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Abstract- Petroleum hydrocarbon contamination of soils
in the Niger Delta of Nigeria represents one of the world's
most protracted environmental management failures.
While Remediation by Enhanced Natural Attenuation
(RENA)—combining passive bioremediation with active
landfarming  (windrow  turning,  bulking, and
backfilling)—has been adopted as the standard regulatory
remediation method in Nigeria, its effectiveness under
conditions of severe contamination remains poorly
documented in the peer-reviewed literature. This article
critically evaluates the mechanistic basis, operational
constraints, and field effectiveness of RENA using
original soil geochemical data from the 2015 Obele-Ibaa
crude oil pipeline spill site, Emohua Local Government
Area, Rivers State, Nigeria, as a primary case study. Soil
samples collected approximately 12 months post-spill
under active RENA showed mean total hydrocarbon
content (THC) of 1,495.6 + 258.3 mg/kg in topsoil and
2,021.2 £+ 1,713.2 mg/kg in subsoil—contamination
factors (CF) of 680 and 919 respectively relative to the
uncontaminated  background (2.20 mg/kg), and
exceedances of the Department of Petroleum Resources
(DPR) agricultural threshold (50 mg/kg) by factors of
approximately 30 and 40. These results demonstrate that,
as implemented, the RENA bioremediation process failed
to achieve the standards required by the regulations
within a year at a site with extremely high hydrocarbon
loading. Drawing upon the Obele-Ibaa example, as well
as the bioremediation literature more broadly, this article:
(i) identifies the biochemical and geochemical
mechanisms  controlling  petroleum  hydrocarbon
biodegradation in tropical delta soils; (ii) identifies the
mechanistic limitations of the RENA bioremediation
process for THC-rich, nitrogen-poor, low-pH soils; (iii)
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critically evaluates the scientific basis for the application
of biostimulation, bioaugmentation, and
Phytoremediation;  (iv)  proposes an  Integrated
Bioremediation Framework (IBF) that combines these
remediation strategies into a scientifically based, four-
Phase bioremediation process for restoring tropical delta
soils after hydrocarbon spillage. Using kinetic modeling,
the results demonstrate that the RENA bioremediation
process would require approximately 7-10 years to
achieve compliance with the standards based upon the
THC concentrations, whereas the proposed Integrated
Bioremediation Framework would achieve compliance in
approximately 1.5-2 years—a reduction of 70-80% in the
time required for bioremediation. In addition, the article
proposes amendments to the existing regulations, as
embodied by the DPR (1991) EGASPIN, including THC-
triggered escalation of remediation, spatial density, and
the inclusion of phytoremediation.

Index Terms RENA; bioremediation; Niger Delta;
petroleum hydrocarbons; biostimulation;
bioaugmentation; phytoremediation; integrated
bioremediation framework; oil spill; regulatory reform;
Rivers State Nigeria

L INTRODUCTION

Nigeria’s Niger Delta, located in the southern part of
the country, has the largest known oil reserves in
Africa, with oil exploration activities commencing
from the first commercial discovery at Oloibiri in
1956. In the period between 1976 and 1996, Nigeria
encountered a total of 4,835 oil spill occurrences,
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releasing approximately 1.9 million barrels of crude
oil. Damage to the country’s oil infrastructure, which
is the leading cause of oil spill occurrences, results in
high-level point source contamination, thereby
threatening the soil, groundwater, biodiversity, and
health of the 30 million inhabitants of the Niger
Delta.

Regulatory control of oil spill contamination in
Nigeria is guided by the Environmental Guidelines
and Standards for the Petroleum Industry in Nigeria
(EGASPIN), which is managed by the Department of
Petroleum Resources (DPR, 1991), with additional
standards being provided by FEPA (1991). In this
regard, Remediation by Enhanced Natural
Attenuation (RENA) is the primary method for the
remediation of contaminated soils. This method
combines the use of natural biodegradation of
petroleum hydrocarbons by the natural microbial
population of the soil with the use of landfarming
techniques such as windrow turning, bulking,
aeration, and backfilling, which provide aerobic
conditions. Large oil companies, such as Shell SPDC,
use the RENA method for the remediation of the
majority of the oil spill sites, especially those located
onshore in the Niger Delta Region of Nigeria.

Despite the widespread use of the method, there is a
lack of independent research on the effectiveness of
the method for the remediation of oil spill sites,
especially those encountered in the Niger Delta
Region, where the high level of THC, low nitrogen,
acidic, and heterogeneous nature of the contaminated
soils present a major threat.

