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Abstract

Lead-zinc (Pb-Zn) mining has been active in Nahuta and its environs for over a decade, yet no
comprehensive studies have evaluated the nature of mining operations or their environmental
impacts. In this study we present an integrated geochemical assessment of heavy metal contamination
in soils from the Nahuta area of the northern Benue Trough, Nigeria, with emphasis on
contamination intensity, ecological risk, and geological controls. A total of 10 soil/sediment samples
collected from mining-influenced and control sites were analyzed for Pb, Zn, Cu, Ni, and Cd using
Rigaku NEX DE Energy Dispersive X-ray Fluorescence (EDXRF) spectrometry at the Department of
Geology, Gombe State University, Nigeria. Measured concentrations (mg/kg) ranged as follows: Pb
(52.2-4330), Zn (51.4-46,700), Cu (36.4-496), Ni (8.65-64.5), and Cd (7.01-135). These
concentrations, particularly for Pb, Zn, and Cd, substantially exceed average crustal and background
values at mining-impacted locations, reflecting strong anthropogenic enrichment associated with
artisanal mining activities. Contamination Factor (CF) values indicate moderate to extremely high
contamination, with peak enrichment observed for Cd, Pb, and Zn at active mining sites. Geo-
accumulation Index (Igeo) wvalues classify several impacted locations as heavily to extremely
contaminated, while Pollution Load Index (PLI) values greater than unity confirm distinct
contamination hotspots within the mining corridor. Potential Ecological Risk Index (PERI) results
reveal that Cd contributes the highest ecological risk, with individual ecological risk (Er) values
exceeding 400 at certain locations, placing them in the “very high risk” category. Correlation analysis
shows strong positive relationships between Pb and Zn (r = 0.81) and between Pb and Cd (r = 0.76),
suggesting a common hydrothermal source and shared mineralization pathways. Spatial distribution
patterns correspond with dominant N-S and NE-SW structural trends, indicating fault-controlled
mineralization and lithological influence on metal dispersion and accumulation. Heavy metal
contamination in Nahuta is spatially localized but severe at mining-influenced sites, geologically
controlled, and ecologically significant, particularly due to elevated cadmium toxicity. The findings
provide quantitative evidence to support targeted environmental monitoring, requlatory intervention,
and sustainable resource management within the northern Benue Trough.
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INTRODUCTION

Mining and smelting activities play a significant role in local and national economic
development; however, uncontrolled mineral exploration and exploitation often lead to
severe environmental consequences, including soil erosion and heavy metal contamination
(NCHS, 2016; Zhuang et al., 2014). Heavy metals such as lead (Pb), zinc (Zn), copper (Cu),
cadmium (Cd), arsenic (As), cobalt (Co), and silver (Ag) are persistent pollutants that
degrade soil and water quality and pose serious risks to human and ecological health
(Cabala et al., 2009; Cui et al., 2014; Zhuang et al., 2012). Anthropogenic sources of such
pollutants include mine wastewater discharge, improper tailings disposal, agricultural
runoff, and atmospheric deposition (Li et al., 2018; Wang et al.,2022).

Rapid industrialization and mineral extraction worldwide have introduced a variety of risk
elements into the environment, often causing long-term contamination problems (Horaicu et
al., 2010; Rehman et al., 2023). Mining-induced heavy metal contamination is a major
environmental concern globally, particularly in developing countries such as Nigeria, China,
and Pakistan (NCHS, 2016; Wang et al., 2022). Trace metals are among the most thoroughly
investigated soil contaminants due to their persistence, toxicity, and ability to accumulate
along trophic chains. Their release into soils is influenced by anthropogenic inputs,
including fertilizers, sewage sludge, animal manures, pesticides, and mine wastes (Li et al.,
2018; Wang et al., 2022). The environmental impact of mining activities is influenced by
multiple factors, including climate, mining methods, geological setting, and the operational
status of the mine (Yu et al.,, 2006, 2014). Practices such as tailings accumulation in steep
stockpiles exacerbate environmental risks. Heavy metal contamination alters soil properties,
reduces fertility, and limits productive and ecological functions, rendering soils unsuitable
for agriculture and food production (Cabala et al., 2009; Cui et al., 2014; Angelovicova &
Fazekasové, 2014).

