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Abstract 
Crude oil pollution remains a persistent environmental challenge in Ubeji, a suburb of the Niger Delta region of Nigeria located adjacent to the Warri Refining and Petrochemical Company (WRPC). Continuous contamination necessitates regular assessment and sustainable remediation strategies. This study evaluated petroleum hydrocarbon concentrations in crude oil–impacted soils from Ubeji and assessed the intrinsic biodegradation potential of autochthonous soil microorganisms. Petroleum hydrocarbon fractions were quantified using Gas Chromatography with Flame Ionization Detection (GC-FID). Contaminated soils were incubated for six months at ambient temperature without nutrient amendment to determine the natural attenuation capacity of native microbial communities. Initial polycyclic aromatic hydrocarbon (PAH) concentrations ranged from <0.001 mg/kg to 86 mg/kg. After six months of incubation, PAH levels decreased by over 90%, reaching <0.001 mg/kg to 2.75 mg/kg. Total aliphatic hydrocarbons (TAH) initially ranged from 3.86 mg/kg to 3662.11 mg/kg and were reduced to <0.001 mg/kg to 22.20 mg/kg, representing more than 95% degradation. Similarly, total petroleum hydrocarbons (TPH) declined by over 95%, from 3.83 mg/kg–3740.40 mg/kg to <0.001 mg/kg–24.42 mg/kg. The substantial reduction in petroleum hydrocarbon concentrations demonstrates that indigenous microorganisms in the Niger Delta wetlands possess significant intrinsic biodegradation capability under favourable abiotic conditions. These findings support the potential application of natural attenuation as a cost effective remediation strategy for crude oil contaminated soils in the region.

Introduction
Soil is a fundamental natural resource that is essential for social, economic, and ecological well-being. It supports plant growth, regulates water, cycles nutrients, and provides habitats for countless organisms (Li et al., 2022; Hosseini et al., 2025). Maintaining soil health is therefore critical for sustaining current and future generations. In the Niger Delta, one of the world’s most oil-rich regions, soil faces extensive degradation due to crude oil pollution. Oil spills disrupt soil physicochemical and biological properties, impairing its capacity to sustain productivity, maintain environmental quality, and support plant and animal health (Hosseini et al., 2025). Left untreated, natural recovery of contaminated soils may take over a century, highlighting the urgent need for effective remediation strategies (Verardo et al., 2025).
Crude oil exploration, while economically significant for Nigeria and critical to global energy supply, is a primary driver of this environmental degradation. Annually, roughly 300 spills release approximately 240,000 barrels of crude oil into the Niger Delta, making it one of the most heavily polluted regions worldwide (Chinyelu, 2019; Ismail, 2022). Many spills go unreported, particularly in remote areas, with the National Oil Spill Detection and Response Agency (NOSDRA) estimating that most petroleum hydrocarbon contaminated sites in rural regions remain unremediated (Adeniran et al., 2023). Soil contamination from oil spills not only limits agricultural potential but also threatens long-term environmental sustainability and reduces the resilience of local communities to ecological shocks. Petroleum hydrocarbons decrease the microbiome diversity of the soil which are important for plant growth and recycling nutrients (García-García et al., 2023). A metagenomic study revealed as much as 92% decline in the microbial community as only crude oil degrading microbes increased in abundance (Chikere et al., 2019). Coastal communities in the Niger Delta are disproportionately affected by spills, sometimes being forced to relocate, resulting in socioeconomic disruption and loss of cultural heritage (Andrea and Reddy, 2014).
