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Abstract 
This study assessed the levels of Total Petroleum Hydrocarbons (TPH) and selected heavy metals (Pb, Cr, Cd, Ni, and Fe) in the sediments and waters of Oguta and Abadaba Lakes between April 2023 and February 2024, with Abadaba Lake serving as a comparative reference. Samples were collected and analysed following APHA (1999) standards. pH results revealed that Oguta sediments remained acidic (< 7.0) throughout the study, while Abadaba sediments shifted from acidic to alkaline conditions after October 2023. In both lakes, water samples were alkaline across the period. TPH concentrations were significantly higher in Oguta sediments (36.43 – 49.95 mg/kg) compared to Abadaba sediments (1.40 – 2.67 mg/kg). Similarly, heavy metals were consistently more elevated in Oguta sediments, with peak levels recorded in February 2024 for Pb (0.194 mg/kg), Cr (0.198 mg/kg), Cd (0.116 mg/kg), and Fe (134.73 mg/kg). Water samples showed lower concentrations of TPH and metals than sediments, but Oguta waters still exhibited higher contamination than Abadaba waters. Comparisons with Nigerian Upstream Petroleum Regulatory Commission (NUPRC) standards revealed that TPH and metal concentrations were within permissible limits in both sediments and water. However, two-sample t-tests showed statistically significant differences (p < 0.05) in contaminant levels between Oguta and Abadaba Lakes, confirming higher pollution in Oguta. These findings underscore the impact of anthropogenic activities around Oguta Lake and emphasise the importance of ongoing environmental monitoring.
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Introduction 
Environmental pollution from petroleum hydrocarbons and heavy metals remains one of the most critical threats to aquatic ecosystems worldwide. While earlier environmental concerns in the last five decades were considered rare events with poorly understood implications. In Nigeria, however, the challenge of managing hydrocarbon and heavy metal pollution persists, particularly in the Niger Delta region, where oil exploration and industrial activities continue to degrade aquatic ecosystems [1, 2]. The inability to develop and enforce effective environmental policies has led to a steady increase in water and sediment contamination, with serious consequences for biodiversity, water quality, and community health.
Oguta Lake, located in Imo State, Nigeria, is a prominent freshwater body that sustains diverse ecological resources and serves as a source of drinking water, fisheries, and domestic use for surrounding communities. However, the lake is increasingly threatened by pollution from petroleum exploitation, illegal oil refining, industrial effluents, and anthropogenic waste discharges [3, 4]. The presence of multinational oil companies such as Shell Petroleum Development Company (SPDC) and Nigeria Agip Oil Company (NAOC) within the Oguta Lake basin has exacerbated heavy metal and hydrocarbon pollution through spills, leaks, and transportation activities [5]. These pollutants are persistent, bioaccumulative, and toxic, posing significant risks to aquatic life, human health, and the sustainability of the ecosystem.
Heavy metals such as cadmium, lead, mercury, and arsenic are particularly concerning because of their non-biodegradability and tendency to accumulate in sediments and biological tissues [6 - 9]. Their toxicity has been linked to serious health problems, including kidney damage, cardiovascular diseases, cancer, and neurological disorders [10 - 13]. On the other hand, total petroleum hydrocarbons (TPH), derived from oil exploration, spills, and refining processes, alter water quality, reduce fish stocks, and impair aquatic biodiversity [14]. In Oguta Lake, declining fish catches, visible oil sheens, and increased health risks to local populations have been reported, underscoring the urgent need for scientific assessment of contamination levels [15].
The persistence of these pollutants in the lake environment is further compounded by seasonal dynamics. During the wet season, increased rainfall and surface runoff can intensify pollutant inflows, while the dry season often promotes pollutant concentration through sedimentation and reduced water volumes [16]. Understanding these temporal variations is essential for developing effective monitoring and management strategies.
Given that Oguta Lake is central to community livelihoods and cultural heritage, continued contamination threatens food security, public health, and socio-economic stability. Yet, despite growing evidence of hydrocarbon and heavy metal pollution, there remains limited scientific data on the concentration levels in Oguta Lake and the extent to which they deviate from national and international standards, such as those of the Nigerian Upstream Petroleum Regulatory Commission (NUPRC).
This study therefore seeks to bridge this knowledge gap by assessing the degree of heavy metal (HM) and total petroleum hydrocarbon (TPH) contamination in Oguta Lake sediments and water. Specifically, the study aims to:
Methodology 
Study Location and Physical Characteristics
Oguta Lake is situated in the Oguta Local Government Area of Imo State; it constitutes the largest natural Lake in Imo State, South-eastern Nigeria. It lies between Latitudes 05041' to 05044' N and Longitudes 06041' to 06050'E. It has an elevation of 50m above sea level. It occupies a surface area ranging between 1.8km2 and 2.5km2, a shoreline length of 10km, and maximum and mean depths of 8.0m and 5.5m, respectively.
The climate is tropical rainforest with two different seasons, a dry season which lasts from October to March, and the rainy season which lasts from April to September (Nnaji, 2011). The temperature is generally high with an average of 27 °C, the hottest months are February and March when the temperature rises to between 33°C and 35°C. The region is characterised by a mix of low-lying areas and elevated hills, creating a varied landscape that supports diverse ecosystems and land uses.
Samples
Oguta Lake & Abadaba Lake (control) water samples were collected randomly from the subsurface in a way that reflects each water body and sediment samples collected from same locations for the months April, May, June, July, August and September 2023 for the rainy season while October, November, December 2023, January 2024 and February 2024 for the dry season which covered a period of one (1) year. A total of 144 composite (water and sediment) samples were collected for this study. 
Laboratory Procedure
Each sample was collected with a 2 L plastic vessel in such a way that the container was filled to the brim about 30 cm below the water surface. The vessels were tightly covered and taken to the laboratory for analysis. While the bed sediment samples were also collected using a grab. 
An Atomic Absorption Spectrophotometer (AAS) (Perkin Elmer Analyst 400) was used in determining the concentration of heavy metals (Pb, Cr, Cd, Ni and Fe), while Gas Chromatography-Flame Ionisation Detector (GC-FID) was used in determining Total Petroleum Hydrocarbons on the water and sediment samples, which are the major pollutants of Oguta Lake.
The characteristic wavelengths of metals determined were firstly set using the hollow cathode lamp, then digested filtrate samples were aspirated directly into the flame (except for Hg, which required cold vapour). To ensure the accuracy of data, calibration of the equipment was done for each element using a standard sample prepared as a control with every set of samples. Concentration was in mg/L (ppm), which was converted to mg/kg by dividing by the volume of sample aspirated. 
Figure 1 is the visualisation of Imo State with the Oguta Local Government Area, and Figure 2 shows the Oguta Lake
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Fig. 1: Map of Imo State showing Oguta L.G.A.
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Fig. 2. Map of Oguta Showing Oguta Lake