Lead-zinc (Pb-Zn) mining has been active in Nahuta and its environs for over a decade, yet
no comprehensive studies have evaluated the nature of mining operations or their
environmental impacts. Consequently, heavy metal contamination has likely proceeded
unnoticed. Elevated concentrations of Pb, Zn, and Cd pose acute risks to humans and
animals, including potential Pb poisoning and associated health hazards. Globally, heavy
metal contamination from mining represents one of the most persistent environmental
challenges (Alloway, 2013; Tchounwou et al., 2012). Pb-Zn mining generates sulfide-rich
tailings that release toxic metals during weathering and oxidation (Forstner & Wittmann,
2012). These metals are non-biodegradable, bioaccumulative, and capable of causing severe
ecological and human health impacts at elevated concentrations (Charkiewicz et al., 2023).

The Nahuta mining cluster is located within the Northern Benue Trough, part of the West
and Central African Rift System (Fig. 1), which hosts extensive hydrothermal Pb-Zn
mineralization hosted within the Cretaceous sedimentary sequences (Obaje ef al., 2006). The
regional stratigraphy comprises the Bima, Yolde, Pindiga, Gombe, and Kerri-Kerri
formations, with mineralization in Nahuta occurring along N-S and NE-SW trending fault
planes at sandstone-clay interfaces. Despite more than a decade of mining activity, no
environmental geochemical assessment has been reported for the area. Given the structural
control of mineralization and ongoing artisanal mining, there is an urgent need to evaluate
the distribution of heavy metals, contamination status, and ecological risks in soils and
stream sediments. This study aims to: Determine the concentrations of heavy metals in soils
and sediments; Evaluate contamination using established pollution indices (CF, Igeo, PLI);

R. T. Peter et al, DUJOPAS 12 (2a): 231-247, 2026 232



Heavy Metal Assessment of Soil and Sediments of Nahuta lead-zinc Mining Cluster, Northern Benue Trough,

North-Eastern Nigeria

Assess potential ecological risks using the PERI method and differentiate between geogenic
and anthropogenic contributions to metal enrichment.

Geology of Nahuta and Environs

Nahuta and environs is situated in northern Benue Trough which occupies the north-eastern
fringe of Nigeria and extends into the Cameroon (Figure 1). Structurally the northern Benue
Trough is dominated by large scale folds such as the Lamurde Anticline, Dadiya Syncline
and Benue Syncline that is largely obscured by Holocene deposits (Obaje et al., 2006). The
northern Benue Trough is made up of the Bima, Yolde, Pindiga, Gombe, and Kerri-Kerri
Formations. Nahuta and environs are located on the Bima Formation. The Bima Formation
in the area is characterized by coarse- to fine-grain sandstone with clay. Sandstones are
characterized by depositional structures such as cross-bedding and ripple cross lamination.
The clay includes milky, dark, and gray colors. The depositional sequence is characterized
by a general fining upward succession. Mineralization occurs within the fault plane between
the clay and sandstone facies in N-S and NE-SW direction.
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Figure 1: (a) West and central African rift system showing the position of the Nigerian Benue Trough (Yandoka et
al., 2014); (b) simplified geological of Benue Trough showing the metallogenic districts and location of the
deposits (Ogundipe, 2017). SBT= Southern Benue Trough, CBT= Central Benue Trough, NBT= Northern Benue
Trough.
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Analytical method

Soil and sediment samples were systematically collected from the Nahuta settlement to
evaluate heavy metal contamination associated with artisanal lead-zinc mining. Ten
composite samples were obtained at depths of 0-15 cm using a stainless-steel hand auger to
ensure representative coverage of areas impacted by mining activities. A control sample was
collected from a geologically similar site outside the mining influence to establish baseline
concentrations. All samples were stored in clean polyethylene bags to prevent
contamination and air-dried at 40°C for 48 hours. Each dried sample (~1 kg) was
disaggregated using a porcelain mortar and sieved through a <75 pm polyethylene mesh to
remove coarse particles, plant debris, and stones, producing a homogenized fine fraction
suitable for chemical analysis.

For elemental quantification, 5 g of each sieved sample was transferred into 32 mm plastic
cups lined with 4 pm polypropylene X-ray film and hydraulically pressed. Cups were
capped to maintain sample integrity. Major and trace elements were measured using Rigaku
NEX DE Energy Dispersive X-ray Fluorescence (EDXRF) spectrometry at the Department of
Geology, Gombe State University, Nigeria. The spectrometer was equipped with a 15-
position automated sample changer with slow spin rotation, a silicon drift detector under
helium atmosphere, and a palladium X-ray tube operated at 10 pA and 60 kV with a 10 mm
beam spot. Rigaku RPF-SQX software quantified elemental compositions using a
standardless fundamental parameters calibration, which applies matrix corrections
automatically. This approach allows precise determination of elements from sodium (Na,
atomic number 11) to uranium (U, atomic number 92), with detection limits ranging from
low ppm to high wt. % and relative analytical uncertainties generally within 0.1-1% RSD
(Bacon et al., 2024; Croffie et al., 2020).

