


Atmospheric Deposition of Soot and Heavy Metals from Gas Flaring into Surface Waters of Ebocha, Rivers State, Nigeria 

Abstract
The continuous combustion of associated gas during crude oil production emits vast quantities of soot, greenhouse gases, and trace metals into the atmosphere. These emissions contribute to air quality degradation, acid rain formation, and the contamination of terrestrial and aquatic ecosystems through dry and wet deposition processes. This study investigates the atmospheric deposition of soot and heavy metals originating from gas flaring into surface waters of Ebocha, Rivers State, Nigeria. Twelve surface water samples were collected from four stations located 0.5, 1.0, 2.0, and 5.0 km from the flare site to assess spatial variations in pollution levels. Physicochemical parameters such as pH, temperature, electrical conductivity (EC), and total dissolved solids (TDS) were measured in situ, while concentrations of Pb, Cd, Ni, Cr, and Zn were determined using Atomic Absorption Spectrophotometry (AAS) after acid digestion in accordance with APHA (2017) standards. Results showed that pH values ranged between 5.62 and 6.74, indicating slightly acidic conditions, while EC and TDS ranged from 224.5 to 483.7 µS/cm and 105.3 to 243.6 mg/L, respectively. Heavy metal concentrations decreased with increasing distance from the flare site and followed the order Zn > Ni > Pb > Cr > Cd, with mean values of 0.628, 0.097, 0.118, 0.066, and 0.032 mg/L, all exceeding WHO (2017) and FAO/WHO (2001) guideline limits for potable water. Strong positive correlations (r = 0.82–0.94) between EC and metal concentrations, and inverse correlations with pH (r = –0.69 to –0.74), confirmed the influence of acidic atmospheric fallout from flaring emissions. These findings demonstrate that continuous gas flaring substantially enriches surface waters with toxic metals and soot, posing ecological and public health risks due to bioaccumulation and persistence. The study recommends continuous monitoring, strict enforcement of emission controls, and adoption of gas re-injection technologies to mitigate ongoing environmental degradation in the Niger Delta.
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1.0 Introduction
Gas flaring remains one of the most persistent anthropogenic sources of atmospheric pollution in oil-producing regions, particularly within the Niger Delta of Nigeria. The continuous combustion of associated gas during crude oil production emits vast quantities of soot, greenhouse gases, and trace metals into the atmosphere. These emissions contribute to air quality degradation, acid rain formation, and the contamination of terrestrial and aquatic ecosystems through dry and wet deposition processes (Ekwere et al., 2025; Okpoji et al., 2025). In such environments, particulate-bound heavy metals and soot particles are easily transported over short and long distances before being deposited into nearby surface waters, soils, and sediments, leading to complex ecological and health implications (Anarado et al., 2023; UNEP, 2011). Over the years, several laws have been enacted in Nigeria with stipulated dates to end gas flaring, but the targets have not been met. The Federal government of Nigeria updated the legal framework titled Flare Gas (Prevention of Waste and Pollution) Regulations, 2018, to facilitate financial profits through the utilisation and commercialisation of associated gas, with a view to reducing or eliminating flaring. This effort appears ineffective due to weak enforcement and a poor monitoring mechanism (Obi et al., 2021). 
Ebocha, located in the Ogba/Egbema/Ndoni Local Government Area of Rivers State, is a major crude oil production hub in the Niger Delta and has been identified as a hotspot for soot deposition and atmospheric pollution arising from continuous gas flaring. The release of pollutants such as sulphur oxides (SO₂), nitrogen oxides (NO₂), carbon monoxide (CO), and volatile organic compounds (VOCs) is often accompanied by heavy metals, including lead (Pb), cadmium (Cd), nickel (Ni), chromium (Cr), and zinc (Zn). Heavy metals encompass elements with high atomic weights and toxicity potential. Heavy metals pose significant risks due to their tendency to bioaccumulate (Hussein et al., 2024). These metals are of particular concern due to their toxicity, persistence, and non-biodegradable nature (Benson & Etesin, 2008; Farombi et al., 2007). Once deposited into water bodies, these contaminants alter physicochemical properties, reduce water transparency, and enhance the solubility of toxic metals under acidic conditions, thereby increasing their bioavailability and mobility (Etesin et al., 2013; Nkeeh et al., 2016).
Previous research has revealed that continuous flaring in the Niger Delta significantly elevates the concentrations of hydrocarbons and trace metals in surface waters, sediments, and aquatic biota (Okpoji et al., 2025; Ekpe et al., 2025). For instance, Ubong et al. (2023) reported excessive levels of Pb, Cd, and Hg in aquatic organisms from the Iko River, while Hector et al. (2014) observed similar contamination in crabs from the Warri River, linking such pollution to atmospheric fallout from flaring and industrial emissions. Heavy metals such as Pb and Cd are especially hazardous due to their potential to cause neurotoxicity, nephrotoxicity, and carcinogenic effects in humans (Storelli, 2008; Wang et al., 2015). Despite the known risks, there remains a paucity of empirical data specifically quantifying the extent of atmospheric deposition from gas flares directly into surface waters in the Niger Delta. Consequently, this study investigates the atmospheric deposition of soot and heavy metals from gas flaring into surface waters of Ebocha, Rivers State. It assesses the spatial variations in physicochemical parameters and heavy metal concentrations at different distances from the flare point. 
2.0 Materials and Methods
