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ABSTRACT

This work was carried out to determine the isoprenoid hydrocarbon indices associated with the Ebubu oil spill site in Rivers
State, Nigeria, with a view to correlating fingerprints therefrom with crude oil samples from the oil-rich Niger Delta. The overall
objective of the work was to demystify the source of the spill through fingerprinting forensic investigations. Vital diagnostic
ratios such as the Pr/Ph, C17/Pr, C18/Ph, C17/C27 and C18/C3o ratios of twelve contaminated soil samples and two background
reference samples, were used to correlate those of fresh crude oil samples from the Niger Delta. Other diagnostic parameters such
as the carbon preference index (CPI), pollution level index (PLI), terrigenous/aquatic ratio, petroleum load index, average chain
length, and weathering ratios were also evaluated. The ratios provided evidence of hydrocarbon source input, biodegradation,
extent of weathering and intensity of oil contamination. Oil fingerprints of samples SS5-T and SS5-B showed predominantly
bimodal distributions of n-alkanes within the hydrocarbon ranges of nCz-nCss and nCs—nCsy, respectively. Sample SS5-T showed
major depletion of resolved n-alkanes and development of a large unresolved complex mixture (UCM), which suggest intense
weathering of the contaminated soils. The CPI values for contaminated soil samples varied between 0.69 to 1.71, with average
CPI value of 1.00. These results show that the oiled soil samples are biodegraded, indicating a preferential breakdown of odd/
even carbons and gradual decrease of CPI values as biodegradation progressed with time. Differences in petroleum load index
between the subsoil and topsoil samples highlight variations in hydrocarbon retention, microbial activity and environmental
conditions across the oil-spill site. It is hoped that the forensic evidence from this study would support regulatory agencies
involved in remediation and oil-spill dispute resolution.
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Introduction

Crude oil is a natural resource of immense importance,
which in any of its form both as liquid or gas, is used as a
source of energy to power transportation machineries and other
industrial equipment that sustain human existence and improves
economies of various countries'. In recent years, it has become
the major vital source of national economic development, a
commodity of strategic importance, a measure of living standard
which determines economic health, social and political stability
and national security of some countries®”.

Petrochemicals, which are by-products of crude oil, are
widely used as source of essential raw material feedstocks to
produce a wide variety of goods that have improved the overall
wellbeing of people across different countries. These raw
materials are used in the manufacture goods such as plastics,
chemicals, fertilizers, synthetic nylon fibres, polymers and
pharmaceuticals, thereby contributing meaningfully to modern
living standards and economic development?®.

However, uncontrolled exploration, production,
transportation and use of crude oil and its by-products have
led to severe environmental contamination across various
ecosystems. Crude oil production activities could lead to oil
spills, leakage during extraction and transport can contaminate
water, soil and surrounding air resulting in long-term ecological
disruption, and impact on the health of humans and living
organisms™'’. Oil could spill into the environment at any stage
of the oil life cycle, from drilling operations through disposal of
oil and its byproducts after use. Both deliberate or inadvertent
oil spills occur on large and small scales depending on factors
such as quantity of oil involved and prevailing environmental
conditions''. Spilled oil contains harmful hydrocarbons that
are toxic to humans, organisms, and natural resources in the
environment'>"®. Large-scale oil spills discharge significant
volumes of poisonous hydrocarbons into marine and terrestrial
ecosystems including seas, oceans, rivers and groundwater
leading to widespread damage natural environment, ecological
biodiversity, and human death'.

Nevertheless, frequent spills of small amounts of crude oils
could expose the environment to greater cumulative harm than
infrequent accidental spills involving larger crude oil volumes".
Oil pollution in terrestrial ecosystems results in the inhalation of
harmful hydrocarbons, direct disruption of ecological processes,
loss of sustenance, and economic stressors that alter intermediary
processes, which may lead to community decline'®!".

Crude oil is formed naturally in subsurface oil reservoirs and
consists of complex hydrocarbons mixtures and other compounds
exist in liquid, gaseous, or solid states'®!’. It is generated under
different geological conditions, times scales, and depositional
environments; as a result, each crude oil has a unique composition
and fingerprint®. Crude oils originating from same oil field share
similar geologic and geochemical histories, including common
source rock, maturation stages and processes, and depositional
environments®'. The major hydrocarbons classes in crude oil are
alkanes, including isoprenoids; cycloparaffins, aromatics, resins,
asphaltenes; and other non-hydrocarbon compounds of sulfur,
nitrogen, oxygen, and organometals?>*.

Isoprenoids are a group of acyclic alkanes in crude oil which
are used in forensic oil spill investigations to provide vital
information such as origin of organic matter, source rock and
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depositional environment of crude oils**. They are abundant
in natural products, microorganisms, animal organisms and in
plants®. Pristane and Phytane are typical acyclic isoprenoids in
crude oil which are derived from phytol sidechain in chlorophyll
during diagenetic stages of crude oil formation®. Phytol side
chain of chlorophyll is derived from phototrophic organisms,
bacteriochlorophyll and sulphur bacteria’’. Pristane-phytane
ratio is one of the most widely used diagnostic parameters in
the oil spill forensic investigations to correlate spilled oils with
source oil and source rocks because it provides information on
redox condition, depositional environment and source input
of the original oil'. It is a geochemical ratio used in forensic
environmental pollution and fingerprinting studies for oil-oil,
and oil-source rock attribution studies respectively®®. Their
index values are used to indicate redox condition of the oil
depositional environment and can provide information on the
loss of hydrocarbons and the effects of microbial biodegradation
on oil spill impacted areas'*?.

