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Abstract 
Traffic-derived heavy metal contamination of roadside soils poses significant public health risks in 
rapidly urbanising sub-Saharan African cities, yet probabilistic risk assessment remains rare in this 
region. This study characterised lead (Pb) and arsenic (As) concentrations in surface soils (0–20 cm) at 
five traffic-corridor sites along an urban-to-peri-urban gradient in Benin City, Nigeria, and evaluated 
ecological and human health risks using geochemical pollution indices, the Håkanson ecological risk 
framework, and a USEPA multi-pathway human health risk assessment model augmented by Monte 
Carlo (MC) simulation. Soil Pb ranged from 4.38 to 16.80 mg kg⁻¹ and As from 0.81 to 2.13 mg kg⁻¹, 
exceeding the local geochemical control by 52–119-fold and 63–95-fold, respectively. Pollution indices 
referenced to global shale background classified all sites as uncontaminated (Igeo < 0; CF < 1), yet 
locally-normalised contamination factors indicated very high anthropogenic enrichment, exposing a 
critical limitation of global background standards for the inherently metal-poor soils of the Benin 
Formation. Ecological risk was low at all sites (RI: 3.24–5.73); however, As contributed 
disproportionately to composite risk due to its higher toxic response factor. Deterministic non-
carcinogenic hazard indices remained below 1.0 for both children and adults. Total carcinogenic risk 
(TCR) from As ingestion exceeded the acceptable threshold of 1 × 10⁻⁶ at all contaminated sites 
(children: 1.52–2.33 × 10⁻⁵; adults: 1.31–1.99 × 10⁻⁵). Critically, MC simulation demonstrated that As 
carcinogenic risk exceeded 10⁻⁶ at probabilities of 61–96% for children and 43–89% for adults — 
identifying As ingestion as the modal, not worst-case, risk outcome. Soil As concentration (ρ = 0.71–
0.83) and ingestion rate (ρ = 0.55–0.68) were the dominant sources of exposure variance. These findings 
provide the first probabilistic HHRA of roadside soils in Benin City and demonstrate that deterministic 
methods alone are insufficient to characterise As carcinogenic risk in low-concentration, high-slope-
factor contexts. 
 
Keywords: roadside soil contamination; lead; arsenic; human health risk assessment; Monte 
Carlo simulation;   
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INTRODUCTION 
Roadside soils are well-recognised sinks for traffic-derived heavy metals, accumulating 
contaminants through tyre and brake-pad abrasion, engine wear, exhaust emissions, fuel 
combustion residues, road surface deterioration, and atmospheric deposition (Abderrahmane 
et al., 2021; Sager, 2020; Werkenthin et al., 2014). Among the metals of greatest concern, lead 
(Pb) and arsenic (As) are widely detected in urban roadside soils across the world. Elevated 
concentrations of these metals are commonly linked to several anthropogenic sources (Audu, 
2013; Wang et al., 2017; Zhang, 2006). 
 
Among the metals of greatest concern, lead (Pb) and arsenic (As) are widely detected in urban 
roadside soils across the world. Elevated concentrations of these metals are commonly linked 
to several anthropogenic sources (Adewumi and Ogundele, 2024; Luo et al., 2012).  
Both metals are classified as Group 1 human carcinogens by the International Agency for 
Research on Cancer (IARC, 2006), and their persistence in soil, combined with chronic 
exposure of urban pedestrians and children through ingestion, dermal contact, and inhalation 
of resuspended particulates, renders roadside soils a critical public health interface (Anwar et 
al., 2025; Nduka et al., 2024). 
 
In rapidly urbanising cities of sub-Saharan Africa, the health risks of traffic-related soil 
contamination are intensified by high population density, ageing vehicles, poor road 
conditions that generate dust, and widespread roadside commercial activities that increase 
human exposure to contaminated soils (Nduka et al., 2024; Nwachukwu et al., 2010; Odochi et 
al., 2024). 
 
Nigeria, which has the largest urban population in Africa and an estimated 13 million 
registered motor vehicles (NADDC, 2023), presents conditions that favour increased traffic-
related environmental contamination. Several studies have already reported heavy metal 
contamination in urban soils across major Nigerian cities, including Lagos (Adewale et al., 
2022; Fakayode and Olu-Owolabi, 2003; Tajudeen O et al., 2020), Anambra, Nigeria (Nduka et 
al., 2024), Benin City (Ajeh et al., 2022), Kano (Okunola et al., 2011), and Ibadan (Odewande 
and Abimbola, 2008)., Port Harcourt (Ideriah et al., 2010), Abeokuta (Laniyan and Popoola, 
2025) 
 
Despite these contributions, studies from Benin City remain relatively limited compared with 
other major Nigerian urban centres, particularly with respect to traffic-density gradients, 
roadside soil contamination patterns, and integrated ecological risk assessments. As one of 
the busiest urban centres in southern Nigeria, Benin City continues to experience increasing 
vehicular activity, urban expansion, and roadside commercialization, all of which justify the 
need for further site-specific investigation. 
 
A major methodological consideration in roadside soil contamination studies is the selection 
of an appropriate geochemical reference framework. Many studies rely on global geochemical 
background values, particularly the average shale values proposed by Turekian and 
Wedepohl (1961), which represent pre-industrial elemental concentrations. These reference 
values form the basis of several widely applied contamination assessment indices, including 
the deaccumulation index (Igeo) developed by Muller (1969), contamination factor (CF) 
proposed by Hakanson (1980), and the pollution load index (PLI) introduced by Tomlinson et 
al. (1980) 
 
However, applying these global reference values to the tropical, sandy, and naturally metal-
poor soils of the Benin Formation may mask or underestimate the extent of local 
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anthropogenic enrichment because the parent materials are inherently low in trace 
metals(Reimann and Garrett, 2005; Vilhena et al., 2021). Consequently, contamination indices 
calibrated against global background values may classify moderately enriched roadside soils 
as uncontaminated or only slightly polluted, thereby reducing the sensitivity of ecological 
assessments and potentially influencing environmental management decisions. 
 
