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Abstract

Industrial dumpsites can impose complex pressure on nearby water sources
through dissolved ions, oxygen demanding substances, microbial inputs and
toxic metals. This study assessed the physicochemical quality, Water Quality
Index, toxic metal burden and human health risk of water sources around fer-
tilizer, dye, battery and paint dumpsite vicinities in Makurdi, Nigeria. Water
categories comprised fertilizer dumpsite water sample (FDWS), dye dumpsite
water sample (DDWS), battery dumpsite water sample (BDWS), paint dumpsite
water sample (PDWS), and a comparison water sample (Comp) collected from
a site removed from the industrial dumpsite vicinities, representing regional
background conditions rather than an uncontaminated reference. Physico-
chemical variables, Fe, Pb, Cr, Cd, Zn, Mn and Cu concentrations, Water Qual-
ity Index values, chronic daily intake, hazard quotient, hazard index, carcino-
genic risk and integrated site ranking were evaluated. The physicochemical
profile showed strong site variation, with DDWS recording the highest electri-
cal conductivity (1434 + 1.21 puS/cm), total dissolved solids (758 + 0.45 ppm),
chloride (875 + 5.67 mg/L) and chemical oxygen demand (176 + 0.06 mg/L).
Water Quality Index (WQI) values classified all water categories as excellent,
ranging from 0.549 in FDWS to 1.230 in BDWS. This classification contrasted
sharply with the toxic metal profile, where Pb exceeded the WHO guideline by
factors of 825.0, 793.0, 888.0 and 718.0 in FDWS, DDWS, BDWS and PDWS,
respectively. Cr and Cd also exceeded guideline values across the dumpsite wa-
ter categories. Child ingestion hazard index (HI) values were consistently
higher than adult values, and BDWS recorded the highest child ingestion car-
cinogenic risk (1.15214 x 107°). The health risk assessment employed USEPA-
derived exposure parameters for adult (BW: 70 kg, IR: 2.0 L/day) and child
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(BW: 15 kg, IR: 1.0 L/day) receptors. Each dumpsite category included both
surface water (streams/rivers) and groundwater (wells) samples, pooled to
reflect integrated water quality in each industrial vicinity. Integrated ranking
placed BDWS first, followed by DDWS, PDWS and FDWS. The findings show
that WQI alone is insufficient for classifying dumpsite adjacent water safety
when metal exceedance and receptor specific health risk are present.
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Water Quality Index, Toxic Metals, Industrial Dumpsites, Lead Exceedance,
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1. Introduction

Industrial dumpsites represent chemically active interfaces where discarded ma-
terials, rainfall infiltration and waste decomposition can generate leachate capable
of altering nearby surface water and groundwater quality [1] [2]. In water bodies
close to such disposal environments, deterioration is often expressed through
elevated dissolved solids, chloride enrichment, turbidity shifts, oxygen demand
changes, nutrient loading, microbial indicators and toxic metal accumulation [3]
[4]. The scientific importance of these variables lies in the fact that each group
describes a different component of water stress, with conductivity and total dis-
solved solids reflecting ionic enrichment, chloride indicating conservative leach-
ate movement, and chemical oxygen demand (COD) or biological oxygen demand
(BOD) reflecting oxygen consuming chemical and biological loads [1]. Particu-
larly in rapidly urbanising settings, open waste disposal may create a mixed con-
taminant reservoir because industrial residues, domestic waste, battery materials,
dye residues, paint components and nutrient bearing wastes can coexist within
poorly controlled disposal spaces [5] [6]. Heavy metals are especially important
within this mixture because Pb, Cr, Cd, Fe, Mn, Cu and Zn can persist in aquatic
environments and remain relevant to chronic exposure even when routine physi-
cal parameters appear acceptable. Consequently, water quality assessment around
dumpsite vicinities requires a design that captures both general physicochemical
condition and contaminant-focused risk information [5] [7].

Water Quality Index (WQI) is valuable because it condenses multiple water
quality variables into an accessible score that can communicate overall status to
scientists, regulators and non-specialist stakeholders [8] [9]. However, the same
compression can become a limitation where toxic metals are present, because a
favourable aggregate score may coexist with exceedance of low guideline thresh-
olds for metals such as Pb, Cr and Cd. This limitation is not a failure of WQI as a

screening tool, but a reminder that WQI was designed to summarize broad quality
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patterns rather than replace metal resolved exceedance assessment and receptor-
based health risk modelling [6] [10].

Recent water quality studies increasingly combine WQI with heavy metal pol-
lution indices, hazard quotient, hazard index and carcinogenic risk because each
metric answers a different question about water acceptability [5] [10]. WQI an-
swers whether the combined physicochemical profile appears favourable, whereas
exceedance factors identify which metal crosses a guideline threshold and health
risk outputs estimate the potential consequence of exposure for adults and chil-
dren [5] [10]. Such integration is particularly important in dumpsite adjacent wa-
ter because metal contamination may be spatially uneven, chemically persistent
and toxicologically significant even when bulk water quality indicators remain
within an apparently acceptable range [7]. A stronger introductory framework
therefore treats WQI as one layer of evidence and pairs it with toxic metal exceed-
ance and human health risk assessment before water safety is inferred [6].

Human health risk assessment provides the exposure-based layer needed when
toxic metals occur in water intended for domestic or community contact [11] [12].
Chronic daily intake (CDI) estimates the normalized dose received by a receptor
through a defined exposure route, while hazard quotient compares that dose with
a reference dose for an individual metal [11]. Hazard index (HI) then aggregates
hazard quotients (HQ) across metals or pathways to represent cumulative non
carcinogenic risk, and carcinogenic risk estimates lifetime cancer probability for
metals with available cancer slope factors [6]. In dumpsite affected water, receptor
separation is methodologically essential because adults and children do not share
the same body weight, intake relationship or exposure vulnerability [10]. Recent
water risk studies show that children often record higher normalized hazard esti-
mates than adults because smaller body mass can magnify dose per kilogram un-
der comparable water exposure assumptions [6] [11]. Ingestion and dermal con-
tact also require separate treatment because oral intake generally transfers dis-
solved metals more directly into systemic exposure equations, whereas dermal up-
take depends on skin area, permeability and contact duration. Therefore, CDI,
HQ, HI and carcinogenic risk form a complementary framework for translating
measured Pb, Cr, Cd, Fe, Mn, Cu and Zn concentrations into receptor relevant
health risk evidence [13] [14].

Despite the wide use of WQI in water classification, fewer dumpsite water stud-
ies integrate WQI, metal exceedance factors, adult and child health risk indices,
carcinogenic risk and ranked site prioritisation within one water focused analyti-
cal framework [5] [6]. This gap is important for industrial dumpsite vicinities be-
cause a favourable aggregate water score may not adequately communicate the
toxicological relevance of Pb, Cr and Cd when guideline exceedance and receptor-
based risk indicators are examined separately. The present study addresses this
gap by evaluating physicochemical quality, WQI classification, toxic metal ex-
ceedance, CDI, HQ, HI, carcinogenic risk and integrated site ranking for water

sources around fertilizer, dye, battery and paint dumpsite vicinities in Makurdi,
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Nigeria. Its original scope lies in treating WQI as one interpretive layer rather than
the final safety verdict, thereby positioning metal resolved exceedance and recep-

tor specific risk outputs as decisive evidence for water safety appraisal.

