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Abstract

This study evaluates the contamination of soil and water by heavy metals in Lafia, Nasarawa State, Nigeria, using an
integrated geochemical and statistical approach. Ten soil and thirteen water samples were analysed for arsenic (As),
chromium (Cr), lead (Pb), copper (Cu), and zinc (Zn). Soil samples were analysed by ICP-MS, whereas water samples
were analysed by AAS techniques. The concentrations determined in soil ranged from As (0.6-6.1 ppm), Cr (47.0-
223.0 ppm), Pb (14.2-34.2 ppm), Cu (2.7-36.7 ppm), and Zn (7.0-282.0 ppm). In contrast, all the determined
parameters in the water samples were found at higher levels. Arsenic concentration ranged from 0.061 to 0.243 mg/L,
whereas copper varied from below the detection limit to 0.113 mg/L, and zinc ranged from 0.092 to 0.154 mg/L. Lead
(0.126-0.764 mg/L) and chromium (0.014-0.512 mg/L) exceeded the maximum allowable limit of the WHO. The
study identified chromium, zinc, and copper as the major pollutants in soils. On the contrary, lead and arsenic were
dominant in water bodies. Multivariate analysis, such as PCA and correlation, distinguished between geogenic and
anthropogenic sources, and Cr, Zn, and Cu predominantly occurred in soils, whereas Pb and As dominated in
groundwater. Pollution indices showed that the soil was moderately contaminated, whereas the groundwater revealed
severe pollution, with the Nemerow Pollution Index (NPI) value as high as 54.14 and Ecological Risk Index (ERI)
values exceeding 500, indicating a very high ecological risk. Spatial mapping pointed to localised hotspots related to
improper waste disposal and the usage of different agrochemicals.

Keywords: Heavy metals, groundwater contamination, PCA, pollution indices, ecological risk, geospatial analysis

1.0 Introduction

Heavy metals are capable of polluting our soil and water in such a way that the whole ecosystem is affected. The
extremely negative environmental impact and long persistence in nature make this issue a lot more serious. The very
fact that they cannot be degraded biologically signals a long-term risk of pollution. Over time, heavy metal-
contaminated soils are replaced by infertile lands, which negatively affects plant growth (Mohammad et al. 2025).
These metals not only kill the plants but also enter the food chain as toxins. Consequently, the human populations get
their share of dangerous substances which are also mixed in a wide range of unhealthy ones. To tackle such an issue
is to maintain the overall health of the planet. It is also a way to keep the ecosystem resilient and flexible in the course
of time. Such measures not only protected but also facilitated the important natural processes and allowed the long-
term development (Kowalska et al., 2018).

Much research has revealed how often heavy metal concentrations in both terrestrial and aqueous compartments and
anthropogenic sources such as the discharge of industrial effluents, mining, and rapid urbanisation have been reported
to be the major causation agents. The industrial effluents deposit large amounts of toxic metals in the soil and waters,
and the mining processes disrupt the natural geochemical balance, thus enhancing the speed of contamination. The
rapid urban growth only intensifies such difficulties by increasing waste and car emissions. The ecological impacts
are also immense; Alloway (2013) has shown that the contamination of soil with heavy metals alters the stability of
the microbial consortia and undermines the soil fertility, thus preventing the growth of plants and eventually lowering
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the productivity of the ecological system. Similarly, Li et al. (2020) found that the concentrations of Pb and Cd were
higher in the urban soils near the traffic corridors, which proved automobile emissions to be one of the key sources of
these metals. Zhang et al. (2021) supported these results, which are due to the fact that the heavy-metal formations in
the soils in the areas of the industrial zone are considerably high in terms of their concentration because of the industrial
waste disposed of in the regions. Similarly, the water environment is polluted by the leaching and release of metals;
Wau et al. (2019) also reported significant amounts of heavy-metal contamination in the sediments of rivers, and they
were concerned about the increasing level of danger of a long-term contamination process.

In Nigeria, there is growing evidence that heavy metal contamination is causing a deterioration in water quality.
Onwordi et al. (2022) observed elevated levels of lead (Pb) in groundwater samples from Lagos. They identified other
potentially hazardous elements in the samples. Their results show widespread contamination in groundwater resources
in the area. Such pollution levels pose risks to both human health and the environment. Similarly, Omeka et al. (2024)
discovered that heavy metals are prevalent in Nigerian water systems. These metals are copper (Cu), lead (Pb),
cadmium (Cd), zinc (Zn), and chromium. Their presence suggests widespread pollution in numerous water sources.
This research highlights the growing worry over water quality and environmental health in the region.

Lafia is a city within the state of Nasarawa, north-central Nigeria. It is currently undergoing rapid urbanisation and is
thus experiencing a substantial increase in population. Emissions from human activities such as reckless disposal of
domestic waste and vehicle exhausts can be mainly observed. Small-scale industries further add to the negative
pressure on the environment. In this case, they substantially add to the damage to the environment. It amounts to the
release of heavy metals such as As, Cr, Pb, Cu, and Zn to the soil and water bodies. Research carried out recently at
Lafia shows that the levels of heavy metals found in soils around dump sites were higher. In this case, some even
exceed the permitted limits set by the WHO (Anzene et al., 2024; Madugu et al., 2020; Yerima et al., 2022). As such,
this again consequently creates environmental and health concerns (Anzene et al., 2024; Madugu et al., 2020; Yerima
et al., 2022).

This study assessed metal concentrations in soil and water samples from Lafia using an integrated technique. A
geospatial map of the region was constructed with GIS. This map shows levels of environmental contamination and
points out 'hotspots' of environmental damage. The statistical analysis involved descriptive as well as more complex
multivariate statistical techniques such as principal component analysis and correlation analysis. By applying this data
analysis tool, possible sources of environmental damage were determined, and relationships between metals were
searched. In addition to that, the Nemerow Pollution Index (NPI) was used to evaluate the severity of pollution. The
Potential Ecological Risk Index (RI) measured ecological hazards based on the levels of metals. In a broader sense,
this research points out ecological dangers associated with environmental damage induced by metal contaminants.
This project addresses environmental damage associated with increasing urbanisation in Nigeria.

