


Impact of oil refinery spillage on heavy metal contamination and pollution indices in biotic and abiotic components in Ennore Creek, India


Abstract 
Heavy metal contamination has rapidly increased in recent decades, having a significant effect on the aquatic environment and the organisms inhabiting it. The principal objective of this study was to determine the concentrations of cadmium (Cd), chromium (Cr), lead (Pb) and mercury (Hg) in water, sediment and biological samples collected before and after the oil spill in Ennore Creek. The commercially consumed fish species Elops saurus and Gerres filamentosus were identified using morphometric characteristics according to an established protocol. Heavy metal concentrations showed marked variation among stations, with Pb exhibiting the highest levels in water and sediment 
(320.31 μg/L and 856 mg/kg, respectively), followed by Cr (100 μg/L and 164.2 mg/kg). Among the biological matrices analysed after the oil spill, Elops saurus exhibited greater Cr accumulation (2.09 mg/kg), while polychaetes exhibited comparatively elevated Pb levels (1.60 mg/kg). Overall, the elevated metal concentrations, particularly in sediment and biota, indicate potential bioaccumulation and ecological concern in the study area. Pollution indices, including the geoaccumulation index, pollution load index and bioaccumulation factor, indicated increased pollution following the oil spill. These findings highlight the need to protect and improve aquatic ecosystem health for future generations.
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1. Introduction
[bookmark: _heading=h.gasjo1c5gfh5]Heavy metals (HMs) are elements with dense metallic properties and are toxic even at very low levels. Metal elements are widely found in waste associated with industrial sludge, fertiliser, paints, ash and oil refineries (Wang & Yang, 2016; Panseriya et al., 2020). HMs may be present in small quantities as trace elements.  Chromium (Cr), cobalt (Co), copper (Cu), nickel (Ni), selenium (Se), zinc (Zn), molybdenum (Mo) and iron (Fe) have a vital role in the maintenance of biochemical and physiological functions (Prashanth et al., 2015). Essential elements have deleterious effects when taken excessively, as they disturb the absorption of other nutrients and damage organs (Canli & Atli, 2003). Non-essential elements, such as cadmium (Cd), mercury (Hg) and lead (Pb), are not required for biological activities and may be hazardous to humans and aquatic environments, as they can impair reproduction and growth and cause tissue damage (Otchere, 2019; Liang et al., 2023).  Water and sediment assessments conducted after an oil-spill event in the Bonny River have likewise documented heavy metal contamination (Onuigbo et al., 2025).
Over the past decade, coastal ecosystems have been contaminated by pollutants associated with anthropogenic activities, particularly agricultural leachate, industrial expansion, urbanisation and economic activities. Toxic trace elements are prominent pollutants discharged into the ocean and can accumulate in sediments and marine ecosystems (Liu et al., 2007; Velusamy et al., 2014; Stark et al., 2014; Vetrimurugan et al., 2019). Sediment contamination by heavy metals may influence aquatic ecosystem quality, biosorption and bioaccumulation. Moreover, these metals become immobilised in sediments and may therefore be involved in co-precipitation, absorption and the formation of complexes (Chandrasekaran et al., 2015). Sediments can accumulate contaminants from various sources, such as mines, agricultural fields and industries, as a result of human activities. (da Silva et al., 2025). Earlier analyses of Ennore Creek examined heavy metals in water, sediment and fish (Beaven et al., 2023). Metal concentrations have also been assessed across water, sediment, benthic organisms and fish in the Ennore estuary (Sigamani et al., 2024).
[bookmark: _heading=h.prtysit1nujz]Bioaccumulation indicates the accumulation of metal pollutants within the environment. Elevated quantities of non-essential elements have been detected in marine animals, including polychaetes, edible mussels, sea stars, clams and fish. This bioaccumulation may cause cellular harm (Singh et al., 2017). Fish are frequently used in metal accumulation studies because they are important aquatic organisms and are regularly consumed by humans (Krishnamurti & Nair, 1999; Rashed, 2001)  Research on coastal benthic ecosystems has indicated that sediment metal fractions and their bioavailability can influence accumulation in benthic organisms (Cayabo et al., 2025).
Fish are known as bioindicators of metal accumulation (de Carvalho et al., 2025). The accumulation of large quantities of metals in fish poses a potential risk of metal transfer to humans (Gu et al., 2015).  Therefore, it is crucial to determine heavy metal levels in organisms and assess whether these concentrations fall within acceptable limits or pose health risks to consumers (Krishnamurti & Nair, 1999).  An investigation in the Kadinamkulam estuary, South India, measured metals in water, sediment and tissues of the edible fish Mugil cephalus (Sasidharan et al., 2025).
Research gap: Although previous studies have reported heavy metal contamination at Ennore, comparisons of metal accumulation in aquatic biota, including edible fish, and the associated ecological risks before and after the oil spill remain limited. 
 1.1 Objective
The objective of the present study was to assess the potential risks of heavy metal contamination in water, sediment, polychaetes and the muscles of Elops saurus and Gerres filamentosus before and after the oil spill in Ennore Creek.
2. [bookmark: _heading=h.b084c33honfs]Materials and methods
2.1 Study area location description
The geographical location of the study area was mapped using QGIS 3.44. Five sampling sites were selected to analyse heavy metal contamination in the Ennore region, as shown in Fig. 1. These sites were Ennore Creek at 13˚13’52.85’’N, 80˚19’40.51’’E, Nettukuppam at 13˚13’56.79’’N, 80˚19’52.44’’E, Thazhankuppam at 13˚13’38.90’’N, 80˚19’48.92’’E, Periyakuppam at 13˚12’43.15’’N, 80˚19’29.14’’E and Chinnakuppam at 13˚12’26.71’’N, 80˚19’22.19’’E. 