Methods of heavy metal pollution assessment

Enrichment Factor (EF), and Geo-accumulation Index (Igeo) were computed. These indices
quantify the extent of heavy metal enrichment relative to background levels and
differentiate between geogenic and anthropogenic sources. The Pollution Load Index (PLI)
and Potential Ecological Risk Index (PERI) were also calculated to provide cumulative
contamination and ecological risk assessments. These indices collectively provide a robust
framework for interpreting environmental impacts of mining on soils and sediments.

Contamination Factor (CF)
CF is a quantitative evaluation of the level of contamination and sources of pollution. The
CF makes use of conservative elements as the reference element.

CF,=—5

CBackground
CWhere (G;) is the concentration of metal (i) at a given sampling site and (Cpackground) is the

concentration at the control site.

CF values are classified as follows:

CF <1 — Low contamination

1 < CF <3 — Moderate contamination

3 < CF < 6 — Considerable contamination

CF = 6 — Very high contamination (Rodrigue et al., 2016)
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Geo-accumulation Index (Igeo)
The Geo-accumulation Index (Igeo) was calculated to assess the degree of heavy metal
contamination while accounting for natural geogenic background. Igeo is defined as:

Igeo; =log,( Ci

1.5 x Cpackground
Where (G) is the measured metal concentration, (Coackground) is the control site concentration,

and 1.5 is a constant to account for lithogenic variability (Miiller, 1969).
Igeo contamination classes (Miiller, 1969):

Igeo < 0 — uncontaminated

0 <Igeo <1 — Uncontaminated to moderately contaminated

1 <Igeo <2 — moderately contaminated

2 <Igeo <3 — moderately to heavily contaminated

3 <Igeo <4 — heavily contaminated

4 <Igeo <5 — heavily to extremely contaminated

Igeo > 5 — extremely contaminated

Pollution Load Index (PLI)

The Pollution Load Index (PLI) provides an overall assessment of the cumulative heavy
metal pollution at each sampling site. PLI was calculated using the formula (Tomlinson et
al., 1980):

PLI = (CF1 x CF»... x CEyp)/n

Where (CF,) represents the contamination factor of the (nh) metal at the site. A PLI value of 1
indicates baseline or background pollution, values >1 indicate progressive pollution, and
values <1 suggest no significant pollution.

Potential Ecological Risk Index (PERI)

The Potential Ecological Risk Index (PERI) evaluates the potential risk posed by heavy
metals to the environment and human health, taking into account the degree of
contamination (CF) and the toxic response factor ((T:)) of each metal (Yan et al., 2023; Guo et
al., 2010). PERI for an individual metal is calculated as:

El =T} x CF;

Where (E}) is the ecological risk factor for metal (i), (CF;) is the contamination factor, and
(T}) is the toxic response factor. The cumulative ecological risk (RI) at a site is the sum of all
(EL) values:

RI=Y E!

Ecological risk classes (Yan et al., 2023):
RI <150 — Low risk

150 < RI < 300 — Moderate risk

300 < RI < 600 — Considerable risk

RI > 600 — Very high risk

Statistical analysis

Statistical analyses were conducted to investigate relationships among metals and identify
potential co-enrichment patterns. Pearson correlation coefficients were computed to assess
inter-element associations, offering insight into shared geochemical sources or similar
mobility behaviors. Spatial analyses were performed using the geographic coordinates of
each sampling site to generate concentration maps and heat maps for Pb, Zn, Cd, Cu, and
Ni. These visualizations allow for identification of contamination hotspots, spatial trends
along structural features, and assessment of mining-induced metal dispersion. Integrating
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statistical and spatial analyses with pollution indices provides a comprehensive
understanding of the distribution, intensity, and ecological implications of heavy metal
contamination in Nahuta, forming a foundation for the subsequent results and discussion.

RESULTS AND DISCUSSION

The results obtained from soils and stream sediments of the Nahuta Pb-Zn mining cluster
(Table 1) reveal substantial spatial variability in heavy metal concentrations, reflecting both
geogenic and anthropogenic influences. Concentrations of key metals, including Pb, Zn, Cd,
Cu, and Ni, show pronounced enrichment in areas proximal to mining operations and along
structurally controlled mineralized zones. The control site, representing a geologically
similar but unmined area, provides baseline values for distinguishing natural background
levels from mining-induced contamination.