Oil spills in developing and under-developed nations
including Niger Delta region in Nigeria result in culpability
disputes and contentions because the spill defaulter may attempt
to evade responsibility to avoid litigations, loss of reputation,
clean-up cost and victims’ compensation payments. Mysterious
oil spills are prevalent in both aquatic and terrestrial ecosystems
in Niger Deltaregion and often leading to disputes and contention
issue between operators on one hand and with operators and
regulatory agencies on the other hand. It is therefore imperative
to demystify unknown oil spills, resolve oil-spill disputes and
contentions, and provide evidence to defensibly hold oil spillers
accountable for legal liabilities, victim compensations, clean-
up and oil spill remediations using geochemical fingerprinting
techniques'.

Crude oil analytical fingerprinting technique involving
gas chromatographic methods is applied in oil spill forensic
investigation for characterizing hydrocarbons in spilled oil, and
for accurate and reliable identification of hydrocarbons released
into the environment®**!. Qil spill fingerprinting analysis is
used to assess oil spill contamination'®, and to understand the
fate and persistence of spilled oil in the environment**3:. In
addition, fingerprinting technique is used to trace the origin of
spill oil; determine genetic relationship between spilled oil and
source oil to establish legal liability against oil spill defaulters®'.
In this study, oil spill forensic investigation approaches using
GC-FID fingerprinting technique and isoprenoid geochemical
ratios of spilled oil from mysterious spill site in Ebubu town
are correlated with those of suspected source oils from various
locations in Nigeria to determine the likely source of the oil spill.
This study applied oil spill forensic investigation approaches
using GC-FID fingerprinting technique and correlation of
isoprenoid geochemical ratios to identify the source of oil spill
in a mysterious oil spill site in Ebubu town.

Materials and Methods
Study site

The oil spill site is in Ebubu town in Eleme Local Government
Area of Rivers State (Figure 1) situated about 20 kilometers
from Port Harcourt a town in Niger Delta region of Nigeria**.
The spill site in Ebubu town is good for oil spill environmental
forensic investigation because several oil production installations
and equipment are located within the Ebubu town. Niger Delta
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region is located at the southern part of the Nigeria bordering the
Atlantic Ocean, directly situated on the West African continental
margin at the apex of the Gulf of Guinea. It is the main oil
producing region of Nigeria with estimated reserve of 23 billion
barrels of oil and gas reserve of 183 cubic feet®.
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Figure 1: Map of the study area of Rivers State in the Niger
Delta showing the study location at Ebubu

Sample collection and preparation

Fourteen contaminated soil samples were collected from
seven sampling points at two different depths of 0-15cm and
15-35cm, indicating that one sample each was collected from
two different depths at each of the seven sampling points in the
oil spill site. Five crude oil samples were obtained from five
different oil field locations in three states in Niger Delta region
of Nigeria namely Akwa-Ibom, Bayelsa, Delta and Rivers. Five
Crude oil samples were collected in collected in glass vails
capped with Teflon seals and labelled as BAS, FLD, FRD, NEM,
and QIB, while the fourteen contaminated soil samples were
collected in ember glass bottles, capped with Teflon seals and
labelled as SS1-T, SS1-B, SS2-T, SS2-B, SS5-T, SS5-B, SS6-T,
SS6-B, SS9-T, SS9-B, SS10-T and SS10-B. Sample information
(sample ID, location and coordinates) is presented in (Table 1).

Column chromatography for crude oil and soil samples

One gram (1.0g) of each crude oil sample was fractionated
using column chromatography with 1:1 volume mixture of
dichloromethane (DCM) and hexane to separate the aromatics
and aliphatic components respectively'®. The aliphatic
fractionate was passed through glass funnel stuff with glass
wool covered with sodium anhydrous sulphate to trap moisture
while being filtered through Whatman 41 filter paper to remove
impurities and waxes. The aliphatic fractionate was allowed to
concentrate and evaporated in a solvent sand bath and excess
solvent was removed with the aid of nitrogen gas. Sample
extract was reconstituted to 2ml and transferred into a vial for
gas chromatographic analysis.

Ten grams (10g) of homogenized soil was weighed
and added to 100ml equal mixture of dichloromethane and
hexane in a 250ml extraction bottle covered, shook for proper
homogenization in vortex mixer for 20 mins. The supernatant
solvent was allowed to settle and passed through glass funnel
stuff with glass wool covered with sodium anhydrous sulphate
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to trap moisture while being filtered through Whatman 41
filter paper to remove soil matrixes, impurities and waxes. The
aliphatic fractionate was allowed to concentrate and evaporated
in a solvent sand bath and excess solvent was removed with the
aid of nitrogen gas. Sample extract was reconstituted to 2ml and
transferred into a vial for gas chromatographic analysis.

Table 1: Showing the GPS coordinates of sample locations.

