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Abstract 9 

Certification and close-out of petroleum-contaminated sites in Nigeria often rely on 10 

fixed, generic regulatory thresholds that may not adequately reflect site-specific 11 

exposure conditions, contaminant behaviour, land use or receptor sensitivity. This 12 

creates uncertainty in residential or subsistence settings, where numerical compliance 13 

alone may not demonstrate protectiveness. This study addresses this gap by using a 14 

petroleum-contaminated site at MOGHO, Bodo Community, as a demonstration case 15 

for applying Tier 2 Site-Specific Target Levels (SSTLs) to support risk-based 16 

certification and close-out of petroleum-contaminated soil in Nigeria. The study links 17 

measured residual petroleum contamination with receptor-specific exposure 18 

pathways, petroleum hydrocarbon fractionation, cumulative human health risk and 19 

residential close-out decision-making within a Nigerian contaminated-land context. 20 

Measured concentrations of total petroleum hydrocarbons (TPH), polycyclic aromatic 21 

hydrocarbons (PAHs) and volatile organic compounds (VOCs) in surface soil were 22 

assessed using a tiered human health risk assessment framework. Tier 2 modelling 23 

was conducted for child and adult upper-percentile residential receptors, considering 24 

soil ingestion, dermal contact with soil, vegetable ingestion and inhalation of outdoor 25 

air. 26 

The results showed that carcinogenic risk exceeded the adopted target level of 1.0 × 27 

10⁻⁶, with estimated risks of 3.4 × 10⁻⁶ for the child resident, 1.2 × 10⁻⁵ for the adult 28 

resident, and 1.5 × 10⁻⁵ for the combined residential receptor. Non-carcinogenic 29 

hazard indices also exceeded the acceptable threshold of 1.0, with values of 30 

approximately 33 for the child resident and 15 for the adult resident. Vegetable 31 
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ingestion was the dominant exposure pathway for both risk endpoints, while PAHs 32 

mainly drove carcinogenic risk and heavier aromatic TPH fractions dominated non-33 

carcinogenic hazard. The original TPH concentration of approximately 3,900 mg/kg 34 

exceeded the calculated TPH concentration at SSTL of approximately 110 mg/kg, 35 

requiring a reduction of about 97% to achieve the modelled site-specific target 36 

condition. Overall, the findings indicate that the current soil-source condition does not 37 

support unrestricted residential certification under the modelled exposure assumptions 38 

without further remediation, exposure-pathway control, land-use restrictions, or 39 

defensible refinement of the conceptual site model. 40 

Keywords: Site-specific target levels (SSTL); risk-based corrective action (RBCA); 41 

petroleum hydrocarbons; contaminated land; Niger Delta; certification and close-out; 42 

TPHCWG; human health risk assessment. 43 
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1. Introduction 59 

1.1 Background to petroleum-contaminated land in Nigeria 60 

Hydrocarbon-contaminated land remains one of Nigeria's most persistent 61 

environmental management challenges, particularly in the Niger Delta, where decades 62 

of oil exploration, production, pipeline failures, illegal refining, and spill incidents have 63 

widely contaminated soil, groundwater, surface water, sediments, wetlands, and 64 

agricultural land. The United Nations Environment Programme's Environmental 65 

Assessment of Ogoniland found that hydrocarbon contamination in parts of Ogoniland 66 

was extensive, affecting soil and groundwater and posing a long-term risk to human 67 

health, ecological systems, and local livelihoods [40]. UNEP further described the 68 

restoration of Ogoniland as a potentially long-term, wide-ranging cleanup effort 69 

because of the scale and persistence of contamination across multiple environmental 70 

media [40]. 71 

A major difficulty in contaminated land management is determining when a remediated 72 

site is genuinely safe for certification and close-out. In Nigeria, hydrocarbon-73 

contaminated sites have historically been assessed against generic regulatory criteria, 74 

including target and intervention values for mineral oil or total petroleum hydrocarbons 75 

[14]. The commonly cited Environmental Guidelines and Standards for the Petroleum 76 

Industry in Nigeria (EGASPIN) approach uses a target value of 50 mg/kg and an 77 

intervention value of 5,000 mg/kg for TPH in soil, but these values do not fully account 78 

for site-specific land use, exposure pathways, receptor characteristics, 79 

hydrogeological conditions, or the chemical composition of the petroleum release [13]. 80 

This means that compliance with a generic intervention value may not, by itself, 81 

demonstrate protectiveness under a sensitive residential or subsistence exposure 82 

scenario. 83 

Petroleum hydrocarbon contamination is chemically complex. It may include TPH 84 

fractions, volatile compounds such as benzene, toluene, ethylbenzene, and xylenes 85 

(BTEX), and PAHs such as naphthalene, phenanthrene, benzo(a)pyrene, and 86 

dibenz(a,h)anthracene. These contaminants differ substantially in volatility, solubility, 87 

sorption behaviour, mobility, biodegradability, persistence and toxicity. For this reason, 88 

modern petroleum risk assessment increasingly evaluates TPH by carbon number and 89 

chemical class, rather than treating TPH as a single contaminant [18, 30, 31]. 90 
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To address this limitation, this study uses the MOGHO site as a demonstration case 91 

to evaluate how Tier 2 SSTLs can support risk-based certification and close-out 92 

decisions for petroleum-contaminated soil in Nigeria. The contribution lies not only in 93 

the site-specific results, but in demonstrating a reproducible decision workflow that 94 

links secondary regulatory datasets, fractionated petroleum chemistry, source–95 

pathway–receptor assessment, receptor-specific exposure assumptions, cumulative 96 

risk estimation and verification requirements. The specific objectives are to identify the 97 

contaminants of concern, develop a CSM, assess carcinogenic and non-carcinogenic 98 

risks for residential receptors, derive Tier 2 SSTLs where acceptable risk criteria are 99 

exceeded, compare measured concentrations with calculated SSTLs, and evaluate 100 

whether SSTL-based outputs provide a more defensible basis for certification than 101 

fixed generic TPH thresholds alone. 102 

The study is guided by the hypothesis that generic petroleum hydrocarbon criteria, 103 

when used in isolation, are insufficient to determine whether a remediated petroleum-104 

contaminated site is safe for certification and close-out under site-specific exposure 105 

conditions. The null hypothesis is that there is no meaningful difference between 106 

closure decisions based on fixed generic TPH target/intervention values and those 107 

based on site-specific risk assessment and SSTLs. The alternative hypothesis is that 108 

SSTL-based assessment provides a more protective and scientifically robust basis for 109 

certification because it accounts for land use, receptor characteristics, exposure 110 

pathways, contaminant toxicity and site-specific environmental conditions. 111 

Accordingly, we evaluated the acceptability of residual contamination at the study site 112 

by comparing estimated carcinogenic risks and non-carcinogenic hazard indices with 113 

defined target criteria. 114 

2. Study Area and Site Description 115 

2.1 Location and land-use setting of the study area 116 

The site is a hydrocarbon-impacted location in MOGHO, Bodo Community, in Gokana 117 

Local Government Area of Ogoniland, Rivers State, Nigeria, with reference 118 

coordinates: Easting 308896, Northing 513037 (WGS 84; Zone 32N). Ogoniland is 119 

one of the most widely documented hydrocarbon-contaminated areas in the Niger 120 

Delta, where historical oil exploration, pipeline operations, and spill incidents have 121 

widely contaminated different environmental media [40]. Site data indicate that the 122 
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area is situated within a local setting influenced by petroleum infrastructure, including 123 

a pipeline right-of-way that traverses the area. The pipeline corridor provides useful 124 

site context because it may represent a potential pathway for petroleum release, 125 

consistent with documented pipeline-related contamination concerns in the Niger 126 

