


Post-Remediation Soil Recovery in K-Dere, Ogoniland: Implications for Sustainable Environmental Restoration

Abstract
This study investigated the post-remediation impact on soil health in K-Dere, Ogoniland, Rivers State, with the aim of determining whether remediation activities have effectively restored soil physicochemical and biological functionality in a hydrocarbon-impacted environment. Composite soil samples were collected from remediated soil (RS) and unremediated soil (URS) at a depth of 0–15 cm, and laboratory analyses were conducted in triplicate using standard soil analytical methods to assess microbial biomass, enzyme activities, organic matter status, nutrient composition, and key physicochemical properties. The results showed that total organic carbon decreased from 2.10% in URS to 0.55% in RS (74.0% reduction), while total organic nitrogen increased from 0.20% to 0.40% (100% increase). Sulphate concentration increased from 56.98 to 66.30 mg/kg (16.4% increase), nitrate from 4.6 to 10.7 mg/kg (132.6% increase), and phosphate from 5.88 to 23.4 mg/kg (298.0% increase). Bulk density declined from 7.59 to 5.24 g/cm³ (31.0% reduction), water retention capacity increased from 0.375 to 0.433 (15.5% increase), and cation exchange capacity rose from 5.1 to 18.5 cmol/kg (262.7% increase). In contrast, biological indicators declined markedly, as bacterial counts reduced from 4.0 × 10⁶ to 3.9 × 10⁵ cfu/g (90.3% reduction), fungal counts from 2.6 × 10⁶ to 3.0 × 10⁵ cfu/g (88.5% reduction), while dehydrogenase, urease, and phosphatase activities decreased by 73.1%, 74.6%, and 70.0%, respectively. The overall soil health measured by the Soil Quality Index (SQI) indicated a better soil quality of the unremediated soil (SQI = 0.79 >7.0) than the remediated soil  (SQI = 0.64 <7.0). The study concludes that remediation activities in K-Dere have substantially improved soil nutrient availability and physicochemical conditions but have not yet achieved full biological recovery. It is therefore recommended that future remediation programmes integrate biological enhancement strategies, including organic amendments and microbial stimulation, supported by long-term post-remediation monitoring to ensure sustainable restoration of soil health.
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1.0      Introduction
Soil is a fundamental component of terrestrial ecosystems, underpinning agricultural productivity, biodiversity conservation, and human livelihoods (Wonodi and Ekpete, 2021). In oil-producing regions, however, prolonged industrial activities often lead to severe soil degradation through hydrocarbon pollution and associated heavy metal contamination (Omokaro, 2024). The Niger Delta region of Nigeria, particularly Ogoniland, represents one of the most environmentally impacted oil-producing areas globally, where decades of oil spills, gas flaring, and pipeline failures have compromised soil quality and ecosystem integrity (Nwokoro, & Chima 2018).
K-Dere community in Gokana Local Government Area of Rivers State lies at the core of Ogoniland and has experienced extensive environmental degradation due to petroleum exploration and production. The United Nations Environment Programme (UNEP) environmental assessment of Ogoniland in 2011 documented widespread soil contamination and recommended urgent remediation (UNEP, 2011). In response, the Nigerian government initiated the Hydrocarbon Pollution Remediation Project (HYPREP) to clean up and restore polluted sites, including those in K-Dere.
Despite ongoing remediation activities, concerns persist regarding the actual recovery of soil health in remediated areas. According to Nwokoro, and Chima (2017) local farmers continue to report low crop yields, while scientific, site-specific post-remediation data remain limited. Most available assessments are policy-driven and lack detailed evaluations of soil physicochemical and biological indicators necessary to confirm ecological recovery. This study therefore aims to investigate the impact of post-remediation activities on soil health in K-Dere, Ogoni, Rivers State, by comparing remediated and unremediated soils. Specifically, the study evaluates microbial biomass, enzyme activities, nutrient composition, organic matter status, and key physicochemical properties to determine whether remediation has restored soil functionality for sustainable agricultural and ecological use.
