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Abstract

The Niger Delta has a long history of oil and gas exploration and production, but this has come with
a heavy environmental cost arising from oil spills and other pollution events. Two oil spills in
Ogoniland in 2008/9 were by far the largest in terms of both duration (149 days combined) and
magnitude (82,939,170 litres combined), but little is understood about the extent of impact of these
events because traditional field-based surveys are virtually impossible in this region. In this study,
the normalised difference vegetation index, a technique used for measuring plant health, was applied
to multi-temporal satellite images to delineate an extensive area of 393 km? that has experienced
vegetation mortality resulting from the oil pollution. These effects persist to present and are
exacerbated by continuing subsequent spill events. Independently collected field samples confirmed
the high concentrations of hydrocarbon pollutants in the impact area. The extensive tidal river
network and mangrove swamps have facilitated the spread of oil, with the delta becoming a sink for
the oil that is dispersed but not removed. Over 1 million people live within the area contaminated by
oil and have potentially been exposed to pollution through direct and indirect pathways over a
prolonged period. The population in the impact area is particularly vulnerable to chronic illness due
to its young age structure and pre-existing very low life expectancy. Hence, there is an urgent need
to mitigate the impacts of the pollution on environmental and human health. The novelty of this work
is that satellite remote sensing allows the impacts of pollution to be monitored across large areas in a
geographically remote and challenging environment. The outputs from this study could be used to
guide the future spatial targeting of the limited remediation resources that are available, to achieve

positive outcomes.

Keywords: Oil Spills, NDVI, Spatial Impact, Exposure, Pollution
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1. Introduction

Oil spills significantly increase the risk of human exposure to harmful substances. Many constituents
of crude oil are of particular concern due to potential health problems that may result from exposure
(Ugochukwu et al., 2018), including organic contaminants, such as polycyclic aromatic hydrocarbons
(PAHSs), benzene, toluene, ethylbenzene and xylene (Nduka and Orisakwe, 2010; Philibert et al.,
2018), and heavy metals, such as lead, vanadium and cadmium (Chinedu and Chukwuemeka, 2018;
Oti, 2016). PAHs are of particular concern because of their persistence in the environment, which can
lead to prolonged periods of exposure and chronic illnesses, such as cancers, even at low
concentrations (Afshar-Mohajer et al., 2018). Similar toxic effects can be induced in other organisms
that are exposed to oil pollution and has the potential to have serious consequences on wider
ecosystem functioning and ecosystem service provision (Mendelssohn et al., 2012). Hence, in order
to minimise these effects, it is crucial to delineate the area impacted by an oil spill, identify the key
pathways for oil transport and, importantly, identify which human populations and ecosystems are
potentially exposed. This can assist in targeting health services and environmental remedial

interventions.

Over the last 7 decades, the Niger Delta has suffered from significant oil spillages with an estimated
7,950,000,000 litres having been released in the region (Kadafa, 2012). Several factors have been
identified as the root causes of oil spills in the region including sabotage and operational failures
(Obida et al., 2018). Due to the number of oil spills in the region, the Niger Delta has been described
as one of the most polluted regions on earth (Chukwubuikem et al., 2014; UNEP, 2014, 2011). The
oil spills have led to significant environmental degradation, which has greatly reduced ecosystems
services (Opukri and Ibaba, 2008), including the fisheries and agriculture which constitute the major
sources of livelihood of the region (UNEP, 2014). Human exposure to oil spills occurs from
consumption of contaminated food resulting from bioaccumulation and air pollution from
volatilisation of some components, leading to exposure and impacts on human health and mortality

(Afshar-Mohajer et al., 2018; Alharbi et al., 2018; Fu et al., 2019).
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In 2008/9, two major spill events received global attention, due the exceptionally large volume of oil
released into the low-lying Ogoniland region from a 24-inch Trans Niger Delta pipeline operated by
Shell Petroleum Development Company (SPDC) Nigeria (Amnesty International, 2011; Fentiman
and Zabbey, 2015). The first spill was reported to have started on 28 August and stopped on 7
November 2008, while the second spill started on 7 December and stopped on 21 February 2009;
both spills, therefore, had a combined duration of 149 days (Amnesty International, 2011; Pegg and
Zabbey, 2013). In terms of spilled volume, there have been varying estimates and debates between
SPDC and other stakeholders, including the impacted local communities. In this study, data was used
from recently published official reports to determine the magnitude and temporal profile of spills in
this region (UNEP, 2011; 2014). The 2008/9 spills led to the widespread, although previously
unquantified, environmental destruction in the Ogoniland region, which provoked a continuous cycle
of litigations between the operators SPDC Nigeria and the local communities. A relatively recent
landmark ruling by a British court in favour of the community led to a compensation payment of $55
million (Yakubu, 2017; Amnesty International, 2021). However, since the 2008/9 incidents, efforts
to quantify the magnitude and extent of the impacts have been very limited, mainly because it is

virtually impossible to undertake traditional field-based surveys within this region.

UNEP conducted field-based studies in Ogoniland to ascertain the concentration of pollutants at
certain locations (UNEP, 2011) and attempts have been made to assess the ecological and human
health risk due to the spills in the region (Chikere et al., 2018; Fentiman and Zabbey, 2015; Lindén
and Palsson, 2013). However, these studies were based on sampling regimes which were very limited
in spatial extent. The need for clean-up and remediation of contaminated areas in the Niger Delta and
Ogoniland, in particular, has been highlighted (Sam et al., 2017; Zabbey et al., 2017). Such remedial
activities are necessary for reducing human exposure and returning land to agricultural, commercial
and residential use. However, it is difficult to develop a detailed remediation plan for this region,
partly because of funding constraints but largely due to lack of detailed information on the extent of

the spill impact (Ozigis et al., 2019), difficult terrain and issues of security and personal safety.
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Additionally, information is needed to target the resource-limited health services in the region
towards those communities at greatest risk from the pollution (Nriagu et al., 2016). Hence, there is a
pressing need to quantify the spatial extent of the environmental impact and the magnitude and
distribution of human population exposure resulting from the 2008/9 Ogoniland oil spills and other

relatively smaller spills before and after the major incidents.

Plants can act as effective bioindicators of oil pollution as their physiological functioning is sensitive
to exposure to oil (Mishra ef al., 2012a). The interactions between plants and oil is complex, but can
include both physical and chemical effects (Ozigis ef al., 2019). The physical impacts typically result
from oil coating foliage or root systems, thereby reducing photosynthesis and transpiration, and the
uptake and water and nutrients. The chemical impacts occur when toxic substances within oil are
absorbed by plants, causing disruption to physiological pathways (Domingues et al., 2018; Emengini
et al., 2013a). These deleterious processes affect the health and vigour of vegetation, ultimately
leading to death; therefore, readily observable biophysical indicators including reductions in canopy
chlorophyll content, leaf area index and above ground biomass can be used to monitor the impacts of

oil pollution (Arellano et al., 2015; Duke, 2016; Emengini ef al., 2013b; Mishra et al., 2012b).