[image: ]
Fig. 1. Representation of the geographical location of the five sampling sites 


The Ennore region is an industrial hub that also provides habitat for aquatic organisms and supports fishers and local communities. An oil leak occurred at the Chennai Petroleum Corporation Limited (CPCL) on 3 December 2023.  Heavy rainfall associated with Cyclone Michaung flooded the refinery, causing oil to mix with water.  
2.2 Sample collection and analysis
Water, sediment, polychaetes, and two edible fish species were collected on the 10th day of each month from five preselected sampling stations between October 2023 and February 2024 to examine spatial and temporal variations in heavy metal concentrations before and after the oil spill. The oil leakage occurred on 3 December 2023; three sampling events took place before the spill  (8 October 2023; 2 November 2023 and 27 November 2023) and three sampling events took place after the spill (22 December 2023; 16 January 2024 and 10 February 2024). One sample was collected at each station during each sampling event, and three independent replicates were analysed for each environmental matrix, as applicable. 
Approximately 1 litre of water (from the water column and interstitial water) was collected and stored in a sterilised container.  Sediment samples were collected randomly along 500 m of the coastal region at a depth of 15 cm and placed in an aluminium box. Approximately 50 polychaetes were collected by hand, and 10 specimens of two edible fish species were collected from stations 1 to 5. The samples were stored separately on dry ice and transported to the Aquatic Sciences and Biotechnology Laboratory (ASBL), Ethiraj College for Women, Chennai, for subsequent analysis. The polychaete and fish samples were rinsed with distilled water to remove dust and debris. Using Day (1878), the collected edible fish species were identified morphometrically as Elops saurus and Gerres filamentosus, and their identification was subsequently confirmed by an expert from the Central Institute of Brackish water Aquaculture, ICAR-CIBA.