Delta [40]. 127 

Site reconnaissance and field observations indicate mixed surrounding land use, 128 

including nearby homes, informal access routes, and agricultural activities. The 129 

presence of community receptors and vegetable farming areas makes the site relevant 130 

for residential and subsistence exposure assessment. These land-use conditions 131 

indicate that potential exposure may occur through direct contact with contaminated 132 

surface soil and through consumption of home-grown vegetables, particularly where 133 

local residents depend on small-scale farming for food and livelihood. Therefore, the 134 

site represents a sensitive exposure setting in which child and adult residents may be 135 

exposed through soil ingestion, dermal contact, ingestion of vegetables grown in 136 

affected soil and inhalation of outdoor air. 137 

This setting makes the site a suitable case study for evaluating risk-based certification 138 

and close-out because it combines residual petroleum hydrocarbon contamination, 139 

sensitive residential receptors, potential food-chain exposure, and the need to 140 

determine whether calculated SSTLs provide a defensible basis for residential close-141 

out and long-term land reuse. 142 

2.2 Conceptual site model (CSM) 143 

Although conceptual site models are a standard component of risk-based 144 

contaminated-land assessment, they are less consistently documented in Nigerian 145 

petroleum-contaminated site closure practice, where decisions often rely on generic 146 

concentration thresholds. In the Niger Delta context, an explicit CSM is therefore 147 

useful because it makes the source–pathway–receptor assumptions transparent and 148 

links the measured contamination to the exposure scenarios used for SSTL derivation 149 

[7]. 150 

The CSM for the study area was developed to identify the relevant source–pathway–151 

receptor linkages controlling potential human exposure to residual petroleum 152 

hydrocarbons in the 0–1 m surface-soil interval, as shown in Table 1 and Fig. 1. This 153 

interval was selected because it is most accessible to residents and most relevant to 154 
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direct contact and plant uptake. The CSM treats the soil source as a petroleum mixture 155 

comprising PAHs, VOCs/BTEX, MTBE, and aliphatic and aromatic TPH fractions, with 156 

the detailed analytical grouping and individual compounds described in Section 3.1. 157 

The CSM identifies child and adult residents as the primary human receptors under a 158 

conservative residential exposure scenario. The relevant exposure pathways include 159 

direct contact with impacted soil and indirect exposure through the soil–plant–human 160 

pathway. Table 1 summarises these source–pathway–receptor linkages, while 161 

Sections 3.2 and 3.3 describe the receptor assumptions and exposure pathway 162 

selection in detail. 163 

The CSM also provides the basis for evaluating carcinogenic risk and non-164 

carcinogenic hazard as the main risk endpoints. These endpoints were used to 165 

determine whether the identified exposure linkages required further risk-based 166 

evaluation, while Section 3.6 presents the detailed risk criteria and equations. 167 

Table 1 Source–Pathway–Receptor Linkages 168 

Source Pathway Receptor Status 

Contaminated 

surface soil 

Dermal contact, 

ingestion, 

inhalation 

Residents, farmers, 

children, shortcut 

users 

Complete 

Contaminated soil Crop uptake Subsistence crop 

consumers 

Complete 

Contaminated 

grass/soil 

Grazing Livestock and 

indirect human 

consumers 

Complete 

Petroleum vapours Vapour 

intrusion/inhalation 

Nearby residents Potentially 

complete 

Groundwater 

plume 

Discharge to 

surface water 

Surface 

water/ecological 

receptors 

Not considered  

169 
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 170 

Fig 1 Conceptual Site Model of the study area 171 
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3. Materials and Methods 172 

3.1 Data source and analytical dataset 173 

This study used an existing analytical dataset of previously measured surface-soil 174 

concentrations obtained from the National Oil Spill Detection and Response Agency 175 

(NOSDRA). The dataset was used as secondary analytical data for the Tier 2 human 176 

health risk assessment and SSTL derivation. No new laboratory analysis was 177 

undertaken as part of the RISC5 modelling stage; rather, the NOSDRA dataset was 178 

organised, analysed, checked and processed for risk assessment modelling. 179 

The dataset comprised petroleum-related contaminants grouped into three main 180 

categories: polycyclic aromatic hydrocarbons (PAHs), volatile organic compounds 181 

(VOCs), including BTEX and MTBE, and Total Petroleum Hydrocarbon Criteria 182 

Working Group (TPHCWG) fractions. Reported concentrations were checked for 183 

consistency of units, expressed in mg/kg for soil, and arranged into RISC5-compatible 184 

input groups. Where multiple measured values were available, 95% upper confidence 185 

limit values were calculated using ProUCL Version 5.1.002 software and used as 186 

representative model-input concentrations for the soil source. Supplementary Data S1 187 

and S2 provide the full RISC5 modelling output used for the Tier 2 risk assessment 188 

and SSTL derivation, respectively. 189 

The PAH dataset included low- and high-molecular-weight compounds, including 190 

naphthalene, acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene, 191 

fluoranthene, pyrene, benzo(a)anthracene, chrysene, benzo(b)fluoranthene, 192 

benzo(k)fluoranthene, benzo(a)pyrene, indeno(1,2,3-cd)pyrene, 193 

dibenz(a,h)anthracene and benzo(g,h,i)perylene. These compounds were retained 194 

because they are petroleum-related contaminants of concern and include 195 

carcinogenic PAHs relevant to residential human health risk assessment [12, 28]. 196 

The VOC dataset included benzene, toluene, ethylbenzene, xylene isomers and 197 

methyl tert-butyl ether (MTBE). These compounds were assessed because they are 198 

common petroleum-related constituents characterised by relatively high volatility and, 199 

particularly for benzene, toluene, and MTBE, greater environmental mobility than 200 

heavier hydrocarbon fractions. Their inclusion allowed the assessment to consider 201 

potential risks associated with lighter petroleum components and inhalation of outdoor 202 

air [16, 21, 41, 42]. 203 
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The TPHCWG dataset included aliphatic and aromatic hydrocarbon fractions across 204 

defined equivalent carbon ranges (Twerdok, 1999). The aliphatic fractions included 205 

C5–C6, C6–C8, C8–C10, C10–C12, C12–C16 and C16–C35, while the aromatic 206 

fractions included C7–C8, C8–C10, C10–C12, C12–C16, C16–C21 and C21–C35. 207 

The measured concentrations were used as model inputs for human health risk 208 

assessment and SSTL derivation under the selected residential exposure scenario. 209 

The risk-based approach follows the principle that site assessment and corrective 210 

action should protect human health and the environment [6, 8]. Section 3.1.1 211 

summarises the available analytical data-quality information for this dataset. 212 

3.1.1 Data Quality and Analytical Reporting 213 

Soil sampling was undertaken from five monitoring boreholes at depths of 0.5, 1.0, 214 

4.0, 7.0 and 10.0 m. The sampling protocol followed ISO 18400 soil sampling 215 

standards and U.S. EPA-based methods, with soil descriptions recorded in 216 

accordance with BS 5930. During sampling, lithology was logged in situ, and olfactory 217 

and sheen observations were used as field indicators of hydrocarbon presence. Soil 218 

samples were collected into appropriate containers, labelled, stored in cool boxes with 219 

ice packs and transferred for laboratory analysis. Measures were taken to minimise 220 

cross-contamination, including using appropriate sample containers, preserving 221 

samples, field logging, sample coding, and decontaminating equipment with 95% 222 

ethanol. 223 

The laboratory report provided numerical limits of detection and accreditation status 224 

for the measured analytes. Speciated PAHs in soil were reported with a limit of 225 

detection of 0.05 mg/kg, while TPHCWG aliphatic and aromatic fractions had fraction-226 

specific limits of detection ranging from 0.01 to 10 mg/kg, depending on the carbon 227 

range. VOCs, including MTBE, benzene, toluene, ethylbenzene and xylene isomers, 228 

were reported in µg/kg, with limits of detection of 5 µg/kg for most VOCs and 8 µg/kg 229 

for p- and m-xylene. The PAH, VOC and fractionated TPH analyses were reported as 230 

ISO 17025 accredited 231 

The analytical methods included GC-MS analysis for speciated PAHs (U.S. EPA 8270), 232 

headspace GC-MS analysis for VOCs/BTEX (U.S. EPA 8260), and GC-FID/GC-MS 233 

methods for petroleum hydrocarbons with carbon banding. The TPHCWG 234 

fractionation data used in the RISC5 model were therefore supported by laboratory-235 
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reported method descriptions, accreditation status and numerical detection limits. Soil 236 

analytical results were reported on a dry-weight basis, with moisture correction applied 237 

where required. 238 

3.2 Exposure Scenarios and Receptors 239 

The exposure assessment considered upper-percentile residential receptors because 240 

the site is located in a setting where residential occupation, informal land access and 241 

potential subsistence activities may occur. The assessment evaluated three receptor 242 

scenarios: Child Resident – Upper Percentile, Adult Resident – Upper Percentile, and 243 

a combined residential receptor in which child and adult risks were added together. 244 