This article attempts to bridge the information gap
with a synthesis of the events following the April
2015 Obele-Ibaa crude oil spill incident in Rivers
State. Soil samples taken 12 months after the spill,
while active RENA was ongoing, showed a mean
topsoil THC content of 1,495.6 mg/kg and a mean
subsoil THC content of 2,021.2 mg/kg, indicating a
level 30-40 times the threshold set by the DPR.
Clearly, RENA failed to attain compliance at this
high THC level within a year. Accordingly, the
article attempts to achieve the following: (i) to
describe the biochemical and geochemical processes
of hydrocarbon degradation in tropical delta soils; (ii)
to highlight the limitations of RENA for the given
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conditions following the Obele-Ibaa spill incident;
(iii) to discuss the viability of biostimulation,
bioaugmentation, and phytoremediation as alternative
technologies for the given conditions; and (iv) to
introduce an Integrated Bioremediation Framework
(IBF) as a practical protocol for the restoration of the
soil following a spill incident.

II. THE OBELE-IBAA CASE STUDY: SITE
CONDITIONS AND RENA
PERFORMANCE EVIDENCE

2.1 Site Description and Spill Event

The Obele-Ibaa site is located in the coastal
freshwater swamp and lowland rainforest zone of the
Emohua LGA in Rivers State. On the 14th of April
2015, the SPDC 4-inch crude oil pipeline was
deliberately sabotaged by a third party. This led to
the spillage of 87 barrels of crude oil over 0.497
hectares of land. This incident was well documented
by NOSDRA-SPDC and classified as a spill that
needed to be mandatorily remediated under the DPR
(1991) EGASPIN. The geology of the area is
characterized by Quaternary fluvial and coastal
deposits over the Cenozoic Agbada and Akata
Formations. Land use in the area is characterized by
subsistence farming, an oil palm plantation, and
secondary forest.

Map of Tkwerre Local Government Area showing the sample location

X Sample Location

Figure 1. Geographic location of the Obele-Ibaa oil
spill site within Emohua Local Government Area,
Rivers State, Nigeria (4°56'N, 6°48'E). Soil samples
were collected from within the NOSDRA-
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documented spill boundary approximately 12 months
post-spill (2016). Map produced from field GPS
survey data. Scale bar in kilometres.

2.2 Soil Geochemical Evidence at 12 Months Post-
Spill

Table 1 below contains the entire physicochemical
data set collected from Obele-Ibaa site 12 months
after the spill during active RENA, and this forms the
main evidence base for RENA effectiveness
evaluation in this article.

Table 1

Soil physicochemical parameters at the Obele-Ibaa
oil spill site approximately 12 months post-spill
under active RENA operations, Emohua LGA, Rivers
State, Nigeria (2016).

E::; 1A lslj 2A 2813 3A | 3B | Con
. Top b Top b Top Sub trol
| |
I(’Ijlit 68 66 64 66 65 64 74
N 4 9 1 2 2 4 3
s)
THC = 13 13 18 44
2 gy 6 AL
(mg/ 24 02 ; .60 4
ke) o 2 2 7% 7 s
(Tn?c/ 28, 10. 34, 29. 42. 41. 3l
€ 68 76 26 12 8 80 40
2)
(Cnl;/ 21, 25 19. 18, 21. 30. 32.
€ 90 45 00 36 90 01 54
kg)
L
(Sn?“ ;05 03 04 02 05 03 02
€ 30 88 12 24 53 88 14
kg)
?:1?3/_ 36 40 40 36 50 48 53
¥ 60 22 47 64 88 37 20
kg)

Note. A = topsoil (0—15 cm); B = subsoil (15-30 cm).
Mean THC: topsoil 1,495.6 + 258.3 mg/kg (CF =
680); subsoil 2,021.2 + 1,713.2 mg/kg (CF = 919).
CF = contamination factor relative to control THC of
2.20 mg/kg. DPR (1991) agricultural threshold = 50
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mg/kg; both depth intervals exceed threshold by 30—
40x.

2.3 Evidence of RENA Operations

Figures 2, 3, and 4 are evidence of active RENA
operations observed during the 2016 site visit to
Obele-Ibaa site in Nigeria Delta. The simultaneous
presence of active windrow standing and bulking
operations (Figures 3 & 4) and THC values 30-40
times above the DPR threshold (Table 1) provide
clear evidence that RENA operations over a 12-
month period were insufficient to ensure regulatory
compliance in this high THC, sabotage-associated
spill site.