2.3 Acid digestion method
Water samples (100 ml) were supplemented with 5 ml of concentrated nitric acid (HNO3), to which 100 ml of ultrapure water was added to the filtered sample to estimate the concentration of heavy metals (Pandiyan et al., 2020). The soil samples were rinsed with HNO3 (10%), air-dried for 3 days and crushed to a fine powder. Approximately 9 ml of HNO3 and 3 ml of HCl were added to 0.500 g of the powdered samples.  Tissue samples collected from polychaetes and fish were analysed using the AOAC International (2016) method. Following digestion, the samples were analysed using inductively coupled plasma optical emission spectroscopy (ICP-OES AvioTM 220 Max). Calibration was based on standard solutions of known concentrations of the target metals, and sample concentrations were determined from the resulting calibration curves. Appropriate calibration standards, reagent blanks, and quality-control checks should be documented according to the analytical procedures employed. The concentrations of Cd, Cr, Pb and Hg were determined from the instrument measurements, with appropriate corrections for dilution and blank contributions where applicable. Results reported as below detection limit (BDL) indicate concentrations below the analytical detection threshold rather than the complete absence of the respective metal. These results should be interpreted in light of the method-specific detection limits and available analytical quality-control information.

2.4 Heavy metal pollution index (HPI)	
HPI was calculated using the following formula (Mohan et al., 1996):

Where, 
Wi = unit weight of the ith parameter
Qi = sub-index value of the ith parameter. 
2.5 Geoaccumulation index
The geoaccumulation index (Igeo) is a comprehensive method for assessing heavy metal pollution within the environment. Igeo can be calculated using a formula to assess the degree of contamination.
   					Igeo = log2[Cn/1.5 x Bn]	
Where Cn denotes metal content, Bn is the shale background content of the metal as stated by Turekian and Wedepohl (1961), and 1.5 is a constant used to minimise variation in background values caused by lithogenic origins. Furthermore, the Igeo value is classified into seven levels according to Vineethkumar et al. (2020).  
2.6 Pollution Load Index (PLI)
The pollution load index (PLI) was evaluated using the following formula (Tomlinson et al., 1980):
CF = Cmetal/Cbackground
PLI= (CF1 x CF2 x ….  x CFn)1/n
where ‘n’ represents the number of metals present, CF denotes the contamination factor, Cmetal represents the sample metal concentration, and Cbackground indicates the metal concentration of the background. PLI >1 recommends sediment pollution, and PLI < 1 absolutely no pollution.
2.7 Bioaccumulation factor (BAF)
The BAF was calculated following Wang et al. (2017) to determine the heavy metal concentration in fish relative to that in water.  
BAF = Ci/Cw
Here, Ci signifies the mean concentration of pelagic organisms, whereas Cw signifies the mean water concentration.


2.8 Statistical analysis
To determine relationships among heavy metal concentrations in water, sediment, polychaetes and fish species, Pearson correlation coefficients were calculated using SPSS version 20.0.  The analysis of variance (ANOVA) was conducted using JAMOVI version 2.6.44.
3. Results and Discussion
3.1 Physicochemical parameter
[bookmark: _heading=h.y4zif8h4hagw]Water is essential for aquatic organisms but can become contaminated through anthropogenic activities (Sharma et al., 2025). Industrialisation is expanding, contributing to pollution and the release of toxic elements into the environment. The temperature ranges before and after the oil spill were 27.7 ± 0.52 ºC to 33.4 ± 0.55 ºC and 25.08 ± 0.65 to 32.8 ± 0.70ºC, respectively. Water quality at five locations before and after the oil spill is presented in Table 1.  Water temperature varies with time, season and salinity (Vincy et al., 2012). Water temperature varied by approximately 2 °C between the periods before and after the oil spill in the present study. Oil on the water surface can inhibit sunlight penetration, causing temperatures to decrease in affected areas (Xing et al., 2015). Before the oil leak, pH ranged from 8.2 ± 0.26 to 7.3 ± 0.50, and after the spill, from 8 ± 0.52 to 7.1 ± 0.60. The pH values exhibited slight fluctuations following the spill but remained marginally alkaline. A similar change in pH following an oil spill was reported by Chen et al. (2017) in Taiwan, within the range of 7.95 to 8.07. Before the spill, salinity ranged from 22.12 ± 0.63 to 31.6 ± 0.85 ppt, whereas after the spill, it ranged from 18.1 ± 0.91 to 25.9 ± 0.77 ppt. Thus, salinity decreased by approximately 4–6 ppt after the spill. Water salinity depends on tidal variation and the relative contributions of marine and river water (Cheng et al., 2005). The dissolved oxygen (DO) in the present study was <5 mg/l; i.e., the range was from 0.8 ± 0.26 mg/l to 4.7 ± 0.81mg/l whereas after the oil spill it was 0.71 ± 0.12 mg/l to 3.97 ± 0.56 mg/l. DO levels were slightly lower after the spill than before it. The slight decrease in DO may be associated with the presence of oil, which can disrupt oxygen exchange in water and reduce the oxygen available to fish (Ali et al., 2022). 
Table 1. The average, mean and standard deviation of physicochemical parameters of water before and after the oil slick. 
	Parameters
	ST-1
	ST-2
	ST-3
	ST-4
	ST-5

