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Abstract

Exposure to heavy metals pollutions in water predisposes consumers to human and environmental health deterioration. In
this study, the extent of heavy metals contamination, water quality index, ecological and human health risk assessments of
groundwater resources in Ajao industrial area of Lagos, Nigeria were carried out. Results revealed that Cu is the most preva-
lent heavy metal, contaminating 85.71% of the analyzed water samples. Based on the groundwater quality index, 76.19% of
the samples are of excellent water quality and suitable for drinking, domestic and industrial purposes. However, the quality
of 23.81% variedly deteriorated. Ecological risk assessment revealed that 85.71% and 14.29% of the samples pose low and
moderate ecological risks, respectively. This assessment also showed that Cu was the major heavy metal posing ecological
risk in the industrial area. Based on hazard quotients, Cu impacted the potentiality of chronic diseases than other heavy met-
als. Health hazard index analysis revealed that children are more exposed to non-carcinogenic chronic health risks due to
ingestion of contaminated groundwater than the adult population. Probability of cancer risk (PCR) revealed that 19.05% of
the samples pose high Cr cancer risk for both adult and children, while 14.29% pose high Cd and Ni cancer risks. Correlation
and factor analyses indicated that the origin of the heavy metals in water is majorly attributed to anthropogenic inputs rather
than natural, geogenic processes. Awareness programs towards protecting the groundwater in this area should be launched
and encouraged. Moreover, contaminated water should be treated before use.

Keywords Ecological risk assessment - Groundwater quality index (GWQI) - Heavy metals - Human health risk
assessment - Industrial waste - Multivariate statistical analysis

Introduction

Heavy metals are found naturally on earth. However, anthro-
pogenic activities, such as those in industries, commerce
and agriculture, expedite their accumulations in ecosystems
(Barzegar et al. 2018; Mgbenu and Egbueri 2019). Again,
human developmental activities have led to increased popu-
lation and waste generation. Many waste products in urban
areas have been reported to be sources of heavy metals
contamination (Egbueri 2018; Barzegar et al. 2019). The
higher the heavy metal concentrations are, the higher their
contribution to the deterioration of water resources and the
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environment will be. Once water resources and the envi-
ronment are contaminated with excess heavy metals, health
risks and hazards become inevitable.

There are various food chains and cycles through which
toxic heavy metals can get into humans. Usually, heavy met-
als enter the plant, animal, and human tissues via different
mechanisms such as inhalation, diet/food, and manual han-
dling (US-EPA 2011, 2017). In industrial estates, wastewa-
ters are one of the major carriers of heavy metals that con-
taminate various water systems. Apart from being leached
from industrial and consumer wastes, different water sources
can be polluted by leaching of heavy metals trapped in soils.
Acid rain, peculiar to many industrial areas, facilitates this
process (Fergusson 1990). Furthermore, plants (including
edible vegetables) are exposed to heavy metals through the
uptake of contaminated water. Animals (e.g., fishes, live-
stock) feed on the contaminated plants and waters, and hence
become loaded with high concentrations of heavy metals.
In a long run, humans (directly or indirectly) ingest these
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contaminated waters, plants and animals (Fergusson 1990;
Thanomsangad et al. 2019; Barzegar et al. 2019) and thus
become exposed to several health risks.

Although some heavy metals, in small quantities, are
generally good for human body building (Chowdhury and
Chandra 1987), their excessive accumulation in the body is
a big threat to human health. Most heavy metals are cancer-
inducing agents, leaving their victims with various cancers
and diseases (Fergusson 1990; US-EPA 2017; WHO 2017).
Because toxic heavy metals have the tendency to bio-accu-
mulate in the human body and are hard to metabolize, their
health hazards become imminent (Lim et al. 2008; Adamu
et al. 2014; Subba Rao et al. 2019). When in contact with
human tissue(s), they can bind to and interfere with the func-
tionalities of vital cellular components in the body (US-EPA
1989, 1999, 2011, 2017; WHO 2017). Despite such serious
toxicity, many raw materials rich in heavy metals are still
used in various industrial processes—e.g., in the production
of commodities like wine, food, children’s toys and jewel-
ries, batteries, paints, and motor vehicle parts (Finch et al.
2015).

Following the daily indiscriminate dislodgment of
wastewaters into the environs of Ajao Industrial Estate,
Lagos State (Nigeria), there have been unproven arguments
whether the quality of groundwater therein is fit for human
consumption and industrial purposes. Unfortunately, there
is paucity of literature reporting on the quality and health
risks of water resources in this well-populated industrial
area. However, Ukah et al. (2018) recently examined the
impact of industrial wastewater (from this estate) on the
physicochemical and microbiological characteristics of
drinking water resources. They found out that many drinking
water sources were variedly contaminated. Although Ukah
et al. (2018) have reported on the quality of drinking water
resources in the Ajao Estate, there is still a need for more
researches in this area, especially regarding the environmen-
tal and health risks.

To efficiently and effectively ensure that groundwater
resources are kept safe in industrial areas, regular monitor-
ing, management and sustainability practices are adopted.
The adoption of such practices usually includes an impera-
tive desire to assess the heavy metals concentrations in water
and the associated ecological and health risks. Ecological
and human health risk assessments of water resources meas-
ure and quantify the potential health impacts of heavy met-
als, based on water quality standards and health risk bench-
marks (Barzegar et al. 2018; Mgbenu and Egbueri 2019;
Taiwo et al. 2019). These assessments often employ meth-
odologies such as pollution indices, multivariate statistical
analyses, non-carcinogenic and carcinogenic risk analyses.