This approach allowed the assessment to evaluate both age-specific exposure and 245 

cumulative residential exposure over time [29, 36]. 246 

The Child Resident – Upper Percentile receptor represents a conservative estimate of 247 

exposure for children living in or near the petroleum-impacted area. Children were 248 

included because they may experience greater exposure relative to body weight and 249 

are generally important receptors in residential human health risk assessment [38]. 250 

The Adult Resident – Upper Percentile receptor represents long-term adult exposure 251 

under residential land-use conditions [37]. 252 

The combined residential receptor represents cumulative exposure across child and 253 

adult life stages. This approach is appropriate for carcinogenic risk assessment 254 

because cancer risk is generally evaluated over a lifetime and may accumulate across 255 

different exposure periods. Therefore, adding child and adult receptor risks provides a 256 

more complete estimate of lifetime residential carcinogenic risk [10, 33, 35] 257 

The term “upper-percentile” indicates that the receptor represents a conservative, 258 

high-end exposure scenario rather than an average condition. Human health risk 259 

assessment commonly uses high-end or reasonable maximum exposure scenarios to 260 

protect individuals at the upper end of the exposure distribution without relying solely 261 

on extreme worst-case assumptions [39]. In the RBCA framework, receptor selection 262 

and exposure assumptions are central to deriving protective risk-based screening 263 

levels (RBSLs) and SSTLs [5, 6, 8]. For this study, upper-percentile residential 264 

receptors were selected to provide a conservative assessment of potential exposure 265 

under a sensitive residential land-use scenario and to inform certification and site 266 

close-out decisions. 267 
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3.3 Exposure Pathways 268 

The exposure pathways modelled for the site were ingestion of soil, dermal contact 269 

with soil, ingestion of vegetables, and inhalation of outdoor air. These pathways were 270 

selected from the CSM because residential and subsistence exposure to petroleum-271 

impacted surface soil may occur. In human health risk assessment, exposure 272 

pathways are considered complete when a contaminant source, environmental fate or 273 

transport pathway, exposure point, exposure route, and receptor are present [15, 33, 274 

38].  275 

Ingestion of soil was included because residents may accidentally ingest contaminated 276 

soil or dust during outdoor activities. This pathway is relevant to residential settings 277 

where surface soil remains accessible. Dermal contact with soil was included because 278 

residents may come into direct skin contact with contaminated soil during domestic, 279 

recreational, farming or informal land-use activities. 280 

Ingestion of vegetables was included because the site occurs within a mixed 281 

residential and agricultural setting where vegetable cultivation or subsistence 282 

gardening may occur. This pathway represents the potential transfer of contaminants 283 

from soil into edible plant tissues, followed by human consumption. Including it matters 284 

because petroleum-related contaminants may contribute to exposure through the soil–285 

plant–human pathway, particularly in communities where locally grown produce forms 286 

part of the household food supply. Risk assessment guidance recognises that 287 

consuming home-grown produce can be a relevant exposure route in residential or 288 

agricultural land-use scenarios [8, 37]. 289 

Inhalation of outdoor air was included to assess whether volatile emissions from 290 

contaminated soil meaningfully contribute to human health risk [22].  This pathway is 291 

relevant for volatile petroleum constituents such as BTEX and MTBE, which may 292 

partition from soil into air [2, 17].  Although heavier TPH fractions and PAHs are 293 

generally less volatile, inclusion of this pathway allowed the model to confirm whether 294 

inhalation of outdoor air was a significant driver of risk. 295 

3.4 Exposure Parameters and Model Assumptions 296 

Exposure parameters were specified in RISC5 to represent the residential informal 297 

and subsistence exposure scenario defined for the study area. The parameters 298 
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represent upper-percentile child and adult residential receptors and provide a 299 

conservative basis for estimating carcinogenic risk, non-carcinogenic hazard, and 300 

SSTLs. Table 2 summarises the specific exposure parameters used in the model. 301 

 302 

 303 

 304 

 305 

 306 

 307 

 308 

 309 

 310 

 311 

 312 

 313 

 314 

 315 

 316 

 317 

 318 

 319 

 320 

 321 

 322 
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Table 2 Specific exposure parameters used for RISC5 modelling 323 

Parameter Child Resident 

– Upper 

Percentile 

Adult 

Resident – 

Upper 

Percentile 

Justification 

Averaging time for 

carcinogens (yr) 

70 70 Lifetime averaging period for 

carcinogenic risk assessment [1]. 

Body weight (kg) 17.2 64 [3,20, 24]. 

Exposure duration (yr) 6 45 Conservative assumption that 

residents, including the farm-working 

population, are likely to spend most of 

their life in the same area 

Exposure frequency for soil 

(events/yr) 

350 350 Assumed to be 350 days per year for 

adult and child receptors due to 

regular community use of the link path 

Skin surface area exposed 

to soil (cm²) 

2190 5300 RISC5 Default Value 

Soil/skin adherence factor 

(mg/cm²) 

0.2 0.07 RISC5 Default Value 

Ingestion rate for soil 

(mg/day) 

200 100 RISC5 Default Value 

Exposure frequency for 

vegetable intake 

(events/yr) 

350 350 Assumed regular consumption 

exposure under residential informal 

and subsistence conditions 

Ingestion rate for above-

ground vegetables (g/day) 

55.8 127 RISC5 Default Value 

Ingestion rate for root 

vegetables (g/day) 

48.5 87.5 RISC5 Default Value 

Fraction of vegetables 

grown in contaminated soil 

(-) 

0.25 0.25 Conservative assumption for partial 

contribution of locally grown produce 

Exposure frequency for 

outdoor air (events/yr) 

350 350 Assumed regular outdoor exposure 

under the residential informal scenario 

Inhalation rate outdoors 

(m³/hr.) 

1.2 1.6 RISC5 Default Value 

Time outdoors (hr./day) 10 15 Conservative outdoor activity 

assumption for the selected receptors 

 324 
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As shown in Table 2, the same annual exposure frequency of 350 events/year was 325 

applied to soil contact, vegetable intake and outdoor-air exposure for both receptor 326 

groups. This reflects the conservative assumption that residents and farm-working 327 

community members may regularly use or occupy the affected area. We used 328 

exposure duration, body weight, soil ingestion rate, dermal parameters, vegetable 329 

ingestion rates, and outdoor inhalation parameters to define receptor-specific 330 

exposure under the selected residential informal and subsistence scenario. 331 

For the vegetable ingestion pathway, the model assumed that a fraction of consumed 332 

vegetables could be grown in impacted soil and that petroleum-related contaminants 333 

may transfer from root-zone soil into edible plant tissues. For outdoor-air exposure, 334 

volatile constituents were considered capable of partitioning from soil to air, while 335 

heavier TPH fractions and PAHs were expected to contribute less because of their 336 

lower volatility. These assumptions were applied as conservative screening-level 337 

inputs rather than site-specific behavioural measurements, and the resulting model 338 

outputs were interpreted as health-protective estimates for certification and close-out 339 

decision-making. 340 

3.5 Soil, Source Geometry and Transport Model Parameters 341 

Soil, source geometry and transport parameters were specified in RISC5 to represent 342 

the physical conditions controlling contaminant partitioning, volatilisation, leaching and 343 

plant uptake from the soil source. These parameters differ from receptor exposure 344 

parameters because they describe the environmental medium, source configuration, 345 

and transport setting the model uses. Table 3 summarises the selected soil and 346 

transport inputs used for the study area. 347 

 348 

 349 

 350 

 351 

 352 

 353 
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Table 3. Soil and transport parameters used for RISC5 modelling 354 

Parameter Value Unit Source/basis 

Total porosity 0.481 cm³/cm³ RISC5 Default 

value for silty clay 

Residual water content 0.09 cm³/cm³ RISC5 Default 

value for silty clay 

Fraction organic carbon 0.002 gOC/gsoil RISC5 Default 

value for silty clay 

Soil bulk density 1.4 g/cm³ RISC5 Default 

value for silty clay 

Saturated conductivity of vadose 

zone 

0.1 m/day RISC5 Default 

value for silty clay 

Van Genuchten N parameter 1.09 - RISC5 Default 

value for silty clay 

Infiltration rate 30 cm/year RISC5 model 

input 

Depth to top of contamination 1 m Site-specific data 

Length of source area 60 m Site-specific data 

Width of source area 50 m Site-specific data 

Thickness of contamination 1 m Site-specific data 

Distance from bottom of source to 

groundwater 

4.83 m Site-specific 

source geometry 

input 

Outdoor-air box height 2 m Assumed/model 

input values. 