To comprehensively evaluate the environmental impact of mining, multiple quantitative
indices were applied, including the Contamination Factor (CF), Geo-accumulation Index
(Igeo), Pollution Load Index (PLI), and Potential Ecological Risk Index (PERI). These indices
allow for the assessment of contamination intensity, cumulative pollution burden, and
ecological risk associated with heavy metal enrichment.

Furthermore, statistical analyses, including Pearson correlation, were used to examine inter-
element relationships and to differentiate between lithogenic and anthropogenic sources of
metals. The spatial distribution patterns of metals were interpreted in relation to the
underlying geology, structural controls, and mining activities, providing insights into
contamination pathways and environmental risk hotspots.

Table 1: Geochemical data of Nahuta soil and sediment sample

Ppm 558 556 55T13 55T14 585 857 559 585b 554 5511 CONTROL
Latitude Latitude Latitude Latitude Latitude Latitude Latitude Latitude Latitude Latitude
961677227 0505 058222272 0.50166667 0.50444444 0.60611111 061044444 0.58166667 052044444 0.58166667
Lonzitud Longitud Longitud Lonzitud Lonzitud Lonzitud Longitud Longitud Longitud Longitud
10.78833333 10.30416667 1080222222 10.80416667 10.80305556 10.20166667 10.78044444 10.80083333 10.80305556 10.80083333
5 7T a5 640 787 751 855 33 633 812 10100 530
cl 378 375 348 135 330 383 346 345 453 383 393
v D 153 ND D D 13 ND 131 ND D 143
Cr D 377 698 53.73 ND 48 624 13 514 ND 071
Ni 51 315 3046 3105 865 i7e 276 645 154 ND 4837
Cu 577 832 38.5 7085 364 75T 33.8 701 432 496 1
Zn 514 287 575 17235 135 5330 719 266 136 46700 204
As D ND ND ND 761 D ND ND 127 ND ND
Eh 156 314 177 2455 951 225 71 223 696 251 283
Sr 122 3 204 2173 785 112 711 249 764 18 283
8721 736 6.6 701 3538 549 368 82.7 3£7 4 ]
Ir 3300 1400 770 130 1010 ) 1000 1320 1400 1610 1740
Ag 176 ND 147 ND 158 155 131 ND 127 135 135
<d D D ND ND ND 09 D ND 7o 133 hyus]
Ba 882 1950 933 12415 442 L 574 1010 403 1040 1520
La 125 122 103 115 78 123 935 121 ND 124 07
Ce 11 236 183 2005 175 251 165 158 107 197 191
Fb 59.6 363 522 2086 138 528 156 168 73.5 4330 103
Co D 953 ND ND ND 43 343 847 ND ND 89
Ca 17 36.7 157 2831 13 09 16 311 0.56 293 43
b 307 304 317 3555 335 90 03 275 164 255 307
Mn 808 3128 a13 1971 805 3157 1858 1758 425 &4 315
Mg 1139 1706 1109 1408 288 76 300 1652 ND 639 2008
Fa 31804 7007 34072 50020 20035 42506 20376 4090 17136 16207 54067
Ti 11510 0231 11150 10490 10400 6654 3860 0411 7013 6114 12409
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Contamination Factor (CF)
The results are summarized in Table 2.

Table 2: Contamination Factor of the samples

Site CFPb CFZn CFCu CFNi CFCd

S54 0.71 0.67 0.30 0.32 0.06
SS5 1.34 0.56 0.51 0.18 0.00
SS5b 1.63 1.30 0.99 1.34 0.00
SS6 3.54 1.40 117 0.65 0.00
S57 512 26.13 1.07 0.79 1.55
SS8 0.58 0.25 0.81 0.52 0.00
SS9 1.51 3.52 0.80 0.57 0.05
SS11 42.04 229.9 4.96 1.78 135.0
SST13  0.51 0.28 0.73 0.63 0.00
S5T14  2.02 0.84 1.00 0.64 0.00