In view of the current state of water quality research in
Ajao Estate, this paper aims to examine the extent of heavy
metals contamination and ecological and human health risks
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of contaminated groundwater in this industrial area. The
research objectives were to (1) determine the heavy metals
contamination levels in the groundwater; (2) identify the
possible sources of water contamination using multivariate
statistical tools; (3) evaluate the groundwater quality index
for human consumption; (4) assess the ecological risk index
of the groundwater samples; and (5) assess the non-carci-
nogenic and carcinogenic health risks associated with the
use of the water. This study provides a preliminary, baseline
study of the water quality index, ecological and health risks
of the heavy metals contaminated water resources in Ajao
industrial area. Therefore, it is hoped that the paper will
provide insights for groundwater development, monitoring,
management and sustainability in the area.

Materials and methods
Description of the study area

The study area lies within latitudes 6°31—6°33'N and longi-
tudes 3°18'-3°20'E (Fig. 1) and also within the highly popu-
lated area of Oshodi-Isolo Local Government Area, West
of Lagos State, Nigeria. The major rivers draining the area
are the Ogun, Adiyan, and Osse rivers. The typical drainage
system is the lagoons which connect to the Atlantic Ocean.
These surface water networks constitute the major recharge
sources for the underlying aquifers. Geologically, the Ajao
industrial area is within the Dahomey Basin, which stretches
from Accra in Ghana, through Republic of Togo and Benin
Republic through to Nigeria where it is demarcated from
the Niger Delta Basin by the Okitipupa Ridge (Omatsola
and Adegoke 1981). Ajao Estate is underlain by two differ-
ent lithologic units, the coastal plain sand and the alluvial
river sand and both are part of the Dahomey Basin (Nwa-
jide 2013). The dominant lithology observed from different
hand-dug wells in the study area is characterized by medium
to poorly sorted coarse-grained sand and mudrocks (clay and
shale) intercalated with sand.

The Ajao area is relatively a lowland within the coastal
beaches, extensive inland lagoons and depressions with
marsh and mangrove wetland at elevation of 0—2 m and
upland areas with moderately drained soils and an elevation
of 10—14 m. The coastal plain sands are the main aquifer sys-
tems (consisting of three aquiferous layers separated by silts
and clays) in the study area (Longe et al. 1987; Kampsax-
Kruger and Sshwed Associates 1977). The aquifer systems
extend from the outcrop area in the north of the study area to
the coast in the south (Longe et al. 1987), and are exploited
through hand-dug wells and boreholes. According to Longe
et al. (1987), the first aquifer encountered at a depth of 35 m
of an average thickness of 6 m stands a higher risk of pol-
lution because of its nearness to the surface. However, the



International Journal of Energy and Water Resources (2019) 3:291-303

293

Asafariogun

Street

012525 5 75 10
- — e Kilometers

Fig.1 Location, drainage and geologic map of the study area

second and third aquifers, which occur between the depths of
40-55 m (about 8 m thick) and 30-90 m (about 32 m thick),
respectively, are preferably better aquifers for suitable drink-
ing water supply (Longe et al. 1987).

The population of the area is estimated to be greater than
500,000 residents. The study region is known for several
anthropogenic activities ranging from industrial food/wine
production, automobile factories and workshops, and numer-
ous fast goods production industries. These industrial activi-
ties in and around Ajao estate emit and discharge different
kinds of solid and liquid wastes from their production plants
on soils and into surface drainage systems. Moreover, part
of the liquid industrial effluents could be infiltrating into
the groundwater systems, which are the major sources of
drinking and industrial water in the Ajao area. The wastes
discharged from these industrial activities are characterized
by irritating and pungent smell. Collectively, it is believed
that the different kinds of industrial wastes generated in this
area predispose the inhabitants to water and air pollutions
with their associated human health risks.

Sample collection and analysis

To achieve the research objectives, a total of twenty-
one groundwater samples were randomly collected (in
March—April 2016) with sterilized 1-L plastic bottles, from
various boreholes within and around the Ajao Industrial
Estate, Lagos, Nigeria. At each sampling point, the source
water was used to rinse the sterilized sampling bottle prior
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to collecting the sample. Coordinate of each sampling point
was recorded using a handheld GPS (GARMIN GPSMAP
78S series). The samples were carefully and legibly labeled
and placed in an ice-crested cooler to avoid any kind of reac-
tivity or algal growth prior to laboratory analysis (Mgbenu
and Egbueri 2019). The physicochemical analysis was
done within 48 h of sampling. Water samples were filtered
through a cellulose acetate filter (0.45-micron milli-pore fil-
ter) before the laboratory analysis.