Results and Discussion
Table 1. Average Concentration of pH, TPH, and HM in Bed Sediment in Oguta and Abadaba Lake across the Months
	
	
	Apr
	May
	Jun
	Jul
	Aug
	Sept
	Oct
	Nov
	Dec
	Jan
	Feb

	pH
	Oguta
	6.36
	6.36
	6.35
	6.36
	6.36
	6.33
	6.80
	6.80
	6.87
	6.80
	6.87

	
	Abadaba
	6.51
	6.52
	6.51
	6.51
	6.51
	6.55
	7.10
	7.10
	7.00
	7.03
	7.07

	TPH
	Oguta
	49.95
	49.95
	49.41
	49.44
	49.44
	36.43
	42.71
	48.85
	48.973
	48.987
	48.867

	
	Abadaba
	2.43
	2.433
	2.40
	2.67
	2.67
	1.40
	1.433
	1.40
	1.427
	1.4133
	1.42

	Pb
	Oguta
	0.010
	0.0103
	0.011
	0.0117
	0.0117
	0.0347
	0.037
	0.1853
	0.19233
	0.19233
	0.194

	
	Abadaba
	0.0013
	0.0013
	0.00067
	0.001
	0.001
	0.00033
	0.00033
	0.00033
	0.00133
	0.00133
	0.00133

	Cr
	Oguta
	0.00097
	0.00097
	0.00096
	0.00097
	0.00097
	0.05133
	0.05667
	0.197
	0.19836
	0.19836
	0.19838

	
	Abadaba
	0.00036
	0.00035
	0.00039
	0.00039
	0.00039
	0.00077
	0.00077
	0.00046
	0.00046
	0.00046
	0.00046

	Cd
	Oguta
	0.014
	0.014
	0.014
	0.014
	0.014
	0.0127
	0.0127
	0.11033
	0.114
	0.1153
	0.116

	
	Abadaba
	0.0013
	0.0013
	0.00067
	0.001
	0.001
	0.00033
	0.00033
	0.00037
	0.00067
	0.00067
	0.001

	Ni
	Oguta
	0.015
	0.016
	0.015
	0.015
	0.015
	0.01013
	0.01033
	0.00507
	0.00523
	0.0054
	0.0055

	
	Abadaba
	0.006
	0.006
	0.006
	0.006
	0.006
	0.00033
	0.00033
	0.0006
	0.00057
	0.00063
	0.00063

	Fe
	Oguta
	116.90
	118.09
	118.82
	121.423
	130.36
	131.00
	132.053
	133.317
	133.893
	134.503
	134.73

	
	Abadaba
	34.79
	35.113
	35.24
	35.277
	35.33
	35.42
	35.44
	35.6
	35.687
	35.93
	36.027