Sampling Coordinates
Samples Latitude Longitude Depth (cm)
BRS 4°4’6.56”"N 6°17°4.56”E Surface
FLD 4° 48’ 43.64"N 7°9’8.68"E Surface
FRD 5°9°59.76"N 5°10’59.88”E Surface
NEM 4°32°12.85”"N 6°24°22.36"E Surface
QIB 4°32°54.24"N 8°0°45.72”E Surface
SSIT 4° 48’ 44.18"N 7°9°1.57°E 0-15
SS1B 4° 48’ 44.18”N 7°9’7.57T°E 15-30
SS2T 4° 48’ 45.3”N 7°9’6.7°E 0-15
SS2B 4°48°45.3”N 7°9’6.7°E 15-30
SSST 4° 48’ 44.41”N 7°9°7.447E 0-15
SS5B 4° 48’44 41N 7°9’7.44”E 15-30
SS6T 4° 48’ 43.13”N 7°9’8.18”E 0-15
SS6B 4°48’43.13"N 7°9’8.18”E 15-30
SS9T 4° 48’ 43.34"N 7°9’8.15"E 0-15
SS9B 4° 48’ 43.34"N 7°9’8.15”E 15-30
SS10T 4° 48’ 4491”N 7°9°7.33”E 0-15
SS10B 4°48°44.91”N 7°9°7.33”E 15-30
SSCT 4°48°44.29"N 7°9°7.65"E 0-15
SSCB 4° 48 44.29"N 7°9°7.65"E 15-30

Gas Chromatography (GC-FID) analysis

Aliphatic fraction obtained by column chromatography of
crude oil and soil samples were subjected to gas chromatography
fingerprinting analysis. The gas chromatographic analysis of
the aliphatic hydrocarbons (carbon ranges from nC3-nC40)
identification and quantification were performed using Agilent
7890B gas chromatography (GC) system incorporated with flame
ionization detector (FID)*. The GC system was fitted with a 30
meter long, 0.32 mm internal diameter capillary column coated
with a 0.25um of 100% dimethyl siloxane stationary phase (J &
W scientific Co. Ltd., USA). A temperature programmable oven
housing the capillary column with the gas heated split /splitless
column inlet and flame ionization detector. The oven housing
the capillary column with gas heated split/splitless column inlet
and flame ionization detector was programmed with an initial
temperature of 65°C (held 2.0 minutes) and is ramped at 15°C /
min to 320°C, with initial hold time of 1 min and final hold time
of 10 minutes. The injector temperature was set at 300 degrees
Celsius to vaporize the hydrocarbon components of the oil.
Helium is used as the carrier gas while oxygen and hydrogen
were used as combustion gases. Separated mobile hydrocarbon
vapours were carried by the helium carrier gas through the
capillary column inside the oven to the detector.

Results and Discussion
Results

(Tables 2 and 3) contain the results of the acyclic isoprenoid
hydrocarbons in the crude oil samples and in the contaminated
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soil samples respectively. The analyses are presented contain the chromatograms of five source crude soil samples, twelve
Pr/Ph, C17/Pr, C18/Ph, C17/C27 and C18/C30 ratios for both oil-contaminated soil samples and two background reference
the crude oil and soil samples respectively. (Figure 2) contains samples.

Table 2: Acyclic isoprenoid hydrocarbon ratios of crude oil samples.

Sample Pr/Ph CPI TAR C17/Pr C18/Ph C17/C27 C18/C30 WR | ACL Pet/Bio
BAS 1.58 1.07 {0.59 |0.83 1.61 1.26 1.79 0.65 |28.86 | 1.62
FLD 1.35 1.07 | 071 |0.53 1.1 1.09 1.45 0.84 |28.74 | 1.06
FRD 0.84 0.69 [ 0.64 |0.95 0.54 2.12 1.02 0.58 [28.33 [2.21
NEM 2.2 1.26 | 0.6 0.46 1.24 1.5 1.67 0.79 [29.26 |1.42
QIB 1.77 1.01 | 0.53 |0.7 1.41 1.28 1.9 0.61 |29.13 | 1.87
Table 3: Showing the isoprenoid and isoprenoid-alkane ratios of contaminated soil samples.
Sample Pr/Ph CPI TAR | C17/Pr C18/Ph C17/C27 C18/C30 PLI | WR | ACL Pet/Bio
SS1B 0.58 1.3 5.39 0.92 0.55 0.26 0.23 0.9 343 |[29.61 0.15
SSIT 1.13 1.71 | 3.13 0.33 0.53 0.51 0.4 1.02 | 227 |28.9 0.25
SS2B 2.03 0.74 | 0.94 1 0.88 1.67 0.37 1.18 093 |28.59 |04l
SS2T 1.97 0.69 | 1.1 1.03 0.74 1.69 0.57 1.36 [ 0.74 |2845 |045
SS5B 2.87 0.97 | 1.02 0.29 0.8 0.83 0.8 1.13 |1 28.56 | 0.37
SS5T 0.58 1.15 | 5.87 1.94 2.04 0.26 0.26 0.87 [4.12 [29.26 |0.12
SS6B 0.76 0.8 1.28 0.52 0.37 0.8 0.51 1.07 091 |[28.76 |0.35
SS6T 0.88 0.95 1.49 0.4 0.4 0.64 0.64 1.09 | 1.01 |[28.87 |0.35
SS9B 1.26 1.03 1.22 0.86 0.92 1.12 0.77 1.02 [0.79 |[28.52 |0.43
SS9T 0.87 0.9 1.06 0.71 0.55 0.96 0.7 1.05 |0.75 |28.59 |0.42
SS10B 1.13 0.83 | 0.94 0.63 0.79 1.06 0.83 1.06 |0.7 28.53 | 0.46
SS10T 0.89 094 |0.76 1.35 0.72 1.8 0.82 126 |0.68 |28.51 |0.46
SSCB 1.55 0.74 | 3.64 0.62 0.88 0.4 0.45 - - 28.65 | 0.18
SSCT 1.37 0.67 |42 0.48 0.41 0.35 0.38 - - 2795 |0.18