2.1 Description of the Study Area
Ebocha, situated in Ogba/Egbema/Ndoni Local Government Area of Rivers State, Nigeria, is one of the major oil-producing communities in the Niger Delta region. The area lies between latitudes 5°15'N and 5°30'N and longitudes 6°35'E and 6°45'E. It experiences a humid tropical climate with an annual rainfall of about 2,400 mm, temperatures ranging from 26°C to 34°C, and high relative humidity. Several gas flare points and oil facilities are located in this region, contributing to air and surface water contamination. The local population depends on surrounding surface waters for domestic, agricultural, and fishing activities, making the ecosystem highly susceptible to pollution from atmospheric deposition of soot and heavy metals released by continuous gas flaring.
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Figure 1: Map of Ebocha showing the sampling areas
2.2 Sampling Design and Sample Collection
A total of twelve (12) surface water samples were collected from four sampling stations located at radial distances of 0.5 km, 1.0 km, 2.0 km, and 5.0 km from the gas flare site to evaluate spatial variation in pollution levels. Each station was sampled in triplicate to ensure statistical reliability. Sampling was conducted during the dry season (December–February) to minimise rainfall dilution and ensure stable atmospheric conditions. Clean 1 L high-density polyethylene bottles were pre-rinsed with 10% HNO₃ and site water before sampling. In-situ measurements of pH, temperature, and electrical conductivity (EC) were taken using a calibrated HANNA HI 98129 multiparameter probe. Samples for heavy metal determination were acidified immediately with concentrated HNO₃ to pH < 2 and preserved in an ice chest at 4°C until laboratory analysis.
2.3 Laboratory Analysis
All analyses were performed at the Environmental Chemistry Laboratory, University of Port Harcourt, using standard procedures recommended by the American Public Health Association (APHA, 2017).
2.3.1 Physicochemical Parameters
Total Dissolved Solids (TDS) were determined gravimetrically by evaporating a known volume of filtered water at 103–105°C to constant weight. Electrical Conductivity (EC) was measured with a bench-top conductivity meter (HACH HQ40D). Temperature and pH readings were taken on-site to avoid alteration due to transport or storage.
2.3.2 Heavy Metal Determination
Concentrations of lead (Pb), cadmium (Cd), nickel (Ni), chromium (Cr), and zinc (Zn) were analysed using a Shimadzu AA-7000 Atomic Absorption Spectrophotometer (AAS) after acid digestion. For each 100 mL sample, 5 mL of concentrated nitric acid (HNO₃) and 2 mL perchloric acid (HClO₄) were added and digested on a hot plate at 95°C until the volume reduced to about 20 mL. The digest was cooled, filtered through Whatman No. 42 paper, and diluted to 50 mL with deionised water. Calibration curves were prepared from analytical-grade standard metal solutions, and blank samples were used to correct for background interference.
2.4 Quality Assurance and Quality Control (QA/QC)
All reagents used were of analytical grade (Merck, Germany). Laboratory glassware and plasticware were acid-washed (10% HNO₃) and rinsed with deionised water before use. Analytical blanks and duplicate samples were analysed for every batch of ten samples to ensure accuracy and precision. Metal recoveries ranged between 92% and 98%, which were within acceptable limits for trace metal determination. Limits of detection (LOD) were determined as: Pb (0.001 mg/L), Cd (0.0005 mg/L), Ni (0.002 mg/L), Cr (0.001 mg/L), and Zn (0.010 mg/L). Instrument calibration was verified daily, and correlation coefficients (R²) for standard curves exceeded 0.995 for all metals.
2.5 Data Treatment and Statistical Analysis
Descriptive statistics (mean, range, and standard deviation) were computed for all parameters. Data were checked for normality using the Shapiro–Wilk test, and spatial variations in metal concentrations among the sampling sites were evaluated using one-way ANOVA followed by Tukey’s HSD post-hoc test at a 95% confidence level (p < 0.05). Pearson’s correlation analysis was conducted to assess the relationships between physicochemical parameters (pH, EC, TDS) and heavy metal concentrations, helping to infer the influence of acidic deposition and ionic loading. Statistical analyses were performed using IBM SPSS version 25.0, and results were visualised using OriginPro 2023 software for spatial trend plots and correlation matrices.
3.0 Results and Discussion 
3.1 Results
3.1.1 Physicochemical Characteristics of Surface Water Samples
The physicochemical characteristics of surface water samples collected at varying distances from the gas flare point in Ebocha are presented in Table 1. The parameters showed marked spatial variations, reflecting the influence of atmospheric deposition from gas flaring. Temperature ranged from 32.1°C at 0.5 km to 27.3°C at 5 km, with higher values near the flare stack, suggesting radiant heat and particulate deposition from combustion processes. The recorded pH values (5.62–6.74) indicate slightly acidic conditions, particularly at the closest station, due to acid-forming gases such as SO₂ and NO₂ dissolving in atmospheric moisture. Electrical Conductivity (EC) values decreased progressively from 483.7 µS/cm at 0.5 km to 224.5 µS/cm at 5 km, while Total Dissolved Solids (TDS) followed a similar trend, ranging from 243.6 mg/L to 105.3 mg/L. Both EC and TDS values exceeded WHO (2017) limits in locations nearer to the flare site, reflecting ionic enrichment from atmospheric fallout of combustion residues such as sulphates, nitrates, and metallic particulates. The inverse relationship between pH and ionic strength confirms that acidification enhances the solubility and mobility of dissolved species in affected waters.
Table 1: Physicochemical Parameters of Surface Water Samples from Ebocha
	Parameter
	0.5 km
	1 km
	2 km
	5 km
	WHO Limit (2017)