Outdoor-air box width 10 m Assumed model 

input values 

Outdoor-air box length 10 m Assumed model 

input values 

Wind speed 2.1 m/s Literature value 
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 355 

As shown in Table 3, the soil medium was represented using silty clay properties from 356 

the RISC5 soil property database, justified by the Lithostratigraphic units showing the 357 

localised geology of the study area (Fig. 2), while the source geometry parameters 358 

defined the position and dimensions of the contaminated soil source.  These inputs 359 

were used to estimate contaminant movement from the soil source and potential 360 

exposure through the selected pathways. 361 

 362 

 Fig. 2 Local lithostratigraphic correlation of the study area 363 

Notes: 364 

• Colours denote the three interpreted local units; hatch patterns reproduce the 365 

lithologic interval 366 

• Unit contacts are correlation-inferred from the supplied field descriptions and 367 

are not stratigraphic boundaries.  368 

 369 

Plant uptake was also included because vegetable ingestion was one of the complete 370 

exposure pathways in the CSM. RISC5 used the Trapp and Matthies plant uptake 371 

model to represent the transfer of petroleum-related contaminants from impacted soil 372 

into edible plant tissues. These parameters provided the basis for estimating 373 

contaminant uptake into vegetables under the residential informal and subsistence 374 

exposure scenario. 375 

 376 
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3.6 Risk Assessment Approach 377 

The human health risk assessment evaluated both carcinogenic and non-carcinogenic 378 

effects associated with exposure to petroleum-impacted surface soil. The assessment 379 

followed a risk-based approach, comparing estimated exposure with toxicological 380 

criteria to determine whether site conditions were acceptable for the selected 381 

residential receptors. This principles-based method aligns with RBCA, in which 382 

remediation and close-out decisions are based on the relationship among contaminant 383 

source concentrations, exposure pathways, receptors, and acceptable risk levels [8].  384 

Carcinogenic risk was evaluated as the lifetime excess cancer risk (LTECR), 385 

representing the estimated probability that an individual will develop cancer over a 386 

lifetime as a result of exposure to site-related contaminants [34, 36]. For carcinogenic 387 

chemicals, we combined exposure through each complete pathway with relevant 388 

cancer toxicity values to estimate pathway-specific and total cancer risk [27]. In this 389 

study, the acceptable carcinogenic risk criterion was defined as: 390 ELTCR =  ∑ Riskᵢⱼ ≤  1.0 ×  10⁻⁶    (1) 391 

This target risk level represents one additional cancer case in one million exposed 392 

individuals and is commonly used as a conservative benchmark in human health risk 393 

assessment [33, 34]. Where calculated carcinogenic risk exceeds 1.0 × 10⁻⁶, the 394 

exposure scenario is considered to require further evaluation, remediation or risk 395 

management. 396 

Non-carcinogenic risk was evaluated using the hazard quotient (HQ) and hazard index 397 

(HI). The hazard quotient compares the estimated exposure dose for a contaminant 398 

with its reference dose or acceptable toxicity threshold, while the hazard index sums 399 

hazard quotients across relevant chemicals and pathways [34, 36]. In this study, the 400 

acceptable non-carcinogenic criterion was defined as: 401 HQ = Exposure dose  Reference dose ;  HI =  ∑ HQᵢⱼ ≤  1.0                      (2) 402 

A hazard index of 1 or less indicates that cumulative non-carcinogenic effects are 403 

unlikely under the modelled exposure assumptions. Conversely, HI > 1 suggests that 404 

cumulative exposure may exceed acceptable health-protective levels [34]. 405 
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Accordingly, these criteria were applied to determine whether the modelled residential 406 

exposure scenario met acceptable human health risk levels. 407 

3.7 SSTL Derivation 408 

SSTLs were derived for the soil source to determine contaminant concentrations 409 

protective of the selected residential receptors and the complete exposure pathways 410 

identified in the CSM. Unlike generic clean-up values, SSTLs are calculated using site-411 

specific source characteristics, contaminant composition, receptor assumptions, 412 

exposure pathways and acceptable risk criteria [6, 8].  413 

For petroleum-impacted surface soil, the SSTL calculation considered the cumulative 414 

contribution of carcinogenic and non-carcinogenic contaminants. This was necessary 415 

because petroleum-contaminated soil contains multiple PAHs, VOCs, and TPH 416 

fractions that may collectively contribute to total risk and hazard. The calculated SSTLs 417 

therefore represent soil concentrations at which the combined risk from relevant 418 

chemicals and pathways would remain within the acceptable criteria defined in Section 419 

3.6 [6, 8]. 420 

The original source concentration refers to the measured concentration of each 421 

contaminant or TPH fraction in the soil source, expressed in mg/kg. This represents 422 

the starting condition of the contaminated soil before risk-based adjustment. The TPH 423 

concentration represents the total petroleum hydrocarbon concentration associated 424 

with the soil source and provides the overall hydrocarbon mass used in the model. 425 

The original TPH concentration used for the study site was approximately 3900 mg/kg 426 

and was treated as the representative model-input concentration for the Tier 2 427 

assessment. 428 

The mass fraction describes the proportion, by mass, of each chemical or hydrocarbon 429 

fraction within the total petroleum hydrocarbon mixture [14]. It was calculated as:  430 Mass fractionᵢ = CᵢTPHₜₒₜₐₗ   (3) 431 

 432 

Where Cᵢ is the chemical concentration, and TPHₜₒₜₐₗ is the total petroleum 433 

hydrocarbon. This parameter matters because petroleum hydrocarbons behave as 434 
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mixtures, and the relative abundance of each fraction influences toxicity, solubility, 435 

mobility, and exposure potential [18, 30]. 436 

Effective solubility represents the estimated equilibrium dissolved concentration of a 437 

chemical in water in contact with a petroleum mixture. Under ideal-mixture 438 

assumptions, it reflects both the chemical’s pure-component solubility and its mole 439 

fraction in the hydrocarbon source [11, 25]. It influences contaminant release into 440 

water, subsequent transport and potential [11]. Aqueous availability also influences 441 

plant uptake, along with chemical hydrophobicity, soil properties, and plant 442 

characteristics [43].  443 

The term TPH at SSTL refers to the total TPH concentration corresponding to the 444 

calculated site-specific target condition. It represents the reduced hydrocarbon source 445 

strength required to satisfy the risk-based criteria. The SSTLs therefore provide 446 

contaminant-specific and mixture-based targets for evaluating whether the site is 447 

suitable for certification and close-out. 448 

3.8 Data Comparison and Certification Decision Logic 449 

Measured residual concentrations in surface soil were compared with the calculated 450 

SSTLs to determine whether the soil source met the risk-based criteria for certification 451 

and close-out. The comparison was undertaken on a contaminant-by-contaminant 452 

basis for PAHs, VOCs/BTEX, MTBE, and the aliphatic and aromatic TPH fractions. 453 

This methodology aligns with RBCA, which involves comparing site conditions against 454 

protective concentration thresholds established to safeguard human health and the 455 

environment within specific exposure scenarios [8]. The decision rule applied in the 456 

assessment was: 457 

Measured Concentration ≤ SSTL = Compliance 458 

Measured Concentration > SSTL = Exceedance 459 

Where a measured concentration exceeded its SSTL, the result was interpreted as 460 

requiring further remediation, exposure pathway control, land-use restriction or 461 

refinement of the conceptual site model. Certification and close-out were considered 462 

supportable only where residual concentrations were below the calculated SSTLs and 463 

where relevant exposure pathways were either incomplete or adequately controlled. 464 
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Laboratory reporting limits were considered in the certification decision. For verification 465 

sampling based on non-detect results, analytical reporting limits must be at or below 466 

the relevant SSTLs. If a reporting limit exceeds the SSTL, a non-detect result 467 

cannot independently confirm that the residual concentration meets the target and 468 

should therefore be treated as inconclusive rather than compliant [4].  469 

This ensures that close-out decisions are based on defensible evidence rather than 470 

on non-detect results that may still exceed the risk-based target concentration [4]. This 471 

practice aligns with human health risk assessment, in which risk characterisation 472 

should integrate exposure estimates, toxicity values, uncertainty, and the adequacy of 473 

supporting data [32].  474 

3.9 Risk Modelling Software 475 

The Tier 2 human health risk assessment and SSTL derivation were carried out using 476 

Risk Integrated Software for Cleanups Version 5 (RISC5; version 1.06.001.30EN). 477 