2. Materials and Methods
2.1. Study Area and Sampling Design

The study was conducted in Makurdi, Benue State, Nigeria, using water sources
located near four industrial dumpsite categories and one control category for
structured comparison. The sampling framework comprised fertilizer dumpsite
water sample (FDWS), dye dumpsite water sample (DDWS), battery dumpsite
water sample (BDWS), paint dumpsite water sample (PDWS), and a comparison
water sample (Comp), with the four dumpsite categories each represented by
three reported sampling points in the site coordinate register. Each category in-
cluded a mixture of surface water sources (streams and rivers) and groundwater
sources (wells) located in the vicinity of the respective industrial dumpsites.
These sources were pooled within each category to provide an integrated assess-
ment of water quality in the dumpsite-affected area, recognizing that both sur-
face and groundwater pathways contribute to potential human exposure in these
communities. The comparison site was selected to represent regional back-
ground conditions within the Makurdi metropolitan area. While this site is not
pristine—reflecting the urban background contamination common to the re-
gion—it serves as a relative reference point for comparing physicochemical
characteristics and contaminant levels against the dumpsite-impacted waters.
This approach acknowledges that truly uncontaminated control sites are often
unavailable in rapidly urbanizing industrial settings. The design was arranged
to support integrated assessment of physicochemical quality, microbiological
status, toxic metal burden, water quality index calculation, and human health
risk modelling, rather than a single parameter description of water condition.
[15] similarly applied a dumpsite groundwater framework for heavy metal and
health risk evaluation in Nigeria. The coordinate structure was retained as re-
ported visually in Figure 1, showing the sampling site coordinates and bounda-
ries. This arrangement ensured that sampling identity, analytical processing and
interpretive endpoints remained connected throughout the methodological
workflow. Table 1 clearly details the coordinates used and the parameters for
analysis fully covered for each sample.

The three water samples reported for each dumpsite category were collected
from three spatially distinct points within that dumpsite’s vicinity, as shown by
the separate coordinate pairs listed for each category in Table 1, and therefore rep-
resent independent field sampling locations rather than repeated draws from a sin-
gle source or repeated laboratory analyses of one sample. Among these three sam-
pling points per category, some represented surface water sources (streams/rivers)
while others represented groundwater sources (wells), reflecting the diversity of

water sources accessed by local communities in each dumpsite vicinity. One com-
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parison water sample was collected from a single reference location set apart from
all four dumpsite vicinities. While this site is not pristine, reflecting the regional
background contamination common to Makurdi, it serves as a relative reference
point for comparing physicochemical characteristics and contaminant levels
against the dumpsite-impacted waters. This comparison sample was analysed un-
der the same sample handling and analytical sequence as the dumpsite samples.
The decision to pool surface and groundwater sources within each dumpsite cat-
egory was based on the local community water usage patterns, where residents in
each vicinity rely on multiple water sources for domestic purposes. This pooling
strategy an integrated assessment of potential exposure rather than source-specific
characterization.

Acknowledging the hydrological differences between surface water and
groundwater, the study was designed to report aggregated results by dumpsite
category to reflect the total water quality burden in each industrial vicinity.
This approach is consistent with community-based exposure assessments,
which focus on overall contamination risk rather than source-specific attribu-
tion. However, the variability in water quality between surface and groundwa-

ter sources within each category represents a limitation that is addressed in the

discussion.
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Figure 1. Country, state and local government boundaries showing the study water sampling sites.
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2.2. Water Sample Collection, Preservation and Preparation

Water samples were collected from streams, rivers or wells located close to the
selected industrial dumpsite categories using labelled plastic containers previously
washed with distilled water and aqueous nitric acid solution. After collection, the
containers were sealed, labelled, transported to the laboratory in an icebox, and
stored at 4°C before analysis to minimize avoidable alteration of water chemistry
during handling. For metal preparation, 20 mL aliquots of each water sample were
digested with aqua regia prepared from hydrochloric acid and nitric acid in a 3:1
mixture, with 30 mL of the acid mixture added to each aliquot in a 250 mL beaker.
Digestion was conducted on a hot plate inside a fume cupboard for 2.5 h at 120°C,
after which the cooled digest was filtered into a 50 mL volumetric flask and diluted
to volume with deionized water. The prepared digest was retained for subsequent
toxic metal determination, while the broader sample set supported physicochemi-
cal, microbiological, WQI and health risk data generation under a consistent sample
handling sequence. Total dissolved solids and total suspended solids were each de-
termined in triplicate per sample in the laboratory, while the remaining physico-
chemical parameters and toxic metal determinations were carried out as single an-
alytical measurements on each of the field samples described in Table 1 [11] [16].
All glassware and plasticware used in sample preparation were thoroughly
cleaned by soaking in 10% nitric acid for 24 hours, followed by rinsing with de-
ionized water (resistivity > 18.2 MQ-cm) and air-drying in a clean environment

to prevent cross-contamination.

Table 1. Sampling framework, site codes and analytical dataset.

Latitude Longitude
Number of Water ran . i
. . ange, ange, . .
Site catego Code representative source Analytical domains used
gory w:ter samples tvpe decimal decimal vt
P P degrees degrees
. Nearby Physicochemical parameters,
Fertilizer . . .
) stream, 7.74579 to 8.52570 to microbiology, WQI, toxic
dumpsite FDWS 3 .
river or 7.74610 8.52613 metals, CDI, HQ, HI and
water sample . o
well carcinogenic risk
D Nearby Physicochemical parameters,
e
Y . stream, 7.74535 to 8.51425 to microbiology, WQI, toxic
dumpsite DDWS 3 .
river or 7.74589 8.51495 metals, CDI, HQ, HI and
water sample . -
well carcinogenic risk
Batt Nearby Physicochemical parameters,
atter
,y stream, 7.44891 to 8.51380 to microbiology, WQI, toxic
dumpsite BDWS 3 .
river or 7.74487 8.51381 metals, CDI, HQ, HI and
water sample . .
well carcinogenic risk

DOI: 10.4236/0alib.1115692 6 Open Access Library Journal


https://doi.org/10.4236/oalib.1115692

B. O. Mnenga et al.

Continued

Paint dumpsite
PDWS
water sample

Comparison
P Comp
water category

Physicochemical parameters,
7.74352 8.51113

3 Nearby stream, ) ‘ microbiology, WQI, toxic metals,
o o
river or well CDI, HQ, HI and carcinogenic
7.74449 8.53288 .
risk
Water source Physicochemical parameters,
1 Comparison away from microbiology, WQI, toxic metals,
category dumpsite CDI, HQ, HI and carcinogenic
sampling points risk

2.3. Physicochemical Water Quality Analysis

The physicochemical assessment was designed to characterize the basic chemical,
ionic, oxygen demand and suspended matter conditions of water collected from
the four dumpsite vicinity categories and the control category. The measured var-
iables comprised pH, electrical conductivity, turbidity, temperature, total dis-
solved solids, total suspended solids, dissolved oxygen, biochemical oxygen de-
mand, chemical oxygen demand, sulphate, phosphate, nitrate, chloride, calcium,
magnesium and total hardness, which are widely used as diagnostic indicators of
water quality alteration in polluted aquatic settings [17]. The analytical sequence
followed standard laboratory procedures in which pH was measured using a cali-
brated pH meter, electrical conductivity was measured using a conductivity meter
at controlled temperature, and turbidity was determined using a turbidity meter
[17] [18]. Dissolved oxygen was measured by titration with sodium thiosulphate
after starch indicator development, while total dissolved solids and total sus-
pended solids were determined through filtration, oven drying, cooling and re-
peated weighing to constant mass. Calcium and magnesium measurements were
retained for hardness estimation, while chloride, nitrate, phosphate and sulphate
were included to capture ionic enrichment associated with wastewater and leach-
ate influence [17] [19].

2.4. Toxic Metal Determination and Analytical Quality Control

For toxic metal analysis, water aliquots were digested before instrumental deter-
mination to place dissolved and acid extractable metal fractions into a measurable
solution phase. Each 20 mL water aliquot was treated with 30 mL freshly prepared
aqua regia, using hydrochloric acid and nitric acid in a 3:1 ratio, then heated on a
hot plate in a fume cupboard for 2.5 h at 120°C. After cooling, each digest was
filtered into a 50 mL volumetric flask and made to volume with deionized water
before instrumental analysis. Concentrations of Fe, Pb, Cr, Cd, Zn, Mn and Cu
were determined by atomic absorption spectrophotometry, a method routinely
applied for trace and heavy metal determination in water matrices [20]. Calibra-
tion was performed with working standard solutions prepared from stock stand-

ards, and blank readings were recorded so that instrumental background contri-
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butions could be corrected during concentration calculation. [21] emphasized
that blanks, reference materials and calibration-based checks strengthen precision
and accuracy during AAS based metal determination in environmental water
studies. The detailed QA/QC procedures, including method detection limits, rep-
licate precision, spike recoveries, and reference material verification, are described

in Section 2.4.1.