Remote sensing techniques which involve gathering environmental information from a distance using
sensors on board airborne or spaceborne platforms have the potential for effective monitoring of
vegetation. Plant biophysical indicators can be assessed remotely using well established spectral
vegetation indices such as the normalised difference vegetation index (NDVI) derived from remotely-
sensed imagery (Diaz and Blackburn, 2003; Emengini et al., 2013a; Kross et al., 2015). Hence,
remotely-sensed imagery offers capabilities for detecting oil pollution indirectly via changes to
vegetation biophysical characteristics in large and challenging environments. For example, spectral
indices derived from a time series of Landsat images were used to assess the long term impacts of
crude oil on mangroves in a coastal region of Brazil (Domingues Pavanelli and Loch, 2018).
Similarly, Ozigis et al. (2019) used random forest classification techniques with a range of Landsat-

derived vegetation indices to distinguish between oil impacted and non-impacted vegetation in the
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Niger Delta (Ozigis et al., 2019). Therefore, with their large spatial coverage and repeat sampling
capability, satellite imagery offers a valuable means of monitoring the impacts of oil spills on
vegetation which is a crucial first step towards identifying areas of risk and ultimately mitigating

human exposure.

This study aims to quantify the spatial extent and temporal dynamics of the impact on vegetation of
the large 2008/9 Ogoniland oil spills and other small spills in the region, then use this to estimate the
size of the human population within the impact zone. This study also examines the relationship
between the spill extent and UNEP’s detailed field-based pollution measurements at selected
locations to potentially provide inference on unmeasured locations. In order to achieve this the
following objectives were addressed: (a) to determine the spatial extent of the impact caused by the
2008/9 Ogoniland spills and other small spills in the study area and assess the role of river channels
in pollution distribution; (b) to analyse the spatial variation of measured pollutant concentrations in
relation to temporal NDVI changes within the delineated impact area, and (c) to quantify the human

population living within the delineated impact area, who are at risk of being affected by the pollution.

2. Materials and Methods

2.1. Study area

Ogoniland lies in the Southeast of Rivers State and is estimated to cover some 1,000 km? of the Niger
Delta (UNEP, 2014). It is characteristically a mangrove swamp creek system with an estimated
population of 1.2 million at 2016, based on the 2006 official census and projected growth rates

(https://www.citypopulation.de/php/nigeria-admin.php?adm1id=NGA033). The region is

administratively divided into four local government areas (LGAs) namely Tai, Eleme, Khana and
Gokana (Lindén and Pélsson, 2013), which lie east of the state capital Port Harcourt. The region has
been identified as one of the most polluted regions of the Niger Delta (Obida et al., 2018), with spills

impacting upon its delicate biodiversity and affecting the livelihoods of its residents, which are mainly
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based on fishing and farming. Bodo, located in Gokana, was the epicentre of the large 2008/9

Ogoniland oil spills (Figure 1).

Niger

S

Nigeria
Obia Apkor
Oyigbo

Port-Harcourt Bt Niger Delta

Tai S
Khana Cameroon

o
@ o 500 Km
Gokana /li_I %
l—‘—I‘

Okrika Ogu Bolo
9 *

andon Opobo Nkoro

Degema
9 Bonny

Legend
* Ogoniland Spills
[_1Rivers
Ogoniland
Niger Delta Area

0 20 Km
|

Figure 1. The Niger Delta, with inset maps of Ogoniland showing location of the 2008/9 oil spills
and Nigeria showing the position of the Niger Delta.

2.2. Assessing oil spill occurrences and spatial extent of impact

The Niger Delta is a challenging environment for field-based investigations, due to the physical
inaccessibility and security threats, making it impossible to assess the spatial extent of oil spill
impacts using traditional survey and sampling techniques. Hence, remote sensing provides the most
effective method for achieving the aim of the study. This study therefore used a well-established
remote sensing technique the NDVI to delineate areas of vegetation death or damage resulting from
oil spill events. Additional spatial data pertaining to environmental measurements of petroleum
hydrocarbons, oil spill locations and human population distribution, were also used to assess the
environmental impacts of oil pollution and potential human exposure. A summary of all data used is

shown in Table S1.
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2.2.1 Oil spill data

Data on the location and volume of oil spills covering the period 2006 -2019 were sourced from the
National Oil Spill Detection and Response Agency (NOSDRA), which is the official government
agency responsible for the management of oil spills in Nigeria. The data is freely and publicly
available (NOSDRA, 2019). Spill locations falling within the study area were extracted and the spill

volume data from these sites were used in the subsequent analysis.

2.2.2 Remotely sensed data

A series of eight Landsat images were acquired for the period 2000 — 2018 inclusive, covering pre-
spill and post-spill periods. These include images from the Landsat Thematic Mapper (TM),
Enhanced Thematic Mapper (ETM) and Operational Land Imager (OLI) sensors, obtained from the

USGS (https://earthexplorer.usgs.gov/). The images used represented all of the cloud-free images

available for the site over the study period and excluded ETM images affected by the scan line error.
All images were geometrically and atmospherically corrected making them suitable for temporal
analysis. The TM and ETM data were corrected to surface reflectance using the Landsat Ecosystem
Disturbance Adaptive Processing System (LEDAPS) algorithm developed by the National
Aeronautics and Space Administration’s (NASA) Goddard Space Flight Centre (GSFC) and the
University of Maryland (Claverie et al., 2015). The OLI images were corrected to surface reflectance

using the Landsat 8 Surface Reflectance Code (LaSRC) algorithm (Vermote et al., 2016).

2.2.3. Vegetation indices and image differencing
The Normalised Difference Vegetation Index (NDVI) (Rouse et al., 1973) was calculated according

to Equation 1 for all images in the Landsat time series.

NIR-R
NIR+R

NDVI =

Eq. 1
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where NIR is reflectance in the near-infrared waveband and R is the red waveband. It has been
demonstrated that NDVI is an effective indicator of physiological stress and biophysical changes
caused by the impacts of hydrocarbon pollution on plants (Domingues and Loch, 2018). This is
primarily due to an increase in reflectance in the red waveband due to stress-induced leaf chlorosis
and a decrease in reflectance in the near-infrared due to wilting and defoliation (Domingues and Loch,
2018; Sanches et al., 2014). In the context of the present study, it is expected that mangrove plants
exposed to oil pollution will have lower NDVI values than non-polluted plants and pre-polluted

plants.

Image differencing was applied to the 2003 (pre-spill) and 2018 (post-spill) NDVI images to ascertain
changes in vegetation (Domingues Pavanelli and Loch, 2018) using the Map Algebra tool in ArcGIS
10.4. This was performed by subtracting NDVI value in a pixel in the post spill image from the
corresponding pixel in the pre spill image. The output represents the change in NDVI and is normally
distributed data with areas of no change around the mean and areas of significant change found on
the histogram tails (Chambers and Wynne, 2002). In order to determine the level of change in NDVI
that represented a significant impact on vegetation caused by the spill (as opposed to natural
variation), the NDVI difference image was classified into 5 change threshold classes (-0.05, -0.10, -
0.15, -0.20, -0.25 and -0.30). The accuracy with which each change threshold was able to delineate
impacted vegetation was quantified by using reference data of impacted and non-impacted locations
collected through manual interpretation of high resolution (0.5m) satellite imagery obtained from
ArcGIS Imagery (acquired in 2016). To obtain this reference data 200 randomly located points were
overlaid on the high-resolution image and an analyst determined from the image whether the point
represented a location where vegetation was damaged/destroyed or unaffected. The reference data
were then compared to the values (i.e. impacted or non-impacted vegetation) derived from the NDVI
change technique for the same 200 point locations, to calculate an overall accuracy metric. This
procedure was undertaken for each of the 5 different NDVI change thresholds in order to determine

the optimum threshold. The NDVI change threshold of -0.20 (i.e. all areas with a reduction of NDVI
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of 0.20 or more) presented the highest overall accuracy (85 %) and was therefore adopted as the

threshold for delineating the spill impact area.