Total petroleum hydrocarbons (TPHs) present in soil are broadly categorized into aliphatic and aromatic fractions, among which polycyclic aromatic hydrocarbons (PAHs) constitute a major class of environmentally significant contaminants. PAHs are aromatic organic compounds composed of two or more fused benzene rings that are released into the environment through petroleum products, incomplete combustion, and related anthropogenic activities (Kumar et al., 2020). These compounds are of particular concern because of their persistence, hydrophobicity, and toxicity, exhibiting mutagenic, carcinogenic, immunogenic, and teratogenic effects (Nriagu et al., 2016; Patel et al., 2020). Their low aqueous solubility and strong sorption to soil organic matter reduce immediate bioavailability while enhancing long-term environmental persistence. The sixteen PAHs designated as priority pollutants by the U.S. Environmental Protection Agency (USEPA) are commonly grouped according to molecular weight, which influences transport, degradation, and toxicological behaviour (USEPA, 2015). Low molecular weight (LMW) PAHs containing two to three aromatic rings, namely naphthalene (NAP), acenaphthylene (ACY), acenaphthene (ACE), fluorene (FLU), phenanthrene (PHE), and anthracene (ANT), are relatively more volatile, soluble, mobile, and susceptible to biodegradation. Medium molecular weight (MMW) PAHs with four rings, including fluoranthene (FLT), pyrene (PYR), benzo[a]anthracene (BaA), and chrysene (CHR), exhibit intermediate persistence and hydrophobicity. High molecular weight (HMW) PAHs comprising five to six rings, including benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), dibenzo[a,h]anthracene (DBA), benzo[g,h,i]perylene (BghiP), and indeno[1,2,3-cd]pyrene (IndP), are strongly particle bound, recalcitrant, bioaccumulative, and of greater toxicological concern. From a health perspective, benzo[a]pyrene is classified as a Group 1 human carcinogen, while dibenzo[a,h]anthracene is carcinogenic in experimental animals (Group 2A). Compounds such as benzo[a]anthracene, naphthalene, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, and indeno[1,2,3-cd]pyrene are categorized as possible carcinogens (Group 2B) (USEPA, 2015). Differences in environmental behaviour across molecular weight classes, including greater mobility and biodegradability of LMW PAHs and the persistence, bioaccumulation potential, and resistance to microbial degradation of HMW PAHs, make remediation complex but essential for protecting soil quality, ecosystem stability, and human health
Bioremediation has emerged as a sustainable and cost-effective approach for restoring hydrocarbon-contaminated soils. In situ strategies, such as bioaugmentation, introduce hydrocarbon-degrading microbes, whereas biostimulation enhances microbial growth through nutrient addition. However, remediation success is variable in field conditions, depending on hydrocarbon concentration, composition, and environmental factors (Adams et al., 2020). Ex situ approaches, including biopiling and landfarming, can be more effective but are costly and often impractical for large or remote areas (Cai et al., 2020). The chemical diversity of petroleum products further complicates remediation, emphasizing the need to understand the interactions between native microbial communities and their environment (Adams et al., 2020; Cai et al., 2020).
In this study, we characterize petroleum hydrocarbons in crude oil–contaminated soil microcosms under limited nutrient conditions to elucidate the role of autochthonous hydrocarbon-degrading bacteria in the degradation process. Insights from this work are essential for designing effective, long-term bioremediation strategies that can restore ecosystem function and support sustainable livelihoods in hydrocarbon-impacted regions.
[bookmark: _Hlk221447880]Materials and Method
Study Area and sampling 
Soil samples were collected from Ubeji, a costal suburb in the Niger Delta, Nigeria, located adjacent to the Warri Refinery and Petrochemical Company (WRPC). Proximity to the refinery exposes the area to persistent environmental pollution associated with chronic hydrocarbon exposure, industrial emissions and effluent discharges. The climate is Ubeji is characteristic of a tropical monsoon region with distinct wet and dry seasons, a mean annual rainfall exceeding 2,700 -3,000 mm and mean annual temperature ranging from 26 °C to 32 °C (Oyebade and Babatunde, 2024; Oyegun et al., 2023). Coastal regions in the Niger Delta are among the wettest regions in Nigeria, frequently recording prolonged rainy seasons.
Soil samples were collected in November 2023 from three locations within the geographical boundaries of Ubeji. Two sites were adjacent to the Escravos River (U1: 5.57279° N, 5.77278° E; U3: 5.57238° N, 5.72207° E), while the third was near the Forcados River (U2: 5.56224° N, 5.68365° E). At each location, three sampling points were selected within a 200 m radius. Approximately 500 g of subsurface soil was collected from each point. Extraneous materials, including stones and plant debris, were removed manually, and the soil was homogenized to generate a composite sample for each site. Samples were placed in clean, dark polyethylene bags and transported to the laboratory. An aliquot (~100 g) of each composite sample was analyzed immediately, while the remaining ~400 g was reserved for soil microcosm incubation and stored in the laboratory for six months prior to analysis. The microcosms were maintained in an unsealed polythene bag at room temperature, to allow passive aeration while restricting nutrient input.