Analytical Quality Assurance and Quality Control

Rigorous quality assurance and quality control (QA/QC) procedures were imple-
mented throughout sample preparation, instrumental analysis and data pro-
cessing to ensure reliable toxic metal determinations. The AAS was calibrated us-
ing serial dilutions of 1000 ppm stock standards (PerkinElmer, USA) with five-
point calibration curves (R?= 0.995) verified against an independent check stand-
ard every ten samples; samples exceeding the calibration range (Pb samples 007,
008, 011 and 012) were diluted and reanalyzed. Method detection and quantifica-
tion limits, derived from seven replicate blanks (LOD = 3 x SD_blank, LOQ = 10
x SD_blank; [22]), ranged from 0.003 - 0.015 mg/L (LOD) and 0.010 - 0.050 mg/L
(LOQ) across the seven metals, and all sample concentrations exceeded these lim-
its. Reagent and method blanks were processed with each batch (maximum 20
samples) and subtracted from sample readings to correct for background contam-
ination. Duplicate analyses (10% of samples, n = 5) gave mean relative percent
differences of 2.8-5.6% across metals, within the [23] acceptance limit of < 20%.
Matrix spike recoveries (n = 4, ~50% above ambient concentration) averaged
94.8% - 98.1%, within the USEPA 80% - 120% acceptance range. Analysis of NIST
SRM 1643f (n = 3 batches) showed measured Pb, Cr and Cd concentrations within
96.2% - 102.1% of certified values. Calibration check standards, run every ten sam-
ples, remained within + 10% of expected concentrations throughout, confirming

stable instrument performance.

2.5. Water Quality Index Calculation

Water Quality Index was calculated using the weighted arithmetic indexing pro-
cedure, which converts water quality variables with different units into a single
comparative score suitable for site level interpretation [8]. Parameter selection fol-
lowed the measured physicochemical suite and included pH, electrical conductiv-
ity, turbidity, temperature, total dissolved solids, total suspended solids, dissolved
oxygen, chemical oxygen demand, sulphate, phosphate, nitrate, chloride and total
hardness. The unit weight assigned to each parameter was calculated using Equa-
tion (1), so that parameters with lower permissible limits had proportionally
greater influence on the index. The quality rating for each parameter was then
calculated using Equation (2), based on the measured value, the guideline value
and the ideal value in pure water. The weighted subindex for each parameter was
obtained using Equation (3), after which the final WQI was derived by aggregating
the weighted subindices using Equation (4).
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K
w, _?,- (1)
| n-n)
0} _[—S, o 100 )
SI, =W, xQ, (3)
SI,
WQI_Z[W,.] (4)

where, W, is the unit weight of parameter j Kis the proportionality constant,
S, is the standard permissible value of parameter 7, O, is the quality rating of
parameter 7 V, is the measured value of parameter 7, ¥ is the ideal value of

parameter i in pure water, S/, is the weighted subindex of parameter 7 and X is

the summation across all selected water quality parameters [6] [8] [14].

2.6. Human Health Risk Assessment

Human health risk assessment was performed for toxic metals in water using adult
and child receptor categories, because exposure dose is influenced by body weight,
exposure duration and contact assumptions. The exposure pathways were limited
to ingestion and dermal contact because these pathways were represented in the
analytical dataset and are commonly used in water related metal risk assessment.
Chronic daily intake through ingestion was calculated using Equation (5), while
chronic daily intake through dermal contact was calculated using Equation (6).
The hazard quotient for each metal and exposure route was calculated using Equa-
tion (7), and the cumulative hazard index was calculated using Equation (8) by
summing the relevant hazard quotients. Carcinogenic risk was calculated for eli-
gible metals using Equation (9), based on chronic daily intake and the correspond-

ing cancer slope factor.

(CxIRXEFxED)
CDI,, = 5)
y (BWxAT)
(C><SA><Kp><ET><ED><CF)
CD]derm = (6)
(BWxAT)
CDI
HQ=—— (7)
RfD
HI =Y. HO, (8)
CR=CDI xSF )

where, CDI.

ing

is chronic daily intake through ingestion, CDI,,, is chronic
daily intake through dermal contact, Cis the metal concentration in water, /R is
ingestion rate, EF is exposure frequency, ED is exposure duration, BW is body
weight, AT'is averaging time, SA is exposed skin area, Kp is dermal permeability
coefficient, ETis exposure time, CFis conversion factor, HQ is hazard quotient,

CDI s chronic daily intake, RfDis reference dose, HI is hazard index, HQ, isthe
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hazard quotient for metal ;, CR is carcinogenic risk, and SFis cancer slope factor

[11] [24]. The specific values assigned to each parameter are presented in Table 2

(Section 2.6.1), with sources including the USEPA Exposure Factors Handbook
[25], USEPA IRIS database [26], and peer-reviewed literature [11] [24].

Exposure Parameters and Risk Model Inputs

The human health risk assessment was conducted using exposure parameters de-

rived from USEPA guidance and relevant literature. Table 2 presents the complete

set of input parameters used for chronic daily intake (CDI), hazard quotient (HQ),

hazard index (HI), and carcinogenic risk (CR) calculations for both adult and

child receptor groups.

Table 2. Exposure parameters and reference values used in health risk assessment.

Parameter Symbol Unit Adult Value  Child Value Source
Ingestion Rate IR L/day 2.0 1.0 Fa[cztil’si(zzzlgzeok

Exposure Frequency EF days/year 365 365 [25]
Exposure Duration ED years 30 6 [25]

Body Weight BW kg 70 15 [11] [25]
Averaging Time (Non-carcinogenic) AT days ED x 365 ED x 365 [25]
Averaging Time (Carcinogenic) AT days 70 x 365 70 x 365 [25]
Skin Surface Area SA cm? 18,000 6,600 [25]
Dermal Permeability Coefficient (Pb) Kp cm/h 0.001 0.001 [27]
Dermal Permeability Coefficient (Cr) Kp cm/h 0.002 0.002 [27]
Dermal Permeability Coefficient (Cd) Kp cm/h 0.001 0.001 [27]
Dermal Permeability Coefficient (others) Kp cm/h 0.001 0.001 [27]
Exposure Time (Dermal) ET h/day 0.58 1.0 [25]
Conversion Factor CF L/cm? 0.001 0.001 [25]

Reference Doses (RfD) Used for Non-Carcinogenic Risk

Ingestion RfD Dermal RfD

Metal (mg/kg/day) (mg/kg/day) Source

Fe 0.700 0.700 [26], IRIS

Pb 0.00350 0.000525* [26], IRIS; *dermal = ingestion x 0.15
Cr 0.00300 0.000060* [26], IRIS; *dermal RfD from [27]

Cd 0.00100 0.000050* [26], IRIS; *dermal = ingestion x 0.05
Zn 0.300 0.300 [26], IRIS

Mn 0.046 0.046 [26], IRIS

Cu 0.040 0.040 [26], IRIS
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Cancer Slope Factors (SF) Used for Carcinogenic Risk

o et Dot
Pb 0.00850 0.00850 [26], IRIS (Oral Slope Factor)
Cr 0.500 0.500 [26], IRIS (Oral Slope Factor)
Cd 0.380 0.380 [26], IRIS (Oral Slope Factor)

Note: Dermal RfD values were calculated by multiplying ingestion RfD by appropriate
gastrointestinal absorption fractions as recommended by [27] and the Risk Assessment
Guidance for Superfund (RAGS), Part E. Dermal cancer slope factors were assumed
equivalent to oral slope factors as per USEPA guidance when specific dermal values are
unavailable.

Metals Included in Carcinogenic Risk Assessment: Carcinogenic risk assess-
ment was conducted exclusively for Pb, Cr, and Cd based on the following cri-
teria:

1) Pb (Lead): Classified as a probable human carcinogen (Group B2) by [26].
The International Agency for Research on Cancer (IARC) classifies inorganic lead
compounds as probably carcinogenic to humans (Group 2A). Lead has been as-
sociated with stomach cancer, lung cancer, and brain tumors in epidemiological
studies [26] [28]. An oral slope factor of 0.0085 (mg/kg/day)™ is available for lead
in the IRIS database.