	Temperature (°C)
	32.1
	30.6
	28.4
	27.3
	30.0

	pH
	5.62
	6.01
	6.35
	6.74
	6.5–8.5

	EC (µS/cm)
	483.7
	397.4
	308.6
	224.5
	250

	TDS (mg/L)
	243.6
	198.2
	146.4
	105.3
	150


The results clearly show a gradient effect, with the most impacted stations closer to the flare point exhibiting higher temperature, ionic concentration, and acidity. This trend is characteristic of direct atmospheric fallout from gas flaring activities, with gradual dilution downstream.
3.1.2 Heavy Metal Concentrations in Surface Waters
Heavy metal concentrations in the surface waters of Ebocha exhibited a distinct spatial trend, decreasing with distance from the gas flare site (Table 2). Lead (Pb) concentrations ranged from 0.118 mg/L at 0.5 km to 0.032 mg/L at 5 km, exceeding the WHO limit (0.01 mg/L) across all locations. Cadmium (Cd) values ranged from 0.032 mg/L near the flare to 0.006 mg/L at 5 km, surpassing the WHO permissible value (0.003 mg/L). Nickel (Ni) concentrations varied between 0.097 and 0.042 mg/L, chromium (Cr) between 0.066 and 0.018 mg/L, and zinc (Zn) between 0.628 and 0.312 mg/L. The overall order of abundance was Zn > Ni > Pb > Cr > Cd.
Table 2: Heavy Metal Concentrations (mg/L) in Surface Waters of Ebocha
	Metal
	0.5 km
	1 km
	2 km
	5 km
	WHO Limit (2017)

