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Management of soil and groundwater resources has been recognized as
essential to meeting the sustainable development goals of Agenda 2063 of
the African Union. As Africa’s fastest growing population with over
200 million people, Nigeria is responsible for leading the continent’s
environmental sustainability goal. Nigeria has seen a sizable number of
crude oil spillages that have contaminated its soils and groundwater
resources, and several of these contaminated sites are to be cleaned up
yet. There needs to be more scientific data to design an effective cleanup
and to manage the soil and groundwater resources effectively. So far, the
only extensive crude oil-contaminated site remediation project
documented is on Ogoniland in the Niger Delta region of Nigeria.
However, this project resulted in less effective, albeit temporary, cleanup
solutions. This review presents a state-of-the-art synthesis of research on
soil and groundwater contamination by crude oil. It includes sections on
processes, measurements, predictions, and management, as well as an
analysis of the state and challenges in Nigeria. In-depth field, laboratory,
and computer models for crude oil contamination investigation have been
developed with over 60 years of significant research. However, studies and
case projects in Nigeria have relied on point sampling to determine the
concentration of crude oil contaminants in soil and groundwater. This
method offers limited information on the solute concentration and
hydraulic distribution, which regulates pollutant mobility within the
subsurface. The absence of baseline and high-resolution subsurface
characterization data has also resulted in a need for more process-based
knowledge to direct the development of site-specific remediation
strategies. As a result, it is challenging to design a conceptual model that
is detailed enough to help with predictions of the flow dynamics of crude oil
contaminants in the unsaturated and saturated zones. It is anticipated that
this review will stimulate further multidisciplinary research through site
evaluation and monitoring to provide reliable information that can be
used to develop appropriate model-based remediation solutions.
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1 Introduction

Since the discovery of Oil Creek in Northwestern Pennsylvania
by Edwin Drake in 1859 (Wicks, 2009), the demand for crude oil
exploration has increased over time. With new advances and
technologies in conventional and unconventional exploration of
oil and gas resources, crude oil has become the principal source of
revenue growth in most oil-rich nations (Adipah, 2018). Following
the discovery of crude oil, various exploration, production, and
distribution activities have resulted in massive oil spills worldwide
(Etkin and Welch, 2005). According to the International Tanker
Owners Pollution Federation Limited (ITOPF) oil spill statistics,
accidental large-scale oil spills contribute to a significant volume of
contamination in the global environment (ITOPF, 2021). The most
notable oil spills include the Castillo de Bellver tanker carrying
1.5 million barrels of crude oil that capsized and sank in 420 m of
water (Moldan et al., 1985); the release of over 6 million barrels of
crude oil into the Arabian Gulf during the Gulf War (Cekirge et al.,
1992); and the release of 3.5 million barrels of crude oil from the
collision of the Atlantic Empress and Aegan Captain in the
Caribbean Sea (Horn and Neal, 2005). Although oil spills have
decreased in recent years, the long-term impact of the previously
recorded oil spill still affects some productive and vulnerable
compartments of the ecosystem (Chen et al., 2012a).

Crude oil spills affect different compartments of the
environment, such as air, surface water, plants, soils, and
groundwater systems. The near-surface soil and groundwater
system (critical zone) is characterized by an elevated level of
heterogeneity, which makes the introduction of crude oil with
various physical and chemical properties more challenging to
investigate (Theodorakis and Walker, 2014). Subsurface fluid flow
dynamics are pretty heterogeneous due to variation in the soil’s
physical, chemical, and biological properties. For instance, the
organic matter content of the soil increases, so does its
complexity, which is influenced by abiotic soil structure and
biotic variation and results in diverse bacterial communities
(Parker, 1989; Pepper et al., 2015). The presence of crude oil
contaminants in soil and groundwater generates an additional
fluid phase due to their physical qualities, resulting in a
multiphase fluid flow system. The partitioning of contaminants
between different phases affects the processes that govern the fate
and transport of crude oil contaminants in the subsurface (Kim and
Swanson, 2001; Brusseau, 2019b). Investigating these processes
requires a detailed site conceptualization that involves a
multidisciplinary approach (Williams et al., 2006). This approach
focuses on investigating the various physiochemical and biological
processes and their interplay as they affect the fate and transport of
crude oil contaminants (Biswas et al., 2018; Maier, 2019). A well-
defined conceptual site model of contaminant flow and transport
includes knowledge of the shallow subsurface physicochemical
configuration and hydraulic and transport properties (Rolle et al.,
2011). The conceptual model is expected to result in a hypothesis
and predictions that can be used to understand the future
implications of the movement of crude oil contaminants and
their interactions with the sources, flow channels, and soil and
groundwater systems (Mugunthan et al., 2016).

In Nigeria, thousands of records of crude oil spillage, whose
causes include sabotage and theft, equipment failure, and corrosion,

have been identified (Ejiba et al., 2016). The threat of crude oil
contamination to human health has resulted in multiple lawsuits,
crises, and bloodshed (Bodo, 2019). The most recent historic verdict
in favor of four farmers and environmental activists declared Shell
Company accountable for the oil spill in Ibibio land, with an
unknown amount to be paid to the farmers (Doro et al., 2021).
The National Oil Spill Detection and Response Agency (NOSDRA)
estimated in 2021 that over 92 percent of crude oil-contaminated
sites remained unremediated, with minimal scheduled
cleanup. Most crude oil spills are more than 10 years old,
creating a continuing source of contamination in the soil and
groundwater systems (Michel and Fingas, 2016). Crude oil
contamination remains a critical component of soil and
groundwater contamination in Nigeria, with most oil-producing
states recording considerable numbers of crude oil spillages, leading
to several land and water systems remaining in deteriorated
conditions, unmonitored, and remediation efforts that are
currently ineffective. Until recently, there has been little research
that summarized the state of knowledge on crude oil contamination
in Nigeria, despite many reports of oil spillage as documented by
NOSDRA. The current condition of many contaminated sites
cannot be ascertained because comprehensive site investigations
have not been carried out except for the recent Ogoniland cleanup,
the federal government’s only significant remediation effort. Despite
the United Nations Environment Programme (UNEP) outlining
specific remediation strategies for contaminated soil, no particular
strategy was found to be the most efficient for the Niger Delta region.
(Zabbey et al., 2017). This can be attributed to a lack of detailed
subsurface heterogeneity information that will boost the success rate
of any remediation exercise, causing the initiative to fall short of its
intended goal. A few contaminated site investigations recorded in
the literature tend to focus more on soil and groundwater
geochemical characterization by comparing concentration values
with acceptable standard values, making a first-order assessment of
contaminant sites in the Niger Delta a challenge, particularly on a
regional scale (Ebuehi et al., 2005; Osuji & Ezebuiro, 2006; Dago
et al., 2018). The lack of interest from the government body is linked
to the perceived economic value of groundwater resources in
Nigeria. There is a need to review the practical approaches to
contaminant site investigation by providing the current status of
soil and groundwater processes that control the movement of crude
oil contaminants.