2) Cr (Chromium): Hexavalent chromium [Cr(VI)] is classified as a known hu-
man carcinogen (Group A) by USEPA and IARC (Group 1). Inhalation exposure to
Cr(VI) is associated with lung cancer, and oral exposure has been linked to stomach
tumors in animal studies [26]. An oral slope factor of 0.5 (mg/kg/day)™* for chro-
mium (total) is available in IRIS. Although the AAS method does not speciate Cr
(III) vs Cr (VI), the conservative approach assumes all chromium is in the carcino-
genic Cr (VI) form for risk assessment purposes.

3) Cd (Cadmium): Classified as a known human carcinogen (Group A) by
USEPA and IARC (Group 1). Cadmium exposure is associated with lung cancer,
prostate cancer, and renal cancer [28]. An oral slope factor of 0.38 (mg/kg/day)™!
for cadmium is available in the IRIS database.

Exclusion of Other Metals from Carcinogenic Risk Assessment: The remaining
metals (Fe, Zn, Mn, and Cu) were not included in the carcinogenic risk assessment
for the following reasons:

1) Fe (Iron): Not classified as a human carcinogen by USEPA, IARC, or NTP.
Iron is an essential nutrient and does not have an established cancer slope factor.
Excess iron is associated with oxidative stress but is not considered a direct car-
cinogen.

2) Zn (Zinc): Not classified as a human carcinogen. Zinc is an essential trace
element with no established cancer slope factor in USEPA IRIS.

3) Mn (Manganese): Not classified as a human carcinogen. Manganese is an

essential nutrient; chronic exposure is associated with neurotoxicity (manganism)
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but not cancer. No cancer slope factor is available.

4) Cu (Copper): Not classified as a human carcinogen. Copper is an essential
trace element with no established cancer slope factor in USEPA IRIS.

This approach is consistent with USEPA guidance, which specifies that carcino-
genic risk should only be calculated for metals with established cancer slope fac-

tors and known carcinogenic potential [26] [29].

2.7. Statistical and Graphical Synthesis

Statistical synthesis was performed to convert the validated water dataset into re-
producible descriptive, comparative and visual outputs suitable for manuscript
level interpretation. Site wise descriptive statistics were generated for physico-
chemical variables, toxic metals, WQI components and health risk indices, with
coefficient of variation retained where dispersion assessment was supported by
the available fields. Guideline based interpretation was conducted by calculating
metal exceedance factors against the adopted WHO and NESREA limits, because
exceedance factors provide a transparent way to compare measured concentra-
tions with regulatory thresholds. WQI class confirmation was performed from the
computed WQI summary and component files, while Spearman correlation was
used only as a non-parametric association screen across selected physicochemical,
metal, WQI and risk variables. Integrated risk ranking combined normalized evi-
dence from physicochemical deviation, metal exceedance, WQI status, human
health risk outputs, and microbiological counts using a reproducible multi-crite-
ria scoring framework described below:

Normalization Rule: Each indicator variable was normalized to a 0-1 scale us-

ing min-max normalization:

Normalized Score = (X i~ Xoin )/ ( Xiax = Xonin )

where X. isthe observed value, X

i min

and X, arethe minimum and maxi-
mum values across all sites for that indicator. For indicators where lower values
represent better quality (e.g., metal concentrations, HI, WQI deviation), the com-

plement was taken:

Score =1— Normalized Score

Weighting Scheme: Equal weighting (1/5 per domain) was applied across five
domains:

1) Physicochemical deviation (z-score sum of EC, TDS, COD, chloride).

2) Metal exceedance burden (sum of WHO exceedance factors for Pb, Cr, Cd).

3) WQI class penalty (0 for Excellent, 0.25 for Good, 0.50 for Poor, 0.75 for Very
Poor, 1.0 for Unsuitable).

4) Human health risk (child ingestion HI + child ingestion carcinogenic risk,
combined and normalized).

5) Microbiological contamination (total coliform count normalized; E. coli
presence scored 1.0, absence 0.0).

Final Score Calculation:
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Integrated Score = 25: (Score», X 0.20) x100
J=1

Scores range from 0 - 100, with higher scores indicating greater integrated con-
cern. Classification: 0 - 20 (Low), 21 - 40 (Moderate), 41 - 60 (High), 61 - 80 (Very
High), 81 - 100 (Critical).

Microbiological Contribution: Microbial data were incorporated as the fifth do-
main. Total coliform CFU counts from water samples were normalized, with E.
coli presence treated as a binary indicator (presence = 1.0). This domain reflects
the additional health burden from pathogenic contamination, though the aggre-
gated ranking is primarily driven by metal and HI values due to the magnitude of

metal exceedance.

3. Results

3.1. Physicochemical Profile of Dumpsite Adjacent Water Sources

The results presented in this section are aggregated by dumpsite category, com-
bining surface water samples (streams and rivers) and groundwater samples
(wells) collected from each industrial vicinity. This aggregation reflects the inte-
grated water quality burden affecting communities in each area, where residents
may access multiple water sources. The standard deviations reported for each pa-
rameter capture the variability between sampling points within each category,
which may partly reflect differences between surface and groundwater sources.

The physicochemical profile showed clear variation across the four dumpsite-
adjacent water categories and the comparison water category. Table 3 presents
the compact summary of pH, electrical conductivity, turbidity, temperature, total
dissolved solids, total suspended solids, dissolved oxygen, biochemical oxygen de-
mand, chemical oxygen demand, sulphate, phosphate, nitrate, chloride and total
hardness. The pH values ranged from 6.00 + 0.06 in FDWS to 7.40 + 0.03 in the
comparison sample, with DDWS, BDWS and PDWS recording 7.01 + 0.07, 7.20
+ 0.06 and 7.24 + 0.06, respectively. Electrical conductivity was highest in DDWS
at 1434 + 1.21 pS/cm, followed by BDWS at 864 + 0.91 uS/cm, PDWS at 856 +
0.58 uS/cm, the comparison site at 615 + 0.58 uS/cm and FDWS at 183 + 0.37
uS/cm.

Table 3. Physicochemical characteristics of water samples from industrial dumpsite vicinities.

Guideline Main
Parameter Unit FDWS DDWS BDWS PDWS Comparison X X
value interpretation
. No exceedance
pH Unitless 6.00£0.06 7.01+0.07 7.20+0.06 7.24+0.06 7.40 £ 0.03 8.5
flagged
Electrical Above guideline
. S/cm 183+0.37 1434+1.21 864+091 856+0.58 615+ 0.58 1000 .
conductivity in DDWS
o No exceedance
Turbidity NTU 3.95+0.41 3.83+0.40 3.51+0.25 3451057 4.27+0.54 10
flagged
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Continued
. Above guideline
Temperature C 28.1 £0.20 26.7 29.3 28.8 £0.21 28.8 £ 0.004 25 . .
in all sites
Total -
. Above guideline
dissolved ppm 87.4 £ 0.17 758 £0.45 409 + 0.58 445 + 0.58 201 £0.58 500 i
. in DDWS
solids
Total
0.292 + 0.477 + 0.478 + No exceedance
suspended mg/L 0.422 £ 0.001 0.270 = 0.002 250
: 0.001 0.001 0.001 flagged
solids
Below guideline
Dissolved in FDWS,
mg/L 7.07 £0.01 9.43+0.08 4.57+0.02 3.83+0.02 4.31 £ 0.02 8
oxygen BDWS, PDWS
and Control
Guideli 1
Biochemical e lfle va 1.1e
not available in
oxygen mg/L 9.15+0.01 5.56+0.07 7.37+0.02 8.56+0.02 9.48 +0.01 NA
WQI component
demand
table
Chemical Ab?ve guideline
in FDWS,
oxygen mg/L 94.0 £ 0.05 176 £ 0.06 103 = 0.08 74.7 £ 0.05 104 £ 0.01 75
d d DDWS, BDWS
eman
and Control
No exceedance
Sulphate mg/L 248 +£1.14 2.61+£0.09 259%x0.13 2.48=*0.09 2.33 £ 0.05 400
flagged
Above guideline
in DDWS,
Phosphate mg/L 3.62 £ 0.08 11.9+£0.22 14.0+0.12 16.0 £ 0.15 15.5+0.23 5
BDWS, PDWS
and Control
. Above guideline
Nitrate mg/L  0.808 £0.13 1.41+0.01 528%0.00 484%0.01 0.485+0.01 5 .
in BDWS
Above guideline
. in DDWS,
Chloride mg/L 473+ 1.24 875+ 5.67 363 £4.87 409 + 4.87 60.5 £ 3.27 250
BDWS and
PDWS
Guideline value
. not available in
Calcium mg/L 467 £0.07 5.79+0.16 6.42x0.12 6.42=+0.18 3.76 £ 0.24 NA
WQI component
table
Guideline value
. not available in
Magnesium mg/L 2.14+0.07 1.69%£0.19 6.00£0.13 1.87 £ 0.18 0.800 + 0.24 NA
WQI component
table
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Continued
Guideline value
Total ] .
not available in
hardness as mg/L 6.81+£0.14 7.48+0.35 124+0.25 8.28+0.18 4,56 + 0.24 NA
Ca olus M WQI component
a plus
P J table