Table 1 presents the average concentrations of pH, Total Petroleum Hydrocarbons (TPH), and selected heavy metals (HM), including Lead (Pb), Chromium (Cr), Cadmium (Cd), Nickel (Ni), and Iron (Fe) in the bed sediment of Oguta Lake and Abadaba Lake from April 2023 to February 2024. 
The results revealed that the pH values of Abadaba Lake sediment were consistently higher than those of Oguta Lake across the months. Again, the pH values for Oguta Lake sediment were all lower than 7.00 across the months, implying that Oguta’s sediment was acidic throughout. In contrast, on the other hand, Abadaba Lake sediment was less than 7.00 from April 2023 to September 2023, indicating the sediment was acidic at this point. From October 2023 to February 2024, the pH values of Abadaba’s sediment were at least 7.00, meaning that during this period, the sediment was alkaline.
For the TPH, the Oguta Lake sediment had significantly higher TPH values compared to Abadaba Lake across the months. Thus, in Oguta Lake, the highest TPH value was observed in April 2023 (49.95 mg/kg) and May (49.95 mg/kg), followed by January 2024 (48.987 mg/kg), while the lowest value was experienced in September 2023 (36.43 mg/kg).
Under the assessment of heavy metals (HM), Oguta Lake sediment consistently had higher average Lead (Pb) concentrations than Abadaba Lake sediment across the months. However, in Oguta Lake, the highest Pb contamination was observed in February 2024 (0.194 mg/kg), which was followed by December 2023 (0.19233 mg/kg) and January 2024 (0.19233 mg/kg).
Based on Chromium (Cr), Oguta Lake sediment also recorded higher Cr concentrations compared to Abadaba Lake. For the Oguta Lake, the highest Cr concentration was in February 2024 (0.19838 mg/kg), followed by December 2023 (0.19836 mg/kg), and January 2024 (0.19826 mg/kg), while the concentration of Cr was lowest in June 2023 (0.00096 mg/kg).
Furthermore, Cadmium (Cd) also showed significant elevation in concentration in Oguta Lake sediment compared to Abadaba Lake across the months. In February 2024, the highest Cd concentration was observed, accompanied by January 2024, with a Cr concentration of 0.1153 mg/kg. The lowest Cr contamination occurred in September and October 2023, with average concentrations of 0.0127 mg/kg, each. 
Looking at the Nickel (Ni) concentration across the months for the Oguta Lake sediment and the Abadaba Lake, the Ni concentration was higher in Oguta compared to Abadaba. However, in the Oguta Lake sediment, the highest Ni concentration was observed in May 2023 (0.016 mg/kg). April, June, Jul, and August 2023, followed by each having Ni concentrations of 0.015 mg/kg. In contrast, November had the lowest Ni concentration of 0.00507 mg/kg.
Iron (Fe) contamination was significantly higher in Oguta Lake sediment compared to Abadaba Lake. In the case of Oguta, the highest Fe contamination was observed in February 2024 (134.73 mg/kg), followed by January 2024 with an Fe concentration of 134.503 mg/kg, while the lowest contamination was experienced in April 2023 (116.90 mg/kg). Figure 3 shows the visualization of the pH, concentration of TPH and HM in Oguta Lake sediment across the months.
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Figure 3. Average Concentration of pH, TPH, and HM in Oguta and Abadaba Lake Sediments
Table 2. Average Concentration of pH, TPH, and HM in Water in Oguta and Abadaba Lake across the Months
	
	
	Apr
	May
	Jun
	Jul
	Aug
	Sept
	Oct
	Nov
	Dec
	Jan
	Feb

	pH
	Oguta
	7.49
	7.38
	7.43
	7.42
	7.26
	7.47
	7.44
	7.47
	7.43
	7.43
	7.43

	
	Abadaba
	7.15
	7.17
	7.13
	7.12
	7.12
	7.11
	7.11
	7.11
	7.29
	7.30
	7.50

	TPH
	Oguta
	0.00073
	0.0008
	0.00077
	0.0008
	0.00083
	0.00317
	0.00083
	0.0009
	0.00063
	0.0008
	0.00077

	
	Abadaba
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.0003
	0.00033
	0.00037
	0.0003
	0.0001

	Pb
	Oguta
	0.00094
	0.00094
	0.00093
	0.00094
	0.00094
	0.0009
	0.00371
	0.00373
	0.00093
	0.00094
	0.0009

	
	Abadaba
	0.00036
	0.00036
	0.00027
	0.00028
	0.00028
	0.00135
	0.00036
	0.00036
	0.00035
	0.00035
	0.00132

	Cr
	Oguta
	0.00074
	0.00075
	0.00071
	0.00072
	0.00072
	0.00072
	0.00057
	0.00057
	0.00058
	0.00059
	0.0006

	
	Abadaba
	0.00041
	0.00042
	0.00016
	0.00017
	0.00017
	0.00043
	0.00013
	0.00013
	0.00013
	0.00013
	0.00071

	Cd
	Oguta
	0.00057
	0.00057
	0.00055
	0.00056
	0.00059
	0.0006
	0.00052
	0.00053
	0.00054
	0.00056
	0.00055

	
	Abadaba
	0.00028
	0.00028
	0.00023
	0.00024
	0.00024
	0.00023
	0.00021
	0.0002
	0.00017
	0.00017
	0.00019