RISC5 was used to model petroleum-related contaminants in surface soil and to 478 

generate risk-based outputs for the selected residential exposure scenario. Input 479 

parameters included measured contaminant concentrations, petroleum hydrocarbon 480 

fractions, receptor assumptions, and exposure pathways defined in the preceding 481 

sections. Toxicity values, exposure parameters, and soil-to-plant uptake assumptions 482 

were applied within the RISC5 modelling framework, using default model values when 483 

site-specific values were unavailable. The model outputs provided the basis for 484 

estimating carcinogenic risk, non-carcinogenic hazard, SSTLs and the certification 485 

decision logic applied in this study. 486 

3.10 Screening-Level Sensitivity and Uncertainty Analysis 487 

A screening-level sensitivity and uncertainty analysis was undertaken to evaluate how 488 

selected model assumptions could influence the Tier 2 risk characterisation. The 489 

deterministic RISC5 model was retained as the baseline case, and selected exposure, 490 

source-term and pathway assumptions were varied around the values used in the 491 

main assessment. The purpose of this analysis was not to replace the Tier 2 SSTL 492 

calculation, but to examine whether the risk-based conclusions were sensitive to 493 

plausible changes in key input assumptions. 494 
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The parameters varied were body weight, soil ingestion rate, vegetable ingestion rate, 495 

fraction of vegetables grown in contaminated soil, exposure frequency, exposure 496 

duration, soil-source concentration and the inclusion of the plant-uptake pathway. 497 

These parameters were selected because they directly influence receptor exposure 498 

estimates, source-term assumptions and pathway-specific intake under the residential 499 

informal and subsistence exposure scenario. Particular attention was given to 500 

vegetable ingestion and plant uptake assumptions because the CSM identified the 501 

soil–plant–human pathway as a complete and potentially important exposure linkage 502 

for the study area. 503 

The baseline values were the deterministic RISC5 model inputs used in the main 504 

assessment. We then assigned lower and higher values to selected parameters to 505 

represent plausible variation around the baseline exposure and source-term 506 

assumptions, as summarised in Table 4. We used these values as screening-507 

sensitivity scenarios rather than as formal population percentiles. Body-weight 508 

scenarios were selected to bracket the Nigerian body-weight values used in the 509 

baseline exposure assessment, while soil ingestion, vegetable ingestion and 510 

exposure-duration scenarios were informed by exposure-factor guidance and RISC5 511 

model-default assumptions [3, 20, 24, 29, 37, 38, 39].  512 

For variables tested using discrete scenarios, the deterministic RISC5 value was 513 

retained as the baseline comparator. We evaluated the fraction of vegetables grown 514 

in contaminated soil at 0, 0.10, 0.25, and 0.50, where 0.25 represented the baseline 515 

model assumption. We evaluated exposure frequency at 250, 300, and 350 days/year, 516 

with 350 days/year representing the baseline deterministic input. These scenarios 517 

allowed direct comparison of lower- and higher-exposure assumptions with the main 518 

RISC5 model. 519 

We evaluated the influence of the plant-uptake pathway by varying the fraction of 520 

vegetables grown in contaminated soils to assess the impact of soil-to-plant transfer 521 

on total carcinogenic risk and non-carcinogenic hazard. 522 

The sensitivity analysis focused on changes in total carcinogenic risk and non-523 

carcinogenic hazard index for the selected residential receptors. Outputs were 524 

summarised by comparing the baseline deterministic result with alternative scenario 525 

results and by identifying the assumptions that produced the greatest change in risk 526 
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and hazard. The analysis determined whether the certification and close-out 527 

interpretation remained stable under plausible alternative exposure and pathway 528 

assumptions. 529 

 530 
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Table 4 Parameters considered in the screening-level sensitivity and uncertainty analysis 531 

Parameter Low/reduced scenario Baseline deterministic 
value 

High/conservative 
scenario 

Basis 

Child body weight 13 kg 17.2 kg 22 kg Screening range bracketing the 
baseline child body-weight value 

Adult body weight 55 kg 64 kg 75 kg Screening range bracketing the 
baseline adult body-weight value 

Child soil ingestion rate 100 mg/day 200 mg/day 400 mg/day Exposure-factor sensitivity range 
around RISC5 baseline input 

Adult soil ingestion rate 50 mg/day 100 mg/day 200 mg/day Exposure-factor sensitivity range 
around RISC5 baseline input 

Child above-ground 
vegetable ingestion rate 

27.9 g/day 55.8 g/day 83.7 g/day 0.5 ×, 1.0 × and 1.5 × baseline 
intake 

Child root vegetable 
ingestion rate 

24.3 g/day 48.5 g/day 72.8 g/day 0.5 ×, 1.0 × and 1.5 × baseline 
intake 

Adult above-ground 
vegetable ingestion rate 

63.5 g/day 127 g/day 190.5 g/day 0.5 ×, 1.0 × and 1.5 × baseline 
intake 

Adult root vegetable 
ingestion rate 

43.8 g/day 87.5 g/day 131.3 g/day 0.5 ×, 1.0 × and 1.5 × baseline 
intake 

Fraction of vegetables 
grown in contaminated soil 

0 and 0.10 0.25 0.50 Discrete land-use/pathway 
scenarios 

Exposure frequency 250 days/year 350 days/year 300 days/year used as 
intermediate scenario 

Discrete exposure-frequency 
scenarios; 350 days/year retained 
as baseline upper estimate 

Child exposure duration 3 years 6 years 10 years Residential exposure-duration 
sensitivity scenario 

Adult exposure duration 30 years 45 years 60 years Residential exposure-duration 
sensitivity scenario 

Note: Baseline values are the deterministic RISC5 inputs used in the main assessment. Low/reduced and high/conservative values 532 

were used only as screening-level sensitivity scenarios; they should not be interpreted as formal population percentiles.  533 



24 

 

Parameters that produced the largest changes in carcinogenic risk or non-534 

carcinogenic hazard were considered the most influential assumptions for the 535 

certification decision. This provided an additional basis for evaluating whether further 536 

remediation, pathway control, land-use restriction or refinement of the conceptual site 537 

model may be needed before close-out could be supported. 538 

4.0 Results 539 

4.1 Carcinogenic Risk Results 540 

The carcinogenic risk assessment produced total risks of 3.4 × 10⁻⁶ for the Child 541 

Resident – Upper Percentile receptor and 1.2 × 10⁻⁵ for the Adult Resident – Upper 542 

Percentile receptor. When the child and adult risks were combined, the cumulative 543 

residential carcinogenic risk was 1.5 × 10⁻⁵. All three estimates exceeded the target 544 

carcinogenic risk level of 1.0 × 10⁻⁶ applied in this study. 545 

The pathway-specific results showed that vegetable ingestion was the dominant 546 

contributor to carcinogenic risk for all receptor scenarios (Fig. 3). Vegetable ingestion 547 

accounted for approximately 85.3% of the total risk for the child receptor, 94.7% for 548 

the adult receptor, and 92.7% for the combined residential receptor. Soil ingestion 549 

contributed approximately 11.5%, 3.5%, and 5.3%, respectively, while dermal contact 550 

with soil contributed approximately 3.2%, 1.7%, and 2.1%, respectively. Inhalation of 551 

outdoor air contributed negligibly to the total carcinogenic risk. 552 

Fig. 4 presents the chemical-specific contributions. Benzo(a)pyrene and 553 

dibenz(a,h)anthracene were the principal carcinogenic risk contributors. For the child 554 

receptor, their respective risks were 1.5 × 10⁻⁶ and 1.4 × 10⁻⁶, increasing to 5.1 × 10⁻⁶ 555 

and 4.8 × 10⁻⁶ for the adult receptor. Their contributions to the combined residential 556 

receptor were 6.5 × 10⁻⁶ and 6.3 × 10⁻⁶, respectively. Smaller contributions were 557 

associated with benz(a)anthracene, benzo(b)fluoranthene and indeno(1,2,3-558 

cd)pyrene, whereas ethylbenzene, benzene, MTBE and naphthalene contributed 559 

comparatively little to the overall carcinogenic risk. Overall, the results show that PAHs 560 

and the vegetable-ingestion pathway dominated the carcinogenic risk profile, as 561 

detailed in Supplementary Data S1 562 

 563 
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 578 

Fig. 3 Pathway contribution to carcinogenic risk 

Fig. 4 Carcinogenic risk by Chemical 
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4.2 Non-Carcinogenic Hazard Results 579 