In this study, we outline the physical, chemical, and biological
processes that determine the fate and movement of crude oil
contaminants in soil and groundwater systems using global
examples but emphasizing the Nigerian context. This is intended
to provide adequate knowledge of crude oil mass transfer, natural
attenuation, and the appropriate management technique to
stimulate more scientific discussion on Nigeria’s characterization
and remediation of crude oil-contaminated sites. In addition, we
identify possible knowledge gaps in Nigerian contaminant site
characterization and remediation research. This review examines
the existing conceptual model and research that explains the
processes that govern the fate and transport of crude oil
contaminants. We critically analyze this literature and the
diverse, more specialized process-based literature that contributes
to our understanding of mass transfer, crude oil transport, and
attenuation in unsaturated and saturated zones.
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2 Crude oil contaminant fate and
transport processes in unconsolidated
sediments

The evolution of crude oil contamination research begins with
the assumption that crude oil introduced into the subsurface
gravitationally flows down to the water table and either floats like
a pancake on top of the water table, displacing nearly all the water
and air in the aquifer’s pore space, or penetrates to the water table’s
base before settling, depending on its density properties (Bennett
et al., 1999; Mansi et al., 2017, Azimi et al.,2020; Dragun, 2021).
However, studies have shown that crude oil coexists with water in
the aquifer’s pore network, and the degree of crude oil contaminant
saturation is highly dependent on the lithology and fluid properties
(Qin et al., 2009; Brusseau, 2019a). Typically, this is determined
from water and soil samples collected from wells and boreholes with
BTEX (benzene, toluene, ethylbenzene, and xylene) concentrations
significantly higher than the standard values (Nwachukwu and
Osuagwu, 2014). Upon the release of crude oil into the
subsurface, crude oil migrates downward under the influence of
gravity and is laterally subjected to capillary forces (Figure 1). The
capillary forces caused the contaminant mass to be immobilized
within the soil pores, though lateral spreading within the
unsaturated zone could be observed depending on the
contaminant’s volume and the permeability of such a layer (Sethi
and Di Molfetta, 2019). The downward migration is impeded upon
getting to the capillary fringe as the buoyancy force and increased
water content limit the extent of vertical migration, leading to lateral
migration in the direction of the groundwater flow gradient (Essaid
et al., 2015).

However, the accumulation of crude oil contaminants and radial
flow can occur if the rate of crude oil contaminant movement from
the surface is greater than that of the lateral migration (Pan et al.,
2021). The dissolved plume provides an extended source of
contamination as soluble constituents are transformed into water

and solid phases (Ossai et al., 2020). This transformation leads to
changes in the mass and composition of the contaminant with time,
which is directly related to the concentration variation along the flow
path. These temporal and spatial transformations are governed by
advection, dispersion, adsorption and desorption, volatilization,
partitioning, evaporation, and biodegradation (Brusseau and
Artiola, 2019).

2.1 Advection, dispersion, and diffusion

Advection is the most dominant solute transport mechanism in
soils whose magnitude is primarily controlled by hydraulic gradient
distribution along the flow path (de Vries et al., 2017). Advection
describes the bulk movement of crude oil contaminants under a
hydraulic head gradient (Myers, 2012). In the unsaturated zone, the
rate of the advection process has been identified to be controlled by
the rate of infiltration, which is directly related to the quantity of
contaminant transport in the aqueous phase toward the
groundwater (Molins et al., 2010; Basu et al., 2020; Chang et al.,
2021). Its effect is significantly observed in layered permeable
deposits with predominantly parallel bedding planes (Anderson
et al., 2015). This process causes the interlayer solute transfer to
decline along the permeable layers, thus increasing the
concentration in the less permeable layers. This, in turn, leads to
the development of a dispersed concentration gradient in the
direction of flow (Güven et al., 1986). Due to composition and
temperature variation, advection transport in the unsaturated zone
is greatly affected by barometric pressure water, movement through
infiltration, water table fluctuation, and density gradient (Petri et al.,
2015). Though advection is not the most dominant contaminant
transport process in the unsaturated zone, its relevance is observed
in the highly permeable, relatively deep unsaturated zone (Šimůnek
and Genuchten, 2016). Molins et al. (2010) revealed that a pressure-
driven advection contributes up to 15% toward the net flux of crude

FIGURE 1
Conceptual model of the evolution of hydrocarbon contaminant in the subsurface (modified from Theodorakis and Walker, 2014).
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oil contaminants in the unsaturated zone. Advection-induced flow
tends to have more significant horizontal components as it is
significantly driven by the lateral groundwater flow, though its
effect is extensively seen at an early stage of the crude oil spill.
Advection-driven crude oil contaminant migration occurs alongside
dispersion and diffusion. Though the spatial influences of the latter
two processes are controlled by pore-scale heterogeneity, their
importance cannot be neglected (Anderson, 1984; Aziz et al.,
2018; Aminnaji et al., 2019).

The irregularities of the soil pores and the flow velocity pattern
within a pore influence the dispersion process (Jarvis et al., 2016).
Dispersion is commonly considered a second-order process
characterized by variations in groundwater velocity around the
mean advective velocity (Hadley and Newell, 2014). Under
transient flow, dispersion at the pore scale tends to be visible at
short intervals and extremely diffuses at long intervals. A more
extensive pore size distribution generates more significant velocity
differences in solute transport, resulting in a greater spread. This
would subsequently contribute to the observed non-ideal behavior
of crude oil contaminants. At short and long travel durations, the
mixing and spreading of solute plumes traveling through saturated
porous media exhibit unexpected dynamics and statistics. Recent
research has demonstrated that a non-linear compound-specific
parameterization of transverse dispersion is required to define
transverse mixing at the Darcy scale (Hochstetler et al., 2013). In
addition, transverse mixing in heterogeneous porous media lowers
plume fingering caused by longitudinal dispersion (Reidenbach
et al., 2007). Diffusion acting through small-scale stratigraphic
heterogeneities in porous media can account for the longitudinal
dispersion commonly observed in groundwater contaminant
plumes and tracer pulse migration (Hadley and Newell, 2014).

Diffusion controls the mass transfer process in a non-
equilibrium fluid phase. The diffusion process is the dominant
mass transfer process in the unsaturated zone (You et al., 2020).
Over time, diffusion tends to diminish acute disparities in
concentration distributions. Transverse mixing of hydrocarbon
contaminants along the plume margin can influence long-term
diffusion-induced migration, posing difficulty in the upscaling of
solute transport models (Grathwohl et al., 2020). Diffusion is,
therefore, significant not just conceptually since it is the only
mechanism that results in an efficient exchange of solute mass in
fluids but also quantitatively and practically (Rolle and Kitanidis,
2014). Under normal groundwater flow conditions, the pore
diffusion term is quantitatively significant for the local
hydrodynamic dispersion coefficients. This negates the
assumption of Giadom et al. (2015), who generalized advection
and dispersion as the major driving forces in contaminant migration
in the Niger Delta region. However, his work forms a base for further
investigation to extend the knowledge base of the various processes
that control contaminant migration within the area. In addition,
when groundwater flow is primarily dominated by advection,
diffusion plays a significant role in mechanical dispersion due to
the development of poor mixing and compound-specific
concentration gradients in the pore channels. Scheibe et al.
(2015a) investigated the combined effect of pore-scale advection
and intra-granular diffusion on solute transport. They concluded
that pore-scale diffusive mass transfer processes between
preferential flow paths and relatively immobile zones within the

primary porosity might substantially impact transport, particularly
in low-concentration tails. Kovalick and Montgomery (2014)
reported that if reaction rates or pore-size distribution variation
is substantial, the magnitude of the rate of molecular diffusion across
pores via the rock matrix can influence the geometry of the
concentration gradients. As a result, it is expected that reaction
rates and associated microbial growth will increase at pore throats in
regions with shorter diffusion zones. More recently, Yoon et al.
(2019) utilized calcite dissolution as an example to demonstrate how
changes in pore-scale velocity reduce the reaction rate between
dissolved and solid phases. They revealed that diffusion-induced
contaminant transport is more visible in low-permeability zones.
Therefore, diffusion explains poor results from many groundwater
remediations because at contaminant sites where transmissive zones
are in contact with low-permeability zones, the diffusion process is
classified as a first-order process.