	Ni
	Oguta
	0.00060
	0.00061
	0.0006
	0.00061
	0.00059
	0.00058
	0.00054
	0.00054
	0.00059
	0.00059
	0.00061

	
	Abadaba
	0.00037
	0.00037
	0.0003
	0.0003
	0.0003
	0.00028
	0.00015
	0.00015
	0.00019
	0.00019
	0.00012

	Fe
	Oguta
	3.389
	3.389
	3.397
	3.399
	3.399
	3.405
	4.216
	4.217
	4.217
	4.219
	4.219

	
	Abadaba
	0.737
	0.738
	0.797
	0.798
	0.798
	0.802
	0.802
	0.802
	0.771
	0.773
	0.7683



Table 2 presents petroleum hydrocarbon (TPH) contaminations and heavy metal (HM) levels in Oguta and Abadaba waters. The results showed that the pH values in Oguta water were higher compared to Abadaba Lake water from April 2023 to January 2024, except in February 2024, where the pH value was higher in Abadaba water (pH = 7.50) than in Oguta water. However, in Oguta Lake, the highest pH value was observed in April 2023 (7.49), while the lowest was in August 2023 (pH = 7.26). However, the results also revealed that the water in Oguta Lake and Abadaba Lake from April to February was alkaline.
The contamination of TPH was higher in Oguta water compared to Abadaba water across the months. The results also revealed that there was no actual TPH contamination in the water. In the Oguta water, the TPH concentration was highest in November (0.0009 mg/L), followed by August and October, with both TPH concentrations of 0.00083 mg/L. The lowest TPH contamination in Oguta water was observed in April 2023 with a TPH value of 0.00073 mg/L.
Moreover, the concentration of Lead (Pb) was lower in Oguta water than in Abadaba Lake in September (0.0009 mg/L) and in February (0.0009 mg/L). In Oguta water, the results showed that the highest Pb concentration was observed in November 2023 (0.00373 mg/L), followed by October with a concentration of 0.00371 mg/L. In contrast, the lowest Pb concentration was seen in September 2023 (0.0009 mg/L).
Based on the Cr concentration, the results revealed that the concentration of Cr in Oguta water was higher than in Abadaba Lake across the months. In Oguta Lake, the concentration of Cr was highest in May (0.0075 mg/L), followed by April 2023 (0.00074 mg/L), and lowest in October and November 2023 with concentrations of 0.00057 mg/L each. 
Furthermore, the results indicated that the concentration of Cd in Oguta water was higher compared to Abadaba water across all the months. However, in Oguta water, the highest concentration of Cd was observed in September 2023 with a value of 0.0006 mg/L, followed by August 2023 (0.00059 mg/L), and the lowest in October 2023 (0.00052 mg/L).
The results showed that the Nickel (Ni) concentration in Oguta water was higher compared to Abadaba water across the months. Thus, based on Oguta water, the highest concentration of Ni was observed in May 2023, July 2023, and February 2024, with each having a Ni value of 0.00061 mg/L, followed by June 2023 (0.0006 mg/L). In contrast, the lowest Ni concentration in Oguta water was observed in October and November 2023, with each having a Ni concentration of 0.00054 mg/L.
The results also revealed that the Fe concentration was significantly higher in Outa water compared to Abadaba water across the months. In Oguta Lake, the Fe concentration in water was highest in both January 2024 and February 2024, with each having an Fe concentration of 4.219 mg/L, followed by November and December 2023 with an Fe concentration of 4.217 mg/L for each. On the other hand, the lowest Fe concentration in Oguta water was observed in April and May 2023, with each having an Fe concentration of 3.389 mg/L. Figure 4 shows the concentration of pH, TPH, and HM in the water of Oguta and Abadaba Lakes across the months.
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Figure 4. Average Concentration of pH, TPH, and HM in Water of Oguta and Abadaba Lakes
Table 3. Concentrations of TPM and HM, and NUPRC Standard in Bed Sediment 
	
	
	Apr
	May
	Jun
	Jul
	Aug
	Sept
	Oct
	Nov
	Dec
	Jan
	Feb

	TPH
	Oguta
	49.95
	49.953
	49.41
	49.44
	49.44
	36.43
	42.71
	48.85
	48.973
	48.987
	48.867

	
	NUPRC
	50
	50
	50
	50
	50
	50
	50
	50
	50
	50
	50

	Pb
	Oguta
	0.010
	0.0103
	0.011
	0.0117
	0.0117
	0.0347
	0.037
	0.1853
	0.19233
	0.19233
	0.194

	
	NUPRC
	85
	85
	85
	85
	85
	85
	85
	85
	85
	85
	85

	Cr
	Oguta
	0.00097
	0.00097
	0.00096
	0.00097
	0.00097
	0.05133
	0.05667
	0.197
	0.19836
	0.19836
	0.19838

	
	NUPRC
	100
	100
	100
	100
	100
	100
	100
	100
	100
	100
	100

	Cd
	Oguta
	0.014
	0.014
	0.014
	0.014
	0.014
	0.0127
	0.0127
	0.11033
	0.114
	0.1153
	0.116