Human health risk assessment (HHRA) of heavy metal-contaminated soils has evolved 
substantially since the USEPA (1989) Superfund risk framework. Deterministic point-estimate 
approaches, which compute single-value outputs from fixed exposure parameter inputs, are 
well-established but cannot capture the inherent variability and uncertainty in human 
exposure behaviour (Semple et al., 2003; Thabethe et al., 2025). Monte Carlo (MC) probabilistic 
simulation, propagating probability distributions through the exposure model over 
thousands of iterations, provides a more realistic risk characterization by generating the full 
outcome distribution, enabling probability-of-exceedance statements directly relevant to risk 
communication (Guo et al., 2019; USEPA, 2001). Despite clear advantages, MC application in 
West African urban soil risk studies remains rare, with most published work relying 
exclusively on deterministic point estimates (Liu et al., 2023; Orosun et al., 2023).  
 
Against this background, the present study provides the first integrated, multi-site assessment 
of Pb and As contamination and probabilistic human health risk in roadside soils of Benin 
City. Specifically, the study: (i) characterizes the spatial distribution and physicochemical 
context of Pb and As across six sites spanning an urban-to-peri-urban traffic gradient; (ii) 
quantifies geochemical enrichment using both global and local reference frameworks; (iii) 
evaluates ecological risk using the Hakanson (1980) framework; (iv) estimates non-
carcinogenic and carcinogenic health risk via deterministic and Monte Carlo probabilistic 
approaches; and (v) examines the physicochemical controls on metal distribution. The 
findings contribute empirical data from a neglected sub-Saharan African urban environment 
and offer methodological insights relevant to risk assessors in similar geological and 
socioeconomic contexts. 
 
MATERIALS AND METHODS 
 
Study Area 
The study was conducted in Benin City (latitude 6°17′–6°32′N; longitude 5°30′–5°45′E), the 
administrative capital of Edo State, southern Nigeria. The city lies within the tropical 
rainforest belt (Köppen Am), with bimodal rainfall (1,800–2,200 mm yr⁻¹) and mean daily 
temperatures of 24–32°C (Cirella et al., 2019; Okonofua et al., 2023). The geology is dominated 
by the Cenozoic Benin Formation (coastal plain sands), which yields acidic, coarse-textured, 
nutrient-poor soils with inherently low heavy metal background concentrations (Ikhile, 2016). 
Six sites were studied: five traffic-corridor sites spanning an urban-to-peri-urban gradient and 
one geochemical control (Table 1). 
 
Table 1. Study site descriptions and coordinates 

Site (code) LGA Longitude (E) Latitude (N) Site description 

Five Junction (FJ) Oredo 5°37′8.26″ 6°21′18.32″ High-density urban junction; 
>2,500 vehicles day⁻¹ 

Tech. School Road 
(TSR) 

Egor 5°36′47.0″ 6°22′36.8″ Arterial road with commercial 
activity 

UNIBEN Main Gate 
(UBN) 

Egor 5°36′32.0″ 6°23′42.4″ University corridor with mixed 
traffic 

Isiohor/Winners (ISH) Ovia-NE 5°36′0.9″ 6°25′40.9″ Peri-urban arterial route; informal 
activities 

Oluku Axis (OLK) Ovia-NE 5°35′47.0″ 6°27′13.5″ Peri-urban fringe; moderate traffic 
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Capitol – Control (CTL) Egor 5°37′22.7″ 6°24′0.5″ Low-traffic residential; 
geochemical control 

Soil Sample Collection and Preparation 
Sampling was conducted during the dry season (December 2023 – January 2024). At each 
contaminated site, a bilateral transect perpendicular to the carriageway established sampling 
positions at 0–1 m (R1, L1) and 1–3 m (R2, L2) from the kerb, yielding four positions per site; 
two positions (R1, L1) were used at the control site, giving 22 total. At each position, five sub-
samples were collected (0–20 cm depth) using a stainless-steel auger, homogenised to one 
composite, placed in acid-washed polyethylene bags, and transported on ice within 24 h. 
Samples were air-dried (25 ± 2°C, 14 days), disaggregated, and sieved to <2 mm. 
 
Soil Physicochemical Analysis 
Soil pH was determined in a 1:2.5 soil: water suspension (Hanna HI 2020). Texture was 
determined by the Bouyoucos hydrometer method (Hayatu et al., 2020). Total nitrogen (TN) 
was determined by macro-Kjeldahl (Bremner, 1996); total organic carbon (TOC) by Walkley–
Black wet oxidation (Nelson and Sommers, 1982); available phosphorus (AvP) by Bray-1 
extraction and colorimetry (882 nm; Shimadzu UV-1800). Exchangeable cations (K⁺, Ca²⁺, 
Mg²⁺, Na⁺) were extracted with 1 M NH₄OAc (pH 7.0) and determined by FAAS (PerkinElmer 
AAnalyst 200). Exchangeable acidity (H⁺, Al³⁺) was determined by 1 M KCl extraction and 
NaOH titration (Thomas, 1982). 
 