The advection and dispersion processes form the basis of crude
oil contaminant modeling in groundwater contamination. Over
time, there has been concern about the accuracy of the advection
and dispersion equation used in contaminant site modeling because
this approach depicts an ideal subsurface condition that rarely
pictures the true subsurface field heterogeneity. Dong et al.
(2018) suggested that solute transport time and pore-scale
geometry control the magnitude of the effect of dispersion; thus,
it is assumed that advection-induced flow is homogenous most
times, leading to an underestimation of the dispersion coefficient.
This was further confirmed by Ren et al. (2022), who revealed that at
meter-scale heterogeneity, effective dispersion is more sensitive to
pore-scale heterogeneity. Solute mixing by hydrodynamic
dispersion reflects the heterogeneity of the aquifer at a scale
smaller than that associated with the measurement of advection.
Thus, the advection–dispersion process is believed to likely
overestimate changes in concentration as a dispersion-based
attenuation process which sometimes does not accurately
simulate release from matrix diffusion storage. The diffusion-
dominated process, compared to the dispersion-dominated
process, has become essential due to the heterogeneity and
anisotropy concept governing crude oil transport (Hadley and
Newell, 2014). A new development in the groundwater
contamination modeling approach is trending toward a
heterogeneity-dominated advection–diffusion approach (Hadley
and Newell, 2014). The interaction of the aforementioned
processes results in an infinite number of scenarios that control
how crude oil contaminants migrate in the subsurface. This poses a
significant challenge for environmental managers in identifying
primary crude oil controlling factors and considering them in
evaluating and optimizing the associated risk (Swartjes, 2011). In
addition, the interplay of soil, water, and contaminant poses a
substantial challenge for researchers in forecasting important
parameters that aid in understanding subsurface dynamics and
contamination evolution (Brusseau et al., 2019a). Depending on
the scale of the process, the physical, chemical, and biological
parameters can be determined through laboratory and field
research (Iovenitti et al., 1992; Bruseau and Artiola, 2019).

Until recently, no studies summarized the state of
contamination of freshwater and coastal aquifers in Nigeria.
Crude oil contamination of soil and groundwater in Nigeria is
widespread, with little information about the quantity trapped
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TABLE 1 Summary of selected experimental research on the fate and transport of crude oil.

Author Topic Geology/source
type

Aim Methodology Result(s) Conclusion(s) Contribution to
knowledge

Van Geel and
Sykes (1994)

Laboratory and model
simulations of a LNAPL spill
in a variably-saturated sand,
Laboratory experiment and
image analysis techniques

Geology: well-sorted
sand

To simulate LNAPL spill using
LNAPL pressure–saturation
distribution and image analysis

EBD: 150/120/6.0 cm • The increase in water
pressure did not correspond
to a sharp increase in water
saturation, as indicated by
the static water–air capillary
pressure–saturation
relationship

• The deviation from static
conditions could also be
partially attributed to the
interfacial spreading of the
LNAPL ahead of the
LNAPL front

• The image analysis
techniques offer an
excellent non-destructive
tool for determining a
NAPL saturation profile
during a laboratory
experiment

Source: n-heptane EBM: stainless steel/plate
glass

• The capillary
pressure–saturation
relationship appeared to be
dynamic prior to the arrival
of the LNAPL front and the
impending significant
increase in water pressure

Hydrogeology: grain size
distribution, pressure data,
inflow, and outflow rates

Image visualization

Held and
Illangasekare
/(1995a)

Fingering of dense non-
aqueous phase liquid in
porous media: Experimental
investigation

Geology: sand To investigate the propagation
of dense non-aqueous phase
liquids (DNAPLs) in water-
saturated homogenous porous
media

EBD: 45/450/120 cm • The mobility of DNAPLs is a
function of the capillary
pressure of the pore spaces

• Gravitational, viscous, and
capillary forces were
observed to have a varied
influence on the flow
behavior

• Identify the sensitivity of
fingered patterns and
mobility of DNAPLs to the
grain size variation,
contaminant viscosity, and
spill volume

Source:
trichloroethylene,
trichloroethane, and
dibutyl phthalate (0.5–1 l
each)

EBM: stainless steel/plate
glass

• The density property of
DNAPLs reduces the
adequate pressure at the
front end of the mobile
contaminant

• The ganglia of DNAPLs
will be trapped whenever
the displacement front
passes and the water table
fluctuation will not
remobilize the entrapped
DNAPLsHydrogeology: grain size

distribution
• At a microscopic scale, the

heterogeneity of the porous
media will create
redistribution due to
hydrodynamic dispersion

Image visualization • At a macroscopic scale,
subsurface heterogeneity
restricts the development of
DNAPL fingering

(Continued on following page)

Fro
n
tie

rs
in

E
n
viro

n
m
e
n
tal

Scie
n
ce

fro
n
tie

rsin
.o
rg

0
5

A
d
e
n
iran

e
t
al.

10
.3
3
8
9
/fe

n
vs.2

0
2
3
.113

74
9
6

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1137496


TABLE 1 (Continued) Summary of selected experimental research on the fate and transport of crude oil.

Author Topic Geology/source
type

Aim Methodology Result(s) Conclusion(s) Contribution to
knowledge

Illangasekare et
al. (1995)

Experimental study of
movement and distribution
of dense organic
contaminants in
heterogeneous aquifers

Geology: sand To observe the influence of
aquifer heterogeneities on the
movement and distribution of
immiscible contaminants

EBD: 122/5/183 cm • The saturation
measurements made with a
dual-gamma system were
susceptible to the path length
of the gamma beam and
hence to the internal
thickness of the plume

• Initial water saturation
significantly impacts the
transport of the fine soil’s
organic capillary forces
that entrap most of the
organic contaminants

• They demonstrated the
influence of grain size
distribution, water
saturation, viscosity, and
capillary forces at the pore
scale on the migration of
DNAPLs

Source: dibutyl phthalate
and 1,1,1-
trichloroethane

EBM: transparent stainless
steel and plexiglass

• The presence of coarse lenses
did not influence the
transport of the organic
contaminant

• In porous media, the
amount of spill is
controlled by capillary
forces, and the viscosity of
the organic material
controls its movementHydro geochemical: grain

size and saturation
distribution

• The fine lens altered the
migration and entrapped the
organic contaminant.

Image visualization • The impediment of the
organic material in the fine
lens leads to the horizontal
accumulation of the organic
material along the base of the
coarse layer.

Darnault et al.
(2001)

Measurement of fluid
contents by light
transmission in transient
three-phase oil-water-air
systems in sand

Geology: sand To develop a method by which
fluid content can be measured
rapidly in three-phase systems

EBD: 45/1/55 cm • Packing density differences
produced minor variations in
the intensity of the
transmitted light

• Visualizing the hue and
intensity of the images
allows the qualitative and
quantitative
characterization of water
and liquid contents as they
spread within the system

• They presented the
applicability of the light
transmission method in
estimating fluid contents in
transient air–oil–water flow
in sandy porous mediaSource: oil EBM: thick poly-carbonate

walls
• The RGB color image could

clearly distinguish the
various oil, air, and water
contents

Image visualization:
Synchrotron X-rays light
transmission method

• Both two- and three-phase
systems exhibit typical,
unstable flow behavior

• Unstable finger behavior in
three-phase systems exhibits
many similarities to that in
two-phase systems

(Continued on following page)
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TABLE 1 (Continued) Summary of selected experimental research on the fate and transport of crude oil.

