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Abstract

The occurrence and level of polycyclic aromatic hydrocarbons (PAHs) in mangrove sediment from Ifiekporo Creek in
Warri, Delta State, Nigeria, were assessed in this study. The extraction of PAHs from the sediment samples was achieved
using the PAH analytical test method (USEPA 8270). This method measures the individual concentrations of extractable
PAHs in samples. The PAHs were quantified within the C,,-C,, subgroup. The basic GC parameters for the analysis of
polyaromatic hydrocarbons were analysed using a gas chromatography—mass selective detector (GC—MSD). The indi-
vidual PAH concentrations in the mangrove sediment samples ranged from 850 pg/kg™' to 3470 ug/kg™". PAH source
apportionment employing isomeric ratios and multivariate statistics indicated both pyrogenic and petrogenic source
inputs in the sediment samples. The order of PAH homology in the sediment was 3-ring > 2-ring > 4-ring. The sediment
samples were mostly dominated by LMW PAHs. The results of the ecological risk assessment in the study area indicate
that there is low ecological risk associated with PAH exposure in sediment. These results provide data on the concentra-
tions and compositional patterns of PAHs, which is useful for understanding the effects, sources, fates, and transport of
PAHs in sediment in the study area, as well as for providing relevant information for environmental quality management
and forensic studies.
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1 Introduction

Mangroves are halophytic forests found in wetlands between land and sea [1]. Mangrove forests are found in 105 coun-
tries on 5 continents [2], inhabiting relatively sheltered coastal areas at tropical and subtropical latitudes [3]. Nigeria’s
mangrove forests are located mainly in the Niger Delta, covering 10,500 km? and inhabited by a diversity of animal and
plant species. Fish, birds, reptiles, and mammals all use mangroves as breeding and growth habitats; they also act as
riparian buffers, species habitats, and sediment filters [4-7]. In terms of vegetation, mangrove forests are characterized
by red mangroves, black mangroves, and white mangroves [8, 9]. The mangrove forests in Nigeria play essential roles in
coastal ecosystems. It provides many services that are critical for the wellbeing of the environment and for human health,
such as protection of shorelines [10], maintenance of water quality, prevention of erosion, and climate mitigation and
adaptation through carbon sequestration [11]. The Forests provide benefits to local communities through the provision of
food, economic opportunities, fuelwood, and logging services [12]. The loss of mangroves may have far-reaching effects
on the environment as well as humans [13]. Several anthropogenic activities threaten mangrove forests in Nigeria [14].
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The Ecosystems suffer from a number of devastating environmental stressors, including overexploitation of mangrove
forests for wood and fuelwood, which may lead to habitat degradation and ecological devastation [15, 16]. The conver-
sion of mangrove forests to other land uses, such as agricultural or urban development, results in the loss of essential
ecosystem services [17-19]. Furthermore, climate change poses a danger to mangroves by altering their hydrological
conditions, which are further exacerbated by sea level rise [20-22].

Paradoxically, the Niger Delta region of Nigeria is the hub of oil and gas production [23]. Over 22.5 billion barrels of
oil reserves are stationed within an estimated 250 separate fields in the Niger Delta region [24]. The region is responsible
for approximately 80% of government revenue and 95% of foreign exchange earnings [25, 26]. Unfortunately, pollution
from industrial activities and frequent oil spills have become commonplace in this area, posing a significant threat to its
delicate mangrove ecosystem [27-29]. The impact could be widespread. These factors not only affect water quality but
also pose significant risks to the health of the various species that depend on these important wetlands [30]. Oil-induced
contaminants, such as heavy metals and persistent organic pollutants (POPs), have been found to bioaccumulate in man-
grove organisms, resulting in long-term ecological harm and posing serious health hazards for humans [31]. Moreover,
research has shown that these toxic substances can interfere with crucial reproductive processes [32], impair the immune
system, and even trigger cancerous growth in both marine and terrestrial organisms [33].

Polycyclic aromatic compounds, such as polycyclic aromatic hydrocarbons (PAHs), are a significant group of persistent
organic pollutants (POPs) [34, 35]. PAHs are compounds that are among the range of environmental pollutants that are
resistant to degradation and can remain in the environment for a long period [36-38]; they persist because of their high
degree of conjugation and aromaticity [39]. PAHs can originate from three main sources in the environment: fossil fuels
(petrogenic PAHs), organic matter (pyrogenic PAHs), or natural organic precursors in the environment generated by
relatively rapid chemical/biological processes (biogenic PAHs) [40, 41]. Petrogenic PAHs are introduced into the aquatic
environment through accidental oil spills, discharge from routine tanker operations, municipal and urban runoff, etc.
[42]. Pyrogenic PAHs are released as byproducts of combustion and solid residues and are largely prevalent in aquatic
environments [36, 43]. Biogenic PAHs are generated naturally from living organisms such as algae, phytoplankton, micro-
organisms and plants [44].

