while 42.8%
fell within the poor class. Conversely, 40% of SW fell within
the good and very poor quality class respectively; however,
20% were in the poor class. Similarly, 2.1% of the water
samples from HDW were in the excellent class, 62.5% fell
in the good water class, 14.5% were in the poor class, 6.3%
fell under the very poor class while 8.3 of the HDW were
under the unfit class. Results from this study revealed that
the water from hand-dug wells in the area was more suitable
for consumption than those from other sources. The poor
water quality observed in the catchment area was attributed
to the presence of coliform and microbial load from poor
sanitary conditions in the area.

On the other hand, the PIG has been used by a few
researchers for groundwater quality assessment, but there has
not been any reports using this model in the present study
area. Egbueri et al. (2021) reported the use of PIG to assess
the drinking water quality of the Nnewi and Awka metropo-
lises, southeastern Nigeria. According to the findings results
of the PIG from the Nnewi and Awka metropolises varied
between 0.1607-3.9015 and 0.2431-44.7418, respectively,
with insignificant pollution levels reported in about that 40%
of the groundwater samples in the Nnewi area and 20% hav-
ing high level of pollution level. The Awka area, however,
recorded greater pollution levels with a staggering 80% of
the groundwater samples recording very high pollution lev-
els while 20% recorded insignificant pollution levels. The
elevated pollution level observed in these water samples was
attributed to high anthropogenic activities in the area.

An observation of the results from WQI and PIG in the
present study reveals that both models validated each other
as a similar trend was observed with results from other
studies.

Conclusion

In this study, the impact of industrially derived effluents
on the quality of groundwater resources within Udi and its
environs, southeastern Nigeria have been investigated using
an integrated geochemical, indexical, statistical and spati-
otemporal modeling approach. All the measured physico-
chemical parameters were within the required standards of
the World Health Organization (WHO, 2017) and Standard
Organization of Nigeria (SON, 2015) for drinking purposes

except for pH (mean 6.2), describing the water as acidic to
slightly acidic. Hydrochemical and facies modeling identi-
fied Ca>*—Mg**-C1™—S0O,~ as the major hydrogeochemical
facies and Ca’*~Mg”* and C1™—SO,*" as the dominant water
type, an implication that the water is permanently hard and
would be unsuitable for domestic purposes such as laundry.
According to their mean concentration, the order of domi-
nance of trace elements was Zn>Mn > Cu > Cr> As > Fe.
Generally, all analysed trace elements except for Fe and
Zn recorded values above the WHO and SON maximum
required limits. The application of the hydrochemical pre-
diction model, PHREEQC, in trace element species assess-
ment was successful in providing a better understanding of
the geochemical behaviour of elements in the water. Results
from the model showed that most of the trace elements were
immobile under the prevailing pH condition (4.1 to 7.2),
hence their recorded low concentration among the water
samples. However, the mobile ones are very low in con-
centration owing to the presence of limiting mineral phases
such as sulphates and carbonates. Environmental pollution
assessment numerical indices such as heavy metal pollution
index and modified heavy metal index revealed that ground-
water of the area is in excellent condition. Conversely, the
pollution index of groundwater (PIG) revealed that 29.5%
of the water samples have very high pollution levels and are
hence unsuitable for drinking, while 35% and 11% of the
samples recorded moderate and low pollution levels, respec-
tively, while the remaining 17% recorded insignificant pol-
lution and are adjudged to be fit for drinking. Similarly,
water quality index and GIS-based spatiotemporal analysis
revealed that 64.7% of the water samples (found around
Abor, Ameke-Ngwo, Amofia-Afa, Amokwe, Ebe, Egede,
Eke, Nachi, 9th Mile, Nsude and Obinagu) occurring within
the northeastern, west-central and southern parts of the
study area are unsuitable for drinking purposes; however,
good drinking water quality is noticeable within the central
parts of the study area. Additionally, the groundwater flow
map showed that groundwater flow direction in the area is
predominantly from the northeastern to the southwestern
direction of the study area. The implication of this concern-
ing groundwater pollution vulnerability is that the pollutants
will be majorly transported from the northern to the south-
ern parts of the area. Correlation analysis showed a sig-
nificant relationship between all analysed physicochemical
parameters, at p > 0.05, implying that these parameters have
a strong influence on the concentration of each other and
they occurred from a similar source. Additionally, hierarchi-
cal cluster analysis and Spearman’s correlation coefficients
successfully validated the results from the various assess-
ment models with a strong correlation observed between
most of the models.

Therefore it can be concluded that the use of the inte-
grated geochemical, spatiotemporal and indexical approach
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is highly effective in groundwater pollution assessment as
compared to the conventional assessment method. Addition-
ally, the integration of speciation analysis in this study has
successfully given a clear-cut knowledge on the geochemical
behaviour (in terms of mobility) of trace elements in water
under the prevailing environmental conditions. Their mobil-
ity potential has been attributed to the presence of limiting
mineral phases in water such as sulphates and carbonates.

Recommendation and limitation of the study

From the information obtained from the groundwater flow
system, it is highly recommended to site municipal boreholes
within the northern parts of the study area. Additionally,
untreated wastewater and industrial effluent disposal sites, as
well as intensive agricultural activities, should be restricted to
the southern parts of the study area. Furthermore, since most
of the inhabitants of the area are not well educated, it is recom-
mended that more environmental awareness programs be estab-
lished by the government and policymakers. Regular monitoring
and assessment of the groundwater sources in the area are highly
recommended. Land use, industrial ad municipal waste disposal
practices, that would help preserve the quality of the groundwa-
ter should be adopted.

The limitation of the present study is that sampling and
analysis of human health risk from the consumption of con-
taminated water sources in the area were not carried out. Hence,
a detailed evaluation of human health risks to further determine
the long-term exposure of heavy metals among the inhabitants
is highly recommended for further studies in the area.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42108-022-00183-3.
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