2.2.4 Refining the delineation of the impact area

Since population growth has led to increasing rates of urbanization within the Niger Delta, some areas
with a significant NDVI reduction between 2003 and 2018 could potentially be explained by urban
construction displacing vegetation. Therefore, an urban land cover data layer derived from the
European Space Agency’s prototype high resolution land cover map of Africa

(http://2016africalandcover20m.esrin.esa.int/) was used to remove urban areas from the initial

delineation of the impact area. To enable further analysis and information extraction the final
delineated impact area (as derived from raster image analysis) was converted to polygon features

using the raster to polygon tool in ArcGIS 10.4.

2.2.5 Assessing the role of rivers in oil dispersion

The Niger Delta is low lying region with an extensive river network. Rivers therefore play an
important role in the distribution of pollutants within the delta system. Hence, a map of the river
network, delineated using Sentinel-1 imagery (see Obida et al., 2019), was used to evaluate the
potential routes for oil spill dispersion in the study area by investigating the spatial relationships

between the river network, the source of the oil spill and the delineated impact area.

2.3. Evidence of pollution from field samples, associated impact on vegetation and characterising lethal
and sublethal impact zones.

Data from a UNEP environmental assessment were used to investigate the key pollutants associated
with the crude oil spill in Ogoniland. An environmental assessment was carried out at the request of
the Nigerian government (UNEP, 2011) and involved detailed investigations of soil, ground water,
surface water and sediments, with over 4,000 samples analysed in total (Lindén and Pélsson, 2013;
UNEP, 2014). The samples were collected in 2011, 2 to 3 years after the major oil spills in 2008/9.

The locations used for sample collection were selected randomly from within an area extending from
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the source of the major spills out to approximately 20 km distant. However, the random spatial
sampling strategy was influenced by accessibility issues and there is some bias towards locations
accessible from waterways or roads. The UNEP data are also somewhat restricted because it
represents a single snapshot of the oil pollution at the time of survey. Nevertheless, the UNEP data
do constitute the most detailed and extensive measurements of petroleum hydrocarbons in the Niger
Delta obtained in response to the 2008/9 spill events, and therefore, they can fulfil a valuable role
within this study for characterizing oil spill impacts. The data used in the present study were sourced
from the Hydrocarbon Pollution Remediation Project, a Nigerian government agency tasked with

leading the clean-up and remediation work in Ogoniland.

NDVI values were extracted for all of the 8 images in the Landsat time series for 4 locations within
the delineated impact area at which field samples had been tested for pollutants by UNEP.. At each
location, a window of 4 x 4 pixels (120 m?) centred on the field sampling point were extracted and a
mean NDVI value calculated using image analysis software ENVI 5.4. The same procedure was
undertaken for four locations outside of the impact area, where field samples were analysed. The
temporal changes in NDVI for the locations within and outside the impact area were compared,
alongside the values for total petroleum hydrocarbons (TPHs) determined from the field samples

(UNEP, 2011).
2.3.1. Characterising lethal and sublethal impact zones

The results of the analysis above (reported later in section 3.3.) revealed that areas with high pollutant
levels were associated with persistently low NDVI values that indicated vegetation mortality. Hence,
the impact area delineated from the Landsat image analysis (resulting from section 2.2.4) represents
an impact area of oil pollution that was lethal for mangrove vegetation (subsequently termed ‘lethal
zone’). It has been established that in mangrove swamps the area affected by oil spills at a sublethal
level (i.e. where significant physiological stress is induced short of death) can be up to 15 times the

size of the observed lethal impact zone (Duke, 2016). It is difficult to detect the sublethal zone from
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satellite images as changes in NDVI that are smaller than those caused by mangrove mortality can be
influenced by a wide range of factors such as natural stress, disturbance and senescence, which vary
over a range of spatial and temporal scales. Hence, to approximate the sublethal zone of the impact
area, all remaining mangrove areas within an LGA containing lethal zones were used. This resulted
in sublethal zones that were a maximum of approximately 2-3 times the lethal zone in each LGA,
which is well within the 15 times observed by Duke (2016). It indicates that sublethal effects of the
2008/9 oil spills are likely to have been observed across the entirety of the mangroves in the study

arca.

2.4 Quantifying the human population within the impact area

Population data were used to quantify the number of people residing in the area impacted by the
2008/9 Ogoniland spills. Gridded population data at 100 m resolution were sourced from the

WorldPop portal (https://www.worldpop.org/). This detailed data product was generated by

integrating census data, satellite imagery from a range of sources, settlement and urban area map
layers and machine learning algorithms to generate high resolution gridded outputs (Paula et al., 2016;
Tatem et al., 2013). General population data and demographic data based on age structure at 5-year
intervals were acquired from the same source, as a gridded product. The population data were
integrated with the delineated impact area in ArcGIS 10.4 and the Zonal Statistic as Table tool was
used to calculate the sum of raster cell values (persons per pixel) within the areas affected by oil
pollution. The total populations within the lethal and sublethal zones of the impact area were

identified, along with their demographic profiles by gender.
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3. Results

3.1 Oil spill events

The combined 2008/9 Ogoniland oil spills are by far the largest in the region, likely due to the long
period of time it took for them to be stopped and the large diameter of the Trans Niger Delta Pipeline
which was the source of the spill and transports an average of 19,080,000 litres of crude oil daily.
The 2008/9 spills, in addition to a total of >9,540,000 litres of smaller spills in the area, have resulted
in an astounding 92,479,170 litres of crude oil released within the study area between 2006 — 2019.

Figure S1 shows the temporal distribution of oil spills in the Niger Delta region from 2006 — 2019.

3.2 Spatial extent of the oil spill impact

Based on the analysis of the 2003 and 2018 Landsat data, 393 km? of vegetation was impacted by the
oil spill (lethal zone) (Figure 2). The vegetation affected is primarily mangrove swamp, the
predominant land cover type in the region, plus some adjoining low-lying estuarine and riparian
vegetation. Figure 2 indicates that there is a large area of impact around the spill site at Bodo, which
is expected since areas closer to a spill site should experience higher concentrations of pollutants,
particularly as the hydrophobicity some petroleum hydrocarbons result in oil sorbing to sediment
particles, particularly sedimentary organic matter. However, there is little impact inland of the spill
site, to the north east, which is beyond the spatial extent of the river and creek network and mangrove
swamp; yet, in almost all other directions from the spill site, impacts have been observed across a
very large geographical area. Figure 2 also shows that all impacted areas are either adjacent/connected

to the river network or within/connected to the mangrove swamp.
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Figure 2. Area impacted (lethal zone) by the 2008/9 Ogoniland oil spills, based on NDVI image
differencing between 2003 and 2018, indicating areas of significant NDVI reduction and location of
the spill incident.