Heavy Metal Extraction and Analysis 
Total Pb and As were determined following aqua regia digestion (ISO 11466; USEPA Method 
3050B): 0.5 g soil in 9 mL HCl + 3 mL HNO₃ at 120°C for 2 h (DigiPREP MS, SCP Science). Pb 
was quantified by FAAS; As by hydride generation AAS (HG-AAS; PerkinElmer AAnalyst 
200/FIAS-100) (Kalyvas et al., 2018). Recoveries against NIST SRM 2709a were 92–105% (Pb) 
and 88–97% (As). Method detection limits: Pb = 0.05 mg kg⁻¹; As = 0.003 mg kg⁻¹. Duplicate 
RSD < 5%. 
 
Geochemical Pollution Indices 
Pollution assessment indices, including the geoaccumulation index (Igeo) (Müller, 1969), 
contamination factor (CF) (Hakanson, 1980), pollution load index (PLI) (Tomlinson et al., 
1980), and Nemerow integrated pollution index (NIPI) (Shi et al., 2008), were computed using 
the average shale background concentrations proposed by Turekian and Wedepohl (1961) (Pb 
= 20 mg kg⁻¹; As = 6.6 mg kg⁻¹). A control site was additionally employed to validate the 
suitability of these global reference values under local environmental conditions. The 
equations and classification thresholds used for each index are provided in Supplementary 
Text S1. 
 
Ecological Risk Assessment 
The Hakanson (1980) potential ecological risk framework was applied. The monomial 
ecological risk factor (Eri) for each metal and comprehensive risk index (RI) were calculated 
using toxic response factors Trₚᵇ = 5 and Trₐₛ = 10 (see Supplementary Text S1). Classification 
thresholds: Er < 40 = low; 40–80 = moderate; 80–160 = considerable; RI < 150 = low; 150–300 = 
moderate. 
 
Human Health Risk Assessment 
Non-carcinogenic hazard quotients (HQ) and hazard index (HI), and carcinogenic risk (CR) 
for As, were calculated for children (1–6 years) and adults (18–70 years) via three pathways: 
ingestion, dermal contact, and inhalation, following USEPA (2011). Chronic daily intake 
equations (CDI) and all exposure parameters are detailed in Supplementary Text S2 and Table 
S2. Reference doses: Pb – RfDing = 3.5 × 10⁻³ mg kg⁻¹ day⁻¹; As – RfDing = 3.0 × 10⁻⁴ mg kg⁻¹ 
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day⁻¹ (USEPA, 2024). As cancer slope factor SFing = 1.5 mg⁻¹ kg day; IUR = 4.3 × 10⁻³ per μg 
m⁻³ (USEPA, 2024). Risk thresholds: HI > 1.0 = non-carcinogenic concern; CR > 10⁻⁶ = 
acceptable limit exceeded; CR > 10⁻⁴ = maximum tolerable level (USEPA, 1989). 
 
Monte Carlo Simulation 
Probabilistic HHRA was performed using Monte Carlo simulation (n = 10,000 iterations; 
Python 3.11, NumPy v1.26, SciPy v1.12; USEPA (2001)). Soil metal concentrations were 
assigned lognormal distributions (parameterized by site-specific geometric mean and GSD); 
IR, EF, BW, SA, and InhR were assigned triangular or normal distributions per USEPA (2011) 
guidance (Table S2). Risk outputs were characterized by P50 and P95. Sensitivity was assessed 
by Spearman rank correlation between inputs and CR. Probability exceedance curves were 
generated for HI and CR. 
 
Statistical Analysis 
One-way ANOVA with Tukey HSD post hoc test (p < 0.05) compared site-level metal 
concentrations. Shapiro–Wilk tests assessed normality. Pearson correlation assessed 
relationships between physicochemical properties and metal concentrations. All statistics 
were performed in SPSS v28.0 and R v4.3.2. Spatial distribution maps were generated using 
ArcGIS Pro 3.2 with ordinary kriging interpolation. 
 
RESULTS 
Soil Physicochemical Properties 
Soils were uniformly acidic at all sites (pH 4.58–5.83; Table 2), with the lowest mean values at 
Isiohor (4.84 ± 0.27) and Oluku (4.82 ± 0.15). Texture was sandy loam throughout (sand: 850–
890 g kg⁻¹). Clay content was highest at Oluku (77.5 g kg⁻¹) and Isiohor (73.3 g kg⁻¹). TOC 
peaked at Oluku (24.45 g kg⁻¹) including an outlier of 40.2 g kg⁻¹ at position L1, indicative of 
localised organic accumulation. Exchangeable base cations were consistently low; 
exchangeable acidity (H⁺, Al³⁺) was greatest at Isiohor and Oluku. Available phosphorus was 
highest at the control site (21.0 mg kg⁻¹) relative to contaminated sites (8.86–18.0 mg kg⁻¹).  
 
Table 2. Soil physicochemical properties and heavy metal concentrations by site (mean ± 
SD). n = 4 per contaminated site; n = 2 for control. 