Author Topic Geology/source
type

Aim Methodology Result(s) Conclusion(s) Contribution to
knowledge

Atekwana et al.
(2004)

Evidence for microbial
enhanced electrical
conductivity in crude oil-
contaminated sediments

Geology: fine to
medium-grained

To investigate changes in
electrical conductivity during
microbial mineralization of
crude oils in a mesoscale
column experiment that
partially simulates field
conditions

EBD: 80 cm • Higher numbers of oil-
degrading microbial
population shifts in
microbial community
structure, and elevated
concentrations of cations
occur within the
contaminated column

• The mechanism for the
high bulk conductivity
value observed in crude oil-
contaminated sediments is
related to enhance mineral
weathering from metabolic
by-products due to
microbial degradation of
the crude oil

• They revealed the ability of
geophysical methodologies
to investigate microbial
activity and
geomicrobiological
processes

Source: diesel EBM: polyvinyl chloride
pipe geochemical analysis

• The residual and diesel-
saturated sediment layers
were the most biologically
active and the most bio-
geochemically altered

Microbial analysis

Geophysics

Kechavarzi et
al. (2005)

Two-dimensional laboratory
simulation of LNAPL
infiltration and
redistribution in the vadose
zone

Geology: sand To investigate the immiscible
flow of LNAPLs in the
unsaturated zone under
homogeneous soil conditions

EBD: 120/8/180 cm • At the initial stage, LNAPL
spread is majorly driven by
gravity and, eventually,
capillary pressure as it moves
through the porous medium.
Therefore, scaling two-phase
P–S functions from their
water relation and predicting
three-phase P–S relations
from these scaled two-phase
functions, models should
include the dependence of
the residual wetting fluid
saturation on the fluid pair
under consideration

• The knowledge of the
distribution of residual
NAPLs is essential as it can
act as a constant long-term
source of contamination
with NAPL vapors
migrating through the
vadose zone and with
NAPL components
partitioning into
precipitation water

• They show the importance
of residual and wetting fluid
saturation in predicting
three-phase P–S relations
from scaled 2-phase P–S
functions

Source: Soltrol 220
(isoparaffinic solvent)

EBM: Perspex/glass

Hydro geochemical: grain
size distribution, saturation
distribution, water, and
LNAPL pressure
measurement

Image visualization

Ojuri and Ola
(2010)

Estimation of contaminant
transport parameters for a
tropical sand in a sand tank
model

Geology: poorly graded
sand

To fabricate a 3D intermediate-
scale sand tank model,
characterize the porous
medium material and the flow

EBD: 180/30/80 cm • Longitudinal dispersion is
dominant in the direction
of flow

• The characterized sand
tank model is intended to
serve as an economical and
versatile tool for simulating
and understanding field
conditions of soil and
groundwater
contamination for similar
tropical aquifer materials

• They estimate the
quantitative advection and
dispersion parameters for
further use in the
contaminant transport
model

Source: salt EBM: plexiglass • Estimated average seepage
velocity values at outflow
ports 1 and 2 are v = 4.13 ×
10−6 m/s and v = 1.14 ×
10−5 m/s, respectively.

Tracer test • The dispersion coefficients
and dispersivity from the
experiment represent the
porous medium
hydrodynamic parameters
obtained for sandy aquifer
materials

(Continued on following page)
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TABLE 1 (Continued) Summary of selected experimental research on the fate and transport of crude oil.

Author Topic Geology/source
type

Aim Methodology Result(s) Conclusion(s) Contribution to
knowledge

Alazaiza et al.
(2018)

Non-aqueous phase liquids
distribution in three-fluid
phase systems in double-
porosity soil media:
Experimental investigation
using image analysis

Geology: sand and kaolin
clay

To study the migration of both
LNAPLs and DNAPLs in
double-porosity soil in a 2D
flow chamber in three fluid-
phase systems
(air–NAPLS–water) using the
light transmission visualization

EBD: 45/30/1 cm • DNAPLs moved horizontally
during the initial migration
minutes in double-porosity
soil before continuing its
migration vertically
downward to penetrate the
water table

• Pore size and geometry
significantly influence the
media’s porosity, thereby
controlling the migration
velocity and crude oil
contamination

• They revealed that light
transmission visualization
provides a non-intrusive
and non-destructive
technique for studying
multiphase flow in double-
porosity soil media where
rapid changes in fluid
distribution in the entire
flow domain are not easy to
measure using conventional
tools

Source: toluene and
tetra-chloroethylene

EBM: acrylic material • NAPL migration rates in the
double-porosity medium
were much faster than those
of the single-porosity
medium.

• The chemical properties of
NAPL have a significant
influence on its migration
in porous media

Light transmission
visualization

• Inter-aggregate pores in the
double-porosity soil
contribute to the increasing
velocity of fluid migration
through porous media

• Toluene’s migration
velocity was much faster
than tetra-chloroethylene’s
migration velocity

• The wettability of fluids and
capillary pressure
characteristics in the soil
pores were influential factors
in fluid migration within
porous media

Sualla et al.
(2018)

Geo-electric Laboratory
Simulation for
Characterization of Crude oil
Impacted Coastal Sands

Geology: Coastal Sand
and clay

To simulate Crude oil spills on
coastal sands in a laboratory
model box, a characterization of
spills using the electrical
method

EBD: 150/70/50 cm • The high resistive anomaly
reflected the presence of the
crude oil plume within the
coastal sand medium.

• The resistivity signatures
obtained revealed that the
migration of the Crude oil
plume was more
prominently associated
with the hydraulic
distribution of the porous
media.

• They showed the
application of geophysics in
Crude oil spill delineation
in a coastal sand
environment.

Source: Crude oil EBM: Plank • The magnitude of the
resistive anomaly was
slightly reduced due to the
influence of the saline water.

• The crude oil response was
imaged as a high apparent
resistivity anomaly in the
partially saturated soil.

(Continued on following page)
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TABLE 1 (Continued) Summary of selected experimental research on the fate and transport of crude oil.

Author Topic Geology/source
type

Aim Methodology Result(s) Conclusion(s) Contribution to
knowledge

Gupta et al.
(2019)

Assessment of LNAPL in
Subsurface under
Fluctuating Groundwater
Table using 2D Sand Tank
Experiments

Geology: clean sand To investigate the fate and
transport of toluene, a light
non-aqueous phase liquids
(LNAPLs), in the subsurface
under dynamic groundwater
table conditions

EBD: 150/10/120 cm • The large LNAPL pool area
gets developed under rapidly
fluctuating groundwater
conditions, which
significantly enhances the
dissolution rate and
contributes to a high
concentration of dissolved
LNAPL to the receiving
receptors

• The transport of dissolved
LNAPL plumes is
comparatively fast in the
case of rapidly fluctuating
groundwater, resulting in
closely spaced
concentration isolines of
the toluene-containing
plume

• They revealed the
importance of
understanding the effect of
varying subsurface water
level conditions on the fate
and transport of LNAPLs

Source: salt/toluene EBM: stainless steel • Dissolution is highly affected
by the groundwater table,
which may cause loss of
contaminant mass as a
dissolved phase

• The biodegradation rate is
directly related to the
volume of the dissolved
plume

Tracer test • The microbial growth
increased as the plume
moved from the LNAPL pool
toward the low gradient

Microbial analysis • Lowering the groundwater
table increases air-filled
porosity in the smear zone,
influencing vapor phase
LNAPL partitioning

Numerical modeling
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within the unsaturated zone and the groundwater system, making it
difficult to understand the critical process that controls its
migration. There is expected to be a paradigm shift in future
contaminant research in Nigeria. The current understanding of
the behavior of crude oil contaminants is largely deficient for
properly optimizing remediation strategies (Almutari, 2018). This
new shift should be data-driven (Doro et al., 2020) and involve
detailed laboratory experiments simulating the subsurface site
conditions from which different processes can be investigated
before further upscaling to field-scale research. The initial
approach of PINOT sampling investigation needs to be replaced
by long-term monitoring of periodic changes in contaminant
concentrations, water tables, and biological facies. These will
serve as a base for further investigation of knowledge gaps
relating to uncontrolled groundwater extraction, climate change,
and sea level rise.