Figure 2: GC-FID fingerprints of five source crude oils, twelve oil-contaminated soil samples and two background control samples
Discussion

Fingerprinting of crude oil is an important aspect of oil spill forensic investigations for correlating and differentiating
environmental spilled oil sources with known source crude oils*’. Gas Chromatography with Flame lonisation Detection is an
important tool in oil spill forensic investigation used to separate, identify and quantify constituent chemical hydrocarbons, which
are fingerprints in crude oil.

GC-FID Chromatograms also known as fingerprints from the GC-FID provide a descriptive information or depictions of the
various dominant hydrocarbons in each sample (Figure 2). These chromatograms provide details on individual saturated hydrocarbons
including n-alkanes (C2-C40) and selected acyclic isoprenoids such as pristane and phytane. GC-FID chromatograms provide
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information on oil type characterization and reveal the overall
carbon number range of the sample, which is informative when
choosing which biomarker would be relevant for further oil spill
forensic identification. For each sample, several isoprenoid and
n-alkane ratios have been calculated including Pr/Ph, nC17/Pr,
nC18/Ph, C17/C27, C18/C30, (C17+C18)/(pritphy) CPI, TAR,
WR, ACL, and Pet/Bio. The results for these ratios for source
crude oils and oil-contaminated soil samples are presented in
(Tables 2 and 3) respectively.

GC-FID of source crude oils: Hydrocarbon distribution profiles
in chromatograms could be distinguished from one another by
careful visual analysis of peak patterns with emphasis on the
following parameters, low and high retention times, overall
profile of the shape of the peaks, carbon number ranges for
each sample profile and the existence of unresolve complex
mixtures in fingerprint profiles'****’. Chemical fingerprints of
all five source crude oils including Brass, Field, Forcadoes,
Nembe and Qua-Ibo, were evaluated using GC-FID analysis
of saturated hydrocarbon fractionates from these crude oils*’.
Figure 2 shows that hydrocarbon fingerprints of four of the
source crude oil samples including Brass, Nembe, Forcadoes and
Qua-Ibo samples predominantly bimodal n-alkane distributions
dominated by saturates in the range of nC3 - nC39. For each
of these crude oils, the figure also shows two conspicuous
chromatographic baseline humps known as unresolved
complex mixtures, whose presence indicate loss of smaller
n-alkane molecules due to evaporation weathering process™.
GC-FID Chromatogram for Field source crude oil revealed a
predominantly bimodal n-alkane distributions dominated by
saturates in the range of nCl11- nC40, showing two unequal
unresolved complex mixtures. The preferential depletion of
lower-molecular weight alkanes and the consequential presence
of unresolve complex mixture can be attributed to compositional

alteration due to environmental weathering processes®'*.

Based on visual inspection of the fingerprint characteristics
such as profile shapes, low retention times, high retention times
of the components and carbon number distributions for each
source crude oil. Figure 2 also revealed that fingerprints of all
5 source crude oils are dissimilar from one another. The figure
further showed that although GC-FID fingerprints for Field,
Nembe and Qua-Ibo source crude oils samples share certain
similarities, their fingerprint profiles are these three samples are
different from each other in profile shapes, retention times and
profile carbon number distributions. In addition, their fingerprints
are dissimilar from those of Forcadoes and Brass source crude
oils (Figure 2). Furthermore, Figure 2 showed that although
Forcadoes and Brass source oil fingerprints are similar in profile
shapes at high retention times and carbon number distributions,
however, there are dissimilarities in their profile shapes at low
retention times. Indicating that all five crude oil sources may
not be genetically related. However, this demonstrates visual
inspection of GC-FID fingerprint profile alone is not adequate
tool for source correlation among petroleum sources, additional
assessment approach is needed for a reliable and defensible
source attribution®.

GC-FID of spill-impacted soil samples: GC-FID fingerprints
of 12 oil-contaminated soil samples from spill impacted site
and 2 control samples collected from 100m away from spill site
were evaluated using GC-FID analysis of saturated hydrocarbon
fractionates from these soil samples are presented in Figure 2.