Site pH TOC (g kg⁻¹) TN (g kg⁻¹) AvP (mg 
kg⁻¹) 

Clay (g 
kg⁻¹) 

Pb (mg 
kg⁻¹) 

As (mg kg⁻¹) 

FJ 4.96 ± 0.11 21.62 ± 2.64 1.00 ± 0.17 13.28 ± 2.06 60.8 ± 4.7 8.68 ± 0.93 1.90 ± 0.08 

TSR 5.49 ± 0.27 18.08 ± 2.06 0.90 ± 0.06 9.79 ± 0.33 59.8 ± 5.3 5.36 ± 0.71 1.26 ± 0.21 

UBN 5.30 ± 0.10 20.52 ± 1.94 1.02 ± 0.11 12.40 ± 1.75 62.0 ± 5.1 5.23 ± 0.65 1.34 ± 0.63 

ISH 4.84 ± 0.27 22.80 ± 1.83 1.08 ± 0.07 14.38 ± 3.04 73.3 ± 2.1 8.31 ± 2.88 1.66 ± 0.19 

OLK 4.82 ± 0.15 24.45 ± 13.0 1.25 ± 0.66 13.59 ± 3.81 77.5 ± 4.1 11.89 ± 4.81 1.82 ± 0.29 

CTL 5.56 ± 0.13 18.80 ± 0.14 0.91 ± 0.03 21.00 ± 0.85 61.5 ± 6.4 0.10 ± 0.00 0.02 ± 0.01 

FJ = Five Junction; TSR = Technical School Road; UBN = UNIBEN Main Gate; ISH = Isiohor; OLK = Oluku; CTL 
= Capitol (control). Full exchangeable cation and acidity data in Table S1. 
 

Spatial Distribution of Pb and As 
Soil Pb ranged from 4.38 mg kg⁻¹ (UBN-R2) to 16.80 mg kg⁻¹ (OLK-L1), with site means of 
5.23–11.89 mg kg⁻¹ (Table 2). All means fell below the global geochemical background (20 mg 
kg⁻¹; (Turekian and Wedepohl, 1961) but exceeded the local control (0.10 mg kg⁻¹) by 52–119-
fold. One-way ANOVA confirmed significant inter-site variation in Pb (F = 3.592, p = 0.030). 
Arsenic ranged from 0.81 to 2.13 mg kg⁻¹ (site means: 1.26–1.90 mg kg⁻¹), exceeding the control 
(0.02 mg kg⁻¹) by 63–95-fold but below the global background (6.6 mg kg⁻¹); inter-site ANOVA 
was non-significant (F = 2.920, p = 0.057). A proximity-to-kerb gradient was most evident for 
Pb at Isiohor (R1: 11.80 vs. L2: 5.53 mg kg⁻¹). Concentration distributions are shown in Fig. 1. 



Ecological and Human Health Risk of PB and AS in Roadside Soils of Benin City, Nigeria: A Geoaccumulation 
and Monte Carlo Simulation Approach  

 

O. Ogbeide, F. Omorotionmwan , DUJOPAS 12 (2e): 448-467, 2026                                                              453 

 

 
Fig. 1. Mean concentrations (±SD) of (a) lead (Pb) and (b) arsenic (As) in roadside surface soils (0–20 cm) at five 
contaminated sites and one geochemical control site in Benin City, Nigeria. Dashed red line = global geochemical 
background after Turekian and Wedepohl (1961): Pb = 20 mg kg⁻¹; As = 6.6 mg kg⁻¹. Error bars represent one 
standard deviation (n = 4 per contaminated site; n = 2 for control). Site abbreviations: FJ = Five Junction; TSR = 
Technical School Road; UBN = UNIBEN Main Gate; ISH = Isiohor; OLK = Oluku; CTL = Capitol (Control). 

Geochemical Pollution Indices 
All indices referenced to global shale background classified sites as uncontaminated: Igeo (Pb: 
−2.53 to −1.46; As: −3.01 to −2.38), CF (Pb: 0.26–0.60; As: 0.19–0.29), PLI (0.22–0.41), and NIPI 
(0.25–0.52; Table 3; Fig. 2). However, when the control site is used as local background, 
effective CF for Pb at contaminated sites ranges from 52 to 119 (very high contamination; 
Håkanson, 1980), and for As from 63 to 95 — a result obscured by global reference framing. 
NIPI site ranking: OLK > FJ > ISH > TSR ≈ UBN. 
 
Table 3. Geochemical pollution indices and potential ecological risk indicators by site. 

Site Igeo Pb Igeo As CF Pb CF As PLI NIPI Er Pb Er As RI RI 
class 

FJ −1.796 −2.382 0.434 0.288 0.353 0.399 2.17 2.88 5.05 Low 

TSR −2.497 −2.992 0.268 0.191 0.226 0.249 1.34 1.91 3.24 Low 

UBN −2.531 −3.011 0.261 0.202 0.229 0.247 1.31 2.02 3.33 Low 

ISH −1.933 −2.579 0.416 0.252 0.323 0.377 2.08 2.52 4.60 Low 

OLK −1.464 −2.457 0.595 0.276 0.405 0.521 2.97 2.76 5.73 Low 

CTL −8.229 −9.451 0.005 0.002 0.003 0.004 0.03 0.02 0.05 Low 

Igeo = geoaccumulation index; CF = contamination factor (global background); PLI = pollution load index; NIPI 
= Nemerow integrated pollution index; Er = monomial ecological risk factor; RI = comprehensive ecological risk 
index (Håkanson, 1980). Background: Pb = 20 mg kg⁻¹; As = 6.6 mg kg⁻¹ (Turekian and Wedepohl, 1961). 
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Fig. 2. Geochemical pollution indices for Pb and As at contaminated sites: (a) geoaccumulation index (Igeo) for Pb; 
(b) Igeo for As; (c) pollution load index (PLI); (d) Nemerow integrated pollution index (NIPI). Geochemical 
background values: Pb = 20 mg kg⁻¹; As = 6.6 mg kg⁻¹ (Turekian and Wedepohl, 1961). Horizontal reference lines 
denote classification thresholds as defined in Section 2.5. All indices are referenced to global shale background. 
Site abbreviations as in Fig. 1. 