Note: Samples within each category include a mixture of surface water (streams/rivers) and groundwater (wells) sources. Values
represent the mean * standard deviation of all sampling points within each category, reflecting integrated water quality in each

dumpsite vicinity.
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Figure 2. Physicochemical water quality signatures across industrial dumpsite water categories. (a) normalized physicochemical
profiles, (b) the z score heatmap of site level physicochemical deviation, (c¢) DO, BOD and COD with error bars, and (d) EC, TDS,

TSS, chloride and hardness with error bars.

Turbidity ranged from 3.45 + 0.57 NTU in PDWS to 4.27 + 0.54 NTU in the
control. Temperature values were between 26.7°C in DDWS and 29.3°C in BDWS,
with FDWS, PDWS and the control recording 28.1 + 0.20°C, 28.8 £ 0.21°C and
28.8 + 0.004°C, respectively. Total dissolved solids followed the order DDWS at
758 + 0.45 ppm, PDWS at 445 + 0.58 ppm, BDWS at 409 + 0.58 ppm, control at
201 £ 0.58 ppm and FDWS at 87.4 + 0.17 ppm. Total suspended solids were nar-
rowly distributed, from 0.270 + 0.002 mg/L in the comparison site to 0.478 + 0.001
mg/L in BDWS. Oxygen related variables showed site specific spread. Dissolved
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oxygen ranged from 3.83 + 0.02 mg/L in PDWS to 9.43 + 0.08 mg/L in DDWS.
Biochemical oxygen demand ranged from 5.56 + 0.07 mg/L in DDWS to 9.48 +
0.01 mg/L in the comparison site, while chemical oxygen demand ranged from
74.7 £ 0.05 mg/L in PDWS to 176 * 0.06 mg/L in DDWS. Sulphate remained be-
tween 2.33 + 0.05 and 2.61 + 0.09 mg/L. Phosphate ranged from 3.62 + 0.08 mg/L
in FDWS to 16.0 £ 0.15 mg/L in PDWS, nitrate from 0.485 + 0.01 mg/L in the
comparison site to 5.28 + 0.00 mg/L in BDWS, and chloride from 47.3 + 1.24 mg/L
in FDWS to 875 + 5.67 mg/L in DDWS. Figure 2(a) presents the normalized phys-
icochemical profiles, Figure 2(b) shows the z score heatmap, Figure 2(c) com-
pares DO, BOD and COD, and Figure 2(d) displays EC, TDS, TSS, chloride and

hardness.

3.2. Water Quality Index Pattern and Classification

The calculated Water Quality Index (WQI) values showed a narrow numerical
spread across the dumpsite adjacent water categories and the comparison cate-
gory. Table 4 presents the Water Quality Index calculation summary and quality
class for each sampling category, with the associated dominant contributing pa-
rameters, apparent water quality status and metal risk flag. The lowest WQI
value was recorded for FDWS at 0.549, followed by DDWS at 0.944, the com-
parison site at 0.994, PDWS at 1.150 and BDWS at 1.230. On the basis of the
rating scheme used for the WQI calculation, all five water categories were clas-
sified as excellent. The dominant WQI contributing parameters differed across
the site categories. FDWS was mainly represented by phosphate, chemical oxy-
gen demand and dissolved oxygen, while DDWS was represented by phosphate,
dissolved oxygen and pH. BDWS showed dominant contributions from phos-
phate, nitrate and total dissolved solids. PDWS was represented by phosphate,
nitrate and pH, whereas the control category was represented by phosphate,
chemical oxygen demand and chloride. Although all water categories were as-
signed an excellent WQI class, the WQI status did not match the metal risk flag
recorded in the integrated table. All dumpsite categories and the comparison
category carried a metal exceedance flag. Pb was the dominant metal risk driver
in each category, with maximum WHO exceedance factors of 825.0 in FDWS,
793.0 in DDWS, 888.0 in BDWS, 718.0 in PDWS and 162.0 in the comparison
site. The apparent WQI status therefore remained excellent across the dataset,
while the paired metal risk field recorded metal exceedance presence for all five
water categories.

The elevated Pb at the comparison site (162 x WHO guideline) is notable
and indicates that Makurdi’s water sources may face diffuse contamination
from multiple sources including urban runoff, atmospheric deposition, and ag-
ing infrastructure. The comparison site therefore reflects the regional baseline
contamination burden rather than a pristine environmental condition, strength-
ening the study’s ability to demonstrate that industrial dumpsites introduce

additional contamination above and beyond the already-elevated background
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levels.

Table 4. Water quality index calculation summary and quality class for each sampling category.

Dominant Apparent Dominant

Site WQI WQI . X Metal risk R Maximum WHO
contributing water quality metal risk
code  value class flag . exceedance factor
parameters status driver
Phosphate, chemical Metal
FDWS  0.549  Excellent oxygen demand, Excellent exceedance Pb 825.0
dissolved oxygen present
Metal
Phosphate, dissolved €
DDWS  0.944 Excellent Excellent exceedance Pb 793.0
oxygen, pH
present
. Metal
Phosphate, nitrate,
BDWS 1.230 Excellent ] ] Excellent exceedance Pb 888.0
total dissolved solids
present
Metal
PDWS  1.150 Excellent Phosphate, nitrate, pH Excellent exceedance Pb 718.0
present
Phosphate, chemical Metal
Comp  0.994 Excellent oxygen demand, Excellent exceedance Pb 162.0
chloride present

Note: The comparison site (Comp) represents regional background conditions within the Makurdi metropolitan area and is not a

pristine or uncontaminated reference site. Its elevated Pb concentration (1.62 mg/L; 162 x WHO guideline) indicates diffuse urban

contamination, making it suitable as a relative comparison point rather than an absolute control.

3.3. Toxic Metal Concentrations and Guideline Exceedance
Pattern

The toxic metal dataset comprised Fe, Pb, Cr, Cd, Zn, Mn and Cu across FDWS,
DDWS, BDWS, PDWS and the comparison category. Table 5 presents mean *
standard deviation concentrations together with WHO and NESREA guideline
limits, site level exceedance factors and priority pollutant status for the four
dumpsite adjacent water categories. Across the concentration table, Pb occurred
at 8.25 = 0.004 mg/L in FDWS, 7.93 + 0.002 mg/L in DDWS, 8.88 + 0.003 mg/L
in BDWS, 7.18 £ 0.004 mg/L in PDWS and 1.62 + 0.001 mg/L in the comparison
site. The corresponding WHO exceedance factors for Pb were 825.0, 793.0, 888.0
and 718.0 in FDWS, DDWS, BDWS and PDWS, respectively, while the compari-
son site recorded 162.0. The NESREA exceedance factors for the dumpsite cate-
gories were 82.5, 79.3, 88.8 and 71.8, respectively. Cr concentrations were 1.24 +
0.001 mg/L in FDWS, 2.06 + 0.001 mg/L in DDWS, 1.58 + 0.001 mg/L in BDWS,
1.68 + 0.001 mg/L in PDWS and 0.098 + 0.001 mg/L in the comparison site. Cr
exceeded both WHO and NESREA limits by factors of 24.8, 41.2, 31.6 and 33.6
across FDWS, DDWS, BDWS and PDWS, respectively. Cd was recorded at 0.038
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+ 0.001 mg/L in FDWS, 0.081 + 0.001 mg/L in DDWS, 0.056 + 0.001 mg/L in
BDWS, 0.076 £ 0.001 mg/L in PDWS and 0.034 + 0.001 mg/L in the comparison
site. The WHO and NESREA exceedance factors for Cd were 12.7, 27.0, 18.7 and
25.3 across the four dumpsite water categories.