	
	NUPRC
	0.8
	0.8
	0.8
	0.8
	0.8
	0.8
	0.8
	0.8
	0.8
	0.8
	0.8

	Ni
	Oguta
	0.015
	0.016
	0.015
	0.015
	0.015
	0.01013
	0.01033
	0.00507
	0.00523
	0.0054
	0.0055

	
	NUPRC
	35
	35
	35
	35
	35
	35
	35
	35
	35
	35
	35

	Fe
	Oguta
	116.90
	118.09
	118.82
	121.423
	130.36
	131.00
	132.053
	133.317
	133.893
	134.503
	134.73

	
	NUPRC
	NA
	NA
	NA
	NA
	NA
	NA
	NA
	NA
	NA
	NA
	NA



Table 3 presents the concentrations of Total Petroleum Hydrocarbons (TPH) and heavy metals (Pb, Cr, Cd, Ni, and Fe) in the bed sediments of Oguta Lake compared to the Nigerian Upstream Petroleum Regulatory Commission (NUPRC) standards. The concentration of TPH in Oguta Lake is lower than the NUPRC threshold of 50 mg/kg across the months. 
The results show that the Pb concentration in the Oguta Lake sediment is significantly lower than the NUPRC benchmark of 85 mg/kg in each month. In the same way, concentrations of Cr, Cd, and Ni are all lower than the NUPRC thresholds of 100 mg/kg, 0.8 mg/kg, and 35 mg/kg, respectively. There is no NUPRC threshold for Fe concentration in sediment. 
However, the results suggest that the TPH and the HM concentrations in Oguta Lake sediments are within safe limits set by NUPRC, although the TPH concentrations were close to the NUPRC thresholds. 
Table 4. Concentrations of TPM and HM, and NUPRC Standard in Water 
	
	
	Apr
	May
	Jun
	Jul
	Aug
	Sept
	Oct
	Nov
	Dec
	Jan
	Feb

	TPH
	Oguta
	0.00073
	0.0008
	0.00077
	0.0008
	0.00083
	0.00317
	0.00083
	0.0009
	0.00063
	0.0008
	0.00077

	
	NUPRC
	50
	50
	50
	50
	50
	50
	50
	50
	50
	50
	50

	Pb
	Oguta
	0.00094
	0.00094
	0.00093
	0.00094
	0.00094
	0.0009
	0.00371
	0.00373
	0.00093
	0.00094
	0.0009

	
	NUPRC
	15
	15
	15
	15
	15
	15
	15
	15
	15
	15
	15

	Cr
	Oguta
	0.00074
	0.00075
	0.00071
	0.00072
	0.00072
	0.00072
	0.00057
	0.00057
	0.00058
	0.00059
	0.0006

	
	NUPRC
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1

	Cd
	Oguta
	0.00057
	0.00057
	0.00055
	0.00056
	0.00059
	0.0006
	0.00052
	0.00053
	0.00054
	0.00056
	0.00055

	
	NUPRC
	0.4
	0.4
	0.4
	0.4
	0.4
	0.4
	0.4
	0.4
	0.4
	0.4
	0.4

	Ni
	Oguta
	0.00060
	0.00061
	0.0006
	0.00061
	0.00059
	0.00058
	0.00054
	0.00054
	0.00059
	0.00059
	0.00061

	
	NUPRC
	15
	15
	15
	15
	15
	15
	15
	15
	15
	15
	15

	Fe
	Oguta
	3.389
	3.389
	3.397
	3.399
	3.399
	3.405
	4.216
	4.217
	4.217
	4.219
	4.219

	
	NUPRC
	NA
	NA
	NA
	NA
	NA
	NA
	NA
	NA
	NA
	NA
	NA



Table 4 presents the concentrations of Total Petroleum Hydrocarbons (TPH) and heavy metals (Pb, Cr, Cd, Ni, and Fe) in the water of Oguta Lake compared to the Nigerian Upstream Petroleum Regulatory Commission (NUPRC) standards. The concentration of TPH in Oguta Lake is significantly lower than the NUPRC threshold of 50 mg/L across the months. 
The results show that the Pb concentration in Oguta Lake water is significantly lower than the NUPRC threshold of 15 mg/kg in each month. Additionally, concentrations of Cr, Cd, and Ni are all lower than the NUPRC thresholds of 1 mg/L, 0.4 mg/kg, and 15 mg/kg, respectively. No NUPRC threshold for Fe concentration was provided for water. 
However, the results indicate that the TPH and heavy metal (HM) concentration in Oguta Lake water falls within the safe limits set by NUPRC.
Table 5. Two-Sample t-Test Comparing TPH and Heavy Metal Concentrations in Sediments of Oguta and Abadaba Lakes
	Parameter
	Mean in group Abadaba
	Mean in group Oguta
	t value
	df
	p-value