The groundwater samples were analyzed for the deter-
mination of pH, total dissolved solids (TDS), chloride (C1),
and heavy metals (Cu, Fe, Cr, Pb, Zn, Cd, Mn, and Ni).
The pH values of the samples were determined in the field
using a Testr-2 pH meter after standardizing/calibrating
against buffer solution (pH 4.7 and 9.2). The TDS was also
measured on site using portable TDS meter (HM Digital
COM-100). The heavy metals in water samples were ana-
lyzed in the laboratory using specific hollow cathode lamp
at a specific wavelength, and then aspirated into the flame
of atomic absorption spectrophotometer (AAS) PerkinElmer
Analyst 200 (Ukah et al. 2018). All the analytical procedures
described in this study followed the recommendations of
American Public Health Association (APHA 2005).

Groundwater quality index (GWQI)
To get a comprehensive summary of quality status and

level of pollution, GWQI for human consumption (drink-
ing, domestic and industrial purposes) was examined for
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the groundwater samples. Three steps were taken in eval-
uating the GWQI for each of the samples. First, weights
(ranging from 1 to 5) were assigned to the physicochemical
parameters and heavy metals, according to the parameters’
relative importance in the overall quality of water for drink-
ing and industrial purposes (Rahman et al. 2017; Mgbenu
and Egbueri 2019). With the assigned weights, the relative
weight of each parameter was calculated using the formula:

W, =w,/ Y\ w, )
i=1

where W, is relative weight, w; is weight of parameter, and
n is the total number of parameters. The assigned weights
and the calculated relative weights for the eleven analyzed
parameters are presented in Table 1.

Second, the quality rating scale for each of the parameters
was calculated. This was done by dividing each parameter’s
concentration in the water samples by the respective stand-
ard value and multiplying the results by 100 (Eq. 2)

q; = (G;/S) % 100 (2)
where g; is quality rating, C; is the concentration of each
parameter, and S; is the standard value for the parameter.

The last step of the GWQI was the determination of
sub-index for each parameter and then the summation of
all sub-indices for each sample, as shown in Egs. 3 and 4,
respectively:

SI, = W, X g, ?3)

GWQI = ST, @)

where SI, is the sub-index of ith parameter, g; is the quality
rating based on concentration of ith parameter and # is the

Table 1 Parameters and their corresponding unit weights and relative
weights (Mgbenu and Egbueri 2019)

Parameter NIS limits Weight (w;) Relative weight (W,)
pH 6.5 2 0.060606
TDS (mg/L) 500 1 0.030303
Cl (mg/L) 250 1 0.030303
Fe (mg/L) 0.3 3 0.090909
Zn (mg/L) 3 2 0.060606
Pb (mg/L) 0.01 5 0.151515
Cu (mg/L) 0.1 3 0.090909
Ni (mg/L) 0.02 4 0.121212
Cr (mg/L) 0.05 4 0.121212
Mn (mg/L) 0.2 3 0.090909
Cd (mg/L) 0.003 5 0.151515
Y =33 > =1.0000
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number of parameters. Nigerian Industrial Standard (NIS
2007) and World Health Organization (WHO 2017) standard
values were used in this indexing.

Water pollution source identification using
multivariate statistical analysis

Different researchers have successfully used multivariate sta-
tistics in water quality assessments (Rahman et al. 2017; Wagh
et al. 2018; Egbueri 2018, 2019a, b; Barzegar et al. 2016, 2018,
2019; Mgbenu and Egbueri 2019; Egbueri et al. 2019). In this
study, two multivariate statistical techniques were employed.
The correlation and factor analyses were used to assess the
potential sources of heavy metals pollutions in the analyzed
groundwater resources. All statistical analyses were performed
using SPSS software (v. 22). Input data for the statistical
analysis were normalized due to the non-normal distribution
of raw data means and differences in units of measurements
of the analyzed variables (Barzegar et al. 2016, 2019). For
the correlation analysis, correlation coefficients greater than
0.7,0.5<r<0.7 and less than 0.5 were considered as strong,
moderate, and weak correlation, respectively (Soltani et al.
2017). In other words, the larger the correlation coefficient is,
the stronger the parameters’ association and vice versa. For
the factor analysis, the Varimax rotation method, as proposed
by Kaiser (1960), was utilized to optimize factor loadings
(Barzegar et al. 2017) at eigenvalue > 1. In this study, factor
loadings less than 0.5 were considered as low (insignificant),
0.5-0.75 as medium, and above 0.75 as high (Barzegar et al.
2017; Mgbenu and Egbueri 2019).

Ecological risk assessment

The ecological risk index (ERI) for the groundwater was cal-
culated using the functions described in Egs. 5 and 6 (Taiwo
et al. 2019):

ERI = DRI = ) T, x PI 5)

PI = C,/C, (6)
where Rl is the potential ecological risk factor of each heavy
metal; T; is the toxic-response factor of heavy metal; PI is
the pollution index; C; is the concentration of heavy met-
als in the sample; and C,, is the corresponding background
values. The toxic-response factor of heavy metals is given
as: Cd=30; As=10; Co, Cu, Ni and Pb=5; Cr and Zn and
Mn=1 (Taiwo et al. 2019).
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Human health risk assessment
Non-carcinogenic health risk assessment

The non-carcinogenic risk assessment involved the calcu-
lation of hazard quotients (HQ) and hazard indices (HI)
of the individual groundwater samples. Both HQ and HI
were calculated after the chronic daily intake (CDI) risk
was determined. Employing the guidelines presented by
US-EPA (1989), the CDI risks posed by ingesting a sin-
gle trace element are computed for the children and adult
populations as follows:

Cy X IRW X EF x ED
CDI = @)
BW x AT

where CDI is the chronic daily intake 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) (Mgbenu and Egbueri
2019).