 
Potential Ecological Risk 
Er for Pb ranged from 1.31 (UBN) to 2.97 (OLK), and for As from 1.91 (TSR) to 2.88 (FJ), all 
below the low-risk threshold of 40 (Table 3; Fig. 3). RI ranged from 3.24 (TSR) to 5.73 (OLK), 
well below the moderate threshold of 150. As contributed a higher proportion of RI than its 
mass fraction at all sites — 57% at FJ despite As concentrations 4.6-fold lower than Pb — owing 
to Trₐₛ = 10 vs. Trₚᵇ = 5. Control site RI = 0.05. 

 
Fig. 3. Potential ecological risk assessment after Håkanson (1980): (a) monomial ecological risk factor (Eᵣⁱ) for Pb; 
(b) Eᵣⁱ for As; (c) comprehensive potential ecological risk index (RI = ΣEᵣⁱ). Toxic response factors: TrPb = 5; TrAs 
= 10. Dashed horizontal lines denote risk classification thresholds: Eᵣⁱ < 40 = low; 40–80 = moderate; 80–160 = 
considerable. RI < 150 = low; 150–300 = moderate; 300–600 = considerable. Bar values are annotated above each 
column. Site abbreviations as in Fig. 
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Deterministic Human Health Risk 
Soil ingestion dominated non-carcinogenic exposure (98.1–98.6% of HI), with dermal contact 
minor (<1.9%) and inhalation negligible (<0.01%). HI for children ranged from 0.001 (CTL) to 
0.071 (OLK) and for adults from 0.0001 to 0.008 — all below the threshold of 1.0 (Table 4; Fig. 
4). As contributed 70.8–75.2% of total HI in children and 72.0–76.1% in adults, consistent with 
its 10-fold lower oral RfD relative to Pb. 
 
Deterministic TCR from As exceeded 1 × 10⁻⁶ at all contaminated sites: children 1.52–2.33 × 
10⁻⁵, adults 1.31–1.99 × 10⁻⁵ (Table 4). TCR remained below the maximum tolerable level of 
10⁻⁴ at all sites. Control site TCR: 3.0 × 10⁻⁷ (children), 2.0 × 10⁻⁷ (adults) — both below 
threshold. Ingestion accounted for >99.9% of TCR. 
 
Table 4. Deterministic non-carcinogenic hazard index (HI) and total carcinogenic risk (TCR) 
by site and receptor group. 

Site HI (children) TCR (children) HI (adults) TCR (adults) TCR > 
10⁻⁶? 

FJ 6.68×10⁻² 2.30×10⁻⁵ 7.56×10⁻³ 1.97×10⁻⁵ Yes 

TSR 4.35×10⁻² 1.52×10⁻⁵ 4.92×10⁻³ 1.31×10⁻⁵ Yes 

UBN 4.53×10⁻² 1.62×10⁻⁵ 5.13×10⁻³ 1.39×10⁻⁵ Yes 

ISH 5.99×10⁻² 2.02×10⁻⁵ 6.77×10⁻³ 1.73×10⁻⁵ Yes 

OLK 7.08×10⁻² 2.21×10⁻⁵ 7.98×10⁻³ 1.89×10⁻⁵ Yes 

CTL 5.9×10⁻⁴ 3.0×10⁻⁷ 7.0×10⁻⁵ 2.0×10⁻⁷ No 

HI = hazard index (ingestion + dermal + inhalation, both metals). TCR = total carcinogenic risk from As 
(ingestion + inhalation). Pathway-level HQ values in Table S3. 

 

 
Fig. 4. Deterministic non-carcinogenic hazard index (HI) partitioned by metal contribution for (a) children (1–6 
years) and (b) adults (18–70 years). HI Pb = sum of pathway-specific HQ values for lead; HI As = sum for arsenic; 
total bar height = cumulative HI (Pb + As, all pathways). Dashed horizontal line = acceptable threshold (HI = 1.0; 
USEPA, 1989). Percentage labels above each bar indicate the proportional contribution of As to total HI. Site 
abbreviations as in Fig. 1. 

Probabilistic Risk Assessment 
Monte Carlo P50 HI for children ranged from 0.048 (UBN) to 0.077 (OLK); P95 from 0.080 to 
0.135 (Table 5; Fig. 5). HI = 1.0 was not exceeded in any iteration at any site, confirming 
probabilistic safety from non-carcinogenic effects. In contrast, probabilistic CR for As 
ingestion exceeded 10⁻⁶ at 61.1–96.1% of iterations for children and 43.2–88.7% for adults 
across all contaminated sites. Control site: 0% exceedance in all iterations. Sensitivity analysis 



Ecological and Human Health Risk of PB and AS in Roadside Soils of Benin City, Nigeria: A Geoaccumulation 
and Monte Carlo Simulation Approach  

 

O. Ogbeide, F. Omorotionmwan , DUJOPAS 12 (2e): 448-467, 2026                                                              456 

 

identified soil As concentration (ρ = 0.71–0.83) and ingestion rate (ρ = 0.55–0.68) as dominant 
sources of output variance. 
Table 5. Monte Carlo (n = 10,000) probabilistic HI and carcinogenic risk summary statistics. 