	TPH
	1.917845
	47.546364
	-35.656
	20
	< 2.2e-16

	Pb
	0.000932
	0.080942
	-3.0229
	20
	0.006721

	Cr
	0.0004782
	0.0822673
	-2.8874
	20
	0.009106

	Cd
	0.0007855
	0.050094
	-3.2309
	20
	0.004189

	Ni
	0.0030082
	0.010696
	-4.6445
	20
	0.0001563

	Fe
	35.44127
	127.73536
	-42.006
	20
	< 2.2e-16



Table 5 presents the results of a two-sample t-test conducted to determine whether the concentrations of Total Petroleum Hydrocarbons (TPH) and heavy metals (Pb, Cr, Cd, Ni, Fe) in the bed sediments of Oguta Lake and Abadaba Lake differ significantly.
The results showed that the mean concentration of TPH in Oguta Lake sediment was 47.546364 mg/kg, higher than that of Abadaba Lake (mean = 1.917845 mg/kg), and the t-statistic was -35.656 with a respective p-value < 2.2e-16. 
The mean concentration of Pb in Oguta Lake sediment (0.080942 mg/kg) was higher than the mean Pb concentration in Abadaba Lake (0.000932 mg/kg), and the t-statistic was -3.0229 with a respective p-value of 0.0006721. 
Cr concentration for Oguta Lake (mean = 0.0822673 mg/kg) was higher than that of Abadaba Lake (mean = 0.0004782 mg/kg); the t-statistic was -2.8874, and the p-value was 0.009106.
The results revealed that the mean concentration of Cd in Oguta Lake sediment was 0.050094 mg/kg, greater than the mean concentration of Cd in Abadaba Lake (0.0007855 mg/kg). The results also showed a t-statistic of -3.2309 and a corresponding p-value of 0.004189.
In the Oguta Lake sediment, the mean concentration of Ni was 0.010696 mg/kg, while in Abadaba Lake it was 0.0030082 mg/kg. This result implies that the concentration of Ni in Oguta Lake was higher than in Abadaba Lake; the t-statistic was given as -4.6445 with a corresponding p-value of 0.0001563.
The results of the concentration of Fe revealed that the mean concentration in Oguta Lake (mean = 127.73536 mg/kg) was higher than that of Abadaba Lake (mean = 35.44127 mg/kg), and the t-statistic was -42.006 with a respective p-value of < 2.2e-16.
However, with the p-values below the 0.05 threshold, it implies that the Oguta Lake sediment is more contaminated with petroleum hydrocarbons and heavy metals compared to Abadaba Lake, and that the difference is statistically significant. 
Table 6. Two-Sample t-Test Comparing TPH and Heavy Metal Concentrations in the Water of Oguta Lake and Abadaba Lake
	Parameter
	Mean in group Abadaba
	Mean in group Oguta
	t value
	df
	p-value

	TPH
	0.0001273
	0.0010027
	-3.9259
	20
	0.0008365

	Pb
	0.0005127
	0.0014364
	-2.5513
	20
	0.01902

	Cr
	0.0002718
	0.0006609
	-6.2185
	20
	4.498e-06

	Cd
	0.0002218
	0.0005582
	-24.744
	20
	< 2.2e-16

	Ni
	0.0002473
	0.0005873
	-12.046
	20
	1.271e-10

	Fe
	0.7805727
	3.7696364
	-23.074
	20
	6.934e-16



Table 6 presents the results of a two-sample t-test conducted to determine whether the concentrations of Total Petroleum Hydrocarbons (TPH) and heavy metals (Pb, Cr, Cd, Ni, Fe) in Oguta Lake water differ significantly from Abadaba Lake water. 
The results showed that the mean concentration of TPH in Oguta Lake water was 0.0010027 mg/L, and 0.0001273 mg/L in Abadaba Lake water, implying that the concentration in Oguta Lake water is higher than in Abadaba Lake water. The t-statistic was -3.9259 with a corresponding p-value of 0.0008365.
The results further revealed that the mean concentration of Pb was higher in Oguta Lake water than in Abadaba Lake water (Oguta: mean = 0.0014364 mg/L; Abadaba: mean = 0.0005127 mg/L), and that the t-statistic was -2.5513 with a corresponding p-value of 0.01902.
For the Cr concentration, the Oguta Lake water had a higher mean Cr concentration (0.0006609 mg/L) than the Abadaba Lake water (0.0002718 mg/L), and the t-statistic and p-value were -6.2185 and 4.498e-06, respectively.
Furthermore, the Oguta Lake water exhibited a higher mean concentration of Cd (0.0005582 mg/L) than the Abadaba Lake water (mean = 0.0002218 mg/L), while the t-statistic was -23.744 with a corresponding p-value < 2.2e-16.
The Ni results showed that Oguta Lake water had a higher mean concentration of Ni (0.0005873 mg/L) compared to Abadaba Lake water (0.0002473 mg/L), and a t-statistic of -12.046 with a corresponding p-value of 1.271e-10.
For the Fe concentration, the results revealed that Oguta Lake water exhibited a higher mean concentration of Fe (3.7696364 mg/L) compared to Abadaba Lake water (mean = 0.7805727 mg/L), while the t-statistic obtained was -23.074 with a corresponding p-value of 6.934e-16.
Thus, since the p-values obtained for TPH, Pb, Cr, Cd, Ni, and Fe are all below the 0.05 threshold, this signifies that the Oguta Lake water is more contaminated with TPH and HM compared to Abadaba Lake water. 
Table 7. Welch t-test Results Comparing TPH and Heavy Metal Concentrations between Sediment and Water 
	Parameter
	Mean in group Sediment
	Mean in group Water
	t value
	df
	p-value