	Before oil slick

	Temperature (˚C)
	33.4±0.55
	31.08±0.45
	29.7±0.80
	28.5±0.88 
	27.7±0.52

	pH
	8.2±0.26
	8±0.26
	7.8±0.36
	7.5±0.43
	7.3±0.50

	Salinity (ppt)
	31.6±0.85
	29.1±0.72
	27.01±0.70
	24.04±0.21
	22.12±0.63

	DO (mg/l)
	4.7±0.81
	3.89±0.08
	3.24±0.13
	2.41±0.31
	0.8±0.26

	After oil slick

	Temperature (˚C)
	32.8±0.70
	29.6±0.10
	27.9±0.70
	26.4±0.70
	25.08±0.65

	pH
	8±0.52
	7.7±0.36
	7.5±0.52
	7.2±0.43
	7.1±0.60

	Salinity (ppt)
	25.9±0.77
	25.7±1.02
	22.4±1.21
	20.6±0.45
	18.1±0.91

	DO (mg/l)
	3.97±0.56
	3.42±0.56
	3.1±0.55
	2.49±0.36
	0.71±0.12



3.2 Multi-matrix metal assessment
Heavy metals in aquatic environments have been investigated extensively worldwide. Trace metals such as Cd, Cr, Pb and Hg may enter aquatic organisms from water and subsequently bioaccumulate in the food chain (Loska & Wiechuła, 2003; Ekperusi et al., 2024). Mean heavy metal concentrations in water from the five sampling stations were evaluated. The Cd (0.02±0.01 to 0.21±0.02 μg/L), Cr (0.15±0.02 to 2.30±0.26 μg/L) and Hg (0.01±0 to 0.12±0.04 μg/L) in the water samples from all the stations were below the permissible limit. After the spill, concentrations increased and exceeded the reported permissible levels; among the stations, the highest Cd concentration, 2.89±0.31 μg/L, was recorded at station 4. The highest Cr concentration was recorded at station 1, at 100±4 μg/L, whereas the highest Hg concentration occurred at station 3, at 1.13±0.11 μg/L, as represented in Table 2.  Crude oil released into water bodies contains heavy metals that may disperse and increase metal concentrations (Sharma et al., 2024). In contrast, Pb concentrations before (51.49±2.03 μg/L) and after (320.31±10.49 μg/L) the spill exceeded the permissible range. Chen et al. (2022) reported that lead concentration in the global ocean was high mainly because of anthropogenic activity, which includes industrial emissions. Kibria et al. (2016) investigated 11 heavy metals in the Bangladesh Coastal and Karnafuli River estuary. The observed changes in metal concentrations and pollution indices indicate increased heavy metal contamination in Ennore Creek following the spill. Oil–sediment interactions may influence the fate, transport, and distribution of contaminants in aquatic environments (Gong et al., 2014). In addition, sediment resuspension can contribute to the remobilisation of particulate-associated trace metals into the aquatic environment (Kalnejais et al., 2007). 
 The study results indicated high levels of Hg, Cr, Cd, Ni and Cu, with potential implications for water quality and aquatic ecology.  