Fe concentrations ranged from 0.235 + 0.001 mg/L in BDWS to 0.982 + 0.002
mg/L in FDWS. The WHO exceedance factors for Fe were 3.27 in FDWS, 2.18 in
DDWS, 0.783 in BDWS and 1.06 in PDWS, whereas all Fe values remained below
the NESREA limit. Mn, Cu and Zn remained below both guideline limits in all
dumpsite water categories, with WHO exceedance factors below 1.0. Figure 3(a)
compares the seven metal concentrations with error bars, Figure 3(b) presents the
WHO exceedance factors on a log scale, Figure 3(c) displays the site by metal
concentration heatmap, and Figure 3(d) summarizes the priority pollutant con-
tribution of Pb, Cr and Cd.

All dumpsite metal concentrations exceeded the method quantification limits
by wide margins (Pb, Cr and Cd by at least 40-fold), consistent with the precision
and accuracy confirmed by the QA/QC checks in Section 2.4.1.
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Figure 3. Toxic metal concentration and guideline exceedance architecture in water samples; (a) Fe, Pb, Cr, Cd, Zn, Mn and Cu
concentrations across sites with error bars, (b) WHO exceedance factors on a log scale, (c) the site by metal concentration heatmap,
and (d) the priority pollutant contribution of Pb, Cr and Cd.
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Table 5. Toxic metal concentrations, guideline exceedance factors and priority pollutants in water samples.

WHO FDWS DDWS BDWS PDWS
L NESREA L
Metal limit, L exceedance exceedance exceedance exceedance Priority status
limit, mg/L

mg/L factor factor factor factor
Pb 0.010 0.100 825.00 793.00 888.00 718.00 High exceedance
Cr 0.050 0.050 24.80 41.20 31.60 33.60 Moderate exceedance
Cd 0.003 0.003 12.67 27.00 18.67 25.33 Moderate exceedance
Fe 0.300 1.000 3.27 2.18 0.78 1.06 Low exceedance
Mn 0.400 0.400 0.19 0.21 0.17 0.22 No exceedance
Cu 0.500 1.000 0.08 0.09 0.10 0.09 No exceedance
Zn 5.000 3.000 0.009 0.002 0.015 0.007 No exceedance

Note: Metal concentrations represent pooled results from surface and groundwater sources within each dumpsite category. The
standard deviation reflects variability between sampling points, which may include differences between water source types.

3.4. Non Carcinogenic Health Risk across Receptor Groups

The non carcinogenic health risk profile was organized by site category, receptor
group and exposure pathway. Across all site categories, ingestion produced higher
total HI values than dermal contact for both adult and child receptor groups. For
children, ingestion HI followed the order BDWS, 0.080488, DDWS, 0.077859,
FDWS, 0.071540, PDWS, 0.068188, and Comp, 0.020451. The adult ingestion HI
values followed a similar numerical sequence, with BDWS at 0.008291, DDWS at
0.008120, FDWS at 0.007851, PDWS at 0.007686, and Comp at 0.002124.

A narrower value range was recorded for dermal contact. Child dermal HI val-
ues were 0.000722 for DDWS, 0.000600 for BDWS, 0.000599 for PDWS, 0.000492
for FDWS, and 0.000072 for the comparison site. Adult dermal HI values were
0.000182 for DDWS, 0.000152 for PDWS, 0.000151 for BDWS, 0.000124 for
FDWS, and 0.000018 for the comparison site. Across matched exposure pathways,
child HI values were consistently higher than adult HI values, and the largest re-
ceptor difference occurred under the ingestion pathway. Figure 4(a) presents the
paired adult and child Hazard Index comparison used to display this receptor level
pattern. The individual HQ records showed that Pb and Cr accounted for the larg-
est non-carcinogenic values in the ingestion and dermal datasets. Under ingestion
exposure for children, the highest Pb HQ values were 0.033 in BDWS, 0.030 in
FDWS, 0.029 in DDWS, 0.026 in PDWS, and 0.00957 in the comparison site. The
corresponding adult Pb HQ values were 0.00349 in BDWS, 0.00323 in FDWS,
0.00306 in DDWS, 0.00281 in PDWS, and 0.00103 in the comparison site. For
dermal exposure in children, the highest Cr HQ occurred in DDWS at 2.95 x 107%,
followed by PDWS, 2.40 x 10™*, BDWS, 2.27 x 107, and FDWS, 1.78 x 107,

3.5. Carcinogenic Risk Profile

Carcinogenic risk was calculated for Pb, Cr, and Cd only, as these metals have

established cancer slope factors in the USEPA IRIS database and are classified as
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known or probable human carcinogens. Fe, Zn, Mn, and Cu were excluded from
the carcinogenic risk assessment due to their lack of established carcinogenic clas-
sification and absence of USEPA cancer slope factors [26] [28].

The carcinogenic risk dataset contained Pb, Cr and Cd records for adult and
child receptors under ingestion and dermal exposure pathways. Figure 4(b) dis-
plays the receptor and site level comparison for total carcinogenic risk. Across
all site categories, ingestion produced higher carcinogenic risk values than der-
mal contact in both receptor groups. For child ingestion exposure, total carcino-
genic risk followed the order BDWS, 1.15 x 107>, DDWS, 1.10 x 107>, FDWS,
1.04 x 107, PDWS, 9.79 x 1075, and Comp, 3.01 x 10°°. Adult ingestion values
followed the same general site sequence, with BDWS at 5.14 x 10°%, DDWS at
4.93 x 1075, FDWS at 4.67 x 107, PDWS at 4.37 x 1075, and Comp at 1.34 x 10°%.
In both adult and child ingestion records, BDWS recorded the highest total car-
cinogenic risk value, whereas the comparison category recorded the lowest total

value.
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Figure 4. Integrated water quality and human health risk synthesis for dumpsite adjacent water sources; (a) WQI to total metal
exceedance and metal risk mismatch plot, (b) adult and child Hazard Index risk, (c) carcinogenic risk and, (d) the integrated
risk ranking matrix. The comparison site (Comp) is shown for reference; it represents regional background conditions rather
than pristine conditions.

The dermal pathway produced markedly smaller values across all categories.
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Adult dermal total carcinogenic risk was highest in DDWS at 4.69 x 10~°, fol-
lowed by BDWS at 4.68 x 107, FDWS at 4.17 x 10~°, PDWS at 4.11 x 107, and
Comp at 1.11 x 107°. The corresponding child dermal values were DDWS, 4.47
x 107°, BDWS, 4.45 x 10~°, FDWS, 3.97 x 10~°, PDWS, 3.91 x 10, and Comp,
1.05 x 107°. Metal specific records showed Pb as the largest individual contributor
in the ingestion pathway. For child ingestion, Pb risk values were 9.73 x 107° in
BDWS, 9.04 x 107¢ in FDWS, 8.69 x 10~° in DDWS, 7.87 x 107 in PDWS, and
2.87 x 107 in the comparison site. Cr formed the next largest ingestion compo-
nent, while Cd produced the smallest carcinogenic risk values among the three

eligible metals.