	TPH
	24.732105
	0.000565
	4.9291
	21
	7.088e-05

	Pb
	0.0493682
	0.0009745
	2.5633
	21
	0.01811

	Cr
	0.0413727
	0.0004664
	2.4863
	21
	0.02140

	Cd
	0.0254396
	0.0003900
	2.7267
	21
	0.01264

	Ni
	0.0068523
	0.0004173
	5.5227
	21
	1.75e-05

	Fe
	81.588318
	2.2751050
	7.8276
	21
	1.149e-07



Table 7 presents the results of the Welch t-test conducted to check if there is a significant difference in the concentrations of TPH and heavy metals between sediment and water samples.
The sediment samples had higher TPH concentrations (24.732105 mg/kg) than water (0.000565 mg/L), with a t-value of 4.9291 and corresponding p-value of 7.09e-05. 
The results revealed that Lead (Pb) concentration in sediment (0.0493682mg/kg) was higher than water (0.0009745 mg/L), with a t-value of 2.5633 and a corresponding p-value of 0.01811. Furthermore, Chromium (Cr) exhibited a higher concentration in sediment (0.0413727 mg/kg) than in water (0.0004664 mg/L), with a t-value of 2.4863 and p-value = 0.02140. Moreover, the results also showed that the Cadmium (Cd) concentration was higher in the sediment (0.0254396 mg/kg) than in water (0.0003900 mg/L), with a t-value of 2.7267 and p-value of 0.01264. In addition, the Nickel (Ni) concentration was higher in the sediment (0.0068523mg/kg) than in water (0.0004173 mg/L), and the t-value was 5.5227 with a corresponding p-value of 1.75e-05. The results further demonstrated that Iron (Fe) concentration in sediment (81.588318 mg/kg) was significantly higher than in water (2.2751050 mg/L), with a t-value of 7.8276 and p-value = 1.149e-07.
However, since the p-values for the TPH and HM are all lower than the 0.05 threshold, this implies that concentrations in sediment were significantly higher than in water. 
Table 8. One-Sample t-test Results Comparing Sediment Concentrations of TPH and Heavy Metals with NUPRC Regulatory Standards in Oguta Lake
	Parameter
	Mean Concentration
	NUPRC Standard
	p-value

	TPH
	47.54636
	50
	0.081654

	Pb
	0.080942
	85
	2.129308e-31

	Cr
	0.082267
	100
	8.251903e-32

	Cd
	0.050094
	0.8
	2.941645e-13

	Ni
	0.010696
	35
	2.815631e-40


 

Table 8 shows the results of the comparison between the mean concentrations of TPH and heavy metals (Pb, Cr, Cd, and Ni) in Oguta Lake sediment against the Nigerian Upstream Petroleum Regulatory Commission (NUPRC) standard. The results showed that TPH (mean = 47.54636 mg/kg) had a p-value (0.081654) greater than the 0.05 threshold, implying that there was no significant difference between the regulatory standard of 50 mg/kg. The results suggest that the concentration of TPH in Oguta Lake sediments meets the NUPRC standard.
However, the results further showed that all heavy metals (Pb: mean = 0.080942 mg/kg, p-value = 2.129308e-31; Cr: mean = 0.082267 mg/kg, p-value = 8.251903e-32; Cd: mean = 0.050094 mg/kg, p-value = 2.941645e-13; Ni: mean = 0.010696 mg/kg, p-value = 2.815631e-40) were statistically different from the NUPRC standards (Pb: 85 mg/kg; Cr: 100 mg/kg; Cd: 0.8 mg/kg; Ni: 35 mg/kg). However, this implies that since their p-values were all less than the 0.05 threshold, the concentrations of the heavy metals in Oguta Lake sediments were all lower than the NUPRC regulatory standards. 
Table 9. One-Sample t-test Results Comparing Water Concentrations of TPH and Heavy Metals with NUPRC Regulatory Standards in Oguta Lake
	Parameter 
	Mean Concentration
	NUPRC Standard
	p-value