Table 2. Mean and standard deviation of heavy metals before and after the oil slick from the five different stations
	Stations
	Parameters
	Water (μg/L)
	Sediment (mg/kg)
	Polychaete (mg/kg)
	Elops saurus (mg/kg)
	Gerres filamentosus (mg/kg)

	
	
	BOS
	AOS
	BOS
	AOS
	BOS
	AOS
	BOS
	AOS
	BOS
	AOS

	ST 1 
	Cd
	0.13±0.02
	2.00±0.47
	0.24±0.06
	6.20±0.22
	0.01±0
	0.10±0.06
	BDL
	0.11±0.01
	BDL
	0.19±0.01

	
	Cr
	2.30±0.26
	100±4
	1.13±0.83
	164.20±6.01
	0.20±0.17
	5.50±0.06
	BDL
	0.41±0.02
	BDL
	1.20±0.27

	
	Pb
	75.80±2
	320.31±10.49
	3.56±0.59
	856±17.74
	BDL
	1.60±0.05
	BDL
	0.21±0.02
	BDL
	0.23±0.01

	
	Hg
	0.12±0.04
	1±0.17
	0.13±0.02
	1.30±0.02
	BDL
	0.10±0.09
	BDL
	0.06±0.06
	BDL
	0.10±0.01

	ST 2 
	Cd
	0.06±0.03
	1.75±0.35
	0.60±0.06
	4.35±0.19
	0.03±0.02
	0.13±0.07
	BDL
	0.18±0.03
	BDL
	0.24±0.06

	
	Cr
	1.13±0.10
	64.62±3.71
	4.06±1.00
	127.98±5.47
	0.49±0.13
	3.57±0.49
	0.01±0
	0.61±0.07
	BDL
	1.03±0.12

	
	Pb
	47.01±2.53
	157.64±6.26
	7.62±0.51
	657.81±15.11
	0.07±0.05
	1.15±0.07
	0.03±0.02
	0.62±0.15
	0.01±0
	0.52±0.15

	
	Hg
	0.01±0
	0.84±0.35
	0.08±0.01
	1.49±0.08
	0.01±0
	1.13±0.10
	0.01±0
	1.10±0.01
	BDL
	1.05±0.03

	ST 3 
	Cd
	0.21±0.02
	2.41±0.14
	0.82±0.03
	5.11±0.18
	0.07±0
	0.11±0.02
	0.01±0.01
	0.11±0.01
	BDL
	0.10±0

	
	Cr
	1.35±0.02
	52.74±2.73
	1.13±0.03
	120.67±5.21
	0.42±0.02
	5.25±0.13
	0.18±0.02
	1.12±0.03
	0.13±0.02
	1.15±0.04

	
	Pb
	51.49±2.03
	262.66±7.09
	3.19±0.16
	600.57±14.63
	0.39±0.01
	1.60±0.05
	0.10±0
	0.21±0.02
	0.08±0
	0.22±0.03

	
	Hg
	0.06±0.01
	1.13±0.11
	0.17±0.02
	1.28±0.04
	0.40±0.02
	1.11±0.01
	BDL
	0.05±0
	BDL
	0.08±0.01

	ST 4 
	Cd
	0.04±0.01
	2.89±0.31
	0.68±0.03
	2.69±0.83
	0.04±0.01
	0.17±0.01
	BDL
	0.10±0.01
	BDL
	0.13±0.01

	
	Cr
	2.24±0.12
	67.81±3.15
	3.06±0.20
	136.09±6.01
	0.52±0.05
	1.69±0.15
	0.16±0.06
	1.16±0.05
	0.24±0.03
	1.13±0.03

	
	Pb
	32.52±1.56
	124.05±5.66
	2.59±0.15
	587.20±13.58
	0.25±0.02
	1.40±0.04
	0.02±0.01
	0.46±0.11
	0.07±0.05
	0.24±0.04

	
	Hg
	0.07±0.02
	1.07±0.02
	0.10±0.01
	1.38±0.10
	0.06±0.01
	0.20±0.02
	0.03±.01
	1.13±0.11
	0.02±.01
	1.09±.04