Site HI P50 
(child) 

HI P95 
(child) 

P(HI>1) % CR P50 
(child) 

CR P95 
(child) 

P(CR>10⁻⁶) 
child % 

P(CR>10⁻⁶) 
adult % 

FJ 0.0732 0.1178 0.0 1.79×10⁻⁶ 2.98×10⁻⁶ 96.1 88.7 

TSR 0.0477 0.0796 0.0 1.18×10⁻⁶ 2.07×10⁻⁶ 67.2 49.0 

UBN 0.0472 0.0958 0.0 1.16×10⁻⁶ 2.68×10⁻⁶ 61.1 43.2 

ISH 0.0656 0.1100 0.0 1.58×10⁻⁶ 2.67×10⁻⁶ 90.6 78.1 

OLK 0.0770 0.1349 0.0 1.71×10⁻⁶ 2.98×10⁻⁶ 93.3 85.0 

CTL 0.0006 0.0012 0.0 1.33×10⁻⁸ 2.85×10⁻⁸ 0.0 0.0 

P50/P95 = 50th/95th percentile. P(HI>1) = probability HI exceeds 1.0. P(CR>10⁻⁶) = probability of As 
carcinogenic risk exceedance. Adult HI percentiles in Table S4. 

 

[  

Fig. 5. Monte Carlo simulation (n = 10,000 iterations) probability exceedance curves. Top row: non-carcinogenic 
hazard index (HI) for (a) children and (b) adults; dashed vertical line = HI threshold of 1.0 (USEPA, 1989). No site 
exceeded HI = 1.0 in any iteration. Bottom row: carcinogenic risk (CR) from arsenic ingestion for (c) children and 
(d) adults; dashed vertical line = acceptable CR threshold of 1 × 10⁻⁶ (USEPA, 1989). Probability distributions reflect 
lognormal soil concentration inputs and triangular/normal distributions for key exposure parameters (IR, EF, BW, 
SA). Site abbreviations as in Fig. 1. 

Physicochemical Controls on Metal Distribution 
Pb was significantly positively correlated with TN (r = 0.693), TOC (r = 0.678), and clay (r = 
0.622), and negatively with pH (r = −0.677) and K (r = −0.658) (all p < 0.01). As showed similar 
but weaker directional relationships: r = −0.575 (pH), r = −0.670 (K), r = 0.466 (clay) (p < 0.05). 
Exchangeable H⁺ and Al³⁺ were positively correlated with Pb (r = 0.502, 0.446) and As (r = 
0.365, 0.241). AvP showed no significant correlation with either metal (|r| < 0.23; Fig. 6). 
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Fig. 6. Pearson correlation matrix showing relationships between soil Pb and As concentrations and soil 
physicochemical variables (n = 22 sampling positions). Cell values = Pearson r coefficient. Colour scale: blue = 
positive correlation; red = negative correlation. Significance: * p < 0.05; ** p < 0.01 (based on two-tailed t-test, critical 
|r| = 0.423 at p < 0.05 for n = 22). Bold white text indicates |r| > 0.55. Abbreviations: TN = total nitrogen; TOC = 
total organic carbon; AvP = available phosphorus; H⁺ = exchangeable hydrogen; Al³⁺ = exchangeable aluminium. 

 
DISCUSSION 
 
Soil Physicochemical Properties and Pedogenic Context 
The uniformly acidic pH (4.58–5.83; Table 2) reflects the base-poor, coarse-textured character 
of soils derived from the Benin Formation Coastal Plain Sands under the high-rainfall leaching 
regime of the tropical rainforest belt (Ahukaemere et al., 2016; Ulakpa et al., 2021). The lower 
pH at peri-urban sites (Isiohor, Oluku: 4.64–4.84) likely also reflects traffic-derived acid 
deposition from NOₓ and sulfur compounds  (Lee et al., 2012; Legret and Pagotto, 1999), 
consistent with comparable roadside soil pH (4.6–5.5) reported for Port Harcourt, another 
Coastal Plain Sands city (Nduka et al., 2008). The sandy loam texture entails low cation 
exchange capacity (CEC), limiting metal retention per unit soil mass (Kabata-Pendias, 2000); 
however, the elevated clay and TOC at Oluku and Isiohor provides proportionally greater 
sorption capacity, mechanistically explaining why Pb was highest at these sites despite 
moderate traffic intensity (Section 4.2). The base-depleted status (low K, Ca, Mg, Na; elevated 
exchangeable H⁺ and Al³⁺) heightens metal mobility risk under further acidification (Basta and 
McGowen, 2004). The lower AvP at contaminated vs. control sites may reflect arsenate–
phosphate competition for Fe/Al oxyhydroxide sorption sites (Cela-Dablanca et al., 2022; 
Violante et al., 2010), warranting sequential extraction follow-up. 
 
Sources and Spatial Distribution of Pb and As 
Pb enrichment (52–119-fold above the local control; Table 2) confirms a strong anthropogenic 
contribution associated with vehicular activity. The observed concentrations are comparable 
to the lower range reported for Nigerian urban roadside soils, including values of 47–151 mg 
kg⁻¹ documented in Lagos (Atayese et al., 2008),  5.9–32.4 mg kg⁻¹ in Lagos (Fakayode and Olu-
Owolabi, 2003), 8.1–27.3 mg kg⁻¹ in Port Harcourt (Nduka et al., 2008), but remain substantially 
lower than concentrations reported from heavily trafficked Asian urban corridors such as 
Beijing, China (87–114 mg kg⁻¹; (Yuan et al., 2025)) and Guangzhou, China (~65 mg kg⁻¹; (Cai 
et al., 2013)). These comparisons suggest moderate but significant Pb accumulation within the 
study area relative to major international traffic hotspots. 
 