3 Approaches to investigate the fate
and transport of crude oil contaminants

To better understand the processes in terms of their individual
and combined influence on the fate and transport of crude oil
pollutants, multiphase and reactive transport processes must be
investigated at both the experimental and field scales. The
combination of these two approaches has led to the development
of predictive models that allow for subsurface modeling of
contaminants’ evolution, monitoring their movement, and
predicting their final fate (Earl et al., 2003). These long-term
estimates help evaluate natural attenuation or cleanup operations
and determine the best reaction in the event of a spill mishap. In
addition, data from quantitative and qualitative field research are
regularly used in the calibration and validation of prediction models,
serving as a guide for more effective and efficient remediation
implementation. A summary of the selected literature on
experimental and field-based approaches is summarized in
Table 1 and discussed in the following sections.

3.1 Experimental approach

An experimental technique has been applied in a controlled
environment under regulated conditions to improve the
understanding of the dynamics of crude oil contaminants in both
the saturated and unsaturated zones. Because of physical, chemical,
and biological heterogeneity, field-scale research is typically
complicated, but this complexity is decreased in an experimental
context, allowing for high-resolution, microscopic studies.
Multiphase studies have been carried out in sediment-packed
one-dimensional (1D) columns, two-dimensional (2D) slabs, and
three-dimensional (3D) tanks. Esposito et al. (1999) carried out 2D
multiphase flow experiments in variably saturated sand and
unsaturated sand with varying porosities, with an emphasis on
the effect of the capillary pressure–saturation relationship, the
sensitivity of finger pattern development to grain size
distribution, spill condition, and contaminant properties on the
flow dynamics. At the capillary fringe, a reduction in vertical
migration at the capillary fringe was observed as the presence of

crude oil contaminants led to the depression of the water table. Also,
the injection rate plays a vital role in the magnitude of vertical and
horizontal migration under anisotropic hydraulic conductivity
conditions; a lower injection rate promotes vertical migration,
and a higher rate promotes horizontal migration. Kechavarzi
et al. (2005) further carried out a quantitative 2D laboratory
experiment to investigate the immiscible flow of crude oil in the
vadose zone under transient flow. Their results demonstrate the
adequacy of constructive pressure–saturation relations used in
multiphase flow models. They proposed that hydraulic relations
for three-fluid-phase models should account for residual NAPL
saturation occurring after NAPL drainage as residual NAPL can act
as a non-negligible constant source of contamination. Haggerty et al.
(2004) identified the effect of using a single-rate mass transfer to
describe a more extended timescale flow system because the effective
dispersivity may increase at a longer scale system, resulting in the
underestimation of contaminant spread within the pores.

Experimental characterization of crude oil contaminant
entrapment and movement within unsaturated pores has shown
that the dispersion process can cause the development of fingers due
to pore-scale heterogeneity and fluid interactions (Ovdat and
Berkowitz, 2006). Furthermore, residual waters are typically
trapped as isolated macroscopic clusters as a result of crude oil
displacement of water without buoyancy in water-wet
heterogeneous sediments, with the degree of entrapment
depending on the heterogeneity structure and crude oil
penetration rate (Heib et al., 2011).

3.2 Field-based approach

Field-based measurement is required to obtain in situ subsurface
information at contaminated sites. These approaches include, but
are not limited to, core sample measurement, partitioning tracer
techniques, geophysics measurement, and geochemical analysis.
Several studies have provided a quantitative appraisal of the
advective property of hydrocarbon contaminants estimated from
tracer tests, revealing additional information about the dominant
process that controls the migration of contaminants in the
subsurface. Although Moreno-Barbero and Illangasekare (2006)
discovered that non-equilibrium partitioning could enhance
results for high-saturation zones, partitioning tracer studies are
mostly utilized for crude oil residual saturation estimation. Using
a geochemical method, Liu et al. (2010) described the
biodegradation process of crude oil in detail. Their research
revealed that aerobic conditions result in a higher rate of
degradation than anaerobic settings, and the presence of chlorine
atoms enhances biodegradation. Changes in alkalinity, microbial
populations, and preferential elimination of BTEX components
along the transport path can be used to map subsurface
attenuation. Kim et al. (2013) discovered that tidal oscillations in
a hydraulically connected water body add complexity to subsurface
contaminant models. Also, capillary fringe affects the fraction of
benzene biodegraded in saturated and unsaturated zones (Geng
et al., 2017). Essaid et al. (1993) observed a complex distribution of
crude oil in the subsurface oil, whose saturation distribution has
been influenced by sediment heterogeneities and water table
fluctuation. Hydrogeologic studies indicated that the crude oil
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migrated laterally within the capillary fringe, and the center of the oil
body depressed the water-saturated zone boundary.

Due to the spatial challenges involved with contaminant
movement within the subsurface, in situ field hydrogeological
and biogeochemical approaches are limited in capturing the
spatial and temporal variation in properties and processes of
interest (Doro et al., 2015; Doro et al., 2022a). Tomographic
methods, including hydraulic tomography (Cirpka et al., 2014)
and tracer tomography (Doro et al., 2015), have been developed
in hydrogeology to improve the spatial resolution of flow and
transport properties. However, the resolved spatial scale is yet
limited to a few meters-scale. Non-destructive geophysical
techniques provide high-resolution spatial information about the
subsurface condition and the fate of contaminants. Geophysical
approaches have been demonstrated to be effective in contaminated
site characterization and monitoring as they provide quantitative
information on the contaminant flow process in both saturated and
unsaturated media (Major et al., 2014). In addition, the geophysical
technique is sensitive enough to detect biogeochemical changes
caused by degradation and redox reactions, making it useful for
environmental monitoring (Doro et al., 2022b). The use of electrical
resistivity tomography to determine the spatial distribution of
hydrocarbon pollution has received much attention (Mao et al.,
2016). Electrical resistivity can be utilized to discover active sources
of a dissolved plume by targeting minimal abnormal resistivity
levels, identifying changes to the soil matrix, and determining the
presence of a dissolved plume (Delgado-Rodiguea et al., 2018). This
information can be utilized to create geoelectric models that can be
compared with hydrocarbon concentration measurements for high-
sensitivity interpretation (Arrubarrena-Moreno and Arango-
Galvan, 2013). However, due to the direct relationship between
electrical resistivity, water saturation, porosity, and soil texture, the
sole usage of the electrical resistivity method inmeasuring the degree
of biodegradation creates either an overestimation or
underestimation (Koroma et al., 2015; Noel et al., 2016).
According to Che-Alota et al. (2009), for electrical resistivity to
image the pollutant distribution, the apparent bulk electrical
conductivity of the saturated zone plume must be three to five
times higher than the background values. As biodegradation occurs,
contaminated zones become more conductive and may be masked
by conductive soil (Oyinkuro and Wariebi, 2017).