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Figure 1. Map showing sample collection sites in Ubeji, Nigeria


Incubation of Soil Microcosms 
Soil microcosms were incubated for six months under static, unamended, passive aerobic conditions at ambient laboratory temperature in unsealed dark polyethylene bags. Following incubation, the petroleum hydrocarbon content of the soil was analysed. 
Analysis of Petroleum Hydrocarbons 
Petroleum hydrocarbons were extracted using a modified USEPA SW-846 method 8015B, a standardised procedure for the extraction of non-volatile and semi-volatile organic compounds from soil matrices (Arinze et al., 2023).  To remove residual moisture, ~10 g of air-dried, homogenised soil was mixed with anhydrous sodium sulphate and extracted with dichloromethane (DCM) using an ultrasonic bath. The extraction was performed in replicate cycles and the combined extracts were concentrated using a rotary evaporator, followed by solvent exchanged to hexane. Then, the extracts were fractionated by column chromatography using activated silica gel and anhydrous sodium sulphate to separate aromatic (PAHs) and aliphatic (TAH) fractions. The aliphatic fraction was eluted with hexane, while the aromatic fraction was eluted using a hexane – dichloromethane mixture. Eluents were concentrated to a final volume of 1 mL under a gentle nitrogen stream. Subsequently, PAH and TAH concentrations were determined using gas chromatography with flame ionisation detection (GC-FID). TAH was quantified using an aliphatic hydrocarbon standard mixture (C10 – C40), while PAHs were identified based on retention times compared to certified standard references, Results expressed as mg kg-1. Total PAH was calculated as the sum of the individual PAH compounds, and total petroleum hydrocarbons (TPH) were computed as the sum of PAH and TAH fractions in the soil. 
Analytical determination of polycyclic aromatic hydrocarbons (PAHs) and aliphatic hydrocarbons in soil samples was conducted under strict QA/QC protocols, including multi-level calibration, continuing calibration verification, procedural blanks, laboratory control samples, matrix spike recovery tests, and duplicate analyses. Five-point calibration curves were prepared using certified standards of the sixteen priority PAHs and n-alkane mixtures for aliphatic hydrocarbons, with correlation coefficients (r²) ≥ 0.995. PAHs were identified by matching retention times to standards, and all extracts were analyzed in duplicate, with mean values used for quantification. Matrix spike recoveries ranged 72–102% for PAHs and 70–120% for aliphatic hydrocarbons. Method detection limits (LOD) and quantification limits (LOQ) were based on signal-to-noise ratios of 3:1 and 10:1, respectively, with typical LODs of 0.01–Evaluation of Carcinogenic 0.05 mg kg⁻¹ for PAHs and 0.05–0.1 mg kg⁻¹ for aliphatic hydrocarbons. 
Evaluation of Carcinogenic PAH 
The carcinogenic potency of U1 and U2 pre and post incubation were evaluated using the Benzo(a) pyrene Toxic Eqivalency (BaP -TEQ) method (10)

 where is the concentration (mg kg⁻¹) of each carcinogenic PAH and is its Toxic Equivalency Factor.
Statistical Analysis 
Microsoft Excel and R software were used for data analysis and graphical presentation. PAH values below detection limits were excluded from the calculations.