2.0      Materials and Methods
The study Area
The study was conducted in K-Dere community, Gokana Local Government Area of Rivers State, Nigeria, located within the lowland rainforest zone of the Niger Delta. The area experiences a humid tropical climate with bimodal rainfall, receiving approximately 2000–3000 mm annually, while mean temperatures range between 25°C and 30°C. The region supports dense rainforest vegetation and is traditionally used for subsistence agriculture (Tajudeen , and Nyiayaana 2024). Two sites were selected: a remediated site previously impacted by hydrocarbon pollution and treated under formal remediation project, and an unimpacted-control site with no documented history of oil contamination. The unimpacted site is located at 4.659969° N, 7.270142° E, while the remediated site lies at 4.663436° N, 7.283530° E.
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Map  1: Map showing the sampling points from two sampling locations in K-Dere, Ogoniland.
Sample collection and Preservation
A descriptive and analytical research design was adopted to enable direct comparison of soil quality indicators between remediated and unremediated soils. Composite soil samples were collected from two locations designated as Location A (remediated soil) and Location B (unremediated soil). At each location, ten subsamples were randomly collected using a soil auger at a depth of 0–15 cm and composited to obtain representative samples. Sampling was carried out on 4 September 2025.
Samples were placed in labelled polyethylene bags, preserved in ice boxes, and transported to the laboratory. In the laboratory, soils were air-dried under ambient conditions in a well-ventilated environment away from direct sunlight, gently crushed, sieved through a 2 mm mesh, and homogenized in accordance with standard soil preparation procedures (ISO 11464).
Sample Analysis
Laboratory analyses were conducted in triplicate and covered microbial biomass, enzyme activities, nutrient composition, organic matter content, and physicochemical properties. Total heterotrophic bacteria and fungi were enumerated using standard culture techniques on nutrient media, and results were expressed as colony-forming units per gram of soil (cfu/g) following established soil microbiological protocols (ISO 4833). Dehydrogenase activity was determined using the triphenyl tetrazolium chloride reduction method, urease activity by ammonium release from urea, and phosphatase activity using p-nitrophenyl phosphate as substrate, following standard soil enzymology methods as describeed by (Wang et al., 2023).
Total organic carbon was determined using the Walkley–Black method, while total organic nitrogen was analyzed using the Kjeldahl method in accordance with AOAC procedures (AOAC, 2019). Phosphate was determined by colorimetric spectrophotometry, nitrate by the brucine method, and sulphate by titrimetric analysis, following standard environmental analytical methods as described by (ASTM D4327; APHA, 2017). Bulk density was measured using the core method (ASTM D7263), water retention capacity by saturation and drainage techniques, soil texture by the ribbon method, and cation exchange capacity using standard soil chemical procedures (ISO 11260).
Assessment of Soil Quality Index
The determination of the overall soil health to support agricultural productivities commonly practiced in the area used a standardized journal model (Doran & Parkin, 1994; Andrews et al., 2004). The approach used a total of 15 soil quality indicators (physical, chemical and biological) described as minimum data set (MDS) recommended by United States Department of Agriculture (USDA), Natural Resources Conservation Service   (NRCS). (2001; 2015a).
Scoring of the MDS was modelled according to Kahsay et al. (2024), Doran & Parkin, 1994 and Andrews et al., 2004 using a  linear normalization where the best-performing value in each pair is assigned a score of 1.0 and the other value is scored relative to it. Indicators were categorized as “more-is-better,” “less-is-better,” or “optimum-range,” following the Soil Management Assessment Framework (Andrews et al., 2004). Equal weighting were assigned to the indicators to avoid disparity in contributions of the individual soil quality indicator to the overall soil health.
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Where Wi = Weight of the ith indicator and n =total number of soil quality indicators (MDS)