The CF results reveal a highly heterogeneous pattern of contamination across the Nahuta
mining cluster (Figure 2). The most pronounced enrichment occurs at SS11, with CF values
of Pb = 42.0, Zn = 229.9, and Cd = 135, classifying these sites as extremely contaminated.
These high values correspond to areas of active artisanal mining, ore processing, and
accumulation of tailings, consistent with the geological control of mineralization along N-S
and NE-SW trending faults. Site SS7 also exhibits elevated CF values for Zn (26.13), Pb
(5.12), and Cd (1.55), indicating significant contamination, likely driven by runoff from
adjacent mining operations and erosion of sulfide-rich tailings. In contrast, peripheral sites
such as S54, SS5, and SS8 show CF values below 1 for most metals, indicating low
contamination and reflecting natural geogenic background levels. The extremely high CF for
Cd and Zn highlights their potential ecological and health risks, given Cd’s high toxicity and
Zn’s bioaccumulative potential at elevated concentrations. Moderate enrichment of Pb at
several sites indicates localized anthropogenic influence, likely due to the mobilization of Pb
from sulfide ores. Copper and nickel show generally moderate CF values (<2), suggesting
limited anthropogenic enrichment and a largely lithogenic origin.
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Figure 2: Contamination Factor Pb, Zn, Cd, Cu and Ni of the sampling sites

These findings align with previous studies of Pb-Zn mining areas, such as Abakaliki and
Ishiagu in southeastern Nigeria, where CF values for Zn and Pb were elevated near tailings
and ore-processing sites (Igwe et al., 2017; Umeobi et al., 2024). The spatial heterogeneity of
CF highlights the strong influence of structural geology and mining activities on
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contamination distribution. The CF results demonstrate that heavy metal contamination in
Nahuta is localized but extreme in hotspots, emphasizing the need for targeted remediation,
environmental monitoring, and health risk assessments in the affected zones.

Geo-accumulation Index (Igeo)
The calculated Igeo values for Pb, Zn, Cd, and Cu across the study sites are summarized in
Table 3.

Table 3: Igeo values for Pb, Zn, Cd, and Cu across the study sites

Site Igeo_Pb Igeo_Zn Igeo_Cu Igeo_Cd

554 -0.11 -0.21 -0.73 -1.05
SS5 0.21 -0.37 -0.33 -0.74
SS5b 0.46 0.11 -0.02 -0.74
SS6 111 0.32 0.07 -0.74
S57 1.52 4.19 -0.04 0.25

SS8 -0.21 -0.85 -0.07 -0.74
SS9 0.58 0.98 -0.10 -0.86
S511 481 7.25 271 7.64

SST13 -0.28 -0.75 -0.14 -0.74
SsT14  0.73 0.48 0.00 -0.74

The Igeo results closely reflect the patterns observed in the Contamination Factor (CF),
providing complementary evidence of heavy metal enrichment. The highest Igeo values
(Figure 3) were recorded at SS11, with Igeo_Pb = 4.81, Igeo_Zn = 7.25, and Igeo_Cd = 7.64,
classifying this site as heavily to extremely contaminated. This aligns with the CF results,
which also identified SS11 as a critical pollution hotspot. SS7 similarly shows elevated Igeo
values for Zn (4.19) and Pb (1.52), indicating moderate to heavy contamination, consistent
with its CF profile. Peripheral sites such as S54, SS5, SS8, and SST13 have negative or low
Igeo values (<1), indicating uncontaminated to moderately contaminated conditions,
reflecting natural background levels and minimal anthropogenic influence. These results
confirm that heavy metal enrichment in the Nahuta area is highly localized and strongly
associated with mining operations and tailings accumulation.

Metal
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Figure 3: Geo —accumulation index (Igeo) for Pb and Zn across Sites
Cadmium exhibits extremely high Igeo values even at a few sites, highlighting its dominant

contribution to environmental risk, which is consistent with its high CF and toxic response
factor (Tr = 30). Zinc also shows extreme enrichment, particularly at SS11, whereas copper
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shows moderate enrichment across most sites, suggesting a combination of natural and
anthropogenic sources.

Comparisons of CF and Igeo provide complementary perspectives: CF emphasizes relative
enrichment compared to the control site, while Igeo incorporates a correction factor (1.5) to
account for lithogenic variability. Both indices consistently identify SS511 and SS7 as high-
risk zones for heavy metal contamination, reinforcing the need for targeted monitoring and
remediation in these locations. These findings are consistent with other Pb-Zn mining
districts in Nigeria, such as Abakaliki and Ishiagu, where Igeo values for Pb and Zn
exceeded 4 near tailings and processing sites (Igwe et al., 2014; Obiora et al., 2016; Adewumi
et al., 2021).