Elevated Pb levels are mainly linked to three factors: residual contamination from historical 
leaded petrol use (Al-Sabbagh and Shreaz, 2025; Mielke et al., 2022), ongoing emissions from 
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brake and tyre wear (Candeias et al., 2020; Taylor and Kruger, 2020), and atmospheric 
deposition from vehicle combustion. Pb persists in roadside soils long after the phase-out of 
leaded petrol (Mielke & Reagan, 1998), while traffic-related wear continues to release trace 
metals into urban environments (De Silva et al., 2021). The higher Pb concentrations recorded 
near roadsides also support the common distance-decay trend reported in roadside pollution 
studies.  
 
The highest Pb concentration at peri-urban Oluku, despite lower traffic density than Five 
Junction, likely reflects greater road dust generation from poor road conditions, limited street 
cleaning, and stronger Pb retention in its clay- and organic-rich soils (TOC: 24.45 g kg⁻¹; clay: 
77.5 g kg⁻¹). Similar studies show that roadside Pb accumulation is enhanced in soils with high 
clay and organic matter content due to increased metal adsorption and retention (Adimalla, 
2020; Al-Sabbagh and Shreaz, 2025; Al Obaidy and Al Mashhadi, 2013).  
 
As concentrations (1.26–1.90 mg kg⁻¹), although higher than the local control, remain lower 
than levels reported in mining-impacted West African soils and Chinese urban soils (Abiya et 
al., 2018; Adomako et al., 2010; Chen et al., 2015). Traffic-related As contamination has been 
linked to vehicle emissions, wear of asphalt materials, and the use of agrochemicals along 
road verges (Kabata-Pendias and Mukherjee, 2007; Zhu et al., 2024). The non-significant inter-
site ANOVA for As (p = 0.057) and its weaker distance-decay pattern relative to Pb suggest a 
more diffuse source distribution, consistent with the association of arsenic with fine 
particulate matter (PM₂.₅/PM₁₀), which can remain airborne longer and disperse more widely 
before deposition (Lin et al., 2013; Martin et al., 2014; Tian et al., 2015).  
 
Geochemical Pollution Indices: The Background-Choice Problem 
Although all sites were classified as uncontaminated using global-background indices (Igeo 
< 0; CF < 1; PLI < 1), this does not contradict the observed 52–119-fold local Pb enrichment. 
The discrepancy arises because these indices use average shale values as background 
references (Turekian and Wedepohl, 1961), whereas the Benin Formation naturally contains 
much lower Pb concentrations. As a result, global shale standards underestimate the degree 
of Pb enrichment in the study area. Sutherland (2000) and Reimann and Garrett (2005) 
cautioned that global lithogeochemical averages may be unsuitable where local parent 
materials differ markedly from average shale composition. Using the control site as a local 
background instead yields much higher contamination factors for Pb (52–119) and As (63–95), 
classifying all impacted sites as very highly contaminated (CF > 6) according to the criteria of 
Hakanson (1980). 
 
Similar background-selection bias has been reported in other studies (Adetuga et al., 2020; 
Dytłow and Górka-Kostrubiec, 2021; Kazapoe and Arhin, 2021; Kowalska et al., 2018), 
highlighting the importance of reporting both global- and local-background contamination 
indices in low-background geological settings. The NIPI ranking (OLK > FJ > ISH > TSR ≈ 
UBN) further indicates that Pb was the principal pollution driver across all sites, reflecting the 
combined effects of traffic activity, road condition, and soil metal-retention capacity 
(Boroujerdnia et al., 2020; Haque et al., 2022). 
 
Ecological Risk 
Low RI values (3.24–5.73) reflect the relatively low overall metal concentrations at all sites. 
However, As contributed disproportionately to RI because of its higher toxic-response factor 
(Tr = 10) compared with Pb (Tr = 5), indicating that concentration alone may underestimate 
its ecological importance. This supports evidence that toxicity-weighted indices provide a 
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more realistic assessment of ecological risk than mass-based comparisons alone (Hakanson, 
1980). 
In addition, the Håkanson RI model was originally developed for sediments and does not 
account for soil-specific metal bioavailability or speciation. In acidic soils, Pb is often more 
mobile and bioavailable, potentially increasing ecological exposure beyond what total 
concentrations alone suggest (Basta and McGowen, 2004). Sequential extraction analysis 
would therefore improve assessment of metal mobility and ecological risk. 
 
Deterministic Human Health Risk 
HI below 1.0 at all sites for both receptors (Table 4; Fig. 4) is consistent with roadside soil 
studies where measured concentrations do not exceed regulatory thresholds (Birch et al., 2024; 
Famuyiwa et al., 2022; She et al., 2022; Zhao et al., 2011). Ingestion dominated exposure (98.1–
98.6% of HI) because As has a much lower reference dose than Pb (3.0 × 10⁻⁴ vs. 3.5 × 10⁻³ mg 
kg⁻¹ day⁻¹), making As the major contributor despite lower concentrations. Children showed 
8–9-fold higher HI due to higher ingestion rates and lower body weight, consistent with 
established patterns of greater child vulnerability to soil-metal exposure (Wei et al., 2015). This 
receptor disparity is particularly concerning given documented geophagy among southern 
Nigerian children (Asowata, 2021; Uttah et al., 2026). Furthermore, widespread pavement-
edge food vending may further increase exposure, as these behavioural pathways are not 
incorporated into the standard USEPA deterministic model and could lead to 
underestimation of HI for highly exposed populations.(Ng and von Goetz, 2016) . 
 