The soil quality index was evaluated using Egn (2)  as:
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Data Analysis
Data obtained were subjected to descriptive statistical analysis, and mean values were used for comparison between remediated and unremediated soils.
3.0    Results
Table 1: Microbial biomass, enzyme activities, and biodiversity of soils from K-Dere
	Parameter

	URS

	RS


	Bacteria (cfu/g)
	4.0 × 10⁶
	3.9 × 10⁵


	Fungi (cfu/g)
	2.6 × 10⁶

	3.0 × 10⁵


	Dehydrogenase (µg TPF g⁻¹ h⁻¹)
	2.6

	0.7

	Urease (µg NH₄⁺ g⁻¹ h⁻¹)

	28.0

	7.1


	Phosphatase (µg pNP g⁻¹ h⁻¹)

	55.0

	16.5


	Bacterial species

	Pseudomonas, Staphylococcus, Klebsiella
	Bacillus, Staphylococcus, Klebsiella

	Fungal species

	Aspergillus, Fusarium, Saccharomyces, Penicillium

	Aspergillus, Fusarium



Note: URS = Unremediated Soil Sample, RS = Remediated Soil Sample
Table 2: Nutrient and physicochemical properties of soils from K-Dere
	Parameter
	URS
	RS


	TOC (%)
	2.10

	0.55


	TON (%)

	0.20

	0.40


	SO₄²⁻ (mg/kg)

	56.98

	66.30


	NO₃⁻ (mg/kg)

	4.6

	10.7


	PO₄³⁻ (mg/kg)

	5.88

	23.4


	Soil texture

	Loam

	Sandy loam


	Bulk density (g/cm³)

	7.59

	5.24


	Water retention capacity

	0.375

	0.433


	Soil compaction

	12.1

	45.8


	CEC (cmol/kg)

	5.1

	18.5



Note: URS = Unremediated Soil Sample, RS = Remediated Soil Sample


Figure 1: concentration of microbial biomass activities in URS and RS sample from K-Dere, Ogoni




Figure 2: concentration of enzymes activities in URS and RS sample from K-Dere, Ogoni

Figure 3: Concentrations of TON and TOC in RS and URS samples from K-Dere, Ogoni.






Figure 4: Concentrations of nutrient composition in RS and URS samples from K-Dere, Ogoni.






 
Figure 5: concentration of Physiochemical Properties in URS and RS sample from K-Dere,   Ogoni

	Table 3. Results from the evaluation of Soil Quality Index using scoring functions (Doran & Parkin, 1994; Andrews et al., 2004 ; USDA-NRCS, 2001).

	Soil Quality Indicator (MDS)
	Scoring rule
	RS (Xi)
	URS (Yi)
	RS Score (Sx)
	URS Score (Sy)
	Weight (Wi)
	Weighted Score (W-RS)
	Weighted Score (W-URS)

	Bacteria
	More is better 
	3.9 × 10⁵
	4.0 × 10⁶
	0.098
	1
	0.066
	0.0066
	0.0666

	Fungi
	More is better 
	3.0 × 10⁵
	2.6 × 10⁶
	0.115
	1
	0.066
	0.0077
	0.0666

	Dehydrogenase
	More is better 
	0.7
	2.6
	0.269
	1
	0.066
	0.0179
	0.0666

	Urease
	More is better 
	7.1
	28
	0.254
	1
	0.066
	0.0169
	0.0666

	Phosphatase
	More is better 
	16.5
	55
	0.3
	1
	0.066
	0.0199
	0.0666

	pH
	Optimum
	6.23
	6.21
	1
	1
	0.066
	0.0666
	0.0666

	TOC
	More is better 
	0.55
	2.1
	0.262
	1
	0.066
	0.0174
	0.0666

	TON
	More is better 
	0.4
	0.2
	1
	0.5
	0.066
	0.0666
	0.0333

	SO₄² 

	More is better 
	66.3
	56.98
	1
	0.859
	0.066
	0.0666
	0.0572

	NO₃⁻ 

	More is better 
	10.7
	4.6
	1
	0.43
	0.066
	0.0666
	0.0286

	PO₄³ 

	More is better 
	23.4
	5.88
	1
	0.251
	0.066
	0.0666
	0.0167

	Bulk Density
	Less is better 
	5.24
	7.59
	1
	0.69
	0.066
	0.0666
	0.0459

	Water Retention
	More is better 
	0.433
	0.375
	1
	0.866
	0.066
	0.0666
	0.0577

	Soil Compaction
	Less is better 
	45.8
	12.1
	0.264
	1
	0.066
	0.0176
	0.0666

	CEC
	More is better 
	18.5
	5.1
	1
	0.276
	0.066
	0.0666
	0.0184

	TOTAL SQI
	
	
	
	
	
	
	0.6368
	0.7906





Figure 6: concentration of Soil Quality Index using scoring functions activities in URS and RS sample from K-Dere, Ogoni