Results
PAH concentration
[bookmark: _Hlk221708174][bookmark: _Hlk221708937][bookmark: _Hlk221716783][bookmark: _Hlk221709112][bookmark: _Hlk221709235]The concentrations of the priority PAHs in the soil samples are presented in Fig. 2. Total PAH concentration varied considerably across the sampling locations. U1 and U2 exhibited elevated contamination levels of 86.67 mg kg-1 and 78.29 mg kg-1, respectively, whereas U3 remained below the detection limit (<0.001 mg kg-1). Molecular weight distribution analysis showed clear compositional differences between U1 and U2. In U1, LMW PAHs were predominant accounting for ~54% of the total PAH concentration. MMW PAHs contributed ~42% (36.21 mg kg-1), while HMW PAHs represented only 4% (3.46 mg kg-1) of the total PAH burden. In contrast, U2 was characterised by the prevalence of MMW PAHs, which accounted for 47% (37.07 mg kg-1) of the total concentration, followed by LMW PAHs at 41% (32.15 mg kg-1) and a comparatively higher proportion of HMW PAHs at 12% (9.07 mg kg-1). BaA was the dominant hydrocarbon in U1 and U2, while NAP was present in the lowest concentration in the contaminated samples. The carcinogenic PAHs, BaP and BkF, were detected in U2 but were absent in U1. IcdP, DahA, and BghiP were not detected in any of the soil samples.



Figure 2 Concentration of PAHs in soil samples
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Figure 3. Comparison of PAH concentrations in U1 and U2
Effect of Natural Attenuation on PAH concentrations 



Figure 4: Effect of Natural attenuation an PAH concentration in soil microcosms
The effect of natural attenuation on PAH concentrations following six months of incubation is shown in Fig. 4. PAH concentrations were measured before incubation (UC) and after incubation (UD). Substantial reductions were observed across all PAH groups in U1 and U2. The total concentration of LMW PAHs (ACE, ACY, ANT, FLU, NAP, PHE) decreased from 39.58 mg kg⁻¹ to 1.89 mg kg⁻¹, corresponding to an overall reduction of 95%. MMW PAHs (BaA, CHR, FLT, PYR) decreased from 36.64 mg kg⁻¹ to 0.29 mg kg⁻¹ after incubation, representing an overall reduction of approximately 99%. HMW PAHs (BbF, BaP, BkF) were initially present at lower concentrations than LMW and MMW compounds. Total HMW PAHs declined from 6.27 mg kg⁻¹ to 0.31 mg kg⁻¹, corresponding to a 95% reduction. Throughout the experimental period, PAH concentrations in U3 remained below detection limits both before and after incubation, indicating that the incubation conditions did not affect PAH levels in this sample. 
Carcinogenic Toxicity
BaP-TEQ calculations demonstrate that six months incubating the crude oil contaminated soil led to an ~95.7% reduction in the carcinogenic potency. U1 and U2 had a preincubation BaP-TEQ of 2.77 mg/kg and 5.53 mg/kg, after incubation the values fall to 0.275 mg/kg and 0.081 mg/kg respectively. for U1 carcinogenic potency reduced by 90.1% while for U2 it reduced by 98.5%.




Figure 5: Effect of natural attenuation on the concentration of petroleum hydrocarbon in soil microcosms. 
Changes in petroleum hydrocarbon fractions following incubation are presented in Fig. 5. Total aliphatic hydrocarbons (TAH) decreased by 98.5% in U1, from 1287.55 mg kg⁻¹ to 19.54 mg kg⁻¹, and by 99.4% in U2, from 3662.11 mg kg⁻¹ to 22.20 mg kg⁻¹. Total polycyclic aromatic hydrocarbons (PAHs) were reduced by 96.8%, from 86.67 mg kg⁻¹ to 2.75 mg kg⁻¹ in U1, and by 97.2%, from 78.29 mg kg⁻¹ to 2.22 mg kg⁻¹ in U2. Total petroleum hydrocarbons (TPH) also showed substantial declines, decreasing by 98.4% from 1374.22 mg kg⁻¹ to 22.30 mg kg⁻¹ in U1 and by 99.3% from 3740.40 mg kg⁻¹ to 24.42 mg kg⁻¹ in U2. In U3, PAHs remained below detection limits throughout the study period, while TAH decreased from 3.82 mg kg⁻¹ to below detection after six months of incubation. Overall, the mean concentrations of petroleum hydrocarbon fractions in U1 and U2 indicate that incubation resulted in reductions of approximately 99% for TAH and TPH and 97% for total PAHs.