Furthermore, microbial adaptation to petroleum as a carbon
source can significantly impact the surrounding medium’s electrical
signature (Allen et al., 2007). Changes in the vertical organization of
microbial communities may also result from increased geoelectric
measurements. This could guide microbial ecology sampling during
natural bioremediation procedures and monitoring (Ehirim et al.,
2016). Bacterial biodegradation of hydrocarbons alters groundwater
redox conditions, forming zones with varying redox potentials. This
results in the formation of redox gradients, which generates an
electrochemical source for the SP signal via natural geo-battery
processes (Naudet and Revil, 2005; Doro et al., 2022a). Significant
negative SP anomalies have been recorded at hydrocarbon-
contaminated sites, and a linear association between SP signals
and redox potential measurements has been established. Abass
et al. (2018) identified a rapid shift in SP signatures from
negative values in polluted zones to positive values in clean
zones, allowing the contaminated and clean zones to be

distinguished and reflecting the extent of alteration at the
contaminated site. This method provided an indirect indicator of
bacterial activity and the presence of biofilms and mineral
precipitates, which are likely to have played a critical role in the
electrical current conduction of the plume and the oxidizing
conditions outside the plume. Abdel Aal et al. (2006) identified
an IP response related to intrinsic biodegradation in contaminated
areas. This response was caused by the interfacial properties of
microbial and mineral fluids, which caused significant electrical
impulses in the polluted zones. With IP, valuable information on the
mineralization of hydrocarbon pollutants as a result of contaminant
degradation and dissolution can be obtained. These data could show
the buildup of metallic minerals in hydrocarbon-contaminated soil
(Moreira et al., 2017). Changes in groundwater chemistry observed
from spectral-induced polarization data at an ongoing remediation
site after acetate input and withdrawal can be utilized to find ideal
conditions for contaminant extraction (Chen et al., 2012b). Because
IP is sensitive to geochemical changes, the phase response can be
used to understand spatial heterogeneity caused by pore size
variability and free phase contaminant distribution (Arato et al.,
2014).

3.3 Numerical modeling

Multiphase models have proven to help model the fate and
transport of crude oil pollutants in soil and groundwater. Several
scholars have utilized various numerical methods to solve the
multiphase flow. These numerical models were developed to
replicate specific environmental processes in the laboratory and
field under specified environmental conditions. This approach
provides a better understanding of the controlling factors
influencing the fate and transport of crude oil contaminants
(Peters and Svanstrom, 2019). Such factors include the influence
of subsurface heterogeneity and capillary
pressure–saturation–relative permeability (Pc-S-kr) relationships.
The numerical models successfully reproduced the general
features of experimental data sets when appropriate
representations of heterogeneity and Pc-S-kr functions were used
(Fagerlund et al., 2007). However, the dearth of detailed multiphase
field data in different hydrogeological settings has hindered the
ability to conduct comprehensive field-scale model testing. The
unpredictability of the source-sink scenario in the unsaturated
zone can be attributed to the combined actions of dissolution,
biodegradation, and volatilization. The coupled system of
moisture flow, airflow, and corresponding transport equations
modeling demonstrated a gradual decrease in source intensity,
corresponding to a decrease in the mass transfer process
(Gaonkar et al., 2016). The simulation of a two-phase steady-
state flow in the capillary force-dominated regime revealed a low
sensitivity of the interfacial area, capillary pressure, and relative
permeability to the initial fluid distribution, ruling out the use of
capillary pressure measured in a displacement experiment for
steady-state infiltration flow analysis (Li et al., 2019). Huang
et al. (2020) confirmed this by observing specific differences in
the relative permeability prediction and attributing them to inlet
pore variation, which regulates the dispersion of pollutants.
Multispecies reactive transport modeling results are influenced by
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variable degrees of heterogeneity and associated uncertainty in the
aquifer’s physical parameters (Lu et al., 2005).

Several numerical models have been developed to understand
biodegradation and natural attenuation better. For example, Rahbeh
and Mohtar (2007) simulated the movement of dissolved crude oils in
the 2D domain under the influence of oxygen-limited biodegradation,
reaeration, and anaerobic biodegradation. This study discovered that
aerobic degradation controls most of the remediation process, with
stripping and volatilization accounting for a minor portion of the
process. Rifai and Bedient (1990) analyzed crude oil pollutant
attenuation in groundwater utilizing first-order solute decay due to
advection, dispersion, sorption, and biodegradation processes under
aerobic and anaerobic circumstances. Newell and Connor (1998) used
estimated flow across the vadose zone to demonstrate the effects of
LNAPLs on water table aquifers.Weaver (1996) and Zheng et al. (2010)
investigated groundwater seepage as a function of time, precipitation
infiltration, and excess pore-water pressure in the saturated and
unsaturated zones. Siracusa et al. (2007) investigated subsurface
pollutant reactions, microbial metabolisms, and microbial transport
kinetics. Because multiphase flow models are computationally
expensive, alternatives to continuum-based modeling have been
developed, including analytic solutions, invasion-percolation
modeling, and dissipative particle dynamics modeling
methodologies. This model has been used to simulate steady-state or
transient flow and advective and dispersive transport of dissolved
oxygen and crude oil plumes.

4 Crude oil contaminant fate and
transport implications of soil and
groundwater resources

Most crude oil contaminant studies focus on developing an
effective remediation plan while considering subsurface
heterogeneity and the pollutant’s physical and chemical
properties. A good cleanup requires a comprehensive
investigation of the polluted location. However, evaluating so
many variables is complex and time-consuming. Understanding
baseline subsurface conditions before contamination, subsurface
hydraulic variation in relation to contaminant distribution, and
the impact of external influences such as groundwater fluctuation,
climate change, and groundwater extraction are all critical
components of crude oil contaminant research (Artiola et al.,
2019). In the control of crude oil environmental contaminants,
future event mitigation and site rehabilitation are commonly used.
Given the harmful effects of crude oil pollutants on the environment
and human health, developing an efficient crude oil spill mitigation
strategy and responding swiftly are vital. According to Fang et al.
(2013), crude oil contamination and soil/aquifer vulnerability are
linked to bulk movement advection, and crude oil contamination
spreads in saturated and unsaturated zones. In saturated and
unsaturated zones, crude oil contamination is linked to
groundwater level, net recharge, and hydraulic conductivity on
climate change; changes in groundwater levels and increasing sea
levels are highlighted since they are critical topics of contaminant
research and vital for managing contaminants.

Groundwater accounts for the vast majority of the world’s fresh
water. Depending on the recharge rate and underlying quality,

groundwater can be found at depths ranging from 1 m in
wetlands and marshy regions to several meters in other habitats
(Winter, 1999). Groundwater, unlike soil, has a significant degree of
mobility. As a result, the contaminant can be transported from one
site to another via groundwater. Contaminants can travel from the
upper soil layers to the lower soil layers, eventually reaching the
groundwater zone and surface waters (Dorner et al., 2006). Because
water travels considerably more slowly in aquifers than in surface
water systems, it might take years, decades, or millennia for
infiltrated water and pollutants to transit from aquifers to the
point of discharge (Xia et al., 2010). This duration can vary
according to the kind of pollution, aquifer characteristics, and
flow path length. As a result, there is ample time for close
interactions between the water and the soil and rock material,
resulting in mineral composition changes in the water. Because
of the significant variations in the geometry of hydrological systems
and the soil and rockmaterials, the movement of contaminants from
the source to sink has a varying impact on groundwater quality
(natural background concentration) (Ohanmu et al., 2018).
Naturally, disturbed groundwater will occasionally pose
intolerable risks to human health or the environment (Riccardi
et al., 2001). This is demonstrated by the arsenic poisoning of many
people in Bangladesh and West Bengal, India, caused by a natural
phenomenon rather than industrial contamination (Princewill and
Shveda, 2022). In the event of immobile contaminants in the upper
soil layers, leaching into groundwater could last for decades. For
example, Mandocdoc and David (2008) identified dieldrin in
quantities exceeding the drinking water requirements in several
wells at the old US military installation Clark Air Base in the
Philippines, 16 years after dieldrin was last used there.