2.0 Materials and methods

2.1 Study Area

The Lafia is a town located within the Middle Benue Trough in north-central Nigeria, formed during the Cretaceous,
linked to the South Atlantic's opening (Obaje, 2009). The geology of Lafia consists of Lafia Sandstone and the Agwu
Formation. The Lafia Sandstone is the youngest stratigraphic unit in the basin, deposited during the Maastrichtian
period of the Late Cretaceous (Umar et al., 2019). This geological deposit is unconformably atop the Awgu deposit
and is Turonian—Santonian in age. The Lafia Sandstone largely comprises ferruginised sandstones, reddish sands, and
flaggy mudstones. This continental formation comprises fine- to coarse-grained feldspathic sandstones that range from
10 to 150 m in thickness (Obaje, 2009). The well-developed porosity makes it a significant aquifer (Umar et al., 2019;
Obrike et al., 2022). Underlying the Lafia Formation is the Awgu Formation. It is made up of marine shales and
limestones, indicating an earlier marine environment. These geological formations lie unconformably on top of the



Precambrian Basement Complex, which serves as the structural foundation of the Benue Trough (Obaje, 2009). The
geological map is shown in Figure 1.

The general landform of Lafia is made up of vast plains with a few minor hills scattered all over, a smooth rise in the
land, and a height of a maximum of 300 metres and a minimum of 150 metres above sea level. The Amba River is the
main drainage system in Lafia, with its tributaries assisting it. The water that flows on the surface from this river
increases the groundwater recharge, and this is a process that is going on constantly (Agidi et al., 2022). The climatic
conditions in this region are tropical savanna-like, characterised by the presence of two different types of seasons: wet
and dry. Ifediegwu (2021) claims that the average rainfall is in the range of 1,200—1,500 mm per year. This high
rainfall not only encourages agricultural practices but also has a significant impact on the groundwater recharge rates.
Groundwater is generally found in sandstones of the Lafia Formation and gets replenished through rainy season direct
rainfall infiltration and river percolation during the rainy season.
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Figure 1: A Map Showing the Superficial Geology of the Study Area

2.2 Study Design and Data Collection

Soil samples were systematically gathered from ten different locations within the study area. Water samples were
taken from thirteen different places: hand-dug wells, boreholes, and one municipal stream, among others. Surface
water was drained from upstream, downstream, and a spring near the bank of the river at about 30 cm depth, while
groundwater samples were drawn straight from the wells. The latitude and longitude of each sampling location were
marked with a GPS tool for easy geospatial mapping and the spatial analysis of heavy metal distribution. Figure 2
shows both soil and water sampling points as well as their locations with respect to each other in a diagram.

Water samples were gathered in sterilised plastic containers. They were safely transported to the laboratory for analysis
after being appropriately preserved. However, soil data was sourced from the Nigerian Geological Survey Agency
(NGSA). This dataset can be accessed through their official website and is available as open source. Inductively



coupled plasma mass spectrometry (ICP-MS) was utilised to analyse the soil samples. This technique is commonly
employed for trace metal analysis due to its precision and sensitivity (Kowalska et al., 2018).

The concentration of heavy metals in water was assessed using Atomic Absorption Spectrophotometry (AAS), which
is a dependable technique for identifying metals in water samples (Amadi et al., 2023). A GPS device was employed
to capture the geographic coordinates of the locations from which samples were taken. The sampling coordinates,
along with the metal concentrations measured, were then plotted in ArcGIS to provide geospatial distribution maps of
the heavy metals. The spatial variability across the study area was mapped using the Inverse Distance Weighting
(IDW) interpolation method. This approach is particularly useful for identifying pollution hot spots and mapping the
distribution of metals.
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Figure 2: Map of the study area showing the spatial distribution of sampling locations

23 Data Analysis

This study adopted a multi-pronged data analysis of the distribution and relationship of heavy metals in soil and water
samples with related ecological and human health risk appraisals to give an informed trend of contamination. The
methods used for analysis included statistical, geospatial, and pollution assessment techniques — all selected based on
their justified importance and effectiveness in environmental geochemical studies.

2.3.1  Statistical Analysis

This descriptive statistic was utilised in this instance to offer a thorough insight into how the data is distributed and
its variability. Key parameters such as the mean, coefficient of variation (CV), minimum, and maximum values were
calculated. This process is aimed at summarising the concentrations of heavy metals. Mean represents the central
tendency of the dataset, offering a precise measure of the average concentration for each heavy metal. Coefficient of
Variation (CV), on the other hand, highlights the relative variability within the data, allowing for a deeper
understanding of how concentrations fluctuate between samples. Minimum and maximum values define the observed
range, pinpointing the lowest and highest concentrations detected. By calculating these parameters, the analysis
delivers a clear and comprehensive summary of heavy metal concentrations. The mean, in particular, serves as a
reliable indicator of overall levels, enabling researchers to quickly grasp the typical concentrations found across all
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samples. This approach not only streamlines data interpretation but also empowers informed decision-making
regarding environmental quality and safety.

Data variability was analysed by the coefficient of variation. This shows the relative dispersion of concentration about
the mean. Unlike absolute numbers, variability is expressed in percentage terms by the coefficient of variation; hence,
it is useful when discussing variability among metals with different ranges of concentrations. The minimum and
maximum values describe what the range of concentration is for a particular metal within this dataset. These are very
important since they will help to identify extreme values that may be outliers and hence may have an effect on the
outcome of interpretation concerning data from environmental studies.