3.3. Evidence of pollution from field samples and associated vegetation damage within and outside the
impact area

Table 1 shows the temporal variations in NDVI values across 8 sites and their corresponding TPH
levels as measured from field samples. Sites 1 to 4 are within the impact area all show substantial and
persistent reductions in NDVT after the 2008/9 spills along with very high TPH values. In contrast,
sites 5 to 8 are well outside the impact area and all have similar NDVI values before and after the
spills and much lower TPH values. These observations are an indication that crude oil has killed
vegetation within the impact area (lethal zone) and, as it persists in the mangrove swamp sedimentary
environment for a prolonged period of time, this has prevented any observable recovery of the
vegetation, 10 years after the major spills. For example, Figure 3 shows evidence of a thick oil slick

persisting within a river 5 years after the large Ogoniland spill events, with extensive vegetation
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damage in areas adjacent to the river network. Figure 4 demonstrates how higher concentrations of
pollutants have been observed in field samples obtained within the delineated impact area (lethal

zone) as compared to those outside the impact area.

Table 1. Extracted temporal NDVI values at 8 sample locations, with NDVI values within the impact
area (lethal zone) showing a significant reduction after the 2008/9 spills and corresponding high TPH
values (sediments) in comparison to samples outside the impact area with little or no change in
temporal NDVI and low TPH values (sediment) (UNEP, 2011).

Dec Jan Dec Jan Dec Apr Jan Dec TPH

Areasandsites | 2000 | 2003 | 2014 | 2015 | 2015 | 2016 | 2018 | 2018 | (m&/ke)
Pre-spill Post-spill

- Sitel | 0.42 0.44 0.13 0.21 0.12 0.16 0.04 0.02 12,100
§ Site2 | 0.30 0.33 0.09 0.15 0.10 0.12 0.05 0.01 8,630
% % Site3 | 0.41 0.42 0.17 0.20 0.14 0.20 0.10 0.07 6,470
E Sited4 | 0.32 0.34 0.27 0.31 0.20 0.34 0.17 0.18 4,520
s Site5 | 0.59 0.47 0.44 0.41 0.37 0.43 0.31 0.42 92.60
g o Site6 | 0.52 0.49 0.47 0.49 0.41 0.54 0.33 0.48 72.90
§ % Site7 | 0.61 0.55 0.49 0.56 0.49 0.61 0.42 0.54 1.56
§ Site8 | 0.53 0.49 0.46 0.49 0.40 0.51 0.34 0.46 24.50
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Figure 3. Visible thick oil slicks in river channels and damaged vegetation close to the Ogoniland oil
spill site, captured by a high-resolution satellite image acquired 5 years after the 2008/9 incidents.

Page | 16



337
338

339

340

341

342

343

344

345

346

347

348

349

350

N Legend
A ’ Ogoniland Spills

I Lethal Impact Area
Urban Areas
Obia Apkor Ogoniland
Dy R et Other LGAS
TPH (mg/kg)
o 0-700
O 701 - 2,000
Tai (O 2,001 - 6,500

Khana OG,SOI - 12,000

o

[ 3%

000

Gokana
o 5

000©O

" ~Andoni

0 20 Km

Figure 4. Distribution of UNEP’s sediment samples and results from TPH measurements, showing
substantially higher concentrations of pollutants within the delineated impact area (lethal zone) (sites

1 - 4) compared to samples outside the impact area (sites 5-8).

3.4. Human population living within the impacted area

Table 2 shows for each of the LGAs and the study area as a whole, the total human population and
the population living within the lethal and sublethal zones of the oil spill impact area. These results
highlight the very large numbers of people that have potentially been exposed to pollutants with over
a million people (26% of total population) living within the lethal and sublethal zones of the impact
area. Table 2 also reveals that because of the extensive spread of spilled oil from the point of release,
large populations in LGAs outside of Ogoniland, such as Bonny, Okrika and Degema, are within the
impact area and comprise a large proportion of the overall population that has been potentially
exposed to pollution across the study site.
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351

352 Table 2. Human populations living within the oil pollution impact area (lethal and sublethal zones)
353  within the study site and constituent LGAs.

LGA Total Pop. in lethal Pop. in % LGA pop. % LGA pop.
population zone sublethal in lethal in sublethal
zone
Eleme 284,045 12,336 616 43 0.2
Gokana 348,367 32,349 2,237 9.3 0.6
Khana 516,367 501 25,063 0.1 4.9
Tai 180,980 3,689 585 2.0 0.3
Andoni* 302,504 8,575 76,095 2.8 25.2
Asari* 316,369 10,329 87,184 33 27.6
Bonny* 305,365 65,665 62,388 21.5 20.4
Degema* 356,952 61,477 185,685 17.2 52.0
Obio Akpor* 691,984 31,576 6,503 4.6 0.9
Ogu Bolo* 108,050 54,722 30,480 50.6 28.2
Okrika* 317,574 91,290 148,081 28.7 46.6
Port Harcourt* 772,358 116,058 61,592 15.0 8.0
Total 4,500,915 488,566 686,509 10.9 15.3

354 * denotes LGA outside of Ogoniland.

355

356  Figure 5 shows the population demographics within the impact area (Note: there is no discernible
357  difference in demographics between the lethal and sublethal zones of the impact area). This shows
358 thatover 70% of the population in the impact area is less than 30 years old. Indeed, the age distribution
359 reveals that the population is dominated by children and teenagers who are potentially most
360  vulnerable to adverse health effects from cumulative exposure to oil. The age group 30 years and over
361  forms arelatively small proportion of the total population and this is likely connected to the very low
362  average life expectancy of the area which is an estimated 50 years. There is little gender disparity

363  across all age groups.
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Figure 5. Age profile as a percentage of total by gender, of people living within the delineated oil

spill impact area, as of 2019.

Figure 6 shows the spatial distribution of all oil spills in the study area before, after and including the
large 2008/9 spills. Despite the spills, before and after 2008/9, being relatively small in magnitude,
they do have a wide spatial distribution with many contributing oil directly into the tidal wetland
mangrove system and therefore being available for wide dispersal and contribution to the burgeoning
burden of pollutants in this environment. Given the total recorded volume of spills and the
calculations of the population within the impact area (lethal and sublethal zones), it was estimated
that there was a total environmental loading of approximately 80 litres of oil per person, with

potentially grievous health consequences.
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Figure 6. Spatial distribution of oil spills before, after and including the 2008/9 Ogoniland oil spills

(i.e. 2006 —2019).
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4. Discussion

This study has mapped the large area impacted by the 2008/9 Ogoniland oil spills where an estimated
82,939,170 litres of oil were spilled at Bodo and its adjoining creek system. The estimated size of the
impact area, comprising lethal (393 km?) and sublethal (730 km?) zones, is in agreement with other
studies that have reported extensive environmental damage based on the extent of the resulting
pollution (Amnesty International, 2011; Chikere ef al., 2018). This large area is a direct indication of
the widespread impacts of the deleterious physical and chemical effects of crude oil that have resulted
in the destruction of mangroves and other low-lying vegetation (Emengini et al., 2013a; Ozigis et al.,
2019). Considering the most recent image used for delineating the impact area was 2018, there is no
evidence yet of recovery. Some petroleum hydrocarbons present in crude oil are highly toxic and their
persistence in areas such as the Niger Delta is expected as riparian, estuarine and swamp
environments have been reported to act as sink for these hydrophobic pollutants (Li et al., 2019).
Typical petroleum hydrocarbons, such as PAHs, are not only detrimental to the environment but also
to humans due to their prolonged persistence leading to increased exposure and chronic impacts on

health (e.g, cancers), even at low concentrations (Alharbi et al., 2018).