J Petro Chem Eng | Vol: 4 & Iss: 2

Figure 2 contains fingerprints of all 12 spill-impacted soil samples
consisting of SS1-T, SS1-B, SS2-T, SS2-B, SS5-T, SS5-B,
SS6-T, SS6-B, SS9-T, SS9-B, SS10-T and SS10-B samples. The
figure revealed a predominately bimodal n-alkane distributions
which is dominated by saturates in the range of nC5 - nC40,
showing varying sizes of two unequal unresolved complex
mixtures (UCM), indicating variations in the extent and impact
of environmental weathering processes on oil-contaminated soil
samples®! 3¢,

GC-FID fingerprints of samples SS1-T and SS1-B showed
predominantly bimodal distributions of n-alkane hydrocarbons
within the carbon range nC;e—nCss, with substantial loss of
resolved n-alkanes and development of a noticeable unresolved
complex mixture (UCM), which indicates extensive petroleum
weathering and biodegradation*'. The chromatographic profiles
of both samples demonstrated strong similarities in peak
patterns at low and high retention times, suggesting a common
hydrocarbon source and similar environmental alteration
processes. The disappearance of lower molecular weight
n-alkanes approximately below nCss, along with elevated UCM
intensity, indicates preferential degradation and loss of labile
hydrocarbons during extended environmental exposure, which
is characteristic of advanced stages of oil spill weathering and
biodegradation®'*®,

GC-FID fingerprints of samples SS2-T and SS2-B exhibited
predominantly bimodal distributions of n-alkane hydrocarbons
within carbon range of nCe—nCss, with minor loss of lower
molecular weight n-alkanes and the advance of two unequal
unresolved complex mixtures (UCMs), which may indicate
moderate evaporation weathering processes'®. The fingerprint
profiles of both samples showed similar peak distribution
patterns at low and high retention times, signifying a common
petroleum source and similar oil weathering history. Moderate
degradation of isoprenoids and resolved n-alkanes up to around
nCqo was evident, whereas the persistence of higher molecular
weight hydrocarbons and comparable bimodal UCM intensities
reflect intermediate stages of oil weathering and biodegradation.
These chromatographic characteristics are consistent with
partial loss of volatile hydrocarbons through evaporation
together with progressive environmental alteration of petroleum
hydrocarbons®**!.,

GC-FID fingerprints of samples SS5-T and SS5-B showed
predominantly bimodal distributions of n-alkanes within
the carbon-number ranges of nC,—nCss and nCs—nClI1],
respectively. Sample SS5-T showed major depletion of resolved
n-alkanes along with the development of a large unresolved
complex mixture (UCM), signifying advanced petroleum
weathering processes*'. The chromatographic profile exhibited
extensive loss of isoprenoids and n-alkanes up to around nC1[,
revealing elevated UCM intensity, and marked reductions in
peak abundances of heavier hydrocarbon components, thereby
confirming severe environmental alteration of the spilled oil. In
contrast, sample SS5-B showed comparatively minor depletion
of lower molecular weight saturates up to nearly nCs together
with two unequal UCMs characteristic evidence of slight
evaporation weathering and minor microbial degradation®“,
The dissimilarities observed in fingerprint profile shapes at both
low and high retention times between SS5-T and SS5-B indicate
varying extent of environmental exposure and hydrocarbon
compositional alteration.
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GC-FID chromatgrams of samples SS6-T and SS6-B
exhibited predominantly bimodal distributions of alkane
hydrocarbons within carbon range of nCy—nCs,, with depletion
of lower molecular weight n-alkanes, together with development
of two unequal unresolved complex mixtures (UCMs),
indicating early stages of petroleum weathering. The fingerprint
profiles of both samples displayed similar peak distribution
patterns at low and high retention times, indicating a common
hydrocarbon source and similar environmental weathering
processes. Minor biodegradation of isoprenoids and resolved
n-alkanes up to around nCy were observed in both topsoil and
bottom samples. Although significantly unequal UCM intensities
were noticed between the two chromatograms, however, the
similarity in carbon-number distributions and hydrocarbon peak
abundances signifies comparable petroleum composition and
weathering history despite differences in sampling depth. These
chromatographic characteristics are consistent with early-stage
evaporation, together with mild microbial degradation processes
affecting the spilled oil'**',

GC-FID fingerprints of samples SS9-T and SS9-B showed
predominantly bimodal distributions of saturated hydrocarbons
within carbon range of nCs—nCsy, with minor loss of lower
molecular weight n-alkanes and existence of two unequal
unresolved complex mixtures (UCMs), which could indicate
early stages of spilled oil weathering. The chromatographic
profiles of both samples showed slight similarities at low and
high retention times, suggesting comparable but unidentical
hydrocarbon alteration histories. Minor degradation of
isoprenoids and resolved n-alkanes up to around nCs were
observed in both soil samples, which reflects early-stage
evaporation and microbial weathering processes'’. However,
dissimilarities in carbon-number distributions and hydrocarbon
peak abundances were evident, with sample SS9-B exhibiting
greater reductions in resolved hydrocarbon peaks between nCs
and nCs, compared with SS9-T. These differences likely show
varying extents of environmental exposure, weathering intensity,
or biodegradation rates between the topsoil and bottom samples
despite originating from the same sampling point.

GC-FID chromatograms of samples SS10-T and SS10-B
exhibited predominantly bimodal distributions of saturated
hydrocarbons within carbon number range of nC;—nCs,, with
minor depletion of lower molecular weight n-alkanes and the
existence of unresolved complex mixtures (UCMs), which
indicate early stages of oil weathering. The fingerprint profiles
of both samples displayed strong similarities at low and high
retention times, together with relatively comparable UCM
intensities, reflecting a common hydrocarbon source with
similar weathering degradation history. Minor degradation
of isoprenoids and resolved n-alkanes up to around nCs were
observed in both topsoil and bottom samples, demonstrating
early-stageo of evaporation and biodegradation weathering'**'.
The similar carbon-number distributions and hydrocarbon
peak abundances between the fingerprints further indicate
slight differences in hydrocarbon alteration despite sampling at
different depths from the same sampling point.