4.0      Discussion           
Physicochemical properties of RS and URS
The post-remediation assessment of soils from K-Dere revealed clear numerical variations between remediated soil (RS) and unremediated soil (URS), as presented in Tables 1, 2, and 3 indicating that remediation activities significantly influenced soil chemical, physical, and biological properties. From the results in Table 2, total organic carbon (TOC) declined from 2.10% in the unremediated soil (URS) to 0.55% in the remediated soil (RS) (74.0% reduction). This level of TOC reduction is comparable to the 71–78% decreases reported by Bessong et al. (2023) and Sang et al. (2020) following active remediation of hydrocarbon-impacted soils using organic amendments. Similar reductions were also reported by Michael-Igolima et al. (2022), who attributed TOC decline to enhanced mineralization and removal of petroleum-derived carbon during remediation. The observed reduction therefore indicates effective contaminant removal rather than nutrient depletion.
Total organic nitrogen (TON), however, increased from 0.20% in URS to 0.40% in RS (100% increase) as shown in Table 2. This trend aligns fairly with findings by Sang et al. (2020) and Elgazali et al. (2023), who reported nitrogen increases ranging from 60–120% following soil remediation, attributed to microbial nitrogen fixation and improved nitrogen cycling. The increase observed in this study suggests partial restoration of soil fertility despite carbon loss.
Inorganic nutrient availability also improved markedly after remediation. Sulphate concentration increased from 56.98 mg/kg in URS to 66.3 mg/kg in RS (16.4% increase), nitrate from 4.6 mg/kg to 10.7 mg/kg (132.6% increase), and phosphate from 5.88 mg/kg to 23.4 mg/kg (298.0% increase), as presented in Table 2. Comparable phosphate increases of 200–350% have been reported by Kumar et al. (2025) and Huck et al. (2014), who linked such improvements to increased mineralization and reduced hydrocarbon inhibition of phosphorus-solubilizing microbes. The pronounced nitrate increase further suggests enhanced nitrification processes post-remediation.
Physical soil properties also reflected significant modification. Bulk density decreased from 7.59 g/cm³ in URS to 5.24 g/cm³ in RS (31.0% reduction), while water retention capacity increased from 0.375 to 0.433 (15.5% increase) as shown in Table 2. Contrary reductions in bulk density (12%) were documented by Toková et al. (2020) following soil rehabilitation, attributed to improved aggregation and pore distribution. The increase in cation exchange capacity from 5.1 cmol/kg to 18.5 cmol/kg (262.7% increase) further corroborates improved nutrient retention capacity, consistent with findings by Zubairu et al. (2023) who reported CEC increases exceeding 50% in remediated Nigeria soils. 
The sharp increase in soil compaction from 12.1$ to 45.8 is a major detrimental physical change in the RS.This is not merely a surface effect; high compaction combined with the loss of TOC creates a vicious cycle. Without organic matter to provide structural resilience and without microbes to create biological pores, the soil will remain compacted, further inhibiting the very biological recovery needed to improve it (USDA-NRCS, 2019). Heavy duty motors such as caterpillars used for excavations, bulldozers, tipers, etc are common equipments used during the remediation process that could significantly contribute to the observed high soil (RS) compaction at the study area. High soil compaction has been attributed to restriction of roots, worms, aeration, and availability of nutrients. (USDA-NRCS, 2019). 
 

Soil microbial biomass
Results presented in Table 1 indicate a total bacterial counts decrease from 4.0 × 10⁶ cfu/g in URS to 3.9 × 10⁵ cfu/g in RS (90.3% reduction), while fungal counts declined from 2.6 × 10⁶ cfu/g to 3.0 × 10⁵ cfu/g (88.5% reduction). Studies vital functions of fungi in soil aggregation and the symbiotic acquisition of nutrients by plants (Bogati et al., 2025).  However, this significant fungal population decline is known to impair soil's biological resilience and its ability to recover from future environmental stresses (Melo et al., 2024).
Dehydrogenase activity reduced from 2.6 to 0.7 µg TPF g⁻¹ h⁻¹ (73.1% reduction), urease from 28.0 to 7.1 µg NH₄⁺ g⁻¹ h⁻¹ (74.6% reduction), and phosphatase from 55.0 to 16.5 µg pNP g⁻¹ h⁻¹ (70.0% reduction). These declines are consistent with reports by Sang et al., (2020) and Gospodarek et al. (2021), who observed temporary microbial suppression following aggressive remediation treatments. Because dehydrogenase only exists in living, metabolically active cells and is not stabilized in the soil matrix like other enzymes, this parameter serves as a definitive indicator of current microbial oxidative activity. The 73.1% drop in dehydrogenase activity confirms that the microbial biomass in the remediated soil (RS) is not only lower in quantity but also significantly less active.
Urease is known for converting urea into ammonia. This activity decrease by 74.6% may be linked to the reduction in organic carbon (TOC) available as a substrate for urease-producing microbes, or the presence of residual remediation chemicals that act as urease inhibitors (Ward Laboratories, Inc., 2019). 
The activities of dehydrogenase, urease, and phosphatase provide a direct measure of the soil's metabolic capacity across carbon, nitrogen, and phosphorus cycles (Rana et al. 2025). 
The reduced microbial diversity observed in Table 1, with fewer bacterial and fungal taxa in RS compared to URS, further supports the assertion that biological recovery lags behind chemical and physical restoration. Similar biodiversity reductions have been reported by Ramadass et al. (2017), who emphasized that microbial communities require extended post-remediation periods to re-establish functional stability.  Generally speaking, the results from this present study demonstrate that remediation activities in K-Dere improved nutrient availability, soil structure, water retention capacity, and cation exchange capacity. However, the simultaneous reductions in organic carbon, microbial biomass, enzyme activities, and biodiversity indicate that biological restoration has not progressed at the same pace as chemical and physical recovery.