Movement of water within the river network and beneath mangroves has likely been responsible for
spreading oil across the region. Although the general direction of fluvial flows from the catchments
feeding the Niger Delta is southwards towards the Atlantic, the study area is predominantly tidal. This
facilitates the spread of oil in multiple directions (including westwards away from the spill site and
northwards away from the Atlantic coast) across a wide area covered by the interconnected tidal river
and creek network and within the tidal mangroves. Moreover, the repetitive tidal cycles are likely to
increase the possibilities for deposition of oil through sorption to sediment particles associated with
the river network and mangrove swamps where the vegetation induces deposition (Woodroffe, 1992).
Thus, rather than the flushing of contaminants which might occur for spills into a typical fluvial

system with unidirectional flow, the tidal action means that this area of the Delta is more likely to
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become a persistent sink for oil that is perhaps reworked and redistributed but not removed (Li et al.,

2019).

Destruction of mangroves that means important spawning areas for fish, crabs and other aquatic fauna
are impacted. Feeding on the polluted and dead fauna potentially leads to a trail of pollution through
the aquatic ecosystem and bioaccumulation of petroleum hydrocarbons in animal tissues along the
food chain (Rocha et al., 2018), which can eventually end with human consumption of highly toxic
material (Ren et al., 2016). Chronic illness due to prolonged exposure and consumption of potentially
polluted food is an important exposure pathway for the local population, with serious health impacts
(BBC, 2021). For example, exposure to petroleum hydrocarbons has been linked to reproductive
problems, diabetes, cancer, endocrine disturbances and cardiovascular problems (Alharbi et al.,

2018).

Although mangroves are potentially the most affected vegetation, croplands used for cultivation are
also impacted since the people within the Niger Delta engage in subsistence farming (Amnesty
International, 2013). This is worsened by the large area affected as highlighted in this study.
Bioaccumulation in plants is therefore inevitable considering the extent of the pollution. This happens
as a result of contact between the plant root and polluted soil, which can lead to uptake and subsequent
transport to other vegetative and reproductive organs of the plant (Jia et al., 2018). Consumption of
these crops, fruits and vegetables can lead to high exposure risk to pollutants of concern and constitute
grave dangers to human health similar to consumption of polluted animals (Commendatore et al.,

2018; Islam et al., 2018).

The impact of oil pollution in this region is further exacerbated by the majority of the population
being dependent on the environment for their livelihoods. Since people are largely subsistence
farmers, commercial farmers and fishermen, direct dependence on the environment is inevitable,
thereby leading to exposure to oil pollutants through established pathways such as dermal contact and

inhalation. The population living within the delineated impact area are of particular concern because
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the levels of the petroleum hydrocarbons are consequentially higher, however, surrounding areas with
different land cover types can potentially be equally of concern. This is because chemicals, including
petroleum hydrocarbons, can be transported via atmospheric, overland and groundwater flows
(Srivastava et al., 2019). Hence, the exposure of people to pollutants may vary considerably
depending on individual circumstances and related exposure pathways. While some communities
may be exposed by consumption of polluted water or fish caught from such water, others may be
exposed by breathing air in the vicinity of polluted sites. The spatial distribution of oil spills may
further influence the severity of human exposure to pollutants, with people living in close proximity
to spill sites potentially more exposed and impacted. Oil degrades in the environment as it moves
further from a point of release, therefore people living further from a spill location are likely to be
less exposed to the most toxic petroleum hydrocarbons of oil. Nevertheless, as Figure 6 indicates, for
many areas impacted by the large 2009/8 spill events that are distant from the original spill location,
smaller spills have made many highly toxic contributions to pollutant loads, likely elevating localised

exposure levels.

It has been reported that years after the large 2008/2009 Ogoniland spills, there is evidence of
substantial pollution, an indication of persistence and lack of remediation, thereby exposing the
population to potentially dangerous health outcomes (Amnesty International, 2011). Indeed, the
situation is likely to have been exacerbated by the many much smaller spills (average 11,766 litres)
in the area since the large events (Obida ef al., 2018). Studies have reported that based on the levels
of pollution, breathing the air, eating fish, dermal contact with soil and sediments and drinking water
in many parts of Ogoniland can be detrimental to human health (UNEP, 2014). Neurological,
hematologic, renal, and respiratory problems are some of the medical issues associated with living in
close proximity to petroleum hydrocarbon pollution (Yakubu, 2017). In a recent study in Ogoniland,
100% of respondents reported incidences of coughing and lung problems, chest pains and eyesores,
while over 50% reported skin rashes and depression (David and Bodo, 2019). Since over 70% of

population within the impact area are below 30 years of age, this increases their vulnerability.
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Prolonged periods of exposure of especially the young population leads to more adverse effects
evident in shortened life expectancy which is reported to be an estimated 50 years in this region, 20
years below global average (Effiong ef al., 2012). Since oil pollution has been linked to serious health
problems, future detrimental effects on life expectancy could be anticipated in an area where it is

already extremely low.

UNEP’s detailed measurements of pollutants, as summarised in Table 1, indicate high levels of oil-
related pollutants in the delineated impact area (UNEP, 2014, 2011). In some locations the
concentrations are so high that human exposure to pollutants is almost inevitable based on proximity
to such places. Table 1 shows that sampling locations with higher pollutant concentrations correlate
with areas of substantial and enduring levels of NDVI reduction within the impact area. This can be
explained by the concentration and persistence of heavier hydrocarbon components in the
environment leading to a prolonged and sustained pollutant exposure and impact (Alharbi ez al., 2018;

Kim et al., 2019; Ren et al., 2016).

The delineated lethal impact area is likely to represent the minimum area across which oil has spread
because (i) the areas mapped are where vegetation has been killed or significantly stressed (>0.2
reduction in NDVI), whereas oil pollution may have spread into other (sublethal) areas where less
severe vegetation stress has been induced and is not detected using the NDVI differencing technique
(Duke, 2016); (i1) when refining the delineation of the impact area, urban areas were removed as the
NDVI technique was not appropriate in such locations, but oil may have spread into urban areas via
the river network; (iii) the mapping technique identified impacts on vegetation and not aquatic
ecosystems which could be more extensive, particularly parts of the river network in between
impacted vegetation areas which will have received or conveyed oil. Furthermore, there is some
indication that the zone of influence on human health may extend far beyond the area of impact as
delineated in this study. There is documented evidence of children, especially infants and unborn
babies, pregnant women and people with pre-existing health conditions as being the most vulnerable

groups to the potential impact of petroleum hydrocarbon pollution (Abha and Singh, 2012) Hence,
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the population at risk of adverse health effects may be much larger than those living within the

delineated impact area.