Figure 2. Crude oil-contaminated site at Obele-Ibaa,
Emohua LGA, Rivers State, Nigeria. Persistent
surface petroleum contamination, hydrocarbon-
stained standing water, and severely degraded
vegetation remained approximately 12 months post-
spill despite active RENA. THC values of 3040
times the DPR (1991) agricultural threshold are
geochemically confirmed by soil analysis.
Photograph taken during the 2016 site investigation.
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Figure 3. Windrow standing operations at the Obele-
Ibaa RENA remediation site (2016). Contaminated
soil has been heaped into elongated windrows for
periodic mechanical turning to promote atmospheric
oxygen penetration and aerobic hydrocarbon
biodegradation. Despite this active intervention,
measured THC values confirm that 12 months of
RENA was insufficient to achieve DPR compliance
at this extreme-THC site. Photograph taken during
the 2016 site investigation.

2 e SR ;
Figure 4. Bulking and backfilling operations at
Obele-Ibaa (2016). Mechanical soil mixing with
bulking agents (sawdust, rice husks) improves
aeration and microbial access to petroleum substrates.
At the documented THC concentrations, aeration
alone is insufficient to overcome the nitrogen
limitation, pH depression, and recalcitrant PAH
fraction that constrain RENA effectiveness. These
limitations are addressed in the Integrated
Bioremediation Framework (Section 6). Photograph
taken during the 2016 site investigation.

I1I. BIOCHEMICAL MECHANISMS OF
PETROLEUM HYDROCARBON
DEGRADATION IN TROPICAL DELTAIC
SOILS

3.1 Indigenous Hydrocarbon-Degrading Community

Biodegradation of petroleum hydrocarbons in soil
occurs through microbial metabolism by aerobic
heterotrophic microorganisms using hydrocarbons as
a source of C and energy (Cerniglia, 1993). In
uncontaminated soils in the Niger Delta, indigenous
hydrocarbon-degrading bacteria (HUB) are found in
a range of 0.1 to 1.0% of the total culturable
heterotrophic microorganisms (Benka-Coker &
Ekundayo, 1994). Following a spill event, a
substantial increase in indigenous hydrocarbon-
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degrading microorganisms occurs through
competitive exclusion and expression of genes
involved in hydrocarbon degradation, increasing their
proportion to 10-90% of the total microbial
community within weeks of contamination
(Ekundayo & Obuekwe, 1997). Key genera identified
in Nigerian oil-contaminated soils include
*Alcanivorax*, *Rhodococcus*, *Pseudomonas*,
*Acinetobacter*,  *Bacillus*, *Nocardia*, and
*Mycobacterium®, with a combined potential for
acrobic mineralization of a wide range of aliphatic,
cycloaliphatic, and aromatic hydrocarbons. The warm
temperatures (25-32°C) and rainfall-driven soil
moisture levels in the Niger Delta are generally
conducive to biodegradation processes throughout the
year; however, the main rate-limiting factors are
aeration, inorganic nitrogen supply, and pH (Ekpo,
2010; Osuji, 2011).

3.2 Hydrocarbon Degradation Pathways and
Recalcitrant Fractions

Aerobic  bacterial  degradation of aliphatic
hydrocarbons proceeds via monooxygenase-initiated
monoterminal oxidation:

R-CHs + O: + NADH + H* — R-CH>OH + NAD* +
H-O ... (Equation 1)

The resulting primary alcohol is oxidized
sequentially to an aldehyde, then a fatty acid,
entering fB-oxidation for complete mineralization to
CO: and H.O (Tissot & Welte, 1984). Aromatic
hydrocarbons including PAHs are attacked by
dioxygenase-initiated ring dihydroxylation:

Aromatic ring + O» — cis-dihydrodiol — catechol —
ring cleavage — TCA intermediates ... (Equation
2)

The rate of PAH degradation decreases sharply with
molecular weight: naphthalene (2 rings: half-life
days—weeks); anthracene and phenanthrene (3 rings:
weeks—months); pyrene and fluoranthene (4 rings:
months—years); benzo[a]pyrene, chrysene, and
coronene (5—6 rings: years—decades) (Yunker et al.,
2011). After 12 months of RENA, the lighter
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aromatic and aliphatic fractions have been
substantially depleted; residual THC at Obele-Ibaa is
dominated by the recalcitrant mid-to-heavy weight
fraction for which natural biodegradation rates under
ambient conditions are extremely slow and RENA
alone is insufficient.