Using Eq. 8, the non-carcinogenic risk of a single ele-
ment calculated as the HQ is evaluated:

CDI

HQ = RD 8
where RfD represents the reference dose of a specific ele-
ment (mg/kg/day). The RfD equivalent for the heavy metals
is 0.7 (Fe), 0.3 (Zn), 0.0035 (Pb), 1.5 (Cr), 0.046 (Mn), 0.04
(Cu), 0.001 (Cd) and 0.02 (Ni) (Duggal et al. 2017; Barzegar
et al. 2018; Mgbenu and Egbueri 2019; Thanomsangad et al.
2019).

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

HI = 2 HQ ©

According to US-EPA (1989) and Su et al. (2017), if
HI is greater than unity (HI> 1), it implies that the non-
carcinogenic health risk of ingesting a particular element
is above the acceptable 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, low risk, medium risk and high risk (Bortey-
Sam et al. 2015; Mgbenu and Egbueri 2019).

Carcinogenic health risk assessment

To assess the carcinogenic risks associated with the use of
the groundwater, heavy metal evaluation index (HEI), heavy
metal pollution index (HPI), contamination index (CI), and
probability of cancer risk (PCR) were calculated using the
formulae given in Eqgs. 10, 11, 12, and 14, respectively.
HEI is used in assessing associated carcinogenic risks of
a given set of water samples. This is because it gives an
overall quality of water with respect to their heavy metals
content (Wagh et al. 2018). However, the HPI assesses the
ratio of heavy metal pollution and also gives the composite
effects of individual heavy metal on the overall quality and
suitability of water for drinking (Wagh et al. 2018; Egbueri
2018). The NIS (2007) drinking water quality standards
were used for the calculation of heavy metal indices of the
various samples:

n

H
HEI = ) — (10)
i=1 "TMAC

where H_ is the monitored value and Hy;,( is the maximum
admissible concentration (MAC) of the ith parameter.

n

HMC
HPI = Y 0 /p (11)
i=1

where HMC is the heavy metal concentration in water sam-
ple; AL is the allowable limit; and » is the number of ana-
lyzed heavy metals.

To further assess the carcinogenic exposure and impact of
the groundwater resources, the CI was evaluated:

n

Cl = )G (12)
i=1

Ci=—"-1

ey (13)

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

Probability of cancer risk (PCR) of the drinking ground-
water resources was 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 PCR of each carcinogenic metal is calculated
with Eq. 14:

PCR = CDI x SF 14)
where SF is the slope factor (mg/kg/day).

An acceptable PCR value is<1 X 107%, which means
on average, the probability is that approximately 1 per
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1,000,000 will develop cancer as a consequence of the expo-
sure to a carcinogen (Lim et al. 2008; Adamu et al. 2014).
However, risk in the range of 1x 107 to 1 x 10~ typically
has been reported to be acceptable (US-EPA 1999; Rah-
man et al. 2017). In this study, the SF values for calculating
the PCR of the heavy metals (carcinogens) are given as: Pb
(0.0085), Cr (0.05), Cd (0.38), and Ni (0.91).

Results and discussion

Extent of heavy metals contaminations
in groundwater samples

The water quality data are presented in Table 2. Addition-
ally, the univariate statistical summary of the water qual-
ity, the comparison of the water quality with standard lim-
its and the undesirable effects of parameters that exceeded
their limits are presented in Table 3. The pH of fifteen
groundwater samples (71.43% of the total samples) was off
the standard limits of 6.5-8.5 (Table 2), hence classifying
them as slightly acidic water. TDS and Cl concentrations
in the samples were below the maximum allowable limits
(Tables 2 and 3). Based on the TDS and CI contents, the

groundwater samples are classified as excellent drinking
water (Egbueri 2019a). However, results from heavy met-
als analysis indicate that some of the groundwater samples
are variedly contaminated (Fig. 2), and thus are not suit-
able for human consumption. It was observed that 85.71%
of the total water samples are contaminated with Cu
(Table 3, Fig. 2). Also, Tables 2 and 3 show that 14.29%
of the samples have Ni and Cr contaminations. Moreover,
23.81% of the total samples are contaminated with excess
Fe, whereas 9.52% and 4.76% samples are contaminated
with excess Pb and Cd, respectively. These contaminated
borehole samples could be indicating water from shallow
aquifers. Studies have shown that, even in very low con-
tents, many heavy metals are toxic to human health (NIS
2007; Lim et al. 2008; US-EPA 1989, 1999, 2011, 2017;
Adamu et al. 2014; Bortey-Sam et al. 2015; WHO 2017;
Duggal et al. 2017; Barzegar et al. 2018, 2019; Mgbenu
and Egbueri 2019; Subba Rao et al. 2019; Thanomsangad
et al. 2019). From the results presented, it is indicated that
the consumers of the contaminated water are predisposed
to several health risks/effects attributed to excess Cu, Fe,
Pb, Ni, Cr, and Cd in water. Nevertheless, all of the sam-
ples are free from Zn and Mn pollutions, hence the water
consumers do not risk such diseases attributed to their
excesses in water (Table 3).