Fingerprints of the background control samples (SSC-T and
SSC-B) revealed predominantly unimodal n-alkane distributions
within the range of nC;—nCs;, with dominance of saturated
hydrocarbons and enrichment of long-chain hydrocarbons,
which characterises biogenic organic matter derived from
terrestrial higher plant inputs***,

J Petro Chem Eng | Vol: 4 & Iss: 2

Degree of waxiness: Degree of waxiness of crude oils is
a diagnostic ratio in GC-FID fingerprinting used for forensic
correlation between crude oil and source oils by characterizing
the amount of terrestrial organic matter inputs in oil from source
rocks based on the abundance and distribution of high molecular
weight alkanes'**. Higher molecular weight n-alkanes which
are terrestrial derived organic materials in crude oils are useful
organic source indicators for correlation of oils and source
rocks*#®. Oil waxiness is a parameter used in oil spill forensic
investigation to indicate the source, type and weathering stage
of spilled oil. Typical of crude oils from Niger Delta, the five
crude oil samples including Brass, Field, Forcadoes, Nembe and
Qua-Ibo exhibited waxiness index values ranging from 1.16 and
1.34, which indicates moderately waxy oils probably from mixed
marine and terrestrial source inputs®*'**. The degree of waxiness
of oil spill in polluted samples including SS1-T, SS1-B, SS2-T,
SS2-B, SS5-T, SS5-B, SS6-T, SS6-B, SS9-T, SS9-B, SS10-T
and SS10-B exhibited a wide range of values ranging from 1.09
and 5.83 with a mean value of 1.93.

These indicate increases in the degree of waxiness for the
spilled oils majorly because of the weathering effects which
results in preferential removal of low-chain n-alkanes in the
oil leaving behind the higher molecular weight paraffins and
increasing waxiness®'*. Control samples SSC-T and SSC-B
showed a degree of waxiness values of 3.28 and 3.52 respectively,
indicating highly waxy hydrocarbons source predominantly
from terrestrial higher plants’'.

Pollution level Index (PLI): Petroleum load index is an
environmental assessment parameter commonly used in forensic
oil spill investigations to evaluate intensity and overall level
of crude oil hydrocarbon contamination in oil-spill impacted
area. It is an environmental index employed to trace changes
in oil pollution in sediments, soils and aquatic environments
over a period and to compare the extent of contamination
between sites’’’. In environmental forensic investigations, it is
typically applied to evaluate spatial distribution and intensity of
petroleum contamination, monitor effectiveness of remediation
and support environmental risk assessment around industrial
and petrochemical areas, as well as within oil spill sites'. PLI
is used to compare the relative concentrations of petroleum
hydrocarbons between impacted sites and background or
reference levels, thereby providing a unified measure of oil
contamination assessment across affected areas'®*.

Petroleum load index: Petroleum load indices for contaminated
soil samples were calculated using n-alkane fingerprint data
for oil-impacted samples along with corresponding fingerprint
data from background soil samples. Table 1 shows PLI values
of oil-impacted soil samples with highest and lowest values
of 1.36 and 0.87 respectively, and with average value of 1.08,
progressive deterioration or oil pollution of the affected area.
The Table also shows that most of the soil samples have PLI
values more than 1 confirming oil contamination of the affected
area. Samples SS1B and SS5T have PLI values lower than 1
which likely indicate significant biodegradation of the spilled in
the polluted soil samples™’.

Table 1 also shows variations in the PLI values for samples
collected from different depths corresponding to topsoil and
subsoil for each oil spill sampling points. These variations in
PLI values with respect to sampling depth are caused by strong
variations in environmental factors such as availability of oxygen



Osuji LC, et al.,

and nutrients, effects of microbial activities, moisture and type of
soil texture. Comparison of trends in PLI values between topsoil
and subsoil for each sampling points indicate that higher PLI
values were obtained for topsoil samples SS1-T, SS2-T, SS6-T
SS9-T and SS10-T, when compared to their corresponding
subsoil samples including SS1-B, SS2-B, SS6-B, SS9-B and
SS10-B respectively. Such trend is attributable to scenarios
where spilled oil is trapped at the topsoil due to underlining
factors such as high organic matter, low permeability, recent
contamination, or limited oil downward infiltration. These factors
result in accumulation and retention of hydrocarbons within
the upper soil surface across oil-impacted areas*'. Higher
PLI value of 1.13 was obtained for subsoil SS5B, compared to
PLI value of 0.87 for SSST. This tendency may be attributed
to intense biodegradation together with other environmental
weathering processes occurring in the topsoil for sample SS5T,
where hydrocarbons are exposed to enhanced microbial activity,
oxygenation, evaporation, and photooxidation'®?’.