5 Scientific challenges in fate and
transport of crude oil contaminant
research

In the early field investigations of crude oil contaminant flow, it was
discovered that the subsurface was heterogeneous due to a variety of
variable factors: capillary pressures have been shown to reduce crude oil
contaminant relative permeability and prevent infiltration into fine-
grained layers, and hydraulic gradients cause down-dip migration,
spreading, pooling, and trapping of crude oil contaminants by these
fine-grained (frequently water-saturated) layers (Dillard et al., 1997). In
addition, it was discovered through experiments with a multiphase flow
that fingers occur in crude oil contamination infiltration due to pore-
scale and macro-scale variability. All of these factors point to the
difficulty in pinpointing crude oil pollution source zones (Swartjes
et al., 2012). Many decades have passed without an answer to whether
contaminant transport models can be trusted. The reliability of
groundwater flow and pollutant transport models is a tough
challenge, even in homogenous porous media. It is vital to separate
reality from it in order to employ models.

5.1 Hydraulic heterogeneity

The diversity of hydrogeological conditions and changing crude
oil chemistry are expected to make field deployment of these systems
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difficult. The subsurface geometry must be considered in terms of
vast amounts of subsoil because plumes frequently traverse soil
volumes ranging from several hundred to thousands of cubic meters
in a year (Swartjes and Grima, 2011). Even though these enormous
volumes are typically formed of numerous irregular layers of
different materials and commonly include entities of distinct
subsurface material, the employment of contaminant transport
models requires the production of a more or less regular-looking
profile (Vallero, 2021). The typical, irregular, geochemical input
parameters for massive aquifer material must be established. As a
result, the description of both hydraulic and geochemical input
parameters contributes to uncertainty in expected groundwater
quality (Rezael et al., 2017). It is generally recognized that the
availability of sufficient input parameters is crucial to the
accuracy of model computations in any other model. When
attempting to provide a complete picture of heterogeneities, it is
vital to consider the consequences of interactions with hydraulically
related aquifers and surface water. Because of the high concentration
of saltwater in coastal aquifers with a freshwater–saltwater
boundary, seawater intrusion becomes a dynamic and three-
dimensional phenomenon that causes water quality oscillations
on horizontal and vertical scale interactions. Also, contact angle
hysteresis, wettability, complex pore geometry, and field-scale
heterogeneity may arise, thus adding in another degree of
complexity (Essaid et al., 2015). Despite advances in image
processing and micro-modeling approaches, turning experimental
results into data suitable for evaluating macroscopic, continuum-
based multiphase flow models remains challenging, especially for
large-scale studies. Multiphase modeling at the pore scale has also
revealed how pore-scale processes affect macroscale constitutive
relations (Ahrenholz et al., 2011). It is essential to assume a precise
hydraulic gradient over a relatively broad area to be accurate in
hydraulic situations.

5.2 Spatial and temporal heterogeneity

The concepts of homogeneity and heterogeneity in a system
are inextricably linked to the scale at which the investigation is
carried out. On a large scale, the same groundwater body can be
termed homogeneous, whereas on a small scale, it can be deemed
heterogeneous (Anderson, 1989). As a result, the study’s scope
must be addressed from the start of any project. This scale
contrasts between adjacent clean groundwater and public
water supply groundwater sources that are only a few
kilometers away when it comes to groundwater. For example,
when building a risk management solution, the optimum size is
determined by the type of solution and changes based on whether
the solution is for source elimination or pathway interception
(Cocarta et al., 2017). Field sites must be characterized in various
hydrogeological situations to evaluate models that predict the
fate of crude oil contaminants. Steefel et al. (2005) described the
impact of pore-scale processes on the macroscopic constitutive
relationships driving crude oil contaminant saturation, relative
porosity (permeability), entrapment, and mass transfer rate. In
recent years, non-invasive approaches for determining the source
zone architecture of crude oil pollutants have made significant
progress.

Due to their complexity, it is still difficult to estimate field
concentration distributions and temporal oscillations in crude oil
contamination sources. A multi-constituent crude oil contaminant’s
chemical composition changes over time as the constituents dissolve
and volatilize at varying rates (Fagerlund and Niemi, 2007). As a
result, the effluent concentration histories for components dissolved
in NAPLs differ. The breakdown of crude oil pollutants and changes
in source architecture may result in a nonmonotonic drop in effluent
concentration history. It has been proven in laboratory trials that
heterogeneity, NAPL saturation, and interaction with moving water
affect dissolution. In the presence of a solvent, the degradation of
dissolved solutes can also affect the concentration gradient that
promotes interphase mass transfer, thus creating a new complexity.
However, recently developed hybrid models that dynamically
combine pore-scale models for determining constitutive
interactions with macroscale flow and transport show promise,
but they face several computational and practical hurdles and are
limited in their use. The key focus of future research should be on
creating techniques for upscaling constitutive relations for field-
scale studies.

5.3 Current state of crude oil contamination
studies in Nigeria

Crude oil resources continue to be an important and growing
source of revenue in Nigeria. A total of 13 multinational firms
operate 606 oil fields (355 onshore and 251 offshore), 5,284 oil wells,
and 7,000 km of oil and gas pipelines in the country, with the Niger
Delta region serving as the epicenter of its production and
processing operations (Badejo and Nwilo, 2004). The Niger Delta
covers an area of roughly 20,000 square kilometers in southern
Nigeria and accounts for approximately 8% of the country’s total
land area. It is one of the world’s largest wetland and mangrove
forest ecosystems. Sabotage, pipeline vandalism, well blowouts, and
engineering failure have caused several crude oil spill accidents in
Nigeria. Since the start of the Nigerian oil industry in 1960,
13 million tonnes of crude oil has been reported to have spilled
in the Niger Delta due to terrorism, pipeline vandalism, and
engineering failure (Figures 2A–C; Figure 3). The Nigerian Oil
Spill Detection and Response Agency (NOSDRA) recently
revealed statistics indicating that there have been a total of
12,566 confirmed oil spill occurrences from 2006 to the present,
resulting in a total of 694,890 barrels of crude oil spilled. Crude oil
contamination accounts for 81% of all-known oil leak occurrences
(Figure 2D). Not only have agricultural resources in this region been
poorly impacted due to crude oil contamination, but also surface
water and groundwater resources have been rendered unfit for use in
affected areas. The impact of the pipeline rupture that occurred
between 1994 and 1996 in Baruwa, Lagos, is still noticeable,
according to Uduebor and Ola (2016) and Ola et al. (2019), as a
hydrocarbon thickness of 0.72 m was still discovered. Despite the
contamination level being known, the reliance on unmanaged
natural attenuation as a remediation strategy is grossly
insufficient. The contamination still poses a significant risk to the
region’s soil and groundwater resources, 20 years after the reported
crude oil spill. Several studies on the environmental impact of oil
spills in the Niger Delta and other tropical places worldwide have
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repeatedly revealed that areas immediately exposed to large or
recurring oil spills or leaks frequently face long-term
environmental challenges. Though there has been a reduction in
the occurrence of oil spillage (Figure 4), the long-term effect of the
previous spillage has created a continuous effect on land, soil, and
the ecosystem at large. Even though the region’s potential for long-
term prosperity has to be fully realized yet, its future is jeopardized
by a slew of environmental issues, the most serious of which is oil
contamination.

The influence of crude oil contamination on surface water and
aquatic ecosystems in Nigeria, as well as its agriculture, biological
diversity, human health, and groundwater sources, has been studied
(Chukwu Okeah et al., 2019; Uko et al., 2020). With limited
attention paid to the influence on groundwater contamination,
the majority of this research concentrated on understanding the
advection and dispersion processes of crude oil pollution on surface
water (Alinnor and Nwachukwu, 2013). Even yet, dissolved sources
of contamination from surface water eventually have an impact on
the groundwater system. Most of the investigation that has been
carried out on subsurface crude oil contamination uses a point
sample approach to assess the total crude oil content in soil and
water samples. Doherty and Otitoloju (2013) who measured the
residual concentration values of soils and groundwater within the
Ijegun oil spills in 2008 between 2009 and 2010 could only confirm
the amount of contamination; no information was supplied as
connected to the contaminant’s migratory pattern. The
unregulated release of crude oil pollutants has increased the
number of heavy metals in soils, plants, and groundwater,
directly impacting human health and wellbeing (Moslen and
Aigberua, 2018). Following a spill, the subsurface properties are
likely to change due to the biodegradation process caused by
microbial activity. As a result, knowledge of these alterations is
crucial in developing a site-specific remediation strategy. The
porosity and permeability of impacted soils have been reported
to diminish due to the establishment of free-phase crude oil
adhesion, generating a ganglion along the pore as a result of the
replacement of water molecules by crude oils (Nwankwoala et al.,
2020). This has the potential to be very important in shaping
migratory patterns throughout the system, among other things.