The non-carcinogenic assessment produced total hazard values of 3.3 × 10¹ for the 580 

Child Resident – Upper Percentile receptor and 1.5 × 10¹ for the Adult Resident – 581 

Upper Percentile receptor. Both values exceeded the reference level of 1, with the 582 

child receptor showing the higher overall non-carcinogenic hazard. 583 

The pathway-specific results showed that vegetable ingestion was the dominant 584 

exposure pathway for both receptors, as shown in Fig. 5. Vegetable ingestion 585 

contributed approximately 93.1% of the total hazard for the child receptor and 97.1% 586 

for the adult receptor. For the child receptor, dermal contact with soil contributed 587 

approximately 4.8%, while soil ingestion contributed approximately 2.1%. 588 

Corresponding contributions for the adult receptor were approximately 2.3% for dermal 589 

contact and 0.62% for soil ingestion. Inhalation of outdoor air contributed negligibly to 590 

the total non-carcinogenic hazard for both receptors. 591 

Fig. 6 presents the chemical-specific contributions. The heavier aromatic TPH 592 

fractions dominated the non-carcinogenic hazard, particularly TPH Aromatic C21–35 593 

and TPH Aromatic C16–21. TPH Aromatic C21–35 contributed hazard quotients of 594 

approximately 27 for the child receptor and 13 for the adult receptor, while TPH 595 

Aromatic C16–21 contributed approximately 4.6 and 2.1, respectively. TPH Aromatic 596 

C12–16 also contributed to the overall hazard, with values of approximately 1.2 for the 597 

child receptor and 0.50 for the adult receptor. The remaining TPH fractions and 598 

individual compounds contributed substantially lower hazard quotients. 599 

Overall, the results show that vegetable ingestion and the heavier aromatic TPH 600 

fractions drove the non-carcinogenic hazard profile, with TPH Aromatic C21–35 as the 601 

largest individual contributor for both residential receptors. 602 

 603 

 604 

 605 

 606 

 607 

 608 
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 623 

Fig. 5 Pathway contribution to Non-carcinogenic hazard 

Fig 6. Non-carcinogenic hazard by chemical 
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4.3 Original Soil Source Condition 624 

The original soil source condition represents the measured contaminant 625 

concentrations used as inputs for the Tier 2 risk assessment and SSTL derivation. The 626 

soil source was characterised by petroleum hydrocarbon fractions, PAHs and 627 

VOCs/BTEX compounds, with a total petroleum hydrocarbon concentration of 628 

approximately 3.9 × 10³ mg/kg. 629 

The hydrocarbon profile was dominated by medium- to high-carbon-number TPH 630 

fractions, consistent with a weathered petroleum source [14]. This pattern suggests 631 

that lighter components may have been depleted through volatilisation, dissolution and 632 

biodegradation [11]. The persistence of heavier fractions may reflect their lower 633 

volatility and limited bioavailability, with sorption to soil and compound-specific 634 

resistance to biodegradation contributing to slower removal [14, 23].  635 

The largest fraction was TPH Aliphatic C16–35, with an original concentration of 636 

approximately 1500 mg/kg, accounting for about 38% of the total TPH mass. This was 637 

followed by TPH Aromatic C21–35 at approximately 1100 mg/kg, representing about 638 

28% of the total TPH. Other important contributors were TPH Aliphatic C12–16 at 639 

approximately 520 mg/kg, TPH Aromatic C16–21 at approximately 480 mg/kg, and 640 

TPH Aromatic C12–16 at approximately 260 mg/kg, as shown in Fig. 7. 641 
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 642 

Fig. 7 Original source composition: Original source composition by chemical and TPH 643 

fractions 644 

4.4 SSTL Results 645 

The calculated SSTLs were substantially lower than the original soil-source 646 

concentrations for the contaminants and TPH fractions evaluated under the selected 647 

residential exposure scenario. The original total petroleum hydrocarbon concentration 648 

was approximately 3.9 × 10³ mg/kg, whereas the corresponding modelled TPH 649 

concentration at SSTL was 1.1 × 10² mg/kg (110 mg/kg). This represents an 650 

approximate reduction of 97% relative to the original TPH source concentration: 651 

Required reduction (%) = 3900 − 1103900 × 100 ≈ 97% (4) 653 

 652 

Fig. 8 compares the original source concentrations with the individual SSTLs. The 654 

largest original TPH fractions considerably exceeded their corresponding SSTLs. TPH 655 

Aliphatic C16–35 decreased from 1.5 × 10³ mg/kg to an SSTL of 4.3 × 10¹ mg/kg, while 656 

TPH Aromatic C21–35 decreased from 1.1 × 10³ mg/kg to 3.2 × 10¹ mg/kg. Similarly, 657 



30 

 

TPH Aliphatic C12–16 had an original concentration of 5.2 × 10² mg/kg compared with 658 

an SSTL of 1.5 × 10¹ mg/kg, and TPH Aromatic C16–21 decreased from 4.8 × 10² 659 

mg/kg to 1.4 × 10¹ mg/kg. TPH Aromatic C12–16 also exceeded its SSTL, with an 660 

original concentration of 2.6 × 10² mg/kg compared with a target level of 7.8 mg/kg. 661 

Exceedances were also observed for the lighter TPH fractions and individual 662 

compounds. For example, TPH Aromatic C8–10 had an original concentration of 4.0 663 

× 10⁻¹ mg/kg compared with an SSTL of 1.2 × 10⁻² mg/kg, while benzene decreased 664 

from 2.5 × 10⁻³ mg/kg to an SSTL of 7.3 × 10⁻⁵ mg/kg. The original concentrations of 665 

m- and o-xylene were 1.3 × 10⁻³ mg/kg, compared with SSTLs of 3.7 × 10⁻⁵ mg/kg, 666 

whereas p-xylene decreased from 2.5 × 10⁻³ mg/kg to 7.3 × 10⁻⁵ mg/kg. PAHs also 667 

showed marked differences between the original concentrations and calculated 668 

SSTLs; for example, benzo(a)pyrene and dibenz(a,h)anthracene each had original 669 

concentrations of 2.5 × 10⁻² mg/kg, compared with SSTLs of 7.3 × 10⁻⁴ mg/kg. 670 

Overall, the results show that the original source concentrations exceeded the 671 

calculated SSTLs across the evaluated contaminants and TPH fractions. The 672 

individual SSTLs therefore provide contaminant- and fraction-specific target 673 

concentrations alongside the overall TPH concentration at SSTL, allowing 674 

quantification of the difference between the original soil-source condition and the 675 

modelled risk-based target condition. 676 

 677 

 678 

 679 

 680 

 681 

 682 
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 683 

Fig. 8 Original source concentration versus SSTL for soil source684 
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4.5 Sensitivity and Uncertainty Results 685 

The screening-level sensitivity analysis showed that the vegetable-ingestion pathway, 686 

the fraction of vegetables assumed to be grown in contaminated soil, and the 687 

vegetable ingestion rate most strongly influenced the overall risk conclusion. 688 

Parameters affecting direct soil contact, such as soil ingestion rate and dermal 689 

exposure assumptions, had a smaller influence on the total risk outcome. 690 

When the vegetable-ingestion pathway was retained, carcinogenic risk and non-691 

carcinogenic hazard generally remained above the adopted acceptability criteria. In 692 

contrast, reducing or excluding the vegetable-ingestion pathway substantially reduced 693 

the estimated risk and hazard, confirming that land-use assumptions and plant-uptake 694 

exposure are critical to the certification decision. 695 

The detailed sensitivity model outputs are provided as Supplementary Data P3–P12. 696 

These supplementary files include SSTL and risk-result outputs for the high, reduced, 697 

baseline and excluded vegetable-ingestion scenarios, based on changes to the 698 

fraction of vegetables grown in contaminated soil (FoVGICS). They also include 699 

separate outputs for scenarios in which the plant-uptake model was excluded from the 700 

RISC5 calculation. Together, these outputs provide supporting evidence for identifying 701 

the exposure assumptions that most strongly influenced the certification and close-out 702 

interpretation. 703 

These findings indicate that the deterministic RISC5 results are conservative but are 704 

not arbitrary; they are primarily controlled by clearly identifiable exposure assumptions. 705 