Discussion
The 16 priority PAHs distribution varied across the study sites, with U1 exhibiting the highest total PAH concentration (86.67 mg/kg), whereas U3 was below detection limits. Previous studies across the Niger Delta wetlands have reported similarly variable contamination levels. For instance, maximum PAH concentrations of 12.29 mg/kg were reported in the Ibaa community (Akinpelumi et al., 2025), while 83.54 mg/kg was documented in the Esaba community (Ogana et al., 2025). In contrast, areas located near gas flaring sites have shown substantially higher contamination levels, ranging from 278.50 to 389 mg/kg (Omoruwou, 2024; Odali et al., 2024). The PAH distribution observed in this study is ecologically significant, it is above the 40 mg/kg recommended by the Department of Petroleum Resources (DPR, 2002) and warrants regulatory attention, as elevated PAH concentrations adversely affect soil quality and ecosystem health.
Assessment based on molecular weight distribution revealed distinct contamination profiles between U1 and U2. U1 contained a higher concentration of low molecular weight (LMW) PAHs, particularly acenaphthylene, fluorene, and acenaphthene. This pattern suggests a predominantly petrogenic origin, likely associated with petroleum handling activities and the site's proximity to the WRPC refinery. In contrast, U2 exhibited higher concentrations of high molecular weight (HMW) PAHs. The exclusive detection of benzo(a)pyrene and benzo(k)fluoranthene in U2 strongly supports a pyrogenic source, likely related to refinery emissions, gas flaring, or other combustion-driven industrial activities. Studies on crude oil–polluted soils in the Niger Delta frequently report elevated LMW PAH concentrations (Ogana et al., 2024; Faboya et al., 2023). HMW PAHs are chemically more stable, less biodegradable, and more persistent in soils (Lawal, 2017; Kariyawasam et al., 2022). Consequently, contamination at U2 may pose a longer-term environmental burden compared to U1. Notably, the concentration of benzo(a)pyrene in U2 (2.63 mg/kg) exceeded the residential soil reference concentration of 0.7 mg/kg recommended by the Canadian Council of Ministers for the Environment (CCME) (CCME, 2010). This exceedance indicates potential carcinogenic risk to exposed individuals through ingestion, dermal contact, or food chain transfer. PAH contamination disrupts soil functionality by altering microbial community structure, reducing enzymatic activity, inhibiting plant growth, and promoting bioaccumulation in higher trophic organisms (Patel., 2020, Wang et al., 2024). Conversely, the predominance of LMW PAHs in U1 suggests greater volatility and potentially higher biodegradation potential.
Incubation of the unamended petroleum hydrocarbon–contaminated soils resulted in an approximately 97% decline in total PAH concentration. This substantial reduction demonstrates that indigenous microbial communities can effectively mineralise petroleum hydrocarbons without nutrient amendment under favourable environmental conditions. Previous studies have reported lower natural attenuation efficiencies. A four-month study documented 24% degradation (Ighovie and Ikechukwu, 2014), a six-month study reported 42% (García-Sánchez, 2017), and an eight-month study reported 36% (Veignie and Rafin, 2022). A five-year study, however, observed an 84% reduction in total PAHs (Telesinski and Kiepas-Kokot, 2021). Across these studies, LMW PAHs consistently exhibited higher degradation rates. These findings indicate that in situ biological processes can progressively degrade PAHs over extended periods, though efficiency depends on the composition and metabolic capability of the autochthonous microbial community. Hydrocarbon-degrading bacteria isolated from heavily contaminated soils in the Niger Delta demonstrated a 25% reduction in total petroleum hydrocarbons (TPH) within 48 hours (Okafor et al., 2020), highlighting their significant degradative potential. In the present study, PAHs across all molecular weight classes were substantially removed. Although HMW PAHs were initially present in lower quantities and generally degrade more slowly than LMW compounds, their measurable reduction underscores the effectiveness of natural attenuation under optimised incubation conditions.