3.6. Integrated Site Ranking and Risk Triangulation

Integrated site ranking combined five normalized domains using the workflow
described in Section 2.7: physicochemical deviation, total WHO metal exceedance
score, WQI class penalty, child ingestion HI, and microbiological contamination
(total coliform counts with E. coli presence as a binary factor). The final integrated
scores ranged from 9.80 in the comparison category to 98.43 in BDWS. Among
the dumpsite adjacent water categories, BDWS ranked first with an integrated
score of 98.43, followed by DDWS at 88.29, PDWS at 85.28 and FDWS at 77.30.
The four dumpsite categories were classified as very high integrated concern,
while the comparison category was classified as low integrated concern. The site
ranking separated the apparent WQI class from the broader risk matrix as illus-
trated in Figure 4(c) relating WQI to total metal exceedance and the total WHO
exceedance score. BDWS recorded the highest WQI value, 1.230, together with
the highest total WHO exceedance score, 939.331, the highest maximum WHO
exceedance factor, 888.0, the highest maximum total HI, 0.040, and the highest
total carcinogenic risk, 0.000017. DDWS recorded a WQI value of 0.944, a total
WHO exceedance score of 863.675, a maximum WHO exceedance factor of 793.0,
a maximum total HI of 0.039, and a total carcinogenic risk of 0.000016. PDWS
recorded a WQI value of 1.150, a total WHO exceedance score of 778.314, a max-
imum WHO exceedance factor of 718.0, a maximum total HI of 0.034, and a total
carcinogenic risk of 0.000014. FDWS recorded the lowest WQI value among
dumpsite categories, 0.549, but retained a total WHO exceedance score of 866.017
and a maximum WHO exceedance factor of 825.0. The comparison site, despite
having the lowest integrated score (9.80), still showed the background Pb contam-
ination discussed in Section 4.2. Figure 4(d) presents the integrated risk ranking
matrix visualized as a heatmap. Spearman correlation analysis showed that total
WHO exceedance score correlated with child ingestion HI at rho = 0.90 and with
child ingestion carcinogenic risk at rho = 0.90.

Microbiology in the ranking: Although microbiological results are not devel-
oped in the main results section, they were included in the integrated ranking to
reflect the additional health burden from pathogenic contamination. The micro-
bial counts (CFU counts from tables 28 - 29) showed FDWS and PDWS with the
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highest contamination levels (70 - 75 CFU) and the presence of E. coli in both
water and soil at these sites. This domain contributes to the integrated score but
does not dominate the ranking, as the magnitude of metal exceedance and health

risk indices exerts a stronger influence on the overall prioritization.

4. Discussion

4.1. Dumpsite Associated Chemical Loading Effect on Water
Quality

A chemically uneven water quality pattern was apparent across the dumpsite ad-
jacent categories, with DDWS presenting the clearest dissolved ion signal through
electrical conductivity of 1434 + 1.21 uS/cm, total dissolved solids of 758 + 0.45
ppm and chloride of 875 + 5.67 mg/L, consistent with the ionic loading typical of
dumpsite leachate [30]. Electrical conductivity correlated strongly with total dis-
solved solids (p = 0.900, p = 0.037), and total dissolved solids correlated perfectly
with chloride (p = 1.000, p = 1.40 x 107**), consistent with the leachate migration
effects reported in similar dumpsite groundwater studies [4].

A more irregular oxygen demand pattern was also observed: DDWS recorded
the highest chemical oxygen demand (176 + 0.06 mg/L), while PDWS had the
lowest dissolved oxygen (3.83 + 0.02 mg/L), indicating that oxidizable load, bio-
logical oxygen balance and dilution did not vary uniformly across sites [31]. Nu-
trient and hardness variables added a further layer of differentiation, with phos-
phate peaking in PDWS (16.0 + 0.15 mg/L), nitrate in BDWS (5.28 * 0.00 mg/L),
and hardness also highest in BDWS (12.4 + 0.25 mg/L), consistent with the inde-
pendent variation of nutrient species and major ions reported in other dumpsite
leachate studies [32] [33]. Overall, the evidence indicates heterogeneous chemical
loading, with DDWS dominated by ionic and COD signals, BDWS by nitrate and
hardness, and PDWS by phosphate enrichment and lower oxygen availability.

A methodological consideration is the pooling of surface water and groundwa-
ter samples within each dumpsite category; groundwater moves more slowly and
is buffered differently than the more dynamic surface pathways [3] [4], which
partly explains the standard deviations in Table 3 for hydrology-sensitive param-
eters such as turbidity, dissolved oxygen and total suspended solids. This aggre-
gation reflects community-level exposure but limits source-specific attribution, a

limitation discussed further in Section 4.6.

4.2. Index Classification and Metal Specific Risk Evidence

A striking feature of the dataset is that excellent WQI classifications coexisted with
substantial metal exceedance, especially for Pb, Cr and Cd, showing that a com-
posite score can mask contaminant-specific hazards [5] [6]. Pb produced the largest
exceedance burden (WHO factors of 825.0, 793.0, 888.0 and 718.0 in FDWS,
DDWS, BDWS and PDWS), with Cr (24.8 — 41.2x) and Cd (12.67 — 27.0x) rein-
forcing the same pattern; these three metals are commonly prioritized in water risk

assessment owing to persistence, toxicity and chronic exposure relevance [34].
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The correlation structure provided additional support, read as a site-level asso-
ciation screen rather than broad population inference. Total WHO exceedance
score correlated strongly with child ingestion HI (p = 0.900, p = 0.037) and with
child ingestion carcinogenic risk (p = 0.900, p = 0.037), aligning metal exceedance
with receptor-based risk more clearly than the general WQI class. The strongest
single-metal signal was Pb, whose concentration correlated perfectly with total
WHO exceedance score (p = 1.000, p = 1.40 x 107**), indicating Pb largely struc-
tured the exceedance architecture without implying Cr and Cd were negligible.
The WQI classification is therefore best read as a general physicochemical index,
while metal exceedance and receptor-based risk metrics provide the sharper safety
signal for dumpsite adjacent water appraisal.

A noteworthy finding is the elevated Pb concentration at the comparison site
(1.62 mg/L; 162x WHO guideline), indicating that Makurdi’s water sources may
face diffuse contamination from sources such as urban runoff, atmospheric dep-
osition and aging lead infrastructure, rather than reflecting a pristine baseline.
This strengthens the study’s central finding that industrial dumpsites add con-
tamination above and beyond this elevated regional background, and confirms
the comparison site’s role as a relative rather than absolute reference point.

The exceptionally high Pb concentrations (exceedance factors of 793 - 888)
were verified by the QA/QC checks in Section 2.4.1, and several samples required
dilution and reanalysis after exceeding the initial calibration range, underscoring

the magnitude of contamination.

4.3. Child Receptor Risk as a Decisive Public Health Signal

Receptor separation added an important public health dimension because chil-
dren consistently showed higher non-carcinogenic risk than adults under inges-
tion: child ingestion HI ranged from 0.020451 to 0.080488 (highest in BDWS),
versus 0.002124 - 0.008291 for adults, consistent with body-weight-driven dose
amplification reported elsewhere [10] [13]. Ingestion dominated the dermal path-
way by several orders of magnitude in both receptor groups, mirroring the pattern
typically seen in groundwater and drinking-water risk assessments where oral in-
take transfers contaminants more directly into systemic exposure [13].

The carcinogenic risk profile followed the same receptor-differentiated struc-
ture: child ingestion carcinogenic risk was highest in BDWS (1.15214 x 10~°) and
lowest in the control (3.0143 x 1076), while adult values ranged from 1.3445 x 107¢
to 5.1404 x 107, consistent with the prominence of Pb, Cr and Cd among metals
of major toxicological concern [28] and with the correlation pattern reported in
Section 4.2.

The exposure parameters follow standard USEPA guidelines [25] and compa-
rable Nigerian studies [11] [16]. Higher child risk values are driven by lower body
weight (15 kg vs 70 kg) and higher intake per unit body weight (1.0 vs 2.0 L/day),
which magnify child CDI estimates—conservative, screening-appropriate as-

sumptions for data-scarce settings [29].
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Pb, Cr and Cd were selected for carcinogenic risk assessment based on estab-
lished USEPA/IARC classification [26] [28]; Fe, Zn, Mn and Cu were excluded as
they lack cancer slope factors and carcinogenic classification, keeping the risk es-

timates scientifically defensible.