Table 2 Physicochemical

. Sample ID pH  Measured in mg L

register of analyzed

groundwater samples from Ajao TDS Cl Fe Zn Pb Cu Ni Cr Mn Cd

Industrial Estate, Lagos
BHO1 6.68 3770 11.00 0.043 0443 - 0514 - - - -
BHO02 530 37.10 28.00 0.045 0.051 - 0362 - - - -
BHO3 6.60 2730 12.00 0.052 0214 - 0.062 - - - -
BH04 550 5750 24.00 0.063 0217 - 0.059 - - - -
BHO5 590 134.00 16.00 0.043 0319 - 0.044 - - - -
BHO06 6.40 121.00 16.00 1.502 1.660 0.002 1.023 0.730 0.320 0.130 0.003
BHO7 586 156.00 12.00 0.057 0.343 - 0412 - - - -
BHOS 552  95.80 20.00 0.752 0963 - 0.651 - - 0.003 -
BHO09 6.67 108.00 1220 0.054 0493 - 0.043 - - - -
BHI10 522 25500 32.00 0.049 1563 - 0.162 - - - -
BHI11 510 88.30 16.00 0.049 0912 - 0.066 — - - -
BHI12 572 60.00 20.00 1.742 0.883 0.021 2261 0.053 0.220 0.016 0.005
BHI13 5.67 5140 1200 0.072 1.003 - 0315 - - - -
BH14 690 11.50 24.00 0.052 0394 - 0.062 - - - -
BHI15 546 285.00 40.00 1.630 1.732 0.013 3.142 0.033 0.130 0.023 0.003
BH16 540  47.00 12.00 0.813 0323 - - 0.001 0.002 - -
BH17 553 5080 12.00 0.061 0912 - 0210 - - - -
BH18 6.62 4140 28.00 0.043 0.763 - 0713 - - - -
BHI19 552 5440 1200 0.039 0573 - 0.664 - 0.003 - -
BH20 5.71 18.80 44.00 0.066 0445 - 0.637 - - - -
BH21 690  31.50 20.000 0.056 0.883 - 0.072 - - - -
BH Borehole
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Fig.2 Heavy metals distribution in analyzed groundwater samples

Table 4 Results of GWQI, HI,
ERI HPI, HEI, and CI

Table 5 GWQI classification of
the groundwater and possible
ranges of use (Brown et al.
1972)
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Groundwater quality index (GWQI)

The suitability of the groundwater resources was assessed
for drinking, domestic and industrial purposes (involving
food processing). The computed GWQI values range from
8.285 to 608.728 and therefore are categorized into six water
types, from ‘excellent water’ to ‘unfit for drinking” (Tables 4
and 5). The ranges of the GWQI, percentage of samples in
each class, the corresponding status of water quality and
their possible uses are summarized in Table 5. Results show
that 76.19% of the total samples are in ‘excellent’ category
and hence are suitable for drinking, domestic and industrial
purposes (Tables 4 and 5). However, 9.52% and 14.29% of
the samples are in ‘good water’ and ‘unsuitable for drink-
ing’ categories, respectively. Hence, those in ‘good’ class

Sample ID GWQI HI (adult) HI (children) ERI HPI HEI CI
BHO1 13.01608  2.1593 7.4995 25.848  0.26061 5.4749 1.4749
BH02 9.910563  0.0808 0.2719 18.117  0.1861 3.9090 0.0396
BHO03 8.596912 1.0486 3.6357 3.1713  0.04343 0.8583 —3.0877
BHO04 8.285137 1.0651 3.6909 3.0223  0.04604 0.9690 —3.0310
BHO5 8.461760 1.5570 5.4053 2.3063 0.03589 0.7536  —3.2464
BHO06 608.728 8.3514 28.7077 272250  2.8430 59.703 50.703
BHO07 12.33016  1.6761 5.8164 20.714  0.08440 1.7723  —-2.2277
BHO08 36.39013  4.8104 16.5743 32.886  0.2163 4.5416 0.5266
BH09 9.598124  2.4041 8.3485 23143  0.3290 6.9031 2.9031
BH10 12.56797  7.6004 26.4176 8.6210 0.1158 24323 —1.5677
BHI11 9.071948 4.4384 15.4229 3.6040 0.05673 1.1913  —2.8087
BHI12 223.9372 4.8226 16.0416 191.57 1.81810  38.180 30.1804
BH13 12.43778  4.8844 16.9693 16.084  0.17963 37723  —0.2277
BH14 9.269986  1.9229 6.6757 3.2313  0.0486 1.0206 —2.9794
BHI15 175.80510  8.8404 30.1777 205.140  2.0645 43.355 35.3553
BH16 31.48543 1.7127 5.7907 0.4000 0.11503 24156 —2.0444
BH17 10.84121  4.4405 15.4278 10.804  0.12644 2.6553 —1.3447
BH18 15.64817  3.7136 12.9040 35904  0.36380 7.6393 3.6396
BH19 14.35740  2.7901 9.6936 33751  0.33662 7.0690 2.0690
BH20 1428089  2.1731 7.5428 31.998  0.32935 6.9163 2.9163
BH21 10.54271  4.2988 14.9360 3.8943 0.06110 1.2809 —2.7191
GWQI Water quality % of samples in Possible ranges for uses