Clean up and remediation efforts have been planned in Ogoniland following the UNEP report, which
estimated that a 30 year period would be required to reverse the damage to the environment and public
health (UNEP, 2011). However, the clean-up efforts have been adversely affected by a combination
of financial, political and social factors (UNEP, 2016, 2014). This poor remediation record in the
region has caused persistent environmental damage and prolonged exposure of people to hydrocarbon
pollutants (Oyibo et al., 2017; Singh and Agarwal, 2018; Ugochukwu et al., 2018). In order to
promote recovery from this dire situation an integrated strategy is needed which spatially optimises
the deployment of the limited human resources, clean up equipment and supplies (Grubesic et al.,
2017). The present study potentially provides a spatial framework for supporting such remediation
work, as well as the deployment of health services, by highlighting the areas in greatest need in
relation to pollution risk. The satellite image method used in this study provides a more effective
means of assessing oil pollution impacts and potential human exposure than can be achieved using
traditional field-based methods. Field sampling is expensive, time consuming and logistically
difficult in this region due to the challenging environment and security concerns. Hence, field-based
methods will always be limited spatially and temporally. The approach used in this study offers an
opportunity for assessing the impacts of pollution and monitoring recovery efforts in a comprehensive

manner across the entire region.

S. Conclusion

In this study, the widespread environmental impact of the Niger Delta’s largest oil spills has been
quantified using satellite imagery, which revealed a 393 km? area of vegetation mortality and much
wider area sublethal impact. The method used provides a much more spatially comprehensive

assessment of the impact than can be achieved using traditional field-based methods, which are
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virtually impossible in this region due to accessibility and security issues. The results indicated that
multi-directional water flows have facilitated the spread of oil across a wide area within the extensive
tidal river network and mangrove swamps, with the delta becoming a persistent sink of oil that is

redistributed but not removed.

The human population threatened by exposure to hydrocarbon pollutants is high, with >1 million
people living directly within the impacted area who may have been subjected to various exposure
pathways. Considering the high concentrations of pollutants and persistence of impacts highlighted
in this study, there is a high risk of a range of chronic illnesses developing as a result of prolonged
periods of exposure. An age structure dominated by children and young people increases the
vulnerability of the population to pollutants, in an area which already has an extremely short life
expectancy. Clearly, there is a pressing need for clean-up, remediation and health interventions in the
region, however, progress has been hindered by financial, social and political factors. Moving
forwards, field-based surveys will continue to be wholly inadequate for assessing the response of the
sensitive Niger Delta environment to oil spills. However, with the frequent acquisition of satellite
imagery that now takes place, remote sensing is a valuable technique for interrogating the impacts of
pollution, as well as environmental recovery, over time across large areas in this geographically

remote and challenging location.

Acknowledgment

Many thanks to the Federal Ministry of Environment and the Hydrocarbon Pollution Remediation

Project for providing the UNEP’s field measurement data.

Page | 26



531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

References

Abha, S., Singh, C.S., 2012. Introduction to Enhanced Oil Recovery (EOR) Processes and
Bioremediation of Oil-Contaminated Sites, Hydrocarbon Pollution: Effects on Living
Organisms, Remediation of Contaminated Environments, and Effects of Heavy Metals Co-

Contamination on Bioremediatio. pp. 185-206. https://doi.org/10.5772/48014

Afshar-Mohajer, N., Fox, M.A., Koehler, K., 2018. The human health risk estimation of inhaled oil
spill emissions with and without adding dispersant. Sci. Total Environ. 654, 924-932.

https://doi.org/10.1016/j.scitotenv.2018.11.110

Alharbi, O.M.L., Basheer, A.A., Khattab, R.A., Alj, 1., 2018. Health and environmental effects of
persistent organic pollutants. J. Mol. Liq. 263, 442—453.

https://doi.org/10.1016/j.molliq.2018.05.029

Amnesty International, 2011. The true “TRAGEDY” delays and failures in tackling oil spills in the

Niger Delta.

Arellano, P., Tansey, K., Balzter, H., Boyd, D.S., 2015. Detecting the effects of hydrocarbon
pollution in the Amazon forest using hyperspectral satellite images. Environ. Pollut. 205, 225—

239. https://doi.org/10.1016/j.envpol.2015.05.041

BBC, 2021. Shell Nigeria ordered to pay compensation for oil spills - BBC News [WWW

Document]. URL https://www.bbc.com/news/world-africa-55853024 (accessed 2.4.21).

Chambers, S.D., Wynne, R.H., 2002. Application of Spectral Change Detection Techniques to

Identify Forest Harvesting Using Landsat TM Data.

Chikere, C.B., Mordi, LJ., Blaise, &, Chikere, O., Selvarajan, R., Ashafa, T.O., Chinedu, &,
Obieze, C., 2018. Comparative metagenomics and functional profiling of crude oil-polluted
soils in Bodo West Community, Ogoni, with other sites of varying pollution history.

https://doi.org/10.1007/s13213-019-1438-3

Page | 27



555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

Chinedu, Chukwuemeka, 2018. Oil Spillage and Heavy Metals Toxicity Risk in the Niger Delta,

Nigeria, Journal of Health & Pollution.

Chukwubuikem, O., Anejionu, D., Blackburn, G.A., Whyatt, J.D., 2014. Satellite survey of gas
flares: development and application of a Landsat-based technique in the Niger Delta. Int. J.

Remote Sens. https://doi.org/10.1080/01431161.2013.879351

Claverie, M., Vermote, E.F., Franch, B., Masek, J.G., 2015. Evaluation of the Landsat-5 TM and
Landsat-7 ETM + surface reflectance products. Remote Sens. Environ. 169, 390—403.

https://doi.org/10.1016/J.RSE.2015.08.030

Commendatore, M., Yorio, P., Scenna, L., Ondarza, P.M., Suérez, N., Marinao, C., Miglioranza,
K.S.B., 2018. Persistent organic pollutants in sediments, intertidal crabs, and the threatened
Olrog’s gull in a northern Patagonia salt marsh, Argentina.

https://doi.org/10.1016/j;.marpolbul.2018.09.010

David, L.K., Bodo, T., 2019. Environmental Pollution And Health Challenges Of The People, The

Ogoni State, Rivers State, Nigeria 3.

Diaz, B.M., Blackburn, G.A., 2003. Remote sensing of mangrove biophysical properties: Evidence
from a laboratory simulation of the possible effects of background variation on spectral

vegetation indices. Int. J. Remote Sens. 24, 53—73. https://doi.org/10.1080/01431160305012

Domingues Pavanelli, D., Loch, C., 2018. Mangrove spectra changes induced by oil spills
monitored by image differencing of normalised indices: Tools to assist delimitation of
impacted areas. Remote Sens. Appl. Soc. Environ. 12, 78—88.

https://doi.org/10.1016/j.rsase.2018.10.001

Duke, N.C., 2016. Oil spill impacts on mangroves: Recommendations for operational planning and
action based on a global review. Mar. Pollut. Bull. 109, 700-715.

https://doi.org/10.1016/j.marpolbul.2016.06.082

Page | 28



579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

Effiong, S.A., Ubi, E., Etowa, E., 2012. Oil spillage cost, gas flaring cost and life expectancy rate of
the Niger Delta people of Nigeria, Advances in Management & Applied Economics. online)

International Scientific Press.