Pollution Load Index (PLI)

Table 4: The Pollution Load Index (PLI) across sites

Site  Pollution Load Index Pollution Class
S54 0.53 Unpolluted
SS5 0.74 Unpolluted
SS5b 1.05 Slightly polluted
SS6 1.33 Moderate pollution
S57 715 Highly polluted
SS8 0.47 Unpolluted
SS9 1.45 Moderate pollution
SS11 74.3 Extremely polluted
SST13 0.48 Unpolluted
SST14 1.18 Moderate pollution

The PLI results reveal a clear spatial pattern of cumulative heavy metal pollution in the
Nahuta mining cluster. Peripheral sites such as S54, SS5, SS8, and SST13 exhibit PLI values
<1, confirming minimal anthropogenic impact and essentially natural background levels, in
agreement with CF and Igeo analyses.

PLI
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Figure 4: The Pollution Load Index (PLI) across sites

Sites SS5b, SS6, SST14, and SS9 show moderate PLI values (1-1.5), indicating slight to
moderate pollution, likely due to the combined influence of local mining activities and
natural geogenic contributions from the Bima Formation sandstones and clays.
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The most contaminated sites (Figure 4), SS7 and SS11, display exceptionally high PLI values
of 7.15 and 74.3, respectively, which are consistent with the extremely elevated CF and Igeo
values for Pb, Zn, and Cd. These hotspots coincide with tailings deposition zones, ore
processing areas, and structurally controlled mineralization along N-S and NE-SW faults.
The cumulative PLI results indicate that heavy metal pollution is localized but severe, with
SS11 representing an area of extreme environmental risk.

The strong alignment between PLI and individual contamination indices (CF and Igeo)
demonstrates that not only are specific metals highly enriched, but their combined effect
creates a substantial cumulative pollution burden. This cumulative effect has important
ecological and human health implications, particularly in zones with high Cd and Pb levels,
which have high toxic response factors (Tr = 30 and 5, respectively) and contribute
disproportionately to the Potential Ecological Risk Index (PERI).

The PLI highlights that while background areas remain largely uncontaminated, localized
mining activities have dramatically elevated the cumulative pollution burden, reinforcing
the urgent need for environmental monitoring, remediation, and regulation of artisanal
mining operations. These findings are consistent with other Pb-Zn mining areas in Nigeria
and globally, where high PLI values coincide with tailings accumulation and ore processing
zones (Obiora ef al., 2016; Umeobi et al., 2024).

Potential Ecological Risk Index (PERI)
The calculated Eland RI values for selected metals are summarized in Table 5.

Table 5: The Potential Ecological Risk Index (PERI) across sites

Site Cd Pb Cu Zn RI Ecological Risk Class

SS4 1.8 3.6 1.5 07 7.6 Low

SS5 0 6.9 25 0.6 10.0 Low

SS5b 0 8.2 50 1.3 14.5 Moderate
SS6 0 177 5.8 1.4 249 Moderate
SS7 465 256 54 261 103.6  High

SS8 0 2.9 41 03 7.3 Low

SS9 2.1 7.6 40 35 17.2 Moderate
SS11 4050 210.0 248 2299 45147 Very High
SST13 0 2.6 36 03 6.5 Low
SST14 0 103 5.0 08 16.1 Moderate

The PERI results reveal that ecological risk is highly site-dependent and strongly influenced
by metals with high toxic response factors, particularly Cd and Pb. Sites SS11 and SS7
emerge as extreme and high-risk zones, respectively, with RI values of 4514.7 and 103.6, far
exceeding the “very high risk” threshold for SS11. These findings are consistent with the
extremely high CF and Igeo values, highlighting that these sites are not only enriched in
metals but also pose severe ecological and human health threats.

Cadmium is the dominant contributor to ecological risk due to its high toxicity (Tr = 30),
even when present at moderate concentrations. Zinc contributes significantly to cumulative
RI at sites with extremely high concentrations (e.g., SS11), although it’s toxic response factor
is relatively low (Tr = 1). Lead also contributes considerably, especially at SS7 and SS11,
reinforcing the health risk of Pb exposure near mining hotspots. Copper, while moderately
enriched, contributes less to overall risk due to lower concentrations relative to Cd and Pb.
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Sites at the periphery, including SS4, SS5, SS8, and SST13, maintain low ecological risk (RI <
150), indicating limited contamination. These findings correlate closely with PLI values,
confirming that cumulative pollution directly translates into ecological risk.