category
0-25 Excellent 76.19 Drinking, irrigation and industrial
25-50 Good 9.52 Domestic, irrigation and industrial
51-75 Fair - Irrigation and industrial
76-100 Poor - Irrigation
101-150 Very poor - Restricted use for irrigation
> 150 Unfit for drinking 14.29 Proper treatment required before use
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are relatively suitable for domestic and industrial purposes
and the unsuitable samples are not acceptable for drinking,
domestic and industrial uses (Brown et al. 1972; Mgbenu
and Egbueri 2019). The higher values of GWQI found in
the five samples (BH06, BHOS, BH12, BH15, and BH16)
with deteriorated quality (Table 4) were mainly as a result
of higher Fe concentration. Therefore, they require proper
treatment before use.

Water pollution source identification using
multivariate statistical analysis

Correlation analysis (CA)

Pearson’s correlation matrix, shown in Table 6, was pro-
duced using the IBM SPSS (v. 22). Generally, pH, TDS,
and CI have no significant correlation with the heavy met-
als. This signifies differences in their origins (Barzegar
et al. 2018, 2019; Egbueri 2018; Mgbenu and Egbueri
2019). While the pH, TDS and Cl concentrations in the
groundwater are believed to be mainly controlled by geo-
genic, natural processes, the heavy metals are mainly
attributed to anthropogenic sources. The TDS, usually
indicating the amount of dissolved minerals in water, is
known to be influenced by cations and anions concen-
trations (Egbueri 2019a). The Cl could be linked to CI-
bearing (e.g., aluminosilicates) silicate mineral weathering
(Soltani et al. 2017; Barzegar et al. 2017; Egbueri 2019a),
while the pH (which indicated slight acidity) could be
linked to acid rain, which is often observed in industrial
areas. Additionally, the insignificant correlation between
the pH and the heavy metals suggests that the pH is not
the main factor affecting the mobility of these metals in
the groundwater (Barzegar et al. 2016). It is believed that
the mineralogy of geological deposits in an area signifi-
cantly controls the chemistry and quality of water pass-
ing through them (Singh 1987; Utom et al. 2013; Egbueri

2019b). Based on the geology of the study area, the allu-
viums and the coastal plain sands are not geologic depos-
its naturally rich in heavy metals (Nwajide 2013; Egbueri
2018; Mgbenu and Egbueri 2019); rather they are thought
to be porous and permeable enough to allow the passage
of the trace element-laden water into the aquifer system.
Nevertheless, a moderate correlation exists between Zn
and TDS (Table 6). This suggests that Zn>* significantly
influences the TDS of the samples (Egbueri 2019b).

The correlation matrix (Table 6) revealed that most of
the heavy metals have significant associations with one
another, signifying similarity of sources (Barzegar et al.
2017; Egbueri 2019a, b). It was observed that Fe has a sig-
nificant correlation with all the heavy metals. In this study,
the presence of excess Fe in the samples can be attributed
to both natural and anthropogenic processes. The natu-
ral processes that could release Fe in water include redox
conditions (Barzegar et al. 2018) of the aquifer system
and the rusting effects of water supply pipes. Anthropo-
genic sources that could release Fe in the water include
paints and plastics (Bhutiani et al. 2017), metallic indus-
trial waste leachates and mechanic workshop activities.
Zn has a positive correlation with Cu, Cr, Mn and Cd.
Their possible sources are attributed to industrial activities
such as heavy chemicals production processes, poor waste
(paints, e-waste, etc.) disposal in dumpsites, waste com-
bustion and industrial wastewater disposal into drainage
systems and soils (Egbueri 2018; Barzegar et al. 2019).
Pb has a positive correlation with Cr and Cd, indicating
possible sources from sewage sludge, effluents from tex-
tile tanning industries, automobile mechanic workshops,
batteries, industrial plants and industrial air conditioning
coolants (Bhutiani et al. 2017; Egbueri 2018; Garba and
Abubakar 2018; Mgbenu and Egbueri 2019). The correla-
tion between Ni and Cd suggests that their origin could
also be from Ni/Cd batteries (Garba and Abubakar 2018).

Fe Zn Pb Cu Ni Cr Mn Cd

Table§ Pearsor}’s correlation pH TDS cl

coefficient matrix of analyzed

parameters pH 1
TDS -0.351 1
Cl —-0.205 0.298 1
Fe —0.147  0.364 0.170
Zn —-0.159  0.640 0.263
Pb —0.144  0.283 0.244
Cu -0.161 0.452 0.428
Ni 0.174 0.138 —0.078
Cr 0.051 0.259 0.072
Mn 0.143 0217 -0.016
Cd —0.053 0.296 0.176

1

0.560 1

0.794 0366 1

0.808 0.541 0.858 1

0.522 0477 0.09% 0210 1

0.853 0.569 0.645 0.647 0822 1

0.616 0.543 0.200 0.334 0990 0.873 1
0905 0509 0914 0.831 0500 0.899 0576 1

Weak correlation <0.500; moderate correlation=0.500-0.750; strong correlation > 0.750
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Factor analysis (FA)