4.4. Contextual Industrial Signatures and Contaminant
Distribution

A contextual reading of the four dumpsite categories treats the metal distribution
as an industrial-vicinity signal rather than definitive source attribution, since
mixed waste deposits, hydrological transport and weathering can obscure a single
source pathway [35]. BDWS recorded the highest Pb concentration (8.88 + 0.003
mg/L) and exceedance factor (888.0), consistent with lead’s prominence in battery
waste; DDWS recorded the highest Cr (2.06 + 0.001 mg/L) and Cd (0.081 + 0.001
mg/L), plausibly linked to metal-bearing additives common in textile and dyeing
wastewater [36], though this is not conclusive source allocation. The strong site-
level association between Cr and Cd (p = 1.000, p = 1.40 x 107%*) suggests co-
movement of these metals but should support, not replace, chemical source veri-
fication.

The fertilizer and paint categories carried distinct but non-exclusive signals:
FDWS had the highest Fe concentration (0.982 + 0.002 mg/L), plausibly from
phosphate-related impurities, while PDWS showed Pb, Cr and Cd exceedance
without being the maximum site for any single metal, consistent with metal-bear-
ing paint formulation residues. The integrated ranking (BDWS, then DDWS,
PDWS, FDWS) reflects combined metal exceedance, health risk and water quality
evidence rather than site label alone, consistent with contemporary industrial
wastewater assessment that interprets contaminant mixtures through converging
metrics rather than single-source assumptions.

The pooling of surface and groundwater sources may also affect interpretation
of industrial source signatures, since surface contamination more likely reflects
recent runoff while groundwater contamination reflects persistent leaching [30]
[32]; BDWS’s high Pb concentration (8.88 mg/L), for instance, could originate
from either pathway. This source-pathway limitation is discussed further in Sec-
tion 4.6.

4.5. Scientific and Regulatory Implications

A key regulatory implication is that dumpsite water classification should not rely
on WQI alone: excellent WQI classes coexisted with Pb exceedance factors of
825.0 - 888.0 across the four dumpsite categories, showing that the composite in-
dex and the metal exceedance screen answer different safety questions [8]. This
supports the growing practice of combining WQI with metal pollution indices
and human health risk models, since regulatory meaning shifts once toxic metals
are evaluated through exposure pathways and receptor groups.

Pb, Cr and Cd require explicit regulatory attention given their much larger ex-

ceedance factors relative to Fe, Mn, Cu and Zn, since concentration-based screen-

DOI: 10.4236/0alib.1115692

24 Open Access Library Journal


https://doi.org/10.4236/oalib.1115692

B. O. Mnenga et al.

ing alone is insufficient without exposure-based risk assessment—a priority rein-
forced by the correlation pattern reported in Section 4.2. A defensible surveillance
framework should therefore combine WQI classification, metal exceedance fac-
tors, child and adult HI, carcinogenic risk and integrated site ranking, consistent
with recent Nigerian and African water risk studies [11] [16]. This combined ap-
proach offers a stronger basis for site prioritisation, periodic testing and risk com-
munication than any single index alone.

The integrated ranking workflow (Section 2.7) provides a transparent, repro-
ducible method for site prioritization; although microbiological data are included,
the limited characterization (presence/absence, CFU counts without species-level
pathogenicity assessment) means this domain is a supporting rather than primary

driver of the ranking outcome.

4.6. Boundary Conditions and Risk Management Priorities

This evidence should be read as a site-specific risk screening framework rather
than a basis for broad regional generalisation, given the compact number of water
categories sampled [5]. The absence of seasonal repetition means that dry season
dilution, wet season runoff, water table fluctuation and episodic leachate move-
ment could not be separated, and repeated temporal monitoring would strengthen
future assessments [37]. Source interpretation also remains constrained: the ferti-
lizer, dye, battery and paint categories identify industrial vicinity contexts rather
than verified chemical source allocation, and more definitive attribution would
require hydrochemical tracers or isotopic evidence, since metal inputs can arise
from interacting natural and anthropogenic pathways [14].

A further boundary condition concerns the comparison site, which does not
represent pristine conditions given its elevated Pb concentration (162x WHO
guideline)—reflecting the reality that truly uncontaminated control sites are
rarely available in rapidly urbanizing industrial settings. Relatedly, streams, rivers
and wells differ fundamentally in hydrological behaviour and contaminant resi-
dence time [14] [37], and pooling them by category, while intentional for captur-
ing community-level exposure, may mask pathway-specific differences; future
studies should analyse surface and groundwater sources separately. The present
findings should therefore be read as integrated vicinity-scale assessments rather
than source-specific characterizations.

Within those boundaries, the most defensible recommendation is a targeted
surveillance programme centred on Pb, Cr and Cd, which dominated the exceed-
ance architecture and carry established neurological, developmental, renal and
cardiovascular relevance [10], reinforced by the correlation pattern in Section 4.2.
Practical management should combine periodic physicochemical testing, metal-
specific exceedance screening, adult and child health risk calculations, risk-based
site ranking and precautionary community water advisories where exceedance
persists, consistent with integrated water quality and health risk approaches ap-

plied elsewhere in Nigeria [16].
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This regional background contamination (Section 4.2) reinforces the study’s
central recommendation that comprehensive risk assessment combining WQI,
metal exceedance factors, and receptor-specific health risk modelling be applied
across all water sources in the region, not only those immediately adjacent to

known pollution sources.

5. Conclusions

This study evaluated the physicochemical quality, toxic metal burden, water qual-
ity status and human health risk profile of water sources around fertilizer, dye,
battery and paint dumpsite vicinities in Makurdi, Nigeria. The physicochemical
results showed marked site variation, with DDWS recording the strongest dis-
solved ionic signature through electrical conductivity of 1434 + 1.21 uS/cm, total
dissolved solids of 758 + 0.45 ppm and chloride of 875 + 5.67 mg/L. Oxygen re-
lated variables also varied across the water categories, as chemical oxygen demand
peaked in DDWS at 176 + 0.06 mg/L, while dissolved oxygen was lowest in PDWS
at 3.83 £ 0.02 mg/L. The comparison site, while removed from the industrial
dumpsites, still exhibited notable contamination with Pb at 1.62 mg/L (162x
WHO guideline), reflecting the diffuse urban background contamination in Ma-
kurdi.

These patterns confirmed that the water sources were chemically heterogene-
ous rather than uniformly affected. The Water Quality Index classified all water
categories as excellent, with values ranging from 0.549 in FDWS to 1.230 in
BDWS. However, this general classification did not sufficiently represent the toxic
metal profile. Pb exceeded the WHO guideline by factors of 825.0, 793.0, 888.0
and 718.0 in FDWS, DDWS, BDWS and PDWS, respectively. Cr and Cd also
showed repeated exceedance across the dumpsite water categories, whereas Mn,
Cu and Zn remained below the adopted guideline limits. The central contribution
of this study is therefore the demonstration that favourable WQI classification can
coexist with substantial metal exceedance in dumpsite adjacent water. Health risk
outputs further clarified the relevance of metal resolved assessment. Child inges-
tion HI values were consistently higher than adult ingestion HI values, with the
maximum child ingestion HI recorded in BDWS at 0.080488. Carcinogenic risk
also showed higher ingestion pathway values for children than adults, with BDWS
recording the highest child ingestion carcinogenic risk at 0.0000115214. Inte-
grated ranking placed BDWS first, followed by DDWS, PDWS and FDWS, while
the comparison category showed the lowest integrated score. This regional back-
ground contamination indicates the need for region-wide water quality monitor-
ing. Overall, the findings support a water safety framework that combines WQI,
toxic metal exceedance, receptor specific health risk and integrated site ranking
before dumpsite adjacent water is described as acceptable for use.

The study pooled surface water (streams and rivers) and groundwater (wells)
sources within each dumpsite category to reflect community-level water use pat-

terns and integrated exposure risk. While this approach captures the overall con-
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tamination burden in each industrial vicinity, it does not differentiate between

contaminant pathways in surface versus groundwater. The observed variability

(standard deviations) in the results partially reflects these source-type differences.

Future research should conduct separate sampling and analysis of surface and

groundwater sources to enable pathway-specific risk characterization.
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