	ST 5 
	Cd
	0.02±0.01
	1.55±0.02
	0.18±0.01
	1.39±0.04
	0
	0.10±0.2
	0.01±0
	0.10±0.01
	BDL
	0.09±0.01

	
	Cr
	0.15±0.02
	49.41±2.53
	1.08±0.02
	109.96±4.41
	0.33±0.02
	2.17±0.04
	BDL
	2.09±0.03
	0.08±0
	1.83±0.07

	
	Pb
	22.99±1.53
	123.55±5.21
	1.42±0.03
	540.00±12.46
	0.23±0
	0.42±0.01
	0.09±0
	0.36±0.02
	0.07±0
	0.39±0.01

	
	Hg
	0.02±0
	0.44±0.02
	0.06±0.02
	1.15±0.02
	0.39±0.01
	1.14±0.02
	0.00±0
	1.10±0.02
	0.05±0.01
	1.12±0.01


Note: BOS- Before Oil Spill, AOS- After Oil Spill

The mean concentrations of Cd, Cr, Pb and Hg before the spill were below the reported limits, except for Cd (0.82±0.03 mg/kg) and Hg (0.17±0.02 mg/kg) at station 3. In the present study, sediment was reported to contain metal concentrations twice those in water.  After the oil spill, Cd, Cr, Pb and Hg concentrations exceeded the reported permissible levels, with the highest concentrations recorded for Pb. The detailed heavy metal concentrations are presented in Table 2. The highest values were recorded for Pb (540.00±12.46 mg/kg to a maximum of 856±17.74 mg/kg). Oil retained in sediments can cause ecological disturbance, potentially reducing organism density, biomass and diversity (Lee & Lin, 2013). Heavy metals can persist in sediments because sediments act as sinks for many environmental pollutants (Xu et al., 2022). Steffy et al. (2013) reported that Cr and Pb increased in sediment after the Deepwater Horizon oil spill.
The results for polychaetes suggest that concentrations of all four metals increased after the oil spill, with the minimum and maximum mean values being Cd (0.10±0.2 to 0.17±0.01 mg/kg), Cr (1.69±0.15 to 5.50±0.06 mg/kg), Pb (0.42±0.01 to 1.60±0.05 mg/kg) and Hg (0.10±0.09 to 1.14±0.02 mg/kg). Polychaetes generally exhibit higher metal concentrations than fish because of their close contact with sediments and feeding habits, which may increase their exposure to benthic contamination (Karthikeyan et al., 2020). 
The two fish species Elops saurus and Gerres filamentosus were analysed for metal concentrations. Before the oil spill, concentrations were reported to be below the permissible levels cited from Food and Agriculture Organization of the United Nations (2022), whereas some concentrations exceeded the reported limits after the spill.  The mean concentrations in E. saurus after the spill were Cd (0.10±0.01 to 0.18±0.03 mg/kg), Cr (0.41±0.02 to 2.09±0.03 mg/kg), Pb (0.21±0.02 to 0.62±0.15 mg/kg) and Hg (0.05±0 to 1.13±0.11 mg/kg). The mean concentrations were Cd (0.09±0.01 to 0.24±0.06 mg/kg), Cr (1.03±0.12 to 1.83±0.07 mg/kg), Pb (0.23±0.01 to 0.52±0.15 mg/kg) and Hg (0.08±0.01 to 1.12±0.01 mg/kg) in G. filamentosus. 
Fish exposed to oil contamination may experience adverse effects when metal concentrations increase. Cd can damage the hypothalamic–pituitary–gonadal axis and cause hormonal changes (Vinanthi Rajalakshmi et al., 2023). Malformed larvae were observed in experimental Danio rerio fish (Tarasco et al., 2019).  