3.3 Nitrogen and Phosphorus Limitation

The stoichiometric nutrient demand of the
hydrocarbon mineralization process imposes a
fundamental limiting constraint. For every mole of C
mineralized, the degrading community requires
approximately 0.1 mol N and 0.01 mol P for
biosynthesis—a C:N:P  stoichiometric ratio of
approximately 100:10:1 (Marmiroli & McCutcheon,
2003). Nigerian crude oil contains a C:N ratio of
approximately 200:1 to 500:1. Severe macronutrient
limitation occurs at high THC sites. The documented
depletion of soil NOs~ at Obele-Ibaa (contaminated
topsoil mean = 4.267 mg/kg vs. Control = 5.320
mg/kg; Table 1) directly results from this limitation.
The expanded HUB community assimilates inorganic
nitrogen from the soil solution to biomass at rates
exceeding the mineralization rates. Without the
addition of nitrogen to the soil system, this limiting
depletion of soil NOs~ will progressively limit
biodegradation rates despite the presence of
petroleum carbon. This limitation provides the
theoretical basis for biostimulation as a corrective
action.

3.4 pH Effects on Biodegradation

Soil pH depression from 7.43 (control) to 6.58 to
6.59 (contaminated) at Obele-Ibaa (Table 1) imposes
a number of inhibitory effects on petroleum
biodegradation. The activity of catabolic enzymes
such as mono- and dioxygenases, as well as
dehydrogenases, decreases significantly at a pH < 6.5
compared to the optimum at a pH of 7.0 to 7.5. The
depressed soil pH at the site also results in a reduced
microbial community diversity available to degrade
the entire spectrum of hydrocarbons. The soil pH
depression at the site can be mechanistically
explained by the accumulation of short-chain organic
acids resulting from hydrocarbon catabolism, the
oxidation of crude oil organosulphur compounds to
H.SO. by Thiobacillus thiooxidans (which is
corroborated by the elevated sulphate content in the
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topsoil with a CF = 2.33), as well as the potential
mineral acidity resulting from landfarming
disturbance (Osuji, 2011). The addition of lime to
raise the soil pH to the optimum range of 7.0 to 7.5 is
a physicochemical precondition to biodegradation
that is integrated into the second phase of the IBF.

3.5 Oxygen Availability and Landfarming

For the biodegradation of hydrocarbons to occur
acrobically, a continuous source of oxygen must be
available. In the terrain of the Niger Delta, which is
subjected to periodic waterlogging, the presence of
clay soils in the subsoil. Windrow aeration addresses
oxygen limitation by physically aerating the
contaminated soil mass. The oxygen flux into a soil
aggregate is described by:

J(02)=De % (AC/AX) ... (Equation 3)

where J(Oz2) is the oxygen mass flux (mol m2 s!), D,
is the effective diffusivity of O: in the partially air-
filled pore network (m? s*), and AC/Ax is the oxygen
concentration gradient (mol m> m™). At high THC
loading, petroleum films displace the air-filled pore
fraction and increase tortuosity, substantially
reducing D. and restricting oxygen access to
aggregate interiors. Even actively turned windrows
may  therefore  maintain  anaerobic = micro-
environments where biodegradation is suppressed.
Furthermore, the RENA windrow geometry at Obele-
Ibaa was not documented as site-specifically
optimized—a factor that may have contributed to
suboptimal oxygenation efficiency during the 12-
month RENA period.

Iv. MECHANISTIC LIMITATIONS OF RENA

UNDER HIGH-THC NIGER DELTA
CONDITIONS

4.1 Nitrogen Limitation, pH Depression, and PAH
Recalcitrance

The three most significant mechanistic constraints on
RENA effectiveness at Obele-Ibaa are nitrogen
limitation (documented by reduced soil NOs~), pH
depression (documented by consistent reduction from
7.43 control to 6.58-6.59 in contaminated samples),
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and PAH recalcitrance (implicit in the 12-month
persistence of the residual THC despite active
RENA). These limitations are interrelated. For
example, the depressed pH will reduce the activity of
the enzymes as well as the microbial diversity, which
will be exacerbated by the nitrogen limitation. In
turn, the enrichment of the recalcitrant fraction of the
PAHs as the less recalcitrant constituents are
removed will progressively lengthen the effective
half-life of the remaining THC. This will be a self-
reinforcing cycle of diminishing returns that cannot
be addressed through landfarming aeration alone.