Benzo(a)pyrene (BaP), a recalcitrant and carcinogenic HMW PAH, was below detection limits in U3 both before and after incubation. In U2, BaP declined markedly from 2.625 mg/kg to 0.071 mg/kg, indicating the intrinsic capacity of indigenous microbes to degrade structurally complex hydrocarbons. Interestingly, BaP was below detection limits in U1 prior to incubation but became detectable (0.246 mg/kg) post-incubation. This apparent increase does not signify new contamination; rather, it likely reflects changes in soil physicochemical properties during incubation that enhanced hydrocarbon bioavailability and analytical detectability (Mekonnem et al., 2024: Koshlaf and Ball, 2017).
The high attenuation efficiency observed emphasises the importance of environmental parameters in regulating biodegradation kinetics. Natural attenuation is influenced by soil moisture, temperature, aeration, and related abiotic factors (Koshlaf and Ball, 2017) therefore, degradation rates in soil microcosms often differ substantially from field conditions (Mekonnem et al., 2024). In the Niger Delta wetlands, rainfall patterns may limit oxygen diffusion and microbial metabolism, thereby slowing field-scale attenuation. Conversely, drier periods improve aeration and stimulate microbial activity, enhancing degradation of both LMW and HMW PAHs. LMW compounds may volatilise more readily at elevated temperatures, whereas persistent HMW PAHs degrade more slowly and accumulate under oxygen-limited conditions. Several studies have documented such seasonal variability in degradation rates.
The attenuation profile observed here is comparable to those reported in laboratory-scale bioremediation studies. Biostimulation approaches, typically involving nutrient amendment with NPK fertilisers or compost, often report moderate, site-dependent improvements in PAH degradation within six months compared to untreated controls (Ugoma et al., 2024; Osadebe and Nkoro, 2024). Similarly, bioaugmentation enhances microbial diversity and degradation kinetics, although outcomes remain influenced by environmental constraints (Ugoma et al., 2024; Ule et al, 2021). These findings suggest that under optimised environmental conditions, natural attenuation can achieve comparable or even superior long-term reductions in PAH concentrations. Petroleum hydrocarbon contaminated soils are frequently enriched with hydrocarbonoclastic bacteria, supporting their inherent self-purification capacity. Nevertheless, field-scale conditions may impose nutrient limitations, aeration constraints, and contaminant heterogeneity that restrict intrinsic degradation rates. Therefore, selection between monitored natural attenuation and active bioremediation strategies should consider contaminant load, soil physicochemical characteristics, ecological risk, and remediation timelines—particularly in high-impact regions such as the Niger Delta, where accelerated risk mitigation may be necessary.
Assessment of carcinogenic risk using BaP toxic equivalency (BaP-TEQ) indicated that attenuation reduced carcinogenic toxicity by approximately 90% in U1 and 98% in U2. The observed difference is likely attributable to increased bioavailability of carcinogenic PAHs in U1 under incubation conditions, facilitating both improved detectability and enhanced degradation. Post-incubation BaP-TEQ values were below international residential screening thresholds recommended by CCME (CCME, 2010), indicating a significant toxicological shift. Natural attenuation effectively transformed the soils from a high carcinogenic risk state to a substantially lower risk condition.
Under attenuation conditions, both aliphatic and aromatic hydrocarbon fractions were effectively removed. On average, TPH and total aromatic hydrocarbons (TAH) declined by approximately 98%, while PAHs decreased by approximately 97%. Comparative field studies in the Niger Delta have reported TPH reductions of 15–18% over six months (Ubani et al., 2024; Ebuehi et al., 2005), whereas a soil microcosm study documented a 25% decline within 40 days (Bidja et al., 2019). These comparisons reinforce the conclusion that degradation rates are strongly dependent on environmental and experimental conditions.
This study demonstrates that anthropogenic influences contributed to the distinct PAH profiles observed in U1 and U2. Furthermore, favourable incubation conditions relying solely on indigenous microbial communities resulted in substantial hydrocarbon degradation and a marked reduction in carcinogenic risk. Overall, the findings highlight the inherent bioremediation potential of indigenous soil microbiomes under optimised environmental conditions and support the use of monitored natural attenuation as a cost-effective remediation strategy. Future research should focus on determining optimal physicochemical conditions that enhance intrinsic hydrocarbon degradation at contaminated sites and evaluating their comparative cost-effectiveness relative to active bioremediation strategies.
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