Deterministic carcinogenic risk (TCR) for As exceeded the USEPA acceptable limit (10⁻⁶) at all 
contaminated sites for both adults and children, with child TCR ranging from 1.52–2.33 × 10⁻⁵ 
(Table 4). Although As concentrations were relatively low by global standards, the high oral 
slope factor for inorganic As (SFing = 1.5 mg⁻¹ kg day⁻¹) substantially increases calculated 
cancer risk. Similar elevated TCR values at low As concentrations have been reported in 
roadside and urban soils from Ghana, China, Ethiopia and Nigeria (Akoto et al., 2018; 
Mmaduakor et al., 2022; Tsade; Wang et al., 2017). These findings support previous studies 
identifying As as a major carcinogenic risk driver in soil-risk assessments, even where Pb 
concentrations are higher (Ferreira-Baptista and De Miguel, 2005). 
 
Probabilistic Risk Characterization 
Monte Carlo (MC) simulation showed that HI remained below 1.0 in all 10,000 iterations 
(Table 5; Fig. 5), confirming that non-carcinogenic risk is consistently low even when exposure 
variability is considered. However, As carcinogenic risk (CR) exceeded 10⁻⁶ in 61–96% of child 
simulations, indicating that elevated cancer risk is a probable rather than worst-case outcome. 
The highest exceedance probability occurred at FJ (96.1%), where relatively high mean As 
concentrations and low variability concentrated the distribution above the threshold. In 
contrast, the wider variability at UBN (1.34 ± 0.63 mg kg⁻¹) produced a broader CR distribution 
and lower exceedance probability (61.1%), demonstrating that variability (GSD) strongly 
influences probabilistic risk outcomes. Similar studies have shown that deterministic HHRA 
can underestimate As risk probability in urban soils, particularly within the 1–5 mg kg⁻¹ 
concentration range observed here (Barrio-Parra et al., 2024; Oyunbat et al., 2021; Wang et al., 
2017) 
 
Sensitivity analysis identified soil As concentration (ρ = 0.71–0.83) and ingestion rate (ρ = 0.55–
0.68) as the main contributors to model uncertainty, highlighting the importance of continued 
As monitoring and region-specific soil ingestion data. Reported ingestion rates in sub-Saharan 
Africa range from 100–350 mg day⁻¹ (Chandra et al., 2019; Kootbodien et al., 2026), suggesting 
that USEPA default values may not fully represent local exposure behavior. These findings 
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reinforce the importance of probabilistic approaches in HHRA where As is present, as MC 
simulation better captures exposure variability and exceedance likelihood than deterministic 
methods alone. 
Physicochemical Controls on Metal Distribution 
The significant negative correlations between pH and metal concentrations (Pb: r = −0.677; 
As: r = −0.575; Fig. 6) agree with the established influence of soil acidity on metal mobility and 
sorption. Under acidic conditions (pH 4.6–5.8), increased H⁺ competition reduces Pb 
adsorption onto soil exchange sites and organic matter, thereby increasing metal mobility 
(Kabata-Pendias, 2000). 
 
Although the lower-pH sites (OLK and ISH) also recorded the highest Pb concentrations, this 
likely reflects co-varying site characteristics rather than a direct pH effect alone. These sites 
receive greater Pb inputs from road-surface degradation, while their higher clay and TOC 
contents enhance Pb retention after deposition, consistent with studies showing that organic-
rich and fine-textured soils can accumulate metals despite acidic conditions (Adimalla, 2020; 
Afzal et al., 2023; Dinake et al., 2021).  
 
The strong correlations of Pb with TOC (r = 0.678) and TN (r = 0.693) suggest that soil organic 
matter plays an important role in Pb retention through complexation with organic functional 
groups and co-deposition of traffic-derived carbonaceous particles such as soot and tyre 
debris (Bradl, 2004; Werkenthin et al., 2014). In contrast, the weaker As–TOC relationship (r = 
0.394) reflects the tendency of arsenate to bind preferentially to Fe/Al oxide surfaces rather 
than organic matter (Seco-Reigosa et al., 2015; Violante et al., 2010). The positive Pb–clay 
correlation (r = 0.622) further indicates enhanced Pb retention in fine-textured soils, consistent 
with the high sorption capacity of clay minerals (Lake et al., 2021; Luo et al., 2012). 
 
These relationships show that both traffic emissions and soil properties jointly control Pb 
and As distribution. Consequently, effective management should combine source-control 
measures with soil-stabilisation approaches such as organic amendments or biochar, which 
have been shown to reduce Pb mobility and bioavailability in contaminated soils (Bolan et 
al., 2014; O'Connor et al., 2018). 
 
Conclusion 
This study identified substantial traffic-related enrichment of Pb (52–119×) and As (63–95×) 
in Benin City roadside soils relative to local background levels, despite concentrations 
remaining below global shale-background standards. Global-background indices 
underestimated contamination, highlighting the need for locally referenced geochemical 
baselines in low-background environments. Although ecological risk (RI: 3.24–5.73) and non-
carcinogenic HI remained low, deterministic and Monte Carlo assessments showed that As 
carcinogenic risk exceeded the USEPA threshold (10⁻⁶) at all contaminated sites, particularly 
for children. Monte Carlo simulation confirmed that this exceedance was a probable outcome 
rather than a worst-case scenario. Pb and As distribution was controlled by both traffic inputs 
and soil properties (pH, TOC, clay), indicating that effective management should combine 
traffic-emission control with soil-stabilisation strategies. The findings demonstrate the 
importance of probabilistic HHRA and local geochemical baselines for urban-soil assessment 
in West Africa. 
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