The sensitivity analysis therefore supports the conclusion that unrestricted residential 706 

close-out would require either further reduction of residual contamination, defensible 707 

evidence that vegetable cultivation and consumption are not realistic exposure 708 

pathways, or enforceable land-use/pathway controls. 709 

5. Discussion 710 

5.1 Implication of Risk Exceedance for Certification 711 

For the study area, the risk assessment results have direct implications for certification 712 

and site close-out under the modelled residential exposure scenario. Both 713 

carcinogenic risk and non-carcinogenic hazard exceeded the adopted acceptability 714 

criteria. The estimated carcinogenic risks were 3.4 × 10⁻⁶ for the Child Resident – 715 
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Upper Percentile receptor, 1.2 × 10⁻⁵ for the Adult Resident – Upper Percentile 716 

receptor, and 1.5 × 10⁻⁵ for the combined residential receptor. The corresponding non-717 

carcinogenic hazard indices were approximately 33 for the child receptor and 15 for 718 

the adult receptor. These values exceeded the adopted criteria of ELTCR ≤ 1.0 × 10⁻⁶ 719 

and HI ≤ 1.0, indicating that the modelled residential exposure condition did not satisfy 720 

the risk-based acceptability criteria applied in this study. 721 

From a certification perspective, these findings indicate that the current soil-source 722 

condition would not support unrestricted residential close-out under the modelled 723 

exposure assumptions. Close-out may require further evidence that residual 724 

contaminant concentrations have been reduced to acceptable site-specific levels, that 725 

relevant exposure pathways are demonstrably incomplete or effectively controlled, or 726 

that the CSM can be defensibly refined using additional site-specific evidence. This 727 

interpretation is consistent with RBCA principles, in which risk-management and close-728 

out decisions are based on the relationship between contaminant sources, exposure 729 

pathways and receptors under defined land-use conditions [8].  730 

5.2 Importance of the Vegetable Ingestion Pathway 731 

Vegetable ingestion was the dominant exposure pathway for both carcinogenic risk 732 

and non-carcinogenic hazard under the modelled residential scenario. For 733 

carcinogenic risk, vegetable ingestion contributed approximately 2.9 × 10⁻⁶ for the 734 

Child Resident – Upper Percentile receptor, 1.1 × 10⁻⁵ for the Adult Resident – Upper 735 

Percentile receptor, and 1.4 × 10⁻⁵ for the combined residential receptor. These 736 

contributions represented approximately 85.3%, 94.7% and 92.7% of the respective 737 

total carcinogenic risks. For non-carcinogenic hazard, vegetable ingestion contributed 738 

approximately 31 for the child receptor and 15 for the adult receptor, corresponding to 739 

approximately 93.1% and 97.1% of the respective total hazard. The pathway-specific 740 

values alone exceeded the adopted criteria of ELTCR ≤ 1.0 × 10⁻⁶ and HI ≤ 1.0, 741 

indicating that vegetable ingestion was a major determinant of the modelled risk 742 

outcome and derived SSTLs. 743 

This finding illustrates how land-use assumptions can directly influence the risk 744 

assessment underpinning certification decisions [15]. In residential or informal 745 

subsistence settings where vegetables are grown and consumed locally, contaminated 746 

produce may create an additional exposure pathway alongside incidental soil ingestion 747 
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and dermal contact. Exposure assessment guidance recognises ingestion, dermal 748 

absorption and inhalation as the principal exposure routes. Food consumption should 749 

therefore be considered where contaminants can transfer from soil or water into locally 750 

consumed produce [39].  751 

For the study area, vegetable ingestion could remain in the CSM where cultivation is 752 

occurring, likely to occur, or cannot be reliably prevented under future residential use 753 

[8, 15].  Excluding this pathway without site-specific evidence may underestimate both 754 

carcinogenic and non-carcinogenic risks. However, the pathway may be refined or 755 

excluded if land-use records, field observations, community land-use information, 756 

physical barriers, institutional controls, or enforceable future-use restrictions support it 757 

[15]. This distinction is important because the defensibility of certification depends on 758 

whether the exposure assumptions reflect realistic site use. 759 

5.3 Difference Between Cancer and Non-Cancer Risk Drivers 760 

The contrast between carcinogenic and non-carcinogenic risk drivers is important for 761 

interpreting the site assessment results. PAHs, particularly benzo(a)pyrene and 762 

dibenz(a,h)anthracene, dominated carcinogenic risk. For the combined residential 763 

receptor, these compounds contributed approximately 6.5 × 10⁻⁶ and 6.3 × 10⁻⁶, 764 

respectively, and together accounted for most of the total combined carcinogenic risk 765 

of 1.5 × 10⁻⁵. Other PAHs, including benz(a)anthracene, benzo(b)fluoranthene and 766 

indeno(1,2,3-cd)pyrene, contributed to the cumulative carcinogenic risk to a lesser 767 

extent, with combined contributions of approximately 6.8 × 10⁻⁷, 6.6 × 10⁻⁷ and 6.3 × 768 

10⁻⁷, respectively. 769 

In contrast, the heavier aromatic TPH fractions, rather than individual PAHs or BTEX 770 

compounds, controlled the non-carcinogenic hazard. The principal non-cancer hazard 771 

driver was TPH Aromatic C21–35, with hazard quotients of approximately 27 for the 772 

child receptor and 13 for the adult receptor. TPH Aromatic C16–21 was the next largest 773 

contributor, with values of approximately 4.6 and 2.1, respectively. TPH Aromatic C12–774 

16 also contributed, with hazard quotients of approximately 1.2 for the child receptor 775 

and 0.50 for the adult receptor. These findings highlight the value of fraction-specific 776 

TPH assessment, as bulk TPH concentration alone does not distinguish the 777 

hydrocarbon fractions that contribute most to non-carcinogenic hazard [18, 31].  778 
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This distinction has practical implications for remediation and verification. Reduction 779 

in total TPH concentration alone may not adequately address the risk profile if 780 

individual PAH-related carcinogenic drivers remain above their SSTLs [18]. Similarly, 781 

low concentrations of BTEX compounds do not, by themselves, indicate acceptable 782 

risk where heavier aromatic TPH fractions continue to contribute substantially to non-783 

carcinogenic hazard [26]. These findings indicate that risk-based close-out should 784 

verify both PAH-related carcinogenic drivers and heavier aromatic TPH hazard drivers 785 

against their relevant site-specific target levels [8].  786 

5.4 Analytical Reporting Limit Limitation 787 

An important limitation of the SSTL results is that several calculated target levels are 788 

very low and may approach or fall below achievable laboratory reporting limits. This 789 

has implications for verification sampling because compliance can only be 790 

demonstrated where the analytical method provides sufficient sensitivity to distinguish 791 

concentrations below the relevant SSTLs. Where the laboratory reporting limit 792 

exceeds the SSTL, a non-detect result does not necessarily demonstrate that the 793 

contaminant concentration is below the risk-based target [14, 19]. 794 

This issue is evident in the SSTL outputs for the study area. The calculated SSTLs for 795 

benzene and MTBE were 7.3 × 10⁻⁵ mg/kg, while the SSTLs for m- and o-xylene were 796 

3.7 × 10⁻⁵ mg/kg and that for p-xylene was 7.3 × 10⁻⁵ mg/kg. Several PAHs, including 797 

benzo(a)pyrene, benz(a)anthracene, chrysene, benzo(b)fluoranthene and 798 

dibenz(a,h)anthracene, had SSTLs of approximately 7.3 × 10⁻⁴ mg/kg. These 799 

comparatively low target concentrations indicate that analytical sensitivity may 800 

become an important consideration when evaluating compliance with the derived 801 

SSTLs. 802 

For example, where the benzene SSTL is 7.3 × 10⁻⁵ mg/kg and the applicable 803 

laboratory reporting limit is 5.0 × 10⁻³ mg/kg, a non-detect result reported as < 5.0 × 804 