Soil Quality Index

The Soil Quality Index (SQI) based on the selected minimum data set indicated a very good soil quality status for the unremediated soil (SQI = 0.79 >7.0). This observation is largely driven by high microbial abundance and enzyme activities. The remediated soil exhibited good overall soil quality (SQI = 0.64 <7.0) substantially driven by improvement in physicochemical properties such as nutrient availability (RS: TOC, TON, SO₄²⁻, NO₃⁻, PO₄³⁻ >, URS: TOC, TON, SO₄²⁻, NO₃⁻, PO₄³⁻), greater cation exchange capacity, and water retention. However, reduced biological indicator scores suggest delayed recovery of soil microbial functions following remediation. 
5.0     Conclusion
The study demonstrates that remediation activities in K-Dere have significantly altered soil health indicators. Improvements in nutrient composition, bulk density, water retention capacity, and cation exchange capacity suggest partial restoration of soil fertility. However, reductions in organic carbon, microbial biomass, and enzyme activities indicate that biological functioning has not fully recovered. 
The SQI assessment for the studied MDS confirms that the remediation process resulted in a 19.1% decrease in overall soil quality. While the remediated soil (RS) shows improved nutrient concentrations and cation exchange capacity, it suffers from severe biological suppression, a massive loss of organic carbon, and a critical increase in soil compaction.  
These findings highlight that remediation success should be evaluated beyond contaminant removal, incorporating biological and functional soil indicators to ensure long-term sustainability. The study recommends that an integrated remediation approach that combines physicochemical clean-up with biological enhancement measures such as organic amendments (compost or bio-solids: biochar), microbial inoculation and structural remediation practices that can prevent, reduce and  break up compacted layers and restore oxygen and water pathways after remediation operations.  Long-term soil monitoring should be institutionalized to track post-remediation recovery trends. Regulatory agencies, including NOSDRA and NESREA, should enforce continuous environmental monitoring and ensure that remediation programmes incorporate site-specific soil management strategies tailored to local ecological conditions in K-Dere.
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URS	Bulk density (g/cm³)	Water retention capacity	Soil compaction	CEC (cmol/kg)	7.59	0.375	12.1	5.0999999999999996	RS	Bulk density (g/cm³)	Water retention capacity	Soil compaction	CEC (cmol/kg)	5.24	0.433	45.8	18.5	



Weighted Score (W-RS)	Bacteria	Fungi	Dehydrogenase	Urease	Phosphatase	pH	TOC	TON	SO₄² 	NO₃⁻ 	PO₄³ 	Bulk Density	Water Retention	Soil Compaction	CEC	6.6E-3	7.7000000000000002E-3	1.7899999999999999E-2	1.6899999999999998E-2	1.9900000000000001E-2	6.6600000000000006E-2	1.7399999999999999E-2	6.6600000000000006E-2	6.6600000000000006E-2	6.6600000000000006E-2	6.6600000000000006E-2	6.6600000000000006E-2	6.6600000000000006E-2	1.7600000000000001E-2	6.6600000000000006E-2	Weighted Score (W-URS)	Bacteria	Fungi	Dehydrogenase	Urease	Phosphatase	pH	TOC	TON	SO₄² 	NO₃⁻ 	PO₄³ 	Bulk Density	Water Retention	Soil Compaction	CEC	6.6600000000000006E-2	6.6600000000000006E-2	6.6600000000000006E-2	6.6600000000000006E-2	6.6600000000000006E-2	6.6600000000000006E-2	6.6600000000000006E-2	3.3300000000000003E-2	5.7200000000000001E-2	2.86E-2	1.67E-2	4.5900000000000003E-2	5.7700000000000001E-2	6.6600000000000006E-2	1.84E-2	



URS	
Bacteria (cfu/g)	Fungi (cfu/g)	4000000	2600000	RS	
Bacteria (cfu/g)	Fungi (cfu/g)	390000	300000	
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