	TPH
	0.001002727
	50
	6.020564e-50

	Pb 
	0.001436364
	15
	8.937884e-43

	Cr 
	0.0006609091
	1
	1.089556e-42

	Cd 
	0.0005581818
	0.4
	9.399066e-44

	Ni 
	0.0005872727
	15
	2.887053e-59


Table 9 presents the one-sample t-test that compares the mean concentrations of TPH and heavy metals (Pb, Cr, Cd, Ni) in Oguta Lake water against the Nigerian Upstream Petroleum Regulatory Commission (NUPRC) standard limits. 
The results revealed that all parameters (TPH, Pb, Cr, Cd, and Ni) were significantly lower than their respective regulatory standards (all p-values < 0.001). Specifically, TPH (0.0010 mg/L) was far below the limit of 50 mg/L, while Pb (0.0014 mg/L), Cr (0.00066 mg/L), Cd (0.00056 mg/L), and Ni (0.00059 mg/L) were also substantially lower than their respective permissible levels of 15 mg/L, 1 mg/L, 0.4 mg/L, and 15 mg/L. These results suggest that the concentrations of hydrocarbons and heavy metals in Oguta Lake water were well within safe environmental limits, indicating low risk of pollution relative to NUPRC standards.
Discussion 
The results of this study reveal important differences in the concentrations of pH, Total Petroleum Hydrocarbons (TPH), and heavy metals (Pb, Cr, Cd, Ni, Fe) in the sediments and waters of Oguta and Abadaba Lakes.
First, regarding pH, the sediments of Oguta Lake remained consistently acidic (pH < 7.0), while Abadaba Lake sediments showed a seasonal transition from acidic conditions (April–September 2023) to alkaline conditions (October 2023–February 2024). In contrast, the water in both lakes was consistently alkaline throughout the study period, with Oguta Lake recording slightly higher pH values than Abadaba Lake except in February 2024. This variation suggests that sediment geochemistry differs substantially from overlying water conditions, and that Oguta Lake’s sediment may be more susceptible to acidification and metal mobility.
For Total Petroleum Hydrocarbons (TPH), Oguta Lake showed significantly higher contamination levels compared to Abadaba Lake in both sediment and water. In the sediment, Oguta’s TPH levels reached close to the Nigerian Upstream Petroleum Regulatory Commission (NUPRC) limit of 50 mg/kg, particularly in April and May 2023 (49.95 mg/kg). In contrast, Abadaba Lake sediments consistently recorded very low TPH values (<3 mg/kg). In water, Oguta Lake again recorded higher TPH concentrations than Abadaba, though both were well below NUPRC thresholds [17]. These findings indicate that Oguta Lake is under stronger petroleum hydrocarbon pollution pressure, likely due to anthropogenic activities such as oil-related discharges or urban runoff.
The heavy metal concentrations (Pb, Cr, Cd, Ni, Fe) followed a similar trend. Across both sediment and water, Oguta Lake consistently recorded higher levels of contamination than Abadaba Lake. In sediments, peak concentrations of Pb (0.194 mg/kg), Cr (0.198 mg/kg), and Cd (0.116 mg/kg) in Oguta Lake were observed towards the later months of the study, suggesting a cumulative effect or seasonal variability in pollutant inputs. Nickel and iron also followed this pattern, with Fe reaching particularly high levels (134.73 mg/kg in sediments; 4.219 mg/L in water).
However, when compared to NUPRC regulatory standards, all measured parameters in both sediments and water were within permissible limits, except that TPH values in Oguta Lake sediments consistently approached the threshold. This indicates that while the concentrations are not yet exceeding regulatory standards, Oguta Lake is at greater risk of contamination build-up than Abadaba Lake.
The results of the two-sample t-tests (Tables 5 and 6) further confirmed that the differences between Oguta and Abadaba Lakes were statistically significant for all parameters studied. Sediment samples from Oguta Lake contained significantly higher levels of TPH and heavy metals than those from Abadaba, with p-values well below 0.05. Similar significant differences were also observed in water samples, where Oguta Lake showed higher mean concentrations across all pollutants.
However, the findings suggest that Oguta Lake is more environmentally stressed compared to Abadaba Lake, both in terms of hydrocarbon and heavy metal contamination. This highlights the potential ecological risks associated with Oguta Lake, particularly for benthic organisms inhabiting its sediments and for human populations relying on its water for domestic or recreational purposes [18].
Conclusion 
This study assessed the levels of pH, Total Petroleum Hydrocarbons (TPH), and selected heavy metals (Pb, Cr, Cd, Ni, Fe) in the sediments and waters of Oguta and Abadaba Lakes between April 2023 and February 2024. The results revealed that Oguta Lake is more contaminated than Abadaba Lake across all parameters examined. Oguta Lake sediments remained consistently acidic, and TPH concentrations in its sediments were close to the NUPRC regulatory threshold of 50 mg/kg, while water concentrations of TPH and heavy metals were also significantly higher than in Abadaba Lake.
Despite these elevated levels, all measured parameters in both lakes were below NUPRC regulatory standards, suggesting that pollution is still within safe limits. However, the consistently higher concentrations in Oguta Lake indicate a trend of anthropogenic impact and environmental stress, raising concerns about long-term sustainability.
Therefore, while Abadaba Lake appears relatively unpolluted, Oguta Lake requires urgent attention in terms of monitoring and pollution control strategies to prevent future ecological degradation and associated health risks.
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