Furthermore, as demonstrated by various researchers on the
high degree of pollution, comprehending the distribution paths of
contaminants in the subsurface has not been well investigated.
According to Little et al. (2018), the parameters influencing the
hazard posed by hazardous substances include their concentrations
and distribution, the channels through which they are exposed, and
the length of time they are exposed. The flow path of crude oil
contamination in the Niger Delta region remains unclear. As of
2020, two scholarly publications have been published exploring the
advection and dispersion processes of pollutant migration within the
Niger Delta region. According to Giadom et al. (2015) and Ugbena
et al. (2020), the groundwater flow velocity is 105 m per day and
121 m per day, respectively. This shows how easily toxins can spread
across a large area, harming a more significant number of
groundwater supplies. However, the scope of this investigation is
constrained by the assumption that the salt tracer’s flow velocity is
similar to the flow velocity of crude oil plumes. This non-conformity
is thought to be caused by the density and viscosity of the crude oil
pollution in the subsoil. Due to a lack of control information, it was

difficult to ascertain the baseline subsurface condition and hydraulic
distribution before the spill, making it impossible to determine how
contamination affected the physical and flow parameters. This
knowledge will help carry out a more effective remediation
exercise in the real world. It is expected that future research
focusing on flow path characterization of contaminant transport
will be carried out to provide necessary information for futuristic
prediction and identification of a suitable remediation approach.

Attempts have been made to clean up hazardous places. Linden
and Palsson (2013) who conducted the first systematic investigation
of oil contamination in Ogoniland discovered that, despite the
natural conditions for crude oil degradation being favorable due
to the region’s high temperature and rainfall, a low recovery rate had
been recorded. The most often employed remediation approach,
Remediation by Enhanced Natural Attenuation (RENA) (Figure 5),
has been inefficient since soil pollution persists even after sites have
been certified as remediated. Giadom and Tse (2014) detected
residual contamination at a site that had undergone remediation
with a 3.6-m smear zone that posed a significant danger to the
environment. The applicability of the RENA technique has been
demonstrated to be insufficient due to the level of pollution on both
the vertical and lateral sides (Sam et al., 2017). The pollution level in
the Nigeria Delta region has been estimated to be higher than 5 m,
and leachates have been identified in groundwater, raising questions
about the effectiveness of the RENA strategy’s tilling activity.

5.4 Management responses to crude oil
contamination in Nigeria

The Niger Delta has been identified as one of the world’s most
heavily oil-impacted places. The Niger Delta has been labeled “one
of the world’s most highly oil-impacted areas” due to oil exploration
activities in the region for more than 5 decades (Zabbey and Uyi,
2014). The Restoration by Enhanced Natural Attenuation (RENA)
strategy is Nigeria’s popular contaminated land remediation
technology. However, RENA is an unsuccessful technique for
handling the problem due to the volume and extent of the spills,
with oil entering the soil to depths of more than 5 m and leaking into
groundwater aquifers (Ebuehi et al., 2005). The most prominent
assessment of the level of contamination in the region is the United
Nations Environment Programme (UNEP) report, (Environmental
Assessment of Ogoniland) (UNEP, 2011). One of this study’s most
significant findings was the need to develop and deploy oil pollution
mitigation measures. Pollution policies are inadequate in Nigeria,
which has been connected to several concerns, including a
fragmented government structure, a lack of transparency in
decision-making, and ineffective policy implementation, to name
a few.

The Petroleum Act of 1969 established comprehensive
petroleum regulations to prevent environmental pollution in
diverse environmental media such as air, water, and soil. Other
notable pieces of legislation were enacted, such as the Harmful
Waste Act (1988) and the Environmental Impact Assessment Act
(1992), but these were not designed to tackle the problem of polluted
land management in the first place. Following an increase in oil
production, oil pollution incidents (Nwilo and Badejo, 2005), and
community protests, particularly in Ogoniland (Osaghae, 1995), the
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Nigerian government responded by enacting the Environmental
Guidelines and Standards for the Petroleum Industry (EGASPIN)
(2002). The EGASPIN spans from 2002 to the present and acts as the
regulatory underpinning for Nigeria’s current environmental

mandate. Many of EGASPIN’s environmental quality standard
criteria were adapted from other countries, especially the
United States (mainly from the USA). This has been attributed to
Nigeria’s lack of technical ability and expertise in designing such

FIGURE 2
Histogram plot of (A) number of oil spills per state, (B) volume of oil spilled, (C) causes of spill, and (D) contaminant types (NOSDRA, 2021).

FIGURE 3
Oil spill incident map as recorded by NOSDRA (2006–present) (NOSDRA, 2021).
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rules and procedures. Concerns have been raised concerning the
lack of contextualization in the current guidance and the fact that
land use, soil type, and total organic carbon circumstances in the
United States differ from those in Nigeria. Due to this disparity, the
suitability and effectiveness of the risk assessment and management
suggestions may be jeopardized.

6 Conclusion

The current state of research and management strategies in
Nigeria, as well as our understanding of the transport processes
and modeling conditions that govern the fate of crude oil
contaminants in unconsolidated sediments, has been reviewed.

Individual processes were discovered to be reasonably understood,
and the utility of field and experimental research in estimating model
parameters was demonstrated. Despite more than 50 years of
research, there are still questions about crude oil contamination.
Crude oil contamination is still a hot topic, thanks to complicated
field-scale subsurface heterogeneity fueling ongoing research. Most
previous studies of processes controlling the fate of crude oil
contaminants have relied on laboratory-scaled experiments or
various forms of numerical and analytical simulation. Although
this provides pore-scale information about individual processes
and their interactions, its application to field conditions
necessitates further consideration of scaling and field-scale
heterogeneity. The accuracy of numerical models has thus become
a problem, the solution to which is embedded in detailed subsurface

FIGURE 4
Number of medium (7–700 tonnes) and large (>700 tonnes) tanker spills 1970–2021 (ITOPF, 2021).

FIGURE 5
Histogram showing the remediation methods employed in the Niger Delta (NOSDRA, 2021).
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monitoring involving the integration of hydraulics, geophysical, and
hydrological information with geological controls and biochemical
processes. Due to a lack of active contaminant research and
remediation, Nigeria urgently requires a paradigm shift in crude
oil contaminant management. In Nigeria, the current
understanding of the behavior of crude oil contaminants is
woefully inadequate for optimizing management and remediation
approaches. According to this review, the most significant
shortcoming of crude oil contaminant studies in Nigeria is the lack
of intensive baseline and monitoring studies to understand the
subsurface heterogeneity and hydraulic variation that control the
fate and transport of crude oil contaminants in the subsurface. In
addition, no detailed subsurface quantitative framework research was
conducted across all known contaminant sites in the country. A long-
term perspective on monitoring contaminant behavior is required for
a successful remediation exercise. Given how contaminant
management is carried out in Nigeria, a national guide to detailed
contaminant site management must include the best remediation
practices and improve monitoring and evaluation methods.
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