Furthermore, multivariate statistical techniques such as principal component analysis (PCA) and correlation analysis
were used. These methods were used to identify the underlying trends and to identify probable sources of
contamination. PCA reduces data dimensionality and identifies drivers of the distribution of metals (Barnett, 2012).
The data matrix is first standardised so that all the variables are scaled equally. Each variable is rescaled so that its
mean is zero and variance equals one. This adjustment ensures that all the variables have equal importance in the
analysis.

Pearson correlation analysis was used here to examine the direction and the strength of linear relationships among the
heavy metals. When the correlation coefficient (r) is near -1, it indicates the existence of a strong negative correlation,
which means that there is a negative correlation between the metals. On the other hand, the r value that is close to +1
indicates a positive correlation that is strong, meaning that the metals could have a common origin or share similar
geochemical behaviour (Gok et al., 2024).

2.3.3 Pollution Assessment

The Nemerow Pollution Index (NPI), along with the Ecological Risk Index (ERI), was utilised to evaluate pollution
levels and potential environmental issues in the region. Combining these indices provides a more comprehensive
understanding of heavy metal pollution and environmental hazards.

The pollution index is calculated as the ratio of the actual metal concentration to the accepted safe limit. However, the
Nemerow pollution index is conceptually defined as the square root of the sum of the average and maximum values
of the individual factor. The NPI is especially responsive to extreme values, making it effective in pinpointing
locations where one or more pollutants surpass safe levels (Cai et al., 2015).

The pollution index is worked out by dividing the actual metal concentration by the accepted safe limit. On the other
hand, the Nemerow pollution index is theoretically put as the square root of the sum of the individual factors
comprising the lowest and the highest values. The NPI is particularly influenced by extreme values, making it a good
tool to discover areas where pollution is beyond the acceptable limit for one or more substances (Cai et al., 2015).
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The NPI categorises the quality of samples into different groups. A sample is considered "clean" if the NPI value is
less than 0.7 and is labelled 'minimally polluted' when the value falls between 0.7 and 1.0. If the NPI is within the
range of 1.0 to 2.0, it is classified as moderately polluted; when it exceeds 2.0, it is regarded as very polluted. This
framework is crucial for evaluating the health of aquatic ecosystems. Furthermore, it facilitates making informed
decisions regarding environmental management and monitoring strategies. Locke (2025).



The Ecological Risk Index (ERI), on the other hand, was used to measure the potential effect on the ecosystem of
heavy metals. It does so by combining the level of pollution and toxicology relevance (Xing et al. 2024). ERI is
calculated by applying equations 7, 8 and 9 consecutively.

Cf = — 7
fi B,

ET'i =Trl+Cﬁ 8
ERI =ZEri 9

whereCf; denotes the contamination factor, and B; designates the background concentration, which in this instance
was the WHO limit. Tr;indicates the toxic reaction factor for each metal (e.g., As =10, Pb =5, Cr=2, Cu =5, and
Zn = 1). These values were derived from Hakanson's (1980) ecological hazard model. The ecological risk levels are
classified from extremely low to extremely high following Hakanson's criteria: low ecological risk (150 <RI <300),
moderate ecological risk (300 < RI < 600), substantial ecological danger (RI > 600), and very high. Wu et al. (2023)
and Qi et al. (2022) point out that the NPI places its stress on pollution levels in relation to the established benchmarks.
Conversely, the ERI assesses ecological risk based on metal toxicity and enrichment. The combination of these two
metrics thereby provides a very comprehensive method for environmental contamination evaluation. Moreover, it is
also of great help in guiding the choice of efficient remedial measures.

3.0 Results and Discussion

3.1 Heavy Metals in Water and Soil Samples

In the present study, ten (10) water and thirteen (13) soil samples were analysed for five heavy metals, namely arsenic
(As), chromium (Cr), lead (Pb), copper (Cu), and zinc (Zn). Measured concentrations of these metals (Tables 1 and
2) were then compared to acceptable limits set by the World Health Organisation (WHO, 2017). Comparisons are
made in order to gauge the degree of contamination in the sampled soil and water matrices.

Table 1: Concentration of heavy metals in soil in ppm

Sample As Cu Zn
Locations Latitude Longitude (ppm) Cr (ppm) Pb(ppm) (ppm) (ppm)
S1 8.53832 8.47854 2.7 47.0 14.2 2.7 7.0
S2 8.5404 8.50826 1.1 129.0 25.5 124 191.0
S3 8.53839 8.53612 1.2 223.0 26.3 14.8 36.0
S4 8.51879 8.55628 5.4 132.0 342 19.0 47.0
S5 8.51739 8.46124 0.6 78.0 16.4 4.1 15.0
S6 8.49286 8.49074 1.0 76.0 16.0 5.5 19.0
S7 8.4797 8.52158 6.1 73.0 29.0 15.2 282.0
S8 8.47954 8.55627 1.4 73.0 16.8 7.1 30.0
S9 8.43339 8.48603 2.7 67.0 19.9 13.9 29.0
S10 8.43182 8.56898 2.3 145.0 16.3 36.7 106.0
WHO/FAO LIMITS 10.0 100.0 36.9 100.0 200.0




Table 2: Concentration of heavy metals in water

Sample As Cr Pb Zn
Locations Lat Long (mg/1) (mg/1) (mg/1) Cu (mg/l) (mg/l)
Wil 8.48728 8.51375 0.242 0.512 0.232 BDL 0.126
W2 8.487417 8.50542 0.131 0.057 0.512 0.098 0.092
w3 8.486167 8.51142 0.061 0.211 BDL 0.016 0.092
W4 8.487667 8.516 0.122 0.049 0.515 BDL 0.127
W5 8.479056 8.51886 0.141 0.317 0.764 BDL 0.097
W6 8.47975 8.51731 0.091 0.043 0.230 0.054 0.094
W7 8.47975 8.51731 0.082 0.175 BDL 0.112 0.102
W8 8.48828 8.51408 0.131 0.028 0.449 0.048 0.154
W9 8.49017 8.51167 0.091 0.407 0.172 0.015 0.103
W10 8.48611 8.51428 0.121 BDL 0.399 0.026 0.122
Wil 8.48876 8.50261 0.071 BDL BDL 0.002 0.126
W12 8.48948 8.50417 0.091 0.165 0.398 BDL 0.130
W13 8.49276 8.50642 0.151 0.014 0.126 BDL 0.132
WHO 0.01 0.05 0.01 2 3
LIMITS