The spatial distribution of ecological risk highlights the environmental vulnerability of areas
adjacent to tailings, ore processing, and structurally controlled mineralization zones. The
high PERI values underscore the urgent need for environmental management strategies,
including tailings stabilization, soil remediation, and monitoring of water and food
pathways to prevent bioaccumulation in humans and livestock.

Comparisons with other Pb-Zn mining districts show similar patterns, where Cd and Pb
dominate the ecological risk profiles near mining operations (Igwe et al., 2014; Adewumi et
al., 2021). The integration of CF, PLI, and PERI thus provides a robust, multi-metric
assessment of contamination intensity, cumulative pollution, and ecological hazard,
enabling targeted interventions.

Statistical Correlation Analysis

Pearson correlation analysis (Table 6) was conducted to examine the relationships between
heavy metals (Pb, Zn, Cd, Cu, Ni, Cr, Fe, Mn) and selected rare earth elements (La, Ce) in
soils and sediments from the Nahuta mining cluster. The analysis provides insight into
common sources, geochemical behavior, and potential anthropogenic influence.

The correlation matrix (Table 6) shows significant positive and negative relationships among
metals:

Table 6: Pearson correlation analysis

Element Pb Zn Cd Cu Ni Cr Fe Mn La Ce

Pb 1

Zn 0.89* 1

Cd 094 0.88* 1

Cu 0.72* 0.65* 0.71* 1

Ni 041 038 042 039 1

Cr 032 030 033 031 055 1

Fe 0.68* 0.61* 0.66* 0.63* 0.49* 052* 1

Mn 0.55* 0.50* 0.52* 048* 031 028 057 1

La 026 022 025 018 015 012 041 029 1

Ce 033 029 031 020 017 010 039 027 083 1

*Significant correlation at p <0.05

The correlation analysis provides insights into potential sources and geochemical
associations of heavy metals in the Nahuta soils and sediments:

1. Strong positive correlations among Pb, Zn, and Cd (r = 0.88-0.94) suggest a common
anthropogenic source, likely associated with Pb-Zn mining activities, ore processing,
and tailings disposal. The strong alignment with CF, Igeo, and PLI results confirms
these metals are heavily enriched in hotspots such as S511 and S57.

2. Moderate correlations of Cu with Pb, Zn, and Cd (r = 0.65-0.72) indicate that copper
enrichment is partially associated with mining activities but may also reflect
geogenic contributions from host lithologies, consistent with its lower CF and Igeo
values.

3. Fe and Mn correlations (r = 0.57-0.68 with Pb, Zn, Cd) suggest that iron- and
manganese-bearing minerals may act as adsorbents for heavy metals, influencing
their mobility in soils and sediments. This pattern also reflects the sediment-hosted
nature of mineralization in the Bima Formation sandstones and clays.
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4. Ni and Cr show weaker correlations with the main contaminants (Pb, Zn, Cd),
indicating that their presence is largely geogenic and less influenced by mining
operations.

5. Rare earth elements (La, Ce) are strongly correlated with each other (r = 0.83) but
show weak correlations with heavy metals, confirming that REEs are primarily of
geogenic origin and not significantly affected by anthropogenic contamination.

The correlation matrix supports the source apportionment of heavy metals, distinguishing
between:
1. Anthropogenic contaminants: Pb, Zn, Cd, with strong mutual correlations and
alignment with hotspots in CF, Igeo, and PLIL
2. Geogenic metals: Ni, Cr, Fe, Mn, La, Ce, with weaker or moderate correlations with
mining-related metals.

Geological Control of Contamination

Nahuta lies within the northern segment of the Benue Trough, a major intracontinental rift
basin formed during the Early Cretaceous in response to the opening of the South Atlantic
(Benkhelil, 1989; Obaje, 2009). The sandstones of the Bima Formation are generally porous
and moderately permeable, particularly where cementation is weak or where secondary
porosity has developed through fracturing. These properties facilitate the downward
percolation and lateral migration of metal-bearing fluids. During seasonal rainfall events,
infiltrating water mobilizes dissolved metals such as Cd?, Pb%*, Zn?", and Cu?, allowing
them to move along permeable pathways. As a result, elevated Contamination Factor (CF)
values in sandy horizons likely reflect enhanced transport rather than in situ accumulation
(Bazrafshan et al., 2015; Alloway, 2013; Kabata-Pendias, 2011). In contrast, the interbedded
clay and mudstone units act as geochemical traps. Clay minerals such as kaolinite, illite, and
smectite possess high specific surface areas and negatively charged surfaces, which promote
cation adsorption. Their relatively high cation exchange capacity (CEC) enhances their
ability to retain heavy metals through surface complexation and ion exchange processes.
Thus, in Nahuta, lithological partitioning governs the mobility-retention dynamics of
contamination. Fault-controlled pathways may have facilitated the ascent of hydrothermal
fluids or the remobilization of trace metals during tectonic events. The observed linear
distribution of elevated CF, Pollution Load Index (PLI), and Potential Ecological Risk Index
(PERI) values along these structural orientations suggests that metal enrichment is
structurally guided.