Emengini, E.J., Blackburn, G.A., Theobald, J.C., 2013a. Discrimination of plant stress caused by oil
pollution and waterlogging using hyperspectral and thermal remote sensing. J. Appl. Remote

Sens. 7, 073476. https://doi.org/10.1117/1.jrs.7.073476

Emengini, E.J., Blackburn, G.A., Theobald, J.C., 2013b. Early detection of oil-induced stress in
crops using spectral and thermal responses. J. Appl. Remote Sens. 7, 073596.

https://doi.org/10.1117/1.j1s.7.073596

Fentiman, A., Zabbey, N., 2015. Environmental degradation and cultural erosion in Ogoniland: A
case study of the oil spills in Bodo. Extr. Ind. Soc. 2, 615-624.

https://doi.org/10.1016/j.exis.2015.05.008

Fu, L., Lu, X., Niu, K., Tan, J., Chen, J., 2019. Bioaccumulation and human health implications of
essential and toxic metals in freshwater products of Northeast China. Sci. Total Environ. 673,

768-776. https://doi.org/10.1016/].scitotenv.2019.04.099

Grubesic, T.H., Wei, R., Nelson, J., 2017. Optimizing oil spill cleanup efforts: A tactical approach

and evaluation framework. https://doi.org/10.1016/j.marpolbul.2017.09.012

International, A., 2021. The difference £55 million compensation from Shell makes | Amnesty
International [WWW Document]. URL
https://www.amnesty.org/en/latest/campaigns/2015/04/nigeria-shell-oil-compensation/

(accessed 1.7.21).

International, A., 2013. Bad information oil spill Investigations in the Niger Delta.

Islam, R., Kumar, S., Karmoker, J., Kamruzzaman, M., Rahman, M.A., Biswas, N., Tran, T.K.A.,

Rahman, M.M., 2018. Bioaccumulation and adverse effects of persistent organic pollutants

Page | 29



603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

(POPs) on ecosystems and human exposure: A review study on Bangladesh perspectives.

Environ. Technol. Innov. 12, 115-131. https://doi.org/10.1016/j.eti.2018.08.002

Jia, Y., Li, H., Qu, Y., Chen, W., Song, L., 2018. Phytotoxicity, bioaccumulation and potential risks
of plant irrigations using cyanobloom-loading freshwater. Sci. Total Environ. 624, 704-712.

https://doi.org/10.1016/j.scitotenv.2017.12.164

Kadafa, A.A., 2012. Oil Exploration and Spillage in the Niger Delta of Nigeria. Civ. Environ. Res.

2,2222-2863.

Kim, L., Lee, D., Cho, H.K., Choi, S.D., 2019. Review of the QUEChERS method for the analysis
of organic pollutants: Persistent organic pollutants, polycyclic aromatic hydrocarbons, and
pharmaceuticals. Trends Environ. Anal. Chem. 22, e00063.

https://doi.org/10.1016/j.teac.2019.e00063

Kross, A., McNairn, H., Lapen, D., Sunohara, M., Champagne, C., 2015. Assessment of RapidEye
vegetation indices for estimation of leaf area index and biomass in corn and soybean crops. Int.

J. Appl. Earth Obs. Geoinf. 34, 235-248. https://doi.org/10.1016/j.jag.2014.08.002

Li, C., Yang, L., Shi, M., Liu, G., 2019. Persistent organic pollutants in typical lake ecosystems.

Ecotoxicol. Environ. Saf. 180, 668—678. https://doi.org/10.1016/j.ecoenv.2019.05.060

Lindén, O., Palsson, J., 2013. Oil Contamination in Ogoniland, Niger Delta. Ambio 42, 685-701.

https://doi.org/10.1007/s13280-013-0412-8

Mendelssohn, I.A., Andersen, G.L., Baltz, D.M., Caffey, R.H., Carman, K.R., Fleeger, J.W., Joye,
S.B., Lin, Q., Maltby, E., Overton, E.B., Rozas, L.P., 2012. Oil Impacts on Coastal Wetlands:
Implications for the Mississippi River Delta Ecosystem after the Deepwater Horizon Oil Spill.

Bioscience 62, 562—574. https://doi.org/10.1525/b10.2012.62.6.7

Mishra, D.R., Cho, H.J., Ghosh, S., Fox, A., Downs, C., Merani, P.B.T., Kirui, P., Jackson, N.,

Mishra, S., 2012a. Post-spill state of the marsh: Remote estimation of the ecological impact of

Page | 30



627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

the Gulf of Mexico oil spill on Louisiana Salt Marshes. Remote Sens. Environ. 118, 176—185.

https://doi.org/10.1016/j.rse.2011.11.007

Mishra, D.R., Cho, H.J., Ghosh, S., Fox, A., Downs, C., Merani, P.B.T., Kirui, P., Jackson, N.,
Mishra, S., 2012b. Post-spill state of the marsh: Remote estimation of the ecological impact of
the Gulf of Mexico oil spill on Louisiana Salt Marshes. Remote Sens. Environ. 118, 176—-185.

https://doi.org/10.1016/j.rse.2011.11.007

Nduka, J.K., Orisakwe, O.E., 2010. Water Quality Issues in the Niger Delta of Nigeria:
Polyaromatic and Straight Chain Hydrocarbons in Some Selected Surface Waters. Water Qual.

Expo. Heal. 2, 65-74. https://doi.org/10.1007/s12403-010-0024-5

NOSDRA, 2019. Nigerian Oil Spill Monitor [WWW Document]. URL

https://nosdra.oilspillmonitor.ng/oilspillmonitor.html (accessed 6.13.20).

Nriagu, J., Udofia, E.A., Ekong, 1., Ebuk, G., 2016. Health Risks Associated with Oil Pollution in
the Niger Delta, Nigeria. Int. J. Environ. Res. Public Health.

https://doi.org/10.3390/ijerph13030346

Obida, C.B., Alan Blackburn, G., Duncan Whyatt, J., Semple, K.T., 2018. Quantifying the exposure
of humans and the environment to oil pollution in the Niger Delta using advanced
geostatistical techniques. Environ. Int. 111, 32-42.

https://doi.org/10.1016/j.envint.2017.11.009

Obida, C.B., Whyatt, J.D., Blackburn, A.G., Semple, K.T., 2017. Spatial Analysis along a Network:

Human and Environmental Exposure to Pipeline Hydrocarbon Pollution in the Niger Delta.

Opukri, C.O., Ibaba, 1.S., 2008. Oil Induced Environmental Degradation and Internal Population

Displacement in the Nigeria’S Niger Delta. J. Sustain. Dev. Africa 10, 173—-193.

Oti, W.J.0., 2016. Profile of Heavy Metals in Crude Oil Commonly Consumed For Medicinal

Purposes in Abakaliki. [OSR J. Pharm. Biol. Sci. (IOSR-JPBS 11, 43—44.