3.2 Statistical Analysis of Heavy Metals in Soil and Water

The levels of heavy metals in soil and water samples throughout the study area were rather variable, which not only
corresponded to the natural geological factors but also to high anthropogenic ones. The summary of minimum,
maximum, and mean concentrations compared with WHO/FAO limits is presented in Table 3. The comparative
concentrations of heavy metals in soil and water against WHO permissible limits are illustrated in Figure 3, while the
variability and presence of outliers for each metal are shown in the box plots in Figure 4. Chromium (Cr) levels in soil
samples were between 47.0 and 223.0 ppm with an arithmetic mean of 104.3 ppm, which is higher than the WHO/FAO
permissible concentration of 100 ppm in different locations. A moderate level of spatial heterogeneity is that the
coefficient of variation (CV =50.8) is equal to 50.8. Zinc (Zn) was the one with the highest range of concentrations
and the highest CV of 119.8 per cent. A Zn hot spot was located in the region with a score of more than 200 ppm,
suggesting possible contamination from agrochemical use or illegal dumping. The arsenic (As) levels ranged between
0.6 and 6.1 ppm with an average of 2.45 and a CV of 77.2%. Lead (Pb) concentrations were 14.2 to 34.2, but the
means are 21.46 ppm, and the CV was 31.7%. Concentration of copper (Cu) was between 2.7 and 36.7ppm giving the
average 13.14ppm with a CV of 75.4percent. The levels of As, Pb and Cu did not exceed the WHO acceptable levels
of 10ppm As, 36.9ppm Pb and 100ppm Cu. Zn and Cu have high values of CVs, which means that the area is
characterised by very high levels of regional diversity, which is linked to human activities, use of agricultural
chemicals, and poor waste management habits.

The water analysis also indicated an even more alarming pattern of pollution. The levels of lead were 0.126-0.764
mg/L with a mean of 0.380 mg/L and a coefficient of variation (CV) of 83.0 percent. Arsenic ranged from 0.061 to
0.243 mg/kg with an average of 0.115 mg and a CV of 27.4. The range of chromium was 0.014 to 0.512mg/L but
means and CV were 0.180mg/L and 109.8 per cent, respectfully. These results pose great health hazards since all of
them are way above the WHO levels (0.01 mg/L of As and Pb; 0.05 mg/L of Cr). Copper 0.031mg/L with a CV of
127.4 and zinc 0.114mg/L with a CV of 17.7 were within an acceptable range. The vulnerability of the aquifer to
leaching by the contaminated soils and waste areas may be influenced by groundwater samples that repeatedly exceed
safe levels of As, Pb, and Cr. The measured concentrations of heavy metals in soil and water are summarised in Table



3, while their comparison with WHO permissible limits is illustrated in Figure 3. Furthermore, the variability and
outlier distribution for each metal are presented in Figure 4.

A significant public concern about these poisonous metals is the ongoing exceeding of acceptable thresholds in most
of the water samples. Carcinogenic effects have been associated with long-term exposure to these metals. Furthermore,
Neurological and neurodevelopmental concerns are linked to such exposure (Oloruntoba et al., 2021; Wuana et al.,
2020).

The high values of the coefficient of variation (CV) of zinc and copper in soils and copper in groundwater represent
the high level of spatial variability. The trends imply that there exist localised areas of contamination that are also
supported by geospatial analysis. These tendencies can be correlated with the international data on mixed-source
pollution. These situations are where agricultural runoffs collide with waste disposal at certain points. The level of the
contamination issue is further noted when it is compared with other locations. According to Okon et al. (2025), the
lead and chromium content of the groundwater in southeastern Nigeria has an average of less than 0.05 mg/L. Nivetha
et al (2021) recorded chromium levels of up to 0.115mg per litre in Southern Asian aquifers. These results are
significantly lower than the high values determined in the current study. Taken together, these findings highlight the
strong effects of human actions such as the use of agrochemicals and careless waste management, which strongly
defined the contamination scenarios.

Table 3: Statistical analysis of soil and water data

Soil Water
Metal Min Max Mean “,,H,O/FAO Min Max Mean WHO Limit
Limit

As 0.6 6.1 2.2 10.0 0.014 0.512 0.180 0.05
Cr 47.0 223.0 104.3 100.0 0.126 0.764 0.380 0.01
Pb 14.2 34.2 21.5 36.0 0.061 0.243 0.115 0.01
Cu 2.7 36.7 13.1 100.0 0.002 0.113 0.047 2.0
Zn 7.0 282.0 76.2 200.0 0.092 0.154 0.115 3.0
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Figure 3. Heavy metal concentrations in (a) soil (ppm) and (b) water (mg/L) compared with the WHO permissible
limits.
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Figure 4. A box plot illustrating the distribution, variability, and outliers for each metal in (a) soil and (b) water
samples.

33 Multivariate Statistical Analysis

The multivariate statistical techniques utilised in this study consist of principal component analysis (PCA) and Pearson
correlation. This approach was applied to detect interactions between different heavy metals. Additionally, it assisted
in identifying potential sources contributing to environmental contamination.