Alkane chain ratio (ACL): Average chain length (ACL) of
organic hydrocarbons is another geochemical parameter used
in environmental forensics to identify sources of hydrocarbons
by distinguishing between petroleum hydrocarbons from
hydrocarbons from biogenic sources®**. It is also used to
identify the source of saturated hydrocarbons in the environment
based on the abundance of the odd-numbered-carbon alkanes in
higher plants™. ACL is used to reflect the dominant molecular size
of hydrocarbons present in the organic source of the pollutants®.
Table 2 shows ACL values for suspected soil samples while table
3 contains different ACL values for contaminated soil samples.
The Average carbon chain length (ACL) values for crude oils
ranged from 28.33 to 29.26, with average value of 28.86 (Table
2). ACL values for the contaminated soil samples ranged from
28.45 to 29.61, with average value of 28.76 (Table 3). The two
background soil samples (SSCB and SSCT) have ACL values
of 28.65 and 27.95 respectively (Table 3). These results show
that lower average ACL value was obtained for contaminated
soil samples compared to the average ACL values for the source
crude oil samples. Comparison between these average ACL
values indicate that varying amounts of oil contamination of
natural background soil resulted in lower ACL values, with
wider ACL range for contaminated soil samples®*. Table 3 further
shows variations in the ACL values between topsoil and subsoil
samples. The trend for most sample pairs from each sampling
point revealed that ACL increases with increased degree of
weathering as reflected in increased ACL values for samples
with higher WR values. This shoes the impact of environmental
weathering processes, which preferentially remove lower
molecular weight hydrocarbons, leading to increase in WR
values?. Consequentially, higher WR values result in dominance
of higher molecular weight hydrocarbons with corresponding
increase in ACL values™.

Pristane-Phytane Ratio (Pr/Ph): Pristane-phytane ratio is
one of the most widely used isoprenoid diagnostic parameters
in the oil spill forensic investigations to correlate spilled
oils with source oil because it provides information on redox
condition, depositional environment and source oil input'®.
Pristane and phytane isoprenoids are derived from phytol
sidechain in chlorophyll during diagenetic stages of crude
oil formation®®. Phytol side chain of chlorophyll is primarily
generated from phototrophic organisms, bacteriochlorophyll
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and sulphur bacteria®’. Pristane is formed by decarboxylation
of phytol under oxidizing condition, while phytane is generated
by phytol dehydration under reducing condition. They are
petroleum diagnostic indicators used in assessing extent of oil
degradation based on their resistance to biodegradation during
early stages of environmental weathering'**’. Pristane-phytane
ratios are commonly applied in petroleum geochemistry and oil
spill forensics to indicate type of organic materials that formed
petroleum sources such as crude oils, sediments and rock
extracts”. Pristane-phytane index value less than 1 (Pr/Ph<1) is
used to indicate anoxic source-rock deposition environment™,
Ratio values more than 1 are indicative of Oxic depositional
environment, while higher values more than or equal to 3
indicate oxic conditions associated with terrestrial organic
material input®. Table 3 shows pristane-phytane ratios obtained
for 14 contaminated soil samples and Table 3 contains Pr/Ph
values for 5 source crude oil samples including Brass, Field,
Forcadoes, Nembe and Qua-Ibo. Pristane-phytane index values
for source crude oils range from 0.84 to 2.24, with average
value of 1.55. Table 3 further shows a highest Pr/Ph value of
2.20 for Nembe crude oil and the lowest value of 0.84 obtained
for Forcadoes crude oil. This shows that four of the five crude
oil samples exhibited Pristane-Phytane ratios greater than 1.0,
indicating organic material generated under Oxic conditions in
possible normal marine shelf and deltaic environments. While
as, Forcadoes crude oil with ratio value of 0.84, may suggest
that the oil was generated in Sub-oxic/anoxic, slightly reducing
condition during deposition®*#*°¢<7, The highest pristane-phytane
ratio value of 2.2 was obtained for Nembe source crude oil
indicating possible oxic conditions under normal marine shelf
or deltaic environment?-*3, Field source crude oil sample has a
Pr/Ph ratio of 1.35 which indicates oil generated in Transitional
suboxic to oxic depositional condition. Brass and Qua-Ibo
source crude oils have Pr/Ph ratios of 1.58 and 1.77 respectively,
reflecting possible oxic to sub-oxic conditions under normal
marine shelf or deltaic environment®.

Pristane-phytaneratio values obtained for 14 oil-contaminated
soil samples range between 0.57 to 2.87, with average value of
1.25, as shown in Table 3. The table shows reducing changes in
pristane-phytane ratios obtained for contaminated soil samples
largely due to different microbial and weathering effects on the
spilled oil as weathering progresses with time'*. Compared to
the pristane-phytane ratio value of 0.84 for Forcadoes source
crude oil sample, the Pr/Ph ratio increased in some cases for
some soil samples because of preferential biodegradation of
phytane instead of the less stable pristane isoprenoids*-*.

Carbon preferential index (CPI): The carbon preferential
index, (CPI) (C25-C33) is a petroleum geochemical parameter
used to assess source input and maturity of n-alkanes in petroleum
sources®® and interpret source depositional environmental
conditions”. It is also used to determine odd-to-even carbon
predominance in long-chain alkanes and to differentiate between
alkanes from vascular land plants and alkanes from bacteria or
petroleum sources®. Studies demonstrates that a predominance
of long chain odd-numbered-carbon alkane in petroleum sources
is indicative of terrigenous inputs, whereas the predominance
of long chain even-numbered carbon alkane is typically
considered as indicator of organic matter derived from marine,
algae, bacteria or petrogenic sources®***¢!. CPI values presented
in Table 1 were calculated from n-alkane distributions in the
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studied source crude oils and contaminated soil samples. CPI
values obtained for all five crude oil samples range between 0.69
to 1.26, with average value of 1.02. All crude oil samples except
Forcadoes oil have CPI values above 1.0, which might reflect
crude oils with petroleum-like distribution in thermally mature
organic source with predominance of marine inputs®.