4.2 Inaccessibility of Subsurface Hotspots

Landfarming processes are inherently surface-
oriented. Landfarming can be effective to a depth of
only 30 to 50 cm. The position P3 subsurface hotspot
(subsoil THC 4,443.6 mg/kg at 15-30 cm; VDR =
2.39) lies at the lower boundary of the standard
excavation range and may not have received adequate
incorporation into the windrow treatment regime.
Any contamination below 30 cm—plausible given
the strongly positive DAC at P3 (+171.3 mg kg™
cm')—is entirely inaccessible to conventional
landfarming and will act as a persistent
contamination source leaching dissolved-phase
hydrocarbons to the shallow water table. RENA, as
currently practised, is fundamentally ill-adapted to
the two-tier surface-uniform / subsoil-heterogeneous
contamination  architecture that  characterizes
sabotage-induced Niger Delta pipeline spills (Ernest
Ikotiko & Osayande, 2017).

4.3 Estimated Time to Compliance: RENA versus
IBF

Table 2 quantifies the estimated time to achieve DPR
(1991) threshold compliance (THC < 50 mg/kg) from
the mean Obele-Ibaa topsoil THC of 1,495.6 mg/kg
under RENA alone versus the proposed IBF,
modelled using first-order degradation kinetics:

THC(t) = THCo x e”(-kt) ... (Equation 4)
Rearranged to solve for compliance time:

te=[-In(THC,/ THCo)] /k ... (Equation 5)
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where t; is the time to reach THC, = 50 mg/kg, THCo
= 1,495.6 mg/kg, and k is the rate constant (yr™').

Table 2

Estimated time to DPR (1991) threshold compliance
(50 mg/kg THC) from a starting value of 1,495.6
mg/kg under four remediation scenarios, modelled
using first-order degradation kinetics.

Est.
.. Rate | Half THC @ THC Time
Remediati .
on Cons | -life 0 ¢ to
. tantk = t2 | (mg/ | (mg/ Compli
Scenario
(yr) () kg kg ance
(yr)
RENA
only
~0. ~1. 1,4
(observed (())5 39 5,69 50 ~7-10%
12-month
rate)
+
lfr){i?s\i:nula “lz 0 LA g, 34
. 0 58 5.6
tion
RENA +
E’:;im“la 20 ~0. 149 ) 3
. 0 35 5.6
bioaugme
ntation
Full IBF ~2.5 ~0. 1,49
(all four 0- 23— 5’ 6 50 ~1.5-2
phases) 3.00  0.28 ’

Note. First-order kinetic model: THC(t) = THCo x
e’(-kt). Rate constants derived from published
bioremediation literature (Marmiroli & McCutcheon,
2003; Osuji et al., 2006) and are indicative estimates
only; actual rates are site- and fraction-dependent.
*RENA-only estimate assumes the observed rate
persists; PAH recalcitrance in the residual fraction
may extend the RENA-only timeline beyond 10 years
as the easily degradable fraction is exhausted.

V. SCIENTIFIC BASIS OF
COMPLEMENTARY BIOREMEDIATION
APPROACHES
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5.1 Biostimulation: Relieving Nutrient Limitation

Biostimulation involves the deliberate addition of
limiting nutrients such as nitrogen and phosphorus to
oil-contaminated soils to enhance indigenous HUB
activities. This approach is based on the principle that
the biodegradation rate of hydrocarbons is directly
proportional to the nitrogen assimilation rate when
the level of available carbon is not limiting. For the
high THC soils in the Niger Delta region, the rates of
nutrient application are as follows:

100-150 kg N ha™' yr' as ammonium nitrate or urea
applied in split doses of 50 kg N ha™' every 6 months
to avoid osmotic inhibition; and

40-60 kg P ha™ yr as triple superphosphate applied
simultaneously. This will ensure a soil C:N:P ratio of
approximately 100:10:1 for optimal rates of aerobic
hydrocarbon biodegradation. For the Obele-Ibaa site
where the presence of nitrogen limitation is
confirmed by low levels of NOs~ (Table 1), it is
recommended that nitrogen biostimulation be carried
out at the initiation of IBF Phase 3 as the most
effective and least costly approach.