Environmental and Public Health Implications

The elevated concentrations of lead (Pb) and cadmium (Cd) identified in soils and sediments
of Nahuta (Figure 5) carry profound environmental and public health implications,
particularly for rural agrarian communities that rely on locally cultivated crops and shallow
groundwater resources. Heavy metals are inherently non-biodegradable and persistent in
soils, where they can accumulate over time and enter ecological systems through complex
soil-plant-animal-human pathways. Their mobility and bioavailability render them not only
geochemical contaminants but also long-term ecological hazards with significant human
health consequences (Alloway, 2013; Kabata-Pendias, 2011). In mining-affected regions such
as Nahuta, anthropogenic activities, including artisanal Pb-Zn extraction, exacerbate natural
geogenic enrichment, enhancing the risk of bioaccumulation and exposure.

Lead is a widely recognized environmental toxicant with severe neurological and
physiological effects. It has no known beneficial role in the human body, and even low-level
chronic exposure can impair cognitive development in children, reduce IQ, and provoke
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behavioral disorders (WHO, 2023; ATSDR, 2020; Nordberg et al., 2015). In rural settings like
Nahuta, Pb exposure is amplified by agricultural dependence (Alloway, 2013). Chronic Cd
exposure is associated with renal tubular dysfunction, reduced glomerular filtration, skeletal
demineralization, and increased susceptibility to fractures, exemplified historically by Itai-
itai disease in Japan (Li et al., 2014; Kabata-Pendias, 2011; Nordberg et al., 2015). Heavy
metals disrupt soil microbial communities, inhibiting enzymatic activity and reducing
microbial biomass, which compromises nutrient cycling, organic matter decomposition, and
nitrogen fixation (Giller et al., 2009; Alloway, 2013; Zhang et al., 2019).

Exposure in Nahuta occurs cumulatively via multiple pathways. The soil-plant-human
continuum allows residents to ingest metals through locally produced crops, shallow
groundwater, contaminated dust, and dermal contact (Zhang et al., 2019. Livestock grazing
on contaminated soils may further concentrate metals in edible tissues, creating a secondary
route of human exposure (Cabala et al., 2009). Chronic low-dose exposure over extended
periods is particularly concerning, as adverse health outcomes may accumulate even when
individual intake events appear minor (Zhuang et al., 2014; 2016). Quantitative assessment
using Contamination Factor (CF), Geo-accumulation Index (Igeo), Pollution Load Index
(PLI), and Potential Ecological Risk Index (PERI) underscore the severity of these impacts.
High CF and Igeo values for Pb and Cd, coupled with their respective toxic-response factors
(Pb = 5; Cd = 30), highlight that Cd may exert the greatest ecological risk even at moderate
concentrations. The PLI identifies distinct hotspots of contamination, consistent with the
structural control of mineralized zones along N-S and NE-SW faults, demonstrating how
geology amplifies anthropogenic metal enrichment.
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Figure 5: Distributions of metals across sites with elevated values of Pb, Zn, Cu and Cd
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CONCLUSION

This study evaluated heavy metal contamination in the Nahuta area of the northern Benue
Trough using integrated geochemical indices and statistical analyses. The dominant
contaminants identified Pb, Zn, and Cd are the principal metals of concern, exhibiting
enrichment above background levels in impacted sites. Cadmium serve as the highest
ecological risk contributor; although Cd may occur at lower absolute concentrations
compared to Pb and Zn, it poses the greatest ecological threat due to its high toxic-response
factor, as reflected in the PERI results. The moderate to very high contamination values
obtained in the study area confirming significant anthropogenic input. Porous sandstones
facilitate metal migration, while clay-rich layers act as adsorption zones, concentrating
heavy metals within specific stratigraphic horizons. The study establishes that
contamination in the Nahuta area is geologically influenced but anthropogenically
amplified, structurally controlled, and ecologically significant particularly due to cadmium
toxicity. The findings provide a scientific basis for environmental monitoring, remediation
planning, and sustainable mineral resource management within the northern Benue Trough.
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