3.3.1 Principal Component Analysis (PCA)

The major factors which influence the distribution of heavy metals in soil and water were explored using Principal
Component Analysis (PCA). It is an effective utilisation since it retains the variance but simplifies the handling of
complicated data. In every dataset, we selected the two major components of the dataset based on the eigenvalues
which were more than one. PC1 and PC2 explained 78.6% of the total variance in the soil samples, 52.4 and 26.2%
of which were explained by PC1 and PC2, respectively. In the water samples, in turn, PC1 and PC2 explained 81.3
percent of the variance, PC1 55.7 percent and PC2 25.6 percent. This mass cumulative variance means that the two
components do capture the dataset and bring out the prevailing geochemical processes.

PCl1 in soils (Figure 5a) showed very positive correlations with chromium (Cr), lead (Pb), and copper (Cu), meaning
that these elements have similar geochemical properties and can have a common origin. According to this correlation,
a lithogenic source of influence through the weathering of parent rock, and other possible anthropogenic sources,
including the use of pesticides. The samples S2, S3 and S4 showed higher scores of PC1, which was located in areas
with significant concentrations of Cr and Pb. Zinc (Zn) and arsenic (As), on the other hand, were the main components
of PC2, suggesting different mobilisation mechanisms. The enrichment of these elements can be either due to the
dissolution of natural minerals, and the deviation of Zn can be explained by localised anthropogenic processes,
including the use of pesticides. These observations coincide with the results of Shao et al. (2021), who stated that PCA
placed Zn in an agricultural influence and Cr and Pb in a lithogenic-industrial factor in the soils of Wenzhou.

PC1 in the water samples (Figure 5b) showed an increase in lead (Pb) and chromium (Cr), indicating that the pollution
is mainly anthropogenic, and therefore caused by the disposal of waste materials, industrial operation, or automobiles.
PC2 was linked to arsenic (As) and zinc (Zn), which have a predominantly natural origin based on the destruction of
minerals, and a relatively small anthropogenic effect. Samples W5 and W9 showed very high levels of Pb and Cr that
were suggestive of high contamination, but W2 and W8 were more related to PC2, indicating high levels of As. The
same trends were observed in a groundwater study by Jahan et al. (2025) that found that Pb and Cr were primarily
anthropogenic, but As was primarily natural in the Middle Gangetic Basin.
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These findings are supported by the PCA biplots, which show that the samples fall into clusters based on the most
common metals found in each of the matrices. Anthropogenic activities and natural degradation of minerals are also
a possibility as indicated by the co-occurrence of zinc (Zn) and arsenic (As) in PC2. Kahangwa (2022) made a similar
observation in gold-mining regions: in this case, PCA separated lead (Pb), chromium (Cr), and copper (Cu) among
arsenic (As) and zinc (Zn), suggesting mixed sources. The inter-study consistency proves the suitability of the PCA
to identify natural and anthropogenic sources of heavy-metal pollution.

According to PCA outcomes, the contamination of the soil can be explained largely by the natural geologic processes,
and a small percentage of pollution is due to anthropogenic activity. On the other hand, human activity is the major
cause of water pollution, and lead (Pb) and chromium (Cr) become the most common pollutants. Arsenic (As) persists
as a natural contaminant in both soil and water, likely due to its unique chemical properties; thus, it necessitates
ongoing monitoring. The variation in zinc levels across different sites suggests human influence, supported by the
elevated CV values and patterns shown in spatial maps. These conclusions are vital for creating targeted cleanup plans
and help identify which regions need the most focus for monitoring, where natural and anthropogenic factors intersect.
intertwine.
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Figure 5: Shows PCA plot for heavy metals in (a) soil and (b) water

3.24  Correlation Analysis of Heavy Metals

The Pearson correlation was done to determine the relationship between arsenic (As), chromium (Cr), lead (Pb),
copper (Cu), and zinc (Zn). In this analysis, both groundwater and soil samples were used. The correlation matrices
also provided clear patterns that provide information on potential sources and co-mobilisation processes. Table 4:
shows the correlation Matrix of soil and water data.

The results of the soil sample analysis showed positive correlations with high levels of significance as the correlation
coefficient of r between chromium (Cr) and lead (Pb) was found to be 0.81, and the correlation coefficient between
Cr and copper (Cu) was found to be 0.76. These correlations indicate that the metals could be of similar sources. The
sources also include lithogenic sources, although they also include agrochemical or industrial wastes that may be
anthropogenic in nature. Pb and Cu also showed the existence of a strong correlation coefficient (r = 0.72), which
confirms the assumptions of multiple origins. Conversely, zinc (Zn) showed very weak correlations with other metals
(r <0.45), which may imply different mobilisation routes, possibly related to the localised human activities like when
using fertilisers. Arsenic exhibited moderate relationships with Cr and Pb (r = 0.35-0.42), indicating geogenic sources
with a certain anthropogenic contribution.
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The correlation between Pb and Cr was high in water (r = 0.74), which is probably anthropogenic in nature, caused
by waste leachates and industrial byproducts. Arsenic (As) was positively correlated with Pb (r = 0.61) and Cr (r =
0.58), which indicates that natural processes are increased by human activity. The moderate correlation of copper (Cu)
was observed between it and Pb and Cr (r = 0.49-0.55). Zinc (Zn) had a very low correlation (r = 0.36-0.42), which
indicates localised variation and unique geochemical responses.

The findings are consistent with the findings of the study by Keshavarzi et al. (2021) on the soils in Northern Ireland.
Heavy metals in their analyses were found to strongly interrelate, which is an indication of a mixture of lithogenic and
anthropogenic origin. Similarly, Wang et al. (2024) found different correlations in soils in Yunnan. They were
analysed as a category of lithogenic factors and included Pb and Cr, and zinc (Zn) was found to have weaker
associations, which is consistent with our results. Also, Zhakypbek et al. (2025) identified moderate correlations
among metals in industrial soils of Kazakhstan. Their findings emphasised the role of anthropogenic activities in
shaping these correlation structures.