10⁻³ mg/kg would not, by itself, demonstrate compliance because the reporting limit 805 

would remain approximately 34 times higher than the SSTL. A similar limitation applies 806 

to PAHs, where the derived SSTLs are approximately 7.3 × 10⁻⁴ mg/kg, but the 807 

applicable analytical reporting limits exceed these concentrations. 808 

Accordingly, analytical reporting limits represent an important source of uncertainty in 809 

post-remediation verification [19]. Where available analytical methods cannot achieve 810 
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reporting limits equal to or below the derived SSTLs, this limitation may need to be 811 

acknowledged when interpreting verification results [4]. Considering analytical 812 

sensitivity alongside risk drivers, exposure pathway controls, and residual contaminant 813 

concentrations may therefore provide a more robust basis for evaluating whether the 814 

intended land-use condition has been achieved [15]. 815 

 5.5 Uncertainty and Limitations 816 

This assessment is subject to uncertainties associated with plant uptake modelling, 817 

exposure assumptions, data representativeness and future land use. The vegetable 818 

ingestion pathway had a controlling influence on the SSTLs; therefore, the validity of 819 

the outcome depends on whether cultivation and consumption of locally grown 820 

produce are realistic for the study area. Additional field evidence on current and future 821 

agricultural and gardening practices may strengthen the CSM and improve the 822 

defensibility of any close-out decision. 823 

A further limitation is that the available laboratory certificate reported analytical 824 

methods, accreditation status and numerical detection limits, but did not include the 825 

full laboratory QA/QC package, such as matrix-matched CRM recovery percentages, 826 

surrogate recoveries, matrix-spike recoveries, blanks or duplicate precision. The 827 

results are therefore suitable for risk-based interpretation of the available secondary 828 

dataset, but future verification should include full analytical QA/QC documentation to 829 

support regulatory close-out decisions. 830 

Model assumptions also influence the derived risk estimates. Where RISC5 default 831 

values were used, the results were interpreted with awareness of uncertainty in toxicity 832 

values, exposure parameters, soil-to-plant transfer, contaminant bioavailability, and 833 

soil transport parameters. The original TPH concentration used in the model was 834 

approximately 3892 mg/kg, rounded to 3900 mg/kg, and was derived from 95% upper 835 

confidence limit concentrations calculated using USEPA ProUCL software version 5.1. 836 

Therefore, the uncertainty is not related to whether the value represents a maximum, 837 

mean or 95% UCL, but rather to whether the underlying dataset adequately captures 838 

spatial variability and the representative source condition for the site. 839 

Using 95% UCL values provides a conservative and defensible basis for estimating 840 

exposure from the soil source. However, the reliability of this input still depends on the 841 

number, distribution and quality of the samples used to calculate the UCLs. These 842 
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uncertainties should therefore be acknowledged when interpreting the findings and 843 

when applying them to certification and close-out decisions. 844 

5.6 Relevance to Nigerian Contaminated Land Management 845 

The findings from this study are relevant to contaminated land management in Nigeria 846 

because they demonstrate how site-specific exposure conditions can influence close-847 

out decisions. Hydrocarbon-contaminated sites in the Niger Delta are often assessed 848 

using fixed generic TPH-based clean-up values, but these values may not fully 849 

account for land use, receptor sensitivity, contaminant fractionation, cumulative risk or 850 

complete exposure pathways. In Ogoniland, where hydrocarbon contamination has 851 

raised long-standing concerns about soil and water quality, ecosystem health and local 852 

livelihoods, a site-specific risk-based approach provides a more defensible basis for 853 

evaluating remediation endpoints and future land reuse [40].  854 

The results show that a site may appear close to acceptability under a fixed generic 855 

TPH-based approach but still fail a site-specific human health risk assessment when 856 

realistic residential and subsistence exposure pathways are included. In this 857 

assessment, the outcome was driven by interactions among contaminant composition, 858 

exposure pathway completeness, and receptor assumptions, not total hydrocarbon 859 

mass alone. These findings illustrate the potential value of risk-based certification 860 

approaches that explicitly evaluate source–pathway–receptor linkages, fractionated 861 

TPH data, PAHs, VOCs, and cumulative risk. 862 

For Nigerian contaminated land practice, this study suggests that certification 863 

decisions may be strengthened by evidence of protectiveness, rather than reliance on 864 

fixed generic values alone. SSTLs can support this process by linking residual 865 

concentrations to defined exposure scenarios, health-protective criteria and site-866 

specific conditions. 867 

5.7 Policy and Regulatory Implications 868 

The findings of this study provide evidence supporting a tiered, risk-based regulatory 869 

framework for remediation certification and close-out of hydrocarbon-contaminated 870 

sites in Nigeria. Such a framework could retain Tier 1 screening as an initial decision 871 

step, with Tier 2 assessment considered where screening values are exceeded or 872 

where sensitive land-use conditions warrant further site-specific evaluation [36].  873 
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Tier 2 assessment may include deriving SSTLs using measured site data, receptor 874 

assumptions, exposure pathways, contaminant behaviour, and acceptable risk criteria. 875 

For petroleum-contaminated sites, this assessment could include PAHs, BTEX/MTBE 876 

and fractionated TPH data rather than relying only on bulk TPH, because petroleum 877 

fractions differ in toxicity, solubility, volatility, sorption and persistence [9].  878 

Certification could be supported by a clear CSM that identifies the contaminant source, 879 

affected media, relevant exposure pathways and receptors. Where a pathway is 880 

excluded, the basis for its exclusion should be supported by available site-specific 881 

evidence or appropriate controls. Verification could also be informed by the exposure 882 

pathways identified as contributing most substantially to risk; for example, where 883 

vegetable ingestion is an important pathway, verification may need to include root-884 

zone soil and contaminants relevant to plant uptake. 885 

Finally, laboratory reporting limits should be sufficiently low to enable meaningful 886 

comparison with the derived SSTLs. Where an SSTL is below the analytical reporting 887 

limit, a non-detect result does not, by itself, demonstrate compliance and may 888 

therefore be considered inconclusive. Nigerian contaminated land regulation could 889 

consequently move toward a certification system that integrates Tier 1 screening, Tier 890 

2 SSTL derivation, CSM-based pathway evaluation, pathway-specific verification and 891 

adequate analytical sensitivity. 892 

6.0 Conclusion 893 

This study evaluated the suitability of a hydrocarbon-contaminated site in MOGHO, 894 

Bodo Community, Niger Delta, for risk-based certification and close-out using a Tier 2 895 

SSTL approach under a residential informal and subsistence exposure scenario. The 896 

results show that the residual petroleum hydrocarbon source was dominated by 897 

medium- and heavy-carbon-number TPH fractions, indicating that the remaining 898 

contamination is mainly associated with persistent petroleum fractions rather than 899 

light, volatile hydrocarbons. 900 

The human health risk assessment showed that the site does not meet the adopted 901 

residential risk criteria. Carcinogenic risk exceeded the target level of 1.0 × 10⁻⁶ for 902 

the child, adult and combined residential receptors, while non-carcinogenic hazard 903 

indices also exceeded the acceptable threshold of 1.0. PAHs mainly drove 904 
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carcinogenic risk, whereas heavier aromatic TPH fractions primarily controlled non-905 

carcinogenic hazard. 906 

Vegetable ingestion was the dominant exposure pathway for both risk endpoints, 907 

demonstrating that residential and subsistence land-use assumptions strongly 908 

influence the risk outcome and derived SSTLs. Where vegetable cultivation and 909 

consumption are realistic, including this pathway in the CSM may be appropriate 910 

unless site-specific evidence supports its exclusion or effective control. 911 

The SSTL results confirm that the current soil source condition is not acceptable for 912 

unrestricted residential close-out under the modelled exposure assumptions. The 913 

calculated TPH at SSTL was approximately 110 mg/kg compared with an original TPH 914 

concentration of approximately 3,900 mg/kg, indicating that substantial contaminant 915 

reduction would be required. In addition, individual PAHs and TPH fractions exceeded 916 

their SSTLs, highlighting the value of contaminant-specific and fraction-specific 917 

assessment alongside bulk TPH in certification decisions. Further remediation, 918 

exposure pathway control, land-use restrictions, or defensible CSM refinement may 919 

therefore be necessary before close-out can be supported. Overall, the findings 920 

demonstrate case-study evidence supporting further consideration of a risk-based 921 

certification framework in Nigeria that incorporates contaminant fractionation, 922 

receptor-specific exposure assessment, cumulative risk evaluation, and verification 923 

against SSTLs. 924 
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  ELTCR =   ∑   Risk ᵢ ⱼ   ≤   1 . 0   ×   10 ⁻ ⁶    


    HQ =   Exposure   dose      Reference   dose ;   HI   =   ∑   HQ ᵢ ⱼ   ≤   1 . 0                                           


  Mass   fraction ᵢ =   C ᵢ  TPH ₜ ₒ ₜ ₐ ₗ  


 


      Required reduction (%) =   3900 − 110 3900 × 100 ≈ 97 %   (4)