The principal component factors were extracted using the
Varimax rotation (with Kaiser normalization) and are pre-
sented in Table 7. Three factors, which explained 82.324%
of the total variance, with > 1 eigenvalue were chosen. The
FA results identified the most important factors contributing
to the water quality of Ajao industrial area. As a matter of
fact, the FA results successfully validated the CA results.
The first factor explained 34.371% of the total variance
including strong positive loadings on Fe Pb, Cu, Cr, and
Cd. Although the origin of Fe is partly attributed to geo-
genic processes in the correlation analysis, this class is also
made up of parameters peculiar to anthropogenic sources
rather than mineralogical weathering. The Cr, Cd, Cu, and
Pb could be leached from contaminated industrial soils and
industrial wastes such as wires, petrochemicals, automobile
batteries, tires and electronic wastes. (Bhutiani et al. 2017,
Egbueri 2018; Garba and Abubakar 2018). The second fac-
tor explained 29.705% of the total variance and included Zn,
Ni, Cr, and Mn. This class of parameters is typical of sources
linked to anthropogenic inputs from industrial activities such
as discharge of heavy chemical wastes, automobile wastes,
and paints (Bhutiani et al. 2017; Egbueri 2018; Mgbenu
and Egbueri 2019). Based on the geological setting of the
Ajao area, there are no reports of rocks or soil deposits rich
in heavy metals that could release these potentially toxic
elements into the groundwater systems (Singh 1987; Utom
et al. 2013; Egbueri 2019b; Mgbenu and Egbueri 2019).
Finally, the third factor explained 18.248% of the total

Table 7 Varimax rotated (with Kaiser normalization) principal com-
ponent factors

Parameter Communality Principal components (initial
(initial at 1.00) eigenvalue=1)
Factor 1 Factor 2 Factor 3
pH 0.477 —0.035 0.178 —0.667
TDS 0.755 0.120 0.270 0.817
Cl 0.408 0.238 —-0.131 0.579
Fe 0.894 0.807 0.458 0.183
Zn 0.764 0.256 0.593 0.589
Pb 0.966 0.971 0.004 0.155
Cu 0.897 0.860 0.149 0.368
Ni 0.964 0.128 0.968 —0.108
Cr 0.980 0.654 0.744 —0.003
Mn 0.971 0.228 0.958 —0.037
Cd 0.978 0.902 0.396 0.084
Total 3.781 3.268 2.007
% Variance 34.371 29.705 18.248
Cumulative% 34.371 64.076 82.324

Bold values are significant
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variance and included such parameters as pH, TDS, Cl, and
Zn which are characteristically attributed to geogenic pro-
cesses. However, the negative loading of pH in this factor
class could suggest that it has no control over the TDS and
Cl contents in water. The occurrence of Zn (a readily mobile
element) in this factor class could mean that it may have
had both geogenic and anthropogenic origins (Bhutiani et al.
2017; Barzegar et al. 2019).

Human and ecological health risk assessments
Non-carcinogenic health risk assessment

Median values from the HQ assessment revealed that the
various impacts of the heavy metals to cause chronic non-
carcinogenic risks for adult is Cu>Zn>Fe>Pb>Mn > Ni
> Cr> Cd and for children Mn > Cu>Zn>Fe>Pb>Ni>C
r> Cd. Based on the HQ impacts, Cu is the priority pollutant
for the adult population, whereas Mn is the priority pollutant
for the children population (Mgbenu and Egbueri 2019). The
hazard indices for non-carcinogenic health risk assessment
(for both adult and children) of the Ajoa industrial area are
summarized in Table 8. Results show that 52.38%, 42.86%,
and 4.76% of the total groundwater samples pose medium,
high and negligible chronic health risks to the adult con-
sumers. However, it was observed that most of the samples
(85.72%) predispose the children in this area to high chronic
health risks (Table 8). Therefore, this assessment reveals
that children are more exposed to non-carcinogenic chronic
health risks than the adult population.

Ecological risk index

The calculated ecological risk indices (ERI) for the ground-
waters range from 0.400 to 272.250 (Table 4). According
to the ERI classification reported by Taiwo et al. (2019),
85.71% of the total samples pose low ecological risks,
whereas 14.29% pose moderate ecological risks (Table 9).
However, because most of the samples are contaminated
with Cu, its impact on the ERI became very obvious and
predominant. Therefore, this study indicates that Cu was

Table 8 Non-carcinogenic classification based on HI values (US-EPA
1989; Mgbenu and Egbueri 2019)

Risk level HI Chronic risk  %samples

in category

%samples in
category (chil-

(adult) dren)
1 <0.1 Negligible  4.76 -
2 >0.1<1 Low - 4.76
3 >1<4  Medium 52.38 9.52
4 >4 High 42.86 85.72
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Table9 Classification of water based on ERI and carcinogenic
parameters (HPI, HEI, and CI)

Parameter Range Quality %sample
in cat-
egory

ERI <150 Low ecological risk 85.71

150<RI<300 Moderate ecological risk 14.29
300<RI<600 Considerable ecological risk —
RI> 600 Very high ecological risk -

HPI <20 Safe quality 100

>20 Critical quality -
HEI <400 Low contamination 100
400-800 Medium contamination -
> 800 High contamination -

CI <40 Low contamination 95.24
40-80 Medium contamination 4.76
>80 High contamination -

Table 10 Probability of cancer risk (PCR) for various samples

the major heavy metal posing an ecological risk in the study
area.