Table 4: Correlation Matrix of soil and water data

Soil Water
Cr Pb Cu As Cu Zn
Metals — opm) @pm)  *PP™ pm) Crmgll) PEmgL) - on)  (mgL)  (mgL)
Cr 1,000 0.458 -0.135 0.518 1,000 -0.083 0.468 -0.482 -0.195
Pb 0.458 1,000 0.641 0.270 -0.083 1,000 -0.107 0.655 -0.149
As -0.135 0.641 1,000 0.308 0.468 -0.107 1,000 0.324 0.327
Cu 0.518 0.270 0.308 1,000 -0.482 0.655 0.324 1,000 -0.275
Zn 0.056 0.484 0.496 0.339 -0.195 -0.149 0.327 -0.275 1,000

3.2 Pollution Assessment

To assess the level of pollution in the investigated region, the Nemerow Pollution Index (NPI) and the ecological risk
indices were used. These indices provide important information on the level of contamination. Moreover, they help to
detect potential environmental and health hazards. Together, they provide a complementary approach to contamination
evaluation and priorities of remediation.

3.3.1 Nemerow Pollution Index (NPI)

The level of contamination of soil and water samples in the study area was determined using the Nemerow Pollution
Index (NPI). This index combines the average and maximum ratio of heavy metal concentrations against their
allowable limits. The computed NPI values for soil and water samples are presented in Tables 5 and 6, respectively.
The comparative analysis of NPI across sampling locations is illustrated in Figure 6a for soil and Figure 6b for water.

The NPI scores of the soil were between 0.37 and 1.65, and this implies clean to moderate pollution levels (see Table
5). Based on the classification criteria, S1, S2, S5, S6, S8 and S9 were considered clean. On the other hand, samples
S3, S4, S7, and S10 were characterised as moderately polluted. S3 had the maximum value of NPI (1.62), which was
mainly caused by an increment in the concentration of chromium (Cr). This puts forward the idea of a localised
geogenic effect or anthropogenic input of industrial activities. Equally, S7 and S10 showed moderate pollution, which
corresponds to high levels of Zn and Cr and registered NPI of 1.09 and 1.10, respectively. On the contrary, the
concentration of metals in other samples, such as S1 (0.37) and S5 (0.59), was low, which implies that the samples
were not highly contaminated.

These values are very low when compared to those of highly industrialised or mining regions. As an example, Xue et
al. (2018) reported soils with an NPI that was slightly and moderately polluted, which is in line with our results. In
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contrast, NPI values were very high (4.59-69.32) in phosphate mining areas of Guizhou, China, which was associated
with the contamination by Hg, Se, and As (Wei et al., 2023). This sharp contrast helps to bring out the relatively lower
ecological risk in Lafia. The nature of the pollution in this place is mainly linked to the disposal of domestic waste
and dumpsites, and the industrial activities there have very little influence on the level of pollution recorded. The
prevalence of Cr in this study is in line with Wang et al. (2024), who have reported its survival and crustal origins.
However, Zulfigar et al. (2023) blamed the industrial processes as a source of Cr contamination. Zn and Pb
contributions in the average-contaminated areas may be linked to household processes, as the contribution of
automobile emissions to the contamination may be significant. Ani et al. (2025) and Taiwo et al. (2024) share similar
trends in their studies of the urban setting in Nigeria.

The values of NPI of water samples were between 4.55 and 54.14 (as shown in Table 7), which reflected extensive
and severe contamination by heavy metals. Under classification standards, NPI values above 3 indicate pollution with
higher values indicating more severe pollution. In the analysis, nine of them (W1, W2, W4, W5, W6, W8, W9, W10,
W12) were highly polluted (NPI > 15). The number of samples with moderate pollution was four (W3, W7, W11,
W13). The highest NPI value of 54.14 was obtained at sampling point W5 because the levels of the Pb (76.40 mg/L)
and Cr (6.34 mg/L) were very high, well beyond the World Health Organisation (WHO) allowable levels of 0.01 mg/L
of Pb and 0.05 mg/L of Cr. On the other hand, the minimal NPI (4.55) was observed at W3, where concentrations of
heavy metals were comparatively low.

These results are in accordance with the worldwide trends of groundwater pollution. For example, the works of Parihar
et al. (2025) have shown that the NPI numbers came to be between 6.2 and 48.7 in the province of Rajasthan (India),
pinpointing lead and chromium as the main impurities per our research. Identical to those, above-mentioned trends,
the same was observed in the Amaravati Basin (south India) where Pb and Cr above safe levels were strong evidence
for the rapid environmental degradation (Thangaraj et al., 2025). In the case of Morocco, Al-Aizari and co-workers
(2023) made an observation that the NPI values were 10.5 at the highest, with around 80% of the groundwater samples
being highly polluted and the reason for the same being human interference. In addition, Kiver and Kumar (2025);
Tripathi et al. (2025) pointed out the rising levels of Pb and Cr in the Javapuri and Mirzapur wells, which were already
identified as large pollution areas because of the high indices and contamination. Thus, Pb and Cr still remain the
dominant pollutants in the world aquifer systems (Kumar & Maurya, 2025; Tripathi et al., 2025). On the other hand,
Su et al. (2022) obtained very low NPI values (less than 1) for reservoir water in Sichuan, China, indicating that the
water was clean. This contrast points out the different regions subjected to mining, industrial outflow and poor garbage
disposal, which are all leading to environmental degradation in the Lafia. The area’s high NPI numbers suggest that
certain water samples from these places can’t be used for drinking without treatment. Moreover, places which are
termed as moderately polluted still exceed the WHO standards for As and Pb, thereby posing a serious health hazard.
The change in NPI values across locations indicates the mixing of point-source pollution with geogenic factors,
warranting immediate remediation and continuous monitoring.
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Table 5: Nemerow Pollution Index (NPI) for soil samples.