	Pb
	0.118
	0.094
	0.057
	0.032
	0.01

	Cd
	0.032
	0.024
	0.014
	0.006
	0.003

	Ni
	0.097
	0.082
	0.059
	0.042
	0.02

	Cr
	0.066
	0.051
	0.033
	0.018
	0.05

	Zn
	0.628
	0.537
	0.411
	0.312
	0.3


The metal concentration profiles reveal that Pb and Cd are the most critical pollutants in the area, posing high ecological and health risks. The elevated levels of Ni and Zn suggest strong atmospheric deposition from particulate fallout produced during flaring. These metals, being non-biodegradable, tend to accumulate in surface water and sediments, potentially entering the food chain through aquatic organisms.
3.1.3 Correlation Between Physicochemical Parameters and Heavy Metals
Correlation analysis provided insight into the interrelationships among measured parameters and their sources. Strong positive correlations were observed between EC and heavy metals (r = 0.82–0.94), and between TDS and metals (r = 0.81–0.84), implying that dissolved ions from atmospheric particulate matter directly contribute to the overall conductivity and solute load in the surface water. Conversely, pH showed a strong negative correlation with heavy metals (r = –0.69 to –0.74), suggesting that acidic conditions facilitate metal solubilization and mobility.
Table 3: Correlation Matrix Between Physicochemical Parameters and Heavy Metals
	Parameter
	Pb
	Cd
	Ni
	Cr
	Zn
	EC
	TDS
	pH

	Pb
	1.00
	0.92
	0.88
	0.83
	0.79
	0.87
	0.84
	–0.74

	Cd
	
	1.00
	0.85
	0.79
	0.77
	0.82
	0.81
	–0.70

	Ni
	
	
	1.00
	0.83
	0.80
	0.85
	0.83
	–0.69

	Cr
	
	
	
	1.00
	0.76
	0.80
	0.78
	–0.66

	Zn
	
	
	