Carcinogenic health risk assessment

Table 4 shows the carcinogenic HPI, HEI, and CI values for
the individual groundwater samples. However, the classifi-
cation summary of the samples based on HPI, HEI and CI
results are also presented in Table 9. On the basis of the HPI
and HEI classifications, 100% of the groundwater samples
have low heavy metals pollutions and therefore pose low car-
cinogenic health risks to the water consumers. Nevertheless,
the CI classification revealed that 95.24% of the samples
pose no carcinogenic health risk, while 4.76% have moder-
ate pollution and would pose a medium carcinogenic health
risk (Wagh et al. 2018).

Table 10 presents the results of the probability of can-
cer risk of four metals (Cr, Cd, Pb and Ni) for both adult
and children populations. Based on the acceptable range
for cancer risk of <1x10™° to 1 x 10™* (US-EPA 1999;
Lim et al. 2008; Adamu et al. 2014; Rahman et al. 2017),
19.05% of the total samples have high Cr cancer risk for
adult and children and 14.29% have high Cd and Ni cancer
risks (Table 10). All of the water samples have negligible

Sample ID PCR for adult PCR for children
Cr Cd Pb Ni Cr cd Pb Ni

BHO1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
BHO2 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
BHO3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
BHO04 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
BHO05 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
BHO06 455% 107  7.61x107° 481x107 521x10° 1.07x107' 851x107° 851x1077 1.01x107!
BH07 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
BHO8 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
BH09 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
BHI0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
BHI11 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
BH12 315x107%  331x107*  51x107° 55%x1074 735% 1073 141x10™*  121x 107 536 x 1072
BHI3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
BHI4 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
BHI15 1.85x 1073 434x1073  0.000 0.000 0.000 0.000 0.000 0.000
BH16 291 x 107 2.0x1072 341%x107°  3.61x107* 651x107° 861x107°  7.7x107° 1.05 x 107!
BH17 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
BHI8 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
BHI9 431 %107 0.000 0.000 0.000 1.0 x 1072 0.000 0.000 0.000
BH20 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
BH21 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

PCR values with high cancer risk are in bold
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cancer risk (for both adult and children populations) due to
Pb contamination.

Conclusions

This paper has examined the extent of heavy metals contami-
nations in water, possible sources of water pollution, ground-
water quality index, ecological risk and human health risks
(both non-carcinogenic and carcinogenic) associated with
ingesting groundwater resources in densely populated Ajao
industrial area, Lagos State, Nigeria. Based on the findings
of this study, the following conclusions and recommenda-
tions are made:

1. TDS and CI contents were below the standard maxi-
mum allowable limits. However, measurements of
water pH showed that the majority of the samples were
slightly acidic, hence off the set limits of 6.5-8.5.

2. Of all the eight analyzed heavy metals, Cu is the most
prevalent, contaminating 85.71% of the total analyzed
samples. However, no Zn and Mn pollutions were
recorded; their contents in water were below the max-
imum allowable limits of the NIS (2007) and WHO
(2017).

3. Multivariate statistical analysis revealed that both nat-
ural (geogenic) and anthropogenic origins may have
impacted the chemistry and quality of groundwater
resources in the Ajao industrial area. However, anthro-
pogenic origins were more important. The sources of
the heavy metals in water are majorly attributed to
anthropogenic inputs.

4. Based on the GWQI, majority of the samples (about
76.19% of the total) are of excellent water quality,
hence are suitable for drinking, domestic and industrial
purposes. However, 23.81% of the samples deterio-
rated in quality.

5. Based on the ERI, 85.71% of the total samples pose
low ecological risks, whereas 14.29% pose moderate
ecological risks. Cu was the major heavy metal posing
an ecological risk in the study area.

6. Based on the HQ, Cu impacted the potentiality of
chronic diseases than other heavy metals. On the basis
of the HI, children are more exposed to non-carcino-
genic chronic health risks than the adult population. It
was learned that about 42.86% of the total groundwa-
ter samples pose high chronic health risks to the adult
consumers, whereas 85.72% of the samples predispose
the children in this area to high chronic health risks.

7. Based on the PCR, 19.05% of the total samples have
high Cr cancer risk for both adult and children, while
14.29% have high Cd and Ni cancer risks. Cancer risk
due to Pb pollution was negligible.

@ Springer

8. Contaminated water should be adequately treated
before use, especially for consumption purposes.

9. The contaminated groundwater samples could be indi-
cating the shallowness of aquifer. Therefore, the resi-
dents are advised to avoid shallow aquifers and drill for
deeper aquifer sources that are better insulated from
surface processes and contaminations.

10. Residents and industrialists are advised to embrace
adequate sanitation practices and regular water pollu-
tion/quality monitoring. Regular monitoring strategy
would help to observe changes in water quality during
mid- to long-term periods, thus identifying potential
trends that may lead to sustainable water manage-
ment plans (Barzegar et al. 2019). This paper is only
a preliminary study and was based on data from 21
groundwater (borehole) samples. The study could
be expanded using more sophisticated investigative
approaches in the future by collecting more samples
across the area.
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