Single Point Pollution Index (SPPI Polluti
Sample ——2 GITH Mean SPPI  Max. SPPI NPI oflution
As Cr Pb Cu Zn Level
S1 0.27 0.47 0.39 0.03  0.04 0.240 0.470 0.37 Clean
S2 0.11 1.29 0.71 0.12  0.96 0.638 1.290 1.03 Clean
S3 0.12 2.23 0.73 0.15 0.18 0.682 2.230 1.65 Moderate
S4 0.54 1.32 0.95 0.19 0.24 0.648 1.320 1.04 Moderate
S5 0.06 0.78 0.46 0.04 0.08 0.284 0.780 0.59 Clean
S6 0.10 0.76 0.44 0.06  0.10 0.292 0.760 0.58 Clean
S7 0.61 0.73 0.81 0.15 1.41 0.742 1.410 1.13 Moderate
S8 0.14 0.73 0.47 0.07 0.15 0.312 0.730 0.56 Clean
S9 0.27 0.67 0.55 0.14  0.15 0.356 0.670 0.54 Clean
S10 0.23 1.45 0.45 0.37 0.53 0.606 1.450 1.11 Moderate
Table 6: Nemerow Pollution Index (NPI) for Water Samples
Samole Single Point Pollution Index (SPPI) NPI Pollution
P Pb As Cu Zn Mean SPPI  Max. SPPI Level
Wi 10.24 2320 2430 0.00 0.04 11.56 24.30 17.26 High
w2 1.14 51.30 12.20 0.05 0.03 12.94 51.30 36.27 High
W3 4.22 0.00 6.10 0.01 0.03 2.07 6.10 4.55 Moderate
W4 1.00 51.50 12.10 0.00 0.04 12.93 51.50 36.44 High
W5 6.34 76.40 12.20 0.00 0.03 18.99 76.40 54.14 High
w6 0.86 23.00 9.10 0.03 0.03 6.60 23.00 16.29 High
W7 3.50 0.00 9.20 0.06 0.03 2.56 9.20 6.56 Moderate
W8 0.56 4490 12.10 0.02 0.05 11.53 44.90 31.79 High
W9 8.14 1720 9.30 0.01 0.03 6.94 17.20 12.17 High
W10 0.00 39.90 12.10 0.01 0.04 10.41 39.90 28.24 High
Wil 0.00 0.00 9.10 0.00 0.04 1.83 9.10 6.44 Moderate
W12 3.30 39.80 9.20 0.00 0.04 10.47 39.80 28.19 High
W13 0.28 12.60 1230 0.00 0.04 5.04 12.60 8.92 Moderate

13



70
2.0

| (NP1=1.0) — = Safelavel (NPI=1.0)

Index Value
Index Value
=
a

30

20

m———

NN 11 T

sto W1OW2Z W3 W4 WS Ws W7 OWB WS OWID W11 W2 Wi3
Sample Site Sample Location

L L L W W W

Iaesweewaenee

ool K T
s2 s3

Figure 6: Comparative Analysis of Nemerow Pollution for Heavy Metals from (a) Soil and (b) Water across Sampling
Locations

3.3.2  Ecological Risk Index (ERI)

The ecological risk index (ERI) values for soil and water samples were computed to evaluate potential ecological
hazards. The detailed ERI values for soil and water samples are presented in Table 7 and Table 8, respectively. The
comparative analysis of ecological risk across sampling locations is illustrated in Figure 7a for soil and Figure 7b for
water

The values of the ecological risk index (ERI) for the soil samples ranged between 4.72 and 13.98 (Table 6), indicating
that the area of the study has low overall ecological risk with respect to the ERI. Following Hakanson’s classification
in section 2.3.3 presented above, all soil samples were categorised within the low to moderate risk range. Out of the
13 samples analysed, seven (S1, S2, S5, S6, S8, S9, S10) were classified as low risk with ERI values below 10.
However, three samples (S3, S4, S7) fell into the moderate risk category, exhibiting ERI values between 10 and 14.
The highest ERI value recorded was 13.98 at S4, primarily attributed to increased contributions from As and Pb.

The relatively low ERI values indicate a minimal ecological threat from heavy metals in the soil compared to the water
samples from the same area. Moderate risks in samples S3, S4, and S7 indicate a potential area of concern due to
contamination from agricultural activities and small-scale industries. These observations contribute to the existing
literature. One such case is that of Hamid et al. (2022) with ERI values of coastal soils of 1.29 to 3.84, which have
low ecological risk, documenting a finding that is consistent with the results of this study. On the contrary, Saha et al.
(2022) ERI values of soils impacted by mining in Mexico are greater than 150, and the values indicate very high
ecological risk. This is the opposite of the results of the current study. Kowakska et al. (2018) observed that ERI is
particularly useful in assessing soil contamination and the sustainability of the ecosystem, especially the agricultural
soils. The evaluation of ecological risk indices of heavy metals in water across sampling sites is depicted in the
following Figure 6b.

The very high ERI values resulting from the contamination of groundwater by heavy metals very clearly signal serious
ecological threats in the study area. The contribution of Pb and As to the ERI was supported by their high toxic
response factors and concentrations. Besides, this shocking situation compares poorly with the global studies; for
instance, Sanad et al. (2024) found ERI values of the Moroccan agricultural groundwater that indicate risk to the
environment of a minimal level, thus emphasising the great difference between the severe risks that were observed in
the present study. In line with this, Bao et al. (2025) found that, except for Hg, which exhibited an area of localised
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risk, all other pollutants had acceptable ecological risk levels in Taihu Lake, China. Akakuru et al. (2023) also reported
low ERI value in Egbema groundwater, Nigeria, indicating mainly geogenic effect and not significant human-caused
contamination. Therefore, our results paint a different picture of the area as one being significantly impacted by human
activities, most probably related to industrial discharge, mining, and poor waste management practices.