	
	1.00
	0.79
	0.77
	–0.61


The correlation matrix confirms that as water acidity increases near the flare site, the solubility of toxic metals such as Pb and Cd also rises, enhancing their mobility and bioavailability. This finding supports the conclusion that gas flaring releases both gaseous and particulate pollutants that undergo wet and dry deposition into adjacent surface waters.
3.1.4 Spatial Variation and Pollution Gradient
Spatial analysis of the measured parameters demonstrated a consistent pollution gradient, decreasing away from the gas flare point. Stations at 0.5 km and 1 km exhibited the highest contamination levels across all parameters, while the 5 km station consistently showed the lowest values. This spatial trend reflects the direct influence of atmospheric fallout and thermal emissions from gas flaring on nearby aquatic systems. The results indicate that gas flaring in Ebocha significantly impacts surface water quality through deposition of soot and heavy metals, alteration of water chemistry, and increased ionic and thermal stress. The combination of elevated temperature, low pH, high metal load, and increased conductivity points to atmospheric deposition as the principal contamination mechanism in the area.
3.2 Discussion
The findings of this study reveal that atmospheric deposition from gas flaring activities in Ebocha significantly influences the physicochemical characteristics and heavy metal concentrations in the surrounding surface waters. The observed physicochemical parameters, including pH, temperature, electrical conductivity (EC), and total dissolved solids (TDS), reflect the degree of contamination and interactions between atmospheric pollutants and aquatic systems.
The slightly acidic pH values recorded (5.62–6.74) suggest acidification of surface waters, likely caused by the dissolution of acidic gases such as SO₂ and NO₂ from gas flares (Nkeeh et al., 2016). Acidic conditions increase the solubility and mobility of heavy metals, thereby enhancing their bioavailability and ecological toxicity. Similar acidification trends have been reported in other oil-producing communities in the Niger Delta (Nsikak & Usoro, 2008; Okpoji et al., 2025a), indicating that long-term gas flaring may induce regional acid rain effects.
Electrical conductivity (224.5–483.7 µS/cm) and TDS (105.3–243.6 mg/L) values were higher near the flare site, signifying elevated ionic concentrations from deposited particulate matter. These elevated values align with previous studies around hydrocarbon-polluted areas of the Niger Delta (Ezekwe et al., 2018; Ekpe et al., 2025), where combustion emissions and soot deposition contribute to increased dissolved ions.
Heavy metals in the study area were found in the order of Zn > Ni > Pb > Cr > Cd, with all values exceeding WHO (2017) and FAO/WHO (2001) permissible limits for drinking water. The high Zn concentration may be attributed to corrosion of metallic pipelines and emissions from combustion processes (Storelli, 2008). Elevated Pb and Cd levels are particularly concerning, as these metals are toxic even at low concentrations, with potential implications for human health and aquatic life (Farombi et al., 2007; Adedokun et al., 2016).
The enrichment of Pb and Cd near the flare site reflects direct deposition from flue gases and particulates, a trend consistent with findings by Oribhabor and Ogbeibu (2009) in Niger Delta creeks and by Ubong et al. (2023) in the Iko River. Similar studies have demonstrated that the concentration of heavy metals in aquatic systems decreases with distance from the emission source (Anani & Olomukoro, 2018; Hector et al., 2014). This pattern was confirmed in this study, as metal levels progressively declined from 0.5 km to 5 km away from the flare site, indicating atmospheric fallout as the dominant transport mechanism.
Nickel and chromium concentrations in Ebocha waters also exceeded the USEPA (2010) safety thresholds, signifying contamination from combustion residues and oil-related discharges. Ni and Cr are known for their carcinogenic and mutagenic effects, as reported by Jan et al. (2010) and Bo et al. (2016), underscoring the potential public health risks associated with prolonged exposure. Studies by Okpoji et al. (2025b) and Onoja et al. (2025) further confirm the bioaccumulation potential of these metals in aquatic organisms, indicating possible entry into the food chain and consequent dietary exposure.
The strong correlation between metal concentrations and proximity to the gas flare point (r = 0.82–0.94) supports the conclusion that atmospheric deposition is the primary source of contamination. This observation aligns with the work of Okpoji et al. (2025c), who established similar relationships between volatile organic compounds (VOCs) and hydrocarbon fallout from flaring activities in the Niger Delta. Additionally, studies by Okpoji et al. (2025d) and Ekwere et al. (2025a) have emphasised that flaring and associated emissions not only release soot but also serve as vectors for toxic trace elements, further degrading aquatic systems. The high levels of Zn, Pb, and Cd pose substantial ecological risks, as these metals are known to bioaccumulate in aquatic organisms such as fish and crustaceans (Anarado et al., 2023; Cogun et al., 2006; Dalman et al., 2006). The potential for human exposure through the consumption of contaminated fish and water raises significant health concerns, particularly neurological, renal, and cardiovascular disorders associated with Pb and Cd (Sanyaolu et al., 2022; Wang et al., 2015).
The results confirm that Ebocha’s surface waters are experiencing progressive contamination due to continuous atmospheric deposition from gas flaring. The ecological and public health implications are substantial, considering the dependence of local populations on these water sources. Similar to findings in Ogoniland (UNEP, 2011) and Andoni (Okpoji et al., 2025e), the persistence of heavy metals in aquatic environments implies long-term environmental degradation and cumulative human exposure. This study therefore reinforces the urgent need for environmental regulatory enforcement to control gas flaring and its by-products. Implementation of gas re-injection technologies, adoption of cleaner energy alternatives, and consistent environmental monitoring programmes are critical to mitigate the ongoing contamination in Ebocha and other oil-bearing regions of the Niger Delta.
Conclusion
The study revealed that gas flaring activities in Ebocha have led to significant atmospheric deposition of soot and heavy metals into surrounding surface waters. The elevated concentrations of lead, cadmium, nickel, and chromium indicate ongoing contamination from industrial emissions, while the presence of soot particles suggests persistent air-to-water transfer of pollutants. The slightly acidic pH, high electrical conductivity, and increased total dissolved solids further reflect deteriorating water quality, potentially affecting aquatic organisms and human health. The results demonstrate that uncontrolled gas flaring contributes to environmental degradation, with heavy metals accumulating in aquatic systems and posing long-term ecological and public health risks. It is therefore essential to implement stricter environmental control measures, adopt cleaner flaring technologies, and strengthen continuous monitoring programmes to reduce pollutant emissions and safeguard both aquatic ecosystems and local communities dependent on these water resources.
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