5.2 Bioaugmentation: Supplementing Indigenous
Communities

Bioaugmentation introduces exogenous hydrocarbon-
degrading microorganisms to supplement the
indigenous community. In the Niger Delta context,
strategies using non-indigenous strains have
frequently failed due to competitive exclusion by
established indigenous communities. The
scientifically more robust approach uses enriched
indigenous  cultures: soil from within the
contaminated zone is collected, enriched in
laboratory conditions mimicking in situ temperature,
pH, and hydrocarbon composition, and reintroduced
at high cell densities (10%-10° cells mL™' per
application) (Ekundayo & Obuekwe, 1997). Key
genera to target for enrichment from Obele-Ibaa soil
include Alcanivorax borkumensis (alkane specialist),
Rhodococcus ruber and Rhodococcus erythropolis
(broad-spectrum aliphatic and aromatic degraders),
Pseudomonas aeruginosa (aromatic and PAH
degrader), Mycobacterium spp. (high-molecular-
weight PAH degrader), and Bacillus subtilis (broad-
spectrum degrader and biosurfactant producer).
Biosurfactant-producing genera are particularly
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valuable at high-THC sites: their extracellular
biosurfactants emulsify hydrophobic petroleum
compounds, increasing effective aqueous solubility
and bioavailability by up to two orders of magnitude,
directly addressing the mass-transfer limitation that
restricts biodegradation of petroleum tightly sorbed
to mineral grain surfaces (Osuji et al., 2006).

5.3 Phytoremediation: Rhizosphere Stimulation and
Ecological Restoration

Phytoremediation involves the stimulation of the
interaction between plants and microorganisms to
enhance the degradation of petroleum hydrocarbons
and ecological restoration. Four mechanisms of
phytoremediation are relevant to the process:

(i) Rhizosphere biostimulation: Exudates from the
roots of the plants used in the process stimulate the
growth of HUB populations. The density of HUBs is
typically 10 to 100 times higher in the rhizosphere
than in the surrounding soil.

(i1) Rhizodegradation: This involves the degradation
of petroleum hydrocarbons by microorganisms.

(iii) Phytoextraction: This involves the uptake of light
hydrocarbons like BTEX and naphthalene by the
roots.

(iv) Phytostabilization: This involves the binding and
stabilization of any residue that may remain behind
by the roots. Recommended phytoremediation
species for the Obele-Ibaa site: Vetiveria zizanioides
(Vetiver grass; deep root to 3 m, high biomass,
exceptional  hydrocarbon tolerance, extensive
rhizosphere ~ volume); Leucaena leucocephala
(nitrogen-fixing legume; simultaneous biological N
fixation and rhizosphere biostimulation);
Chromolaena odorata (pioneer colonizer; establishes
rapidly on disturbed Niger Delta soils; documented
hydrocarbon tolerance); and Panicum maximum
(Guinea grass; rapid establishment, high ground
cover, effective erosion control and soil structure

restoration).

VL THE INTEGRATED BIOREMEDIATION
FRAMEWORK (IBF)

6.1 Framework Overview and Structure
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scientifically  validated

sequenced protocol designed to achieve DPR (1991)

Table 3

compliance efficiently at high-THC Niger Delta spill
sites. Table 3 presents the complete IBF.

The Integrated Bioremediation Framework (IBF): four-phase structure with objectives, interventions, success
criteria, and monitoring requirements for petroleum hydrocarbon-contaminated soils in the Niger Delta.

Monitori
Phase | Timeline | Objectives and Key Actions Success Criteria Om. o
Requirement
Assessment & Prioritization: Baseline soil Spatial contamination
. . i
sampling (=20 positions, 3 depths); THC, mi roduced; Tier I Monthly soil and
Months | TOC, pH, N, P analysis; CF, CV, VDR, p procuiced; Y
1 . ) : .. hotspots identified; groundwater
0-3 DAC spatial metrics; Tier I/I/III priority . .
. o baseline groundwater sampling.
mapping; groundwater monitoring well
. : . data collected.
installation at hotspot positions.
Site Preparation & Physicochemical
Conditioning: Ti.er I hotspot excavat.ion to Snil pH>6.8 ncross site; Monthly pH, THC,
) Months 60 cm; ex-situ windrow treatment; lime Tier I excavation NO» windro
i L ;W \4
3-6 addition (2 t/ha; restore pH to 7.0-7.5); complete; initial ins Section
initial N/P biostimulation fertilizer (50 kg N | fertilizer applied. P '
+25kg P ha™).
Active Biorernediation: Biostimulatinn N/P THC < 500 mg/kg
at 6-monthly intervals; bioaugmentation . Monthly THC and
. . . topsoil by month 12; <
with enriched indigenous HUB cultures (10° pH; quarterly plant
Months B ) 200 mg/kg by month 18; .
3 cells ha') at months 6, 9, 12; windrow . biomass; 6-
6-18 . . soil pH 6.8-7.5;
turning every 4 weeks; phytoremediation . monthly
. . . vegetation cover > 50%
establishment (Vetiver, Leucaena, Panicum) groundwater THC.
by month 18.
at months 9—12.
Ecological Restoration & Compliance:
Cnntinued ph?/toremediation; quarterly THC S 50 mg/kg (DPR 6-monthly THC
Months windrow turning; compost amendments (2.5 | compliance); vegetation and pH: annual
4 18-364 t/ha yr'); 6-monthly THC verification; DPR | cover > 80%; pH 6.8— ecolo ii:al
clearance application when THC < 50 7.5; groundwater THC at &
. . assessment.
mg/kg at all positions and depths in two background.
consecutive sampling events.