Table 7: Ecological Risk Index (ERI) for Soil Samples

Ecological Risk Factor (Er)

Sample ERI Risk Level
As Cr Pb Cu Zn

S1 2.70 0.94 1.97 0.14 0.04 5.78 Low

S2 1.10 2.58 3.54 0.62 0.96 8.80 Low

S3 1.20 4.46 3.65 0.74 0.18 10.23 Moderate

S4 5.40 2.64 4.75 0.95 0.24 13.98 Moderate

S5 0.60 1.56 2.28 0.21 0.08 4.72 Low

S6 1.00 1.52 2.22 0.28 0.10 5.11 Low

S7 6.10 1.46 4.03 0.76 1.41 13.76 Moderate

S8 1.40 1.46 233 0.36 0.15 5.70 Low

S9 2.70 1.34 2.76 0.70 0.15 7.64 Low

S10 2.30 2.90 2.26 1.84 0.53 9.83 Low

Table 8: Ecological Risk Index (ERI) for Water Samples

Sample Cr Pb As Cu Zn ERI Risk Level

Wil 20.48 116.00 243.00 — 0.04 379.52  Very High

w2 2.28 256.50 122.00 0.25 0.03 381.06  Very High

w3 8.44 61.00 0.04 0.03 69.51 High

W4 2.00 257.50 121.00 — 0.04 380.54  Very High

W5 12.68 382.00 122.00 — 0.03 516.71  Very High

W6 1.72 115.00 91.00 0.14 0.03 207.89  Very High

w7 7.00 92.00 0.28 0.03 99.32 High

W8 1.12 224.50 121.00 0.12 0.05 346.79  Very High

W9 16.28 86.00 93.00 0.04 0.03 19535  Very High

W10 — 199.50 121.00 0.07 0.04 320.61  Very High

Wil — — 91.00 0.01 0.04 91.05 High

W12 6.60 199.00 92.00 — 0.04 297.64  Very High

15



L.
(b) =

8
]

Index Value
Index Value

| 100

(e EEE

o e

|.

e
s

B VE VE |

57 sa 59 s10 WIOW2 W3 W4 W5 Ws W7 WS We Wi Wil wiz wi3
Sample Site Sample Location

st 52 s3

Figure 7: Comparative Analysis of Ecological Risk Index for Heavy Metals from (a) Soil and (b) Water across
Sampling Locations

33 Geospatial Distribution of Heavy Metals in Soil and Water

Geospatial maps of heavy metals from soil and water samples were created to illustrate their spatial distribution across
the study area. The maps reveal a distinct spatial pattern characterised by hotspots of elevated concentrations. This
pattern is particularly pronounced in areas influenced by anthropogenic activities and underlying natural lithology.

For soil, the geospatial maps (Figure 8a-¢) indicate that Cr and Pb hotspots occur predominantly in the northern and
central zones. This area is believed to be an agricultural zone or possibly has lithogenic enrichment. Cu shows localised
high concentrations near the central profile. However, Zn exhibits extreme variability, forming isolated hotspots in
the eastern part of the area. Its distribution remains relatively uniform, with minor enrichment in the southern zone.
This may be due to high lithogenic and limited anthropogenic activities and elevation factors that enhance their
mobility to the lowland. The NPI and ERI confirm that overall soil pollution risk is moderate, with elevated values in
areas where Cr and Pb co-occur. Kahangwa (2022) reported similar spatial trends in Tanzanian gold mining soils. In
those areas, Cr and Pb formed distinct hotspots linked to lithogenic and anthropogenic sources.

The geospatial maps for water samples (Figure 9a-e) reveal severe contamination in localised zones. Pb and Cr
dominate the central and southern profiles. Their presence is probably due to their geochemical similarities, and they
are relatively less mobile compared to Cu, As and Zn. For arsenic, the hotspots are scattered, reflecting geogenic
mobilisation. Zn and Cu reveal values that are low within safe limits but show slight clustering near stream
intersections and discharge points. This may be due to leaching from soil and waste deposits. The distribution observed
may result from surface runoff, subsurface leaching, and human activities contributing to systematic water
contamination. Similar findings were reported by Jahan et al. (2025) in the Middle Gangetic Basin, where Pb and Cr
hotspots were associated with industrial discharge and waste leachates. Also, Esdaile & Chalker (2018) and Baba &
Giindiiz (2020) report the persistence and mobility of heavy metals in groundwater systems.

Geospatial analysis highlights the necessity of specific remediation methods as opposed to uniform ones. It is a case
of areas with high lead (Pb) and chromium (Cr) in the water samples that are most needing to be intervened in. This
is very important if the elimination of long-term health risks due to chronic exposure is to be done. Soil 'hotspot' areas
are identified that contain high concentrations of chromium (Cr) and zinc (Zn), which indicates the presence of local
human activities. Hence, these places have to be supplied with site-specific management strategies to carry out the
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contamination reduction very effectively. The spatial patterns detected in the maps have been validated by the
statistical analysis and PCA results. The results of these methods combined confirm that pollution is coming from
both natural geological sources and human activities.
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Figure 9. Geospatial distribution of heavy metals in water (a) Chromium, (b) Lead, (¢) Arsenic, (d)Copper, and (¢)
Zinc

4.0 Conclusion

Heavy metal pollution in soil and water in the region is the main focus of this study, which also points to environmental
and public health issues that need to be addressed without delay. Geospatial analysis shows that Fe, Pb, and other
similar metals account for the greater part of the localised soil contamination, but water pollution is more widespread.
Both metals, Fe and Pb, were found in amounts exceeding the WHO guidelines during the study period.

The findings suggest that the quality deterioration process in the study area's soil and water is mainly by-products of
a blend of natural and human activities, especially agricultural run-off and waste disposal. Health risk assessments
and monitoring should be the focus of future studies along with the exploration of new remediation methods.

The pollution trends that have been defined in this work are quite close to those in numerous other places and they are
typical of mixed-source pollution that is frequently observed at those places where regulation is insufficient. In order
to promote the environmental health and community safety, scientific innovations, policy programs and community
involvement need to be integrated into the formulation of the management policies.
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