Other studies on different fish species reported abnormal germ cells, low hatching rates and mortality in Gymnotus carapo and Gasterosteus aculeatus (Vergilio et al., 2015; Hani et al., 2019). The presence of Cr in fish muscles may cause allergic reactions and affect immunity (Bakshi & Panigrahi, 2018). Chronic exposure in fish may also lead to anaemia (Ray et al., 2025). Chronic exposure to lead can result in neurological dysfunction in fish (Zhu et al., 2016; Lee et al., 2019) and in humans who feed on fish. Moreover, mercury exposure in fish can be lethal and may induce apoptosis; oxygen depletion can disrupt electron transport (Carocci et al., 2014). 
3.3 Heavy Metal Pollution Index (HPI)
 The HPI was calculated for four metals Cd, Cr, Pb and Hg following the methodology of Mohan et al. (1996). Before the oil spill, HPI values were below 100, whereas after the spill, they exceeded 100, indicating increased water pollution. The HPI values for lead were approximately 220.4 at station 1, 108.47 at station 2 and 180.73 at station 5, which were higher than those for the other metals. Overall, the station-wise values indicate that station 1 had the highest contamination (307.25), followed by station 3 (278.36), then station 4 (182.94), station 2 (181.42) and station 5 had the lowest value (128.5). The increase in metal contamination may be associated with the crude oil spill because trace elements may be released during such events (Chaharlang et al., 2016); alternatively, metals may be mobilised with oil and subsequently accumulate in sediments, water and aquatic organisms, while other anthropogenic activities may also contribute to contamination (Santos-Echeandía et al., 2008). 
3.4 Geoaccumulation index (Igeo)
  The Igeo index was used to assess sediment metal contamination according to the classification of Vineethkumar et al. (2020); results ranged from uncontaminated to heavily or extremely contaminated. The Igeo values are presented in Fig. 2.  Before the oil spill, the Igeo class for Cd, Cr, Pb and Hg at stations 1 to 5 was recorded as class 0, indicating a pollution-free environment, except for Cd (0.42, 0.87, 0.60) at stations 2, 3, and 4, which corresponded to class 1, indicating sediment that was uncontaminated to moderately contaminated. Untreated waste from industries, including metal manufacturing, steel production, chromium plating and chemical fabrication, can act as a source of pollution (Keshav Krishna & Rama Mohan, 2016). After the oil spill, Cr had the lowest Igeo values at stations 1 and 5 (-0.08 and -0.3), corresponding to class 0 (uncontaminated). Heavy to extremely polluted conditions were observed for Pb (ST1: 4.83, ST2: 4.45, ST3: 4.32, ST4: 4.29, ST5: 4.17), suggesting class 5 contamination. Cd was classified as class 4 at stations 1 to 3, indicating heavily polluted sediments; class 3 at station 4, indicating moderate to high contamination; and class 2 at station 5, indicating moderate pollution. Cr at stations 1 to 4 was classified as uncontaminated to moderately contaminated (class 1). Hg concentrations corresponded to class 2 at stations 1 to 4 and class 1 at station 5. The Pb level after the spill may be elevated because it accumulates in fine particles of sediment and organic matter (Jayaprakash et al., 2008).