Page | 31



651 https://do1.0rg/10.9790/3008-1103044344

652  Oyibo, J.N., Wegwu, M.O., Uwakwe, A.A., Osuoha, O., 2017. Analysis of total petroleum

653 hydrocarbons, polycyclic aromatic hydrocarbons and risk assessment of heavy metals in some
654 selected finfishes at Forcados Terminal, Delta State, Nigeria.
655 https://doi.org/10.1016/j.enmm.2017.11.002

656  Ozigis, M.S., Kaduk, J.D., Jarvis, C.H., 2019. Mapping terrestrial oil spill impact using machine
657 learning random forest and Landsat 8 OLI imagery: a case site within the Niger Delta region of

658 Nigeria. Environ. Sci. Pollut. Res. 26, 3621-3635. https://doi.org/10.1007/s11356-018-3824-y

659  Paula, A., Reis, M., Shepherd, T., Nowell, G., Cachada, A., Duarte, A.C., Cave, M., Wragg, J.,

660 Patinha, C., Dias, A., Rocha, F., Ferreira Da Silva, E., Sousa, A.J., Prazeres, C., Batista, M.J.,
661 2016. Source and pathway analysis of lead and polycyclic aromatic hydrocarbons in Lisbon
662 urban soils. https://doi.org/10.1016/j.scitotenv.2016.08.119

663  Pegg, S., Zabbey, N., 2013. Oil and water: the Bodo spills and the destruction of traditional
664 livelihood structures in the Niger Delta. Oxford Univ. Press Community Dev. J. Vol 48, 391—

665 405. https://doi.org/10.1093/cdj/bst021

666  Philibert, D.A., Lyons, D., Philibert, C., Tierney, K.B., 2018. Field-collected crude oil, weathered
667 oil and dispersants differentially affect the early life stages of freshwater and saltwater fishes.

668 Sci. Total Environ. 647, 1148—1157. https://doi.org/10.1016/j.scitotenv.2018.08.052

669  Ren, J., Wang, Xiaoping, Wang, C., Gong, P., Wang, Xiruo, Yao, T., 2016. Biomagnification of
670 persistent organic pollutants along a high-altitude aquatic food chain in the Tibetan Plateau:

671 Processes and mechanisms *. https://doi.org/10.1016/j.envpol.2016.10.019

672  Rocha, A.C., Camacho, C., Eljarrat, E., Peris, A., Aminot, Y., Readman, J.W., Boti, V., Nannou, C.,
673 Marques, A., Nunes, M.L., Almeida, C.M., 2018. Bioaccumulation of persistent and emerging

674 pollutants in wild sea urchin Paracentrotus lividus. Environ. Res. 161, 354-363.

Page | 32



675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

https://doi.org/10.1016/j.envres.2017.11.029

Rouse, J.W., Hass, R.H., Schell, J.A., Deering, D.W., 1973. Monitoring vegetation systems in the
great plains with ERTS. Third Earth Resour. Technol. Satell. Symp. 1, 309-317.

https://doi.org/citeulike-article-id: 12009708

Sam, K., Coulon, F., Prpich, G., 2017. A multi-attribute methodology for the prioritisation of oil

contaminated sites in the Niger Delta. https://doi.org/10.1016/j.scitotenv.2016.11.126

Sanches, 1.D., Souza Filho, C.R., Kokaly, R.F., 2014. Spectroscopic remote sensing of plant stress
at leaf and canopy levels using the chlorophyll 680nm absorption feature with continuum
removal. ISPRS J. Photogramm. Remote Sens. 97, 111-122.

https://doi.org/10.1016/j.isprsjprs.2014.08.015

Santos, L.C.M., Cunha-Lignon, M., Schaeffer-Novelli, Y., Cintrén-Molero, G., 2012. Long-term
effects of oil pollution in mangrove forests (Baixada Santista, Southeast Brazil) detected using
a GIS-based multitemporal analysis of aerial photographs. Brazilian J. Oceanogr. 60, 159-170.

https://doi.org/10.1590/S1679-87592012000200006

Singh, L., Agarwal, T., 2018. Polycyclic aromatic hydrocarbons in diet: Concern for public health.

https://doi.org/10.1016/;.tifs.2018.07.017

Srivastava, V., Srivastava, T., Suresh Kumar, M., 2019. Fate of the persistent organic pollutant
(POP)Hexachlorocyclohexane (HCH) and remediation challenges.

https://doi.org/10.1016/;.1ibiod.2019.03.004

Tatem, A.J., Garcia, A.J., Snow, R.W., Noor, A.M., Gaughan, A.E., Gilbert, M., Linard, C., 2013.
Millennium development health metrics: where do Africa’s children and women of

childbearing age live? https://doi.org/10.1186/1478-7954-11-11

Ugochukwu, U.C., Ochonogor, A., Jidere, C.M., Agu, C., Nkoloagu, F., Ewoh, J., Okwu-Delunzu,

V.U, 2018. Exposure risks to polycyclic aromatic hydrocarbons by humans and livestock

Page | 33



699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

(cattle) due to hydrocarbon spill from petroleum products in Niger-delta wetland.

https://doi.org/10.1016/j.envint.2018.03.010

UNEP, 2016. Nigeria Launches $1 Billion Ogoniland Clean-up and Restoration Programme -
UNEP [WWW Document]. URL
http://www.unep.org/newscentre/default.aspx?DocumentID=27076 & ArticleID=36199

(accessed 12.9.16).

UNEP, 2014. An evaluation of the implementation of UNEPS’s environmental assessment of

Ogoniland, three years on.

UNEP, 2011. Environmental Assessment of Ogoniland.

Vermote, E., Justice, C., Claverie, M., Franch, B., 2016. Preliminary analysis of the performance of
the Landsat 8/OLI land surface reflectance product. Remote Sens. Environ. 185, 46-56.

https://doi.org/10.1016/J.RSE.2016.04.008

Yakubu, O.H., 2017. Addressing Environmental Health Problems in Ogoniland through
Implementation of United Nations Environment Program Recommendations: Environmental

Management Strategies. https://doi.org/10.3390/environments4020028

Zabbey, N., Sam, K., Trinitas Onyebuchi, A., 2017. Remediation of contaminated lands in the Niger

Delta, Nigeria: Prospects and challenges. https://doi.org/10.1016/j.scitotenv.2017.02.075

Page | 34



	Abstract
	2. Materials and Methods
	2.1. Study area
	2.2. Assessing oil spill occurrences and spatial extent of impact
	2.2.1 Oil spill data
	2.2.2 Remotely sensed data
	2.2.3. Vegetation indices and image differencing
	2.2.4 Refining the delineation of the impact area
	2.2.5 Assessing the role of rivers in oil dispersion
	2.3. Evidence of pollution from field samples, associated impact on vegetation and characterising lethal and sublethal impact zones.
	2.4 Quantifying the human population within the impact area


	3. Results
	3.1 Oil spill events
	3.2 Spatial extent of the oil spill impact
	3.3. Evidence of pollution from field samples and associated vegetation damage within and outside the impact area
	3.4. Human population living within the impacted area

	4. Discussion
	5. Conclusion