CPI value of 0.69 obtained for Forcadoes crude oil could
indicate oil of petrogenic origin with an even-carbon enrichment
from thermally matured hydrocarbon source. This indicates
possible characteristics of its source rock, or alteration of the
odd carbon alkanes due to weathering and biodegradation
processes”?!. The CPI values for contaminated soil sample
varies between 0.69 to 1.71, with average CPI value of 1.00.
These values reflect biodegradation process on the spilled oil
hydrocarbons on the soils, suggesting preferential breakdown of
odd/even carbons and gradual decrease of CPI values to 1 as
biodegradation progresses with time®. Also, CPI value of 1 is
a diagnostic petrogenic origin of crude oil***%. The CPI value of
the background soil samples varies between 0.67 and 0.74, with
an average value of 0.71.

Terrigenous aquatic ratio (TAR): TAR is diagnostic
geochemical ratio applied in oil spill forensics to trace the source
of spilled oil assessment of the predominance of terrigenous
against aquatic organic matter inputs in petroleum systems®¢*, It
can be used to identify changes in the abundances of terrigenous
versus aquatic hydrocarbons in petroleum sources such as rock
extracts and crude oils?*®. TAR is a ratio of long-chain n-alkanes
with carbon atoms consisting of nC,7, nC,s, nCs, typically from
higher plant and other terrestrial inputs, against short-chain
n-alkanes consisting of nCis, nCq7, nCys derived from algae,
bacteria, planktons, aquatic input and microbial lipids.

Table 1 shows TAR ratios for five crude oil sample, 14 soil
samples including 2 background soil samples used as control to
monitor oil pollution on the site under investigation. TAR values
for the five crude oil samples is between 0.53 and 0.71, with an
average value of 0.61. This reflects dominance of aquatic input
possibly from algal/ bacterial organic matter, because crude oil
and aquatic inputs have predominance of short- and mid-chain
n-alkanes**%%, TAR values for 12 contaminated soil samples
range between 0.76 and 5.39, with average value of 2.02,
these increases in the values of TAR values of contaminated
soil samples compared to the suspected Field crude oil with
a TAR of 0.7, is as a result of weathering and biodegradation
processes which result in loss of aquatic labile short-chain
alkane components from the oil-contaminated soil samples. Oil
weathering and biodegradation process degrades short-chain
alkanes, leave behind long-chain alkanes and creates the wrong
impression of enhanced terrestrial inputs with higher-than-
normal values of TAR?'#*336  TAR values obtained for the two
background soil samples ranged between 3.64 and 4.20, with
average value of 3.94, these values reflect the predominance of
territorial inputs in the organic matter of the background soil
samples. Average TAR value of 3.94 in the background soil is an
indication of predominance of odd-number long chain alkanes
from higher terrestrial wax hydrocarbons, typical of natural soils
not contaminated with crude oil pollution®'#>#¢_This presents a
clear difference with spilled oil, which has TAR values around 1
or less prior to weathering and biodegradation processes.

Weathering ratio (WR): Weathering ratios are geochemical
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indicators used in oil spill investigations to evaluate the extent
of compositional alteration of petroleum sources and support
oil spill source attribution based on the relative concentration
indices between labile and conservative hydrocarbons. These
ratios are applied to compare the relative abundances of
weathering-susceptible hydrocarbons with more degradation-
recalcitrant hydrocarbons to evaluate environmental weathering
processes such as evaporation, biodegradation, dissolution, and
photooxidation'*¢7:¢8,

Conclusion

This study demonstrated the effectiveness of GC-FID
fingerprinting technique and application of isoprenoid indices in
environmental oil spill investigations for source attribution of
mysterious spills in Niger Delta region of Nigeria. Comparative
assessment of fingerprints and diagnostic ratios between
oil-contaminated soil samples and suspected source crude
oils revealed significant variations associated with petroleum
composition, depositional environment and weathering
processes. Petroleum geochemical parameters including
pristane/phytane ratio, carbon preference index, terrigenous/
aquatic ratio, petroleum load index, average chain length,
and weathering ratios provided vital evidential information
regarding hydrocarbon source input, biodegradation, weathering
extent and intensity of oil contamination. The contaminated soil
samples exhibited critical evidence of extensive environmental
weathering characterized by preferential depletion of low
molecular weight hydrocarbons and consequential enrichment
of long chain hydrocarbons due to biodegradation, evaporation,
dissolution, and photooxidation processes. Differences in
petroleum load index between subsoil and topsoil samples
reflected variations in hydrocarbon retention, microbial activity
and environmental conditions across the oil-spill site.  This
study has established that integration of GC-FID technique with
isoprenoid diagnostic ratios is a comprehensive, reliable and
defensible tool for reliable oil-source attribution, environmental
forensics, oil-pollution monitoring and spill liability assessment
in oil-producing environments. This approach provides
forensic evidence that support regulatory agencies, oil spill
dispute resolution, spill remediation strategies and enhances
environmental protection in oil-producing regions.
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