Fig. 2. Geoaccumulation values derived from the sediment of the study area.
3.5 Pollution Load Index (PLI)
Heavy metals Cd, Cr, Pb and Hg in sediment from station 1 (0.15), station 2 (0.30), station 3 (0.21), station 4 (0.22) and station 5 (0.09) had PLI values below 1 before the oil spill.  By contrast, after the spill, PLI values at station 1 (8.51), station 2 (7.09), station 3 (6.89), station 4 (6.86) and station 5 (4.58) exceeded 1, indicating increased cumulative pollution at all five stations. This may be associated with the low-energy aquatic environment, which allows metals to settle on sediment surfaces (Yan et al., 2016).
3.6 Bioaccumulation factor 
BAF values in polychaetes ranged from 0.01 to 19.50 before the spill and from 0.01 to 2.59 after the spill, indicating relatively low metal accumulation compared with the surrounding water. For Elops saurus and Gerres filamentosus, the results indicated comparatively low accumulation relative to metal concentrations in the surrounding water. A similar study by Olayinka-Olagunju et al. (2021) reported low accumulation in the muscles of Clarias gariepinus and attributed species-specific differences partly to feeding behaviour.
3.7 Pearson correlation
Strong positive correlations in water were observed between temperature and salinity (r = 0.89); pH and DO (r = 0.75) and salinity and DO (r = 0.84); relationships were also examined in sediment, polychaetes and fish.  Correlations between metals in water were as follows: Cd and Cr (r = 0.89); Cr and Hg (r = 0.89); Pb and Hg (r = 0.83). A very strong positive correlation was also observed between Cd and Hg (r = 0.95).  By contrast, physicochemical parameters showed strong negative correlations with heavy metals in water and sediment. Correlation alone does not establish the source of contamination, although physicochemical conditions may influence metal mobility (Nishitha et al., 2023). Correlations among heavy metals in water were reported to be statistically significant (p < 0.001). In sediment, strong positive correlations were observed for Cd and Pb (r = 0.91) and for Cr and Hg (r = 0.98).  Zhang et al. (2022) reported negative correlations between Hg, Cr and Cd and salinity in sediment. On the other hand, temperature, pH and DO show a negative correlation with heavy metals (Zhang et al., 2018). The p-values for polychaete metals Cd- Cr, Cd-Hg, Cr-Hg and Pb-Hg were <0.05, indicating statistical significance, whereas Cd-Pb and Cr-Pb were <0.001, indicating high statistical significance. A very strong correlation was observed for Cr-Pb (r = 0.88), whereas a weak correlation was seen for Pb-Hg (r = 0.36). Physicochemical parameters can influence metal accumulation in Diopatra neapolitana (Giménez et al., 2022). The p-values for polychaetes and Elops saurus Cd- Cr, Cd-Hg, Cr-Hg and Pb-Hg were <0.05, which is statistically significant, whereas Cd-Pb and Cr-Pb were <0.001, which is highly statistically significant. In E. saurus, very strong positive correlations were found between Cd-Pb (r = 0.84) and Pb-Hg (r = 0.88) with a strong correlation between Cr-Hg (r = 0.69) and a weaker correlation between Cr-Pb (r = 0.6). Similarly, for G. filamentosus, Cd-Pb (r = 0.82) represented a very strong correlation; a weaker correlation was observed for Cr-Pb (r = 0.8). The p-values for all the metals were <0.001, which is highly statistically significant. 
 4. Conclusions
[bookmark: _heading=h.pcyhxq3k6e6s]The present study found marked increases in heavy metal concentrations in the aquatic environment following the oil spill. Trace amounts of non-essential heavy metals can be toxic to many living organisms. Concentrations of Cd, Cr, Pb and Hg were compared across biotic and abiotic environmental components, and higher concentrations were observed after the spill. The Igeo and PLI indices indicated increased metal contamination in sediment. BAF values were used to assess metal accumulation in fish and indicated relatively limited accumulation. Overall, sediment contamination was highest for Pb, followed by Cr, Cd and Hg. Although the absence of an unaffected reference site limits the exclusive attribution of the observed changes to the oil spill, the before and after findings provide valuable evidence of temporal changes in environmental quality following the event. Future studies incorporating reference sites and long-term monitoring would further strengthen the assessment of spill-associated effects while accounting for natural variability and other pollution sources. Bioremediation and careful monitoring of industrial waste discharges may help reduce contamination in coastal and adjacent terrestrial ecosystems and limit potential bioaccumulation risks. 
Limitations
The investigation was restricted to five stations in Ennore Creek and a sampling period extending from October 2023 to February 2024. Although measurements were available before and after the spill, no unaffected reference site was included, limiting attribution of observed changes specifically to the oil spill rather than other pollution sources or environmental variation. The manuscript also provides limited detail on analytical detection limits and quality-control results. Future work incorporating reference locations, longer monitoring periods and fully documented analytical quality assurance would improve the assessment of temporal patterns and potential ecological consequences.
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