Note. Timeline estimates are based on Table 2 kinetic modelling and published field data for analogous sites. Actual
timelines vary with site-specific conditions. HUB = hydrocarbon-utilizing bacteria. DPR = Department of Petroleum
Resources (1991). Tier I/II/III spatial priority tiers as defined by Edo and Osayande (2023). N = nitrogen; P =

6.2 Phase 1 — Assessment and Prioritization

IBF Phase 1 establishes the quantitative spatial
baseline required for all subsequent phases. A
minimum of 20 sampling positions on a systematic
grid, at three depth intervals (0—15, 15-30, 30-60
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phosphorus.

ICONIC RESEARCH AND ENGINEERING JOURNALS

cm),

are analyzed for THC by GC-FID (for
compound-specific fractionation and PAH profiling),

pH, TOC, total nitrogen, and total phosphorus.
Spatial variability metrics (CF, CV, VDR, DAC) are
calculated following the methodology of Edo and
Osayande (2023) to produce a spatial contamination
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map identifying Tier 1 hotspot positions.
Groundwater monitoring wells are installed at all Tier
I positions to establish baseline dissolved-phase
hydrocarbon concentrations. Phase 1 data form the
calibration basis for the kinetic monitoring targets
specified in Phases 2—4.

6.3 Phase 2 — Site Preparation and Physicochemical
Conditioning

Phase 2 addresses the physicochemical constraints on
biodegradation identified in Section 3. Tier I hotspot
positions identified in Phase 1 are excavated to 60 cm
depth and contaminated material is transferred to ex-
situ windrow treatment cells for intensive aeration,
biostimulation, and bioaugmentation. Agricultural
lime (2 t/ha CaCOs) is spread uniformly across all
contaminated areas and incorporated to 30 cm depth
by rototilling to restore pH to the 7.0-7.5 optimum.
Initial biostimulation fertilizer (50 kg N ha! as
NH4NO:s and 25 kg P ha! as triple superphosphate) is
incorporated simultaneously. Lime and fertilizer rates
are subject to adjustment based on site-specific Phase
1 soil chemistry data.

6.4 Phase 3 — Active Bioremediation

Phase 3 is the core bioremediation intervention
period. Biostimulation fertilizer is re-applied at 6-
monthly intervals to maintain optimal C:N:P ratios as
petroleum carbon is progressively mineralized.
Bioaugmentation with enriched indigenous HUB
cultures (minimum 10° cells ha™ per application,
prepared from Obele-Ibaa site soil enriched in the
laboratory) is applied at months 6, 9, and 12.
Windrow turning is maintained at 4-week intervals.
Phytoremediation establishment commences at
months 9-12, when  biostimulation and
bioaugmentation are expected to have reduced THC
to sub-phytotoxic levels (estimated < 2,000 mg/kg for
Vetiver grass; Marmiroli & McCutcheon, 2003):
Vetiver zizanioides at 30 cm planting spacing;
Leucaena leucocephala at 2 m spacing; Panicum
maximum as inter-row ground cover. Soil moisture is
maintained at 50-80% field capacity during the dry
season through supplementary irrigation.

6.5 Phase 4 — Ecological Restoration and
Compliance Monitoring
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In Phase 4, ecological restoration and verification of
compliance with environmental regulations are
achieved. The windrows are turned once every
quarter during this phase. Organic amendments to the
soil in the form of mature compost at a rate of 2.5
t’/ha per annum are used to improve the ecological
health of the affected areas.

Verification samples of THC are taken every six
months at all positions and depths of the Phase 1
sites. Site clearance is performed when THC < 50
mg/kg is achieved at all positions and depths over
two consecutive periods of verification sampling with
a six-month interval between them. In addition to
that, annual measurements of vegetation cover,
diversity of plant species, and fauna (earthworm
density as ecological recovery bioindicator) are
conducted.

Ecological restoration to pre-spill conditions is
anticipated to occur within a period of 3 to 5 years
after initiation of IBF.

VIL REGULATORY IMPLICATIONS AND
POLICY RECOMMENDATIONS

7.1 Deficiencies of the Current RENA-Only
Framework

The Obele-Ibaa case study has quantitatively
demonstrated that the existing DPR EGASPIN
framework, which requires the implementation of
RENA  without  stipulating  the
biostimulation, bioaugmentation, or spatial sampling
standards, is insufficient to ensure compliance within
acceptable time frames at high THC sites. Three
major flaws are identified: (i) the lack of THC
escalation  thresholds  that  mandate the
implementation of IBF-level remediation strategies
where RENA is known to be insufficient; (ii) the lack
of spatial monitoring standards for post-RENA
monitoring, which can lead to false compliance based
on insufficient composite sample results; and (iii) the
lack of groundwater monitoring standards at
terrestrial spill sites, where dissolved-phase PAHs in
the groundwater, the primary source of potable water
for rural Niger Delta inhabitants, are commonly
overlooked.

minimum
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7.2 Specific Policy Recommendations

The following specific policy recommendations for
the DPR (1991) EGASPIN framework are proposed
based upon the evidence compiled for this article, as
well as the accompanying articles (Edo & Osayande,
2023):

(1) A mandatory escalation threshold should be
introduced whereby sites with THC > 500 mg/kg in
any depth interval should be required to implement
IBF-level remediation strategies instead of RENA,
which should be reflected in the operator’s JIV report
submitted to the DPR and NOSDRA.

(2) A spatial monitoring standard should be
introduced whereby at least 10 spatial positions
should be required for each hectare at two depth
intervals (0-15 cm, 15-30 cm) with each position’s
data reported separately from the spatially averaged
results to prevent hotspot positions being obscured by
spatial averaging.

(3) A groundwater monitoring well installation
requirement should be introduced for all spill sites
where the spill is <200m from the point of abstraction
for the duration of the remediation period.

(4) Mandate the provision of quantified
biostimulation strategies, including application rates,
time, and method for the application of N and P, as
part of the operator’s initial NOSDRA-approved
remediation plan, rather than leaving the management
of nutrients up to the discretion of the operator.

(5) Define phytoremediation as a required component
of the ecological restoration phase of EGASPIN,
following the active remediation phase, for sites
where agricultural or ecological land use is to be
restored, including the provision of criteria for the
selection of plant species.

VIII. CONCLUSIONS

This article has critically evaluated RENA's
effectiveness in the Niger Delta oil spill context using
original case study data from the 2015 Obele-Ibaa
pipeline spill and synthesized the bioremediation
science literature into an Integrated Bioremediation
Framework for high-THC Nigerian spill sites. The
principal conclusions are:
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1. RENA, as deployed at Obele-Ibaa over 12
months, failed to achieve DPR (1991)
agricultural threshold compliance: mean
topsoil THC remained at 1,495.6 mg/kg (~30x
threshold) and subsoil THC at 2,021.2 mg/kg
(~40x threshold) despite confirmed active
windrow turning and bulking operations.

2. The mechanistic constraints on RENA at
Obele-Ibaa are: (i) nitrogen limitation of HUB
activity, evidenced by reduced soil NOs; (ii)
pH depression (6.58—6.59 vs. 7.43 control)
sub-optimizing enzymatic biodegradation; (iii)
recalcitrant PAH fraction enrichment after 12
months; and (iv) architectural inaccessibility
of the P3 subsurface hotspot (subsoil THC
4,443.6 mg/kg; VDR 2.39) to surface-oriented
landfarming.

3. First-order kinetic modelling estimates that
RENA alone would require 7-10 years to
achieve DPR compliance from the measured
starting THC, whereas the full IBF is
estimated to achieve compliance in 1.5-2
years—a 70-80% reduction in remediation
timeline.

4. The Integrated Bioremediation Framework

(IBF)—four sequenced phases of assessment,
conditioning, active
(biostimulation +

physicochemical
bioremediation

bioaugmentation + windrow aeration +
phytoremediation), and ecological
restoration—provides a scientifically
grounded, operationally practical protocol
calibrated to the physicochemical constraints
prevalent at high-THC Niger Delta spill sites.

5. Five specific regulatory reforms to DPR (1991)
EGASPIN are recommended, including
mandatory THC-based escalation triggers,
minimum  spatial  monitoring  density
standards, groundwater monitoring
requirements,  quantitative  biostimulation
protocol submissions, and formal recognition
of phytoremediation as a required post-active-
remediation ecological restoration component.

Adoption of the IBF at the Obele-Ibaa site and
implementation of the proposed regulatory reforms
across the Niger Delta would represent a substantive
advancement in the scientific rigour, community-
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protective effectiveness, and international alignment
of Nigeria's oil spill remediation governance

framework.
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