PAHs with high molecular weights are mainly pyrolytic and reach aquatic biota through direct atmospheric depo-
sition or via contaminated soil [45]. However, low-molecular-weight pyrogenic PAHs are mainly introduced into the
environment by rain washout [46]. PAHs containing (2-4) planar rings are termed light or low-molecular-weight (LMW)
PAHs, while those containing more than four (4) planar rings are termed heavy or high-molecular weight (HMW) PAHs
[47]. HMW particles (PAHs with 4 or more rings) have high resonance energies due to their dense clouds of m electrons
surrounding the aromatic rings, which makes them persistent and recalcitrant to microbial degradation [48]. Its low
aqueous solubility and high soil sorption also contribute to its persistence and recalcitrance [49]. PAHs that are heavy
are stable and toxic, whereas light PAHs are more unstable, soluble and volatile, are highly soluble in aqueous media
and are less lipophilic [47].

United States Environmental Protection Agency (US EPA) has identified sixteen PAHs as ‘priority pollutants’ (Table 1),
although there are hundreds of PAH compounds that could be included in risk assessments [47, 50].

Of the 16 priority PAHSs, the International Agency for Research on Cancer (IARC) further classified benzo(a)pyrene
as group 1A (carcinogenic to humans) or dibenzo(a,h)anthracene (probably carcinogenic to humans) and benzo(a)
anthracene, benzo(b)fluoranthene, benzo(k)fluoranthene, chrysene and Indeno (1,2,3-cd) perylene as group 3B (possibly
carcinogenic to humans), while the other PAHs not listed are classified as not carcinogenic to humans [51].

PAHs are present as trace contaminants in freshwater and marine sediments worldwide [52]. PAH are recognized to
contribute significantly to the contamination of mangrove sediments and threats to aquatic life is growing, especially
in the area of high-density human and industrial activities [53]. Crude oil-related anthropogenic activities in mangrove
swamps include oil spills from offshore drilling or transportation, where large quantities of oil are released into the water
and can contaminate sediments [54]. industrial discharge of wastewater from oil refineries and other industrial processes
can also contribute to PAH contamination. Improper waste management practices, such as the direct dumping of oil and
other petroleum products into mangrove ecosystems, further exacerbates this issue [55]. Additionally, the activities of
unchecked oil bunkering and unstandardized crude oil refining in the region also release significant amounts of crude
oil into the environment [56]. These activities can introduce PAHs into mangrove ecosystems, where they can accumulate
in sediments and be taken up by mangrove plants and organisms [57, 58].

The lack of sufficient data on PAHs from mangrove swamps in developing nations such as Nigeria highlights the
need for further research to understand the extent of contamination and potential impacts on these valuable coastal
ecosystems. Against this backdrop, this study investigated the incidence and level of PAH in mangrove sediments from
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Ta!alg 1 Listof 16 US EPA S/N PAH Abbreviations Nos of rings
Priority PAH

1 Naphthalene Nap 2

2 Acenaphthylene Acy 3

3 Acenaphthene Ace 3

4 Fluorine Flu 3

5 Anthracene Ant 3

6 Phenanthrene Phen 3

7 Fluoranthene Flt 4

8 Pyrene Pyr 4

9 Benzo(A)Anthracene BaA 4

10 Chrysene Chry 4

1 Benzo(B)Fluoranthene, BbF 5

12 Benzo(K)Fluoranthene BkF 5

13 Benzo(A)Pyrene BaP 5

14 Dibenzo(A,H) Anthracene DahA 5

15 Indeno (1,2,3, Cd) Perylene IndP 6

16 Benzo(G,H,l)Perylene BghiP 6

Ifiekporo Creek, Warri, Delta State, Nigeria. The main goal of this study was to estimate the levels of PAHs in the sediments
of Ifiekporo Creek by (i) investigating the distribution of PAHs in the Ifiekporo sediments, (ii) identifying possible PAH
contamination sources using diagnostic ratios and principal component analysis (PCA), and (iii) assessing the potential
ecological risk-related PAH assemblages in the sediments. The novelty of this study is the control of environmental pol-
lution in the Ifiekporo mangrove ecosystem by using environmental standard criteria linked to PAHs.

2 Materials and methods
2.1 Study area

According to the World Bank (1995), Nigeria's mangrove ecosystem is the third largest in the world and covers approxi-
mately 975,000 km? of the low-lying area that borders the coastal wetlands of southern Nigeria, stretching from Bakassi
in the east to Badagry in the west. The mangroves of the Niger Delta are a broad confluence of wetlands with a web of
creeks and rivers, which results in a significant inflow of nutrients and organic waste. This is where the ecosystem achieves
its maximum extent. This abundant nutritional foundation is used by primary producers to boost biomass. Mangrove
forests provide many ecosystem services, such as littoral protection, species habitats, and contaminant and sediment
filtering [5]. As a result of the high primary productivity, high levels of organic compounds, abundance of detritus, low
energy and reduced current flow, and anoxic and suboxic conditions that characterize mangrove ecosystems, they are
favorable environments for the preservation, accumulation, and significant uptake of PAHs [59].

The study was carried out in Ifiekporo Creek in Warri, Warri South Local Government Area of Delta State in the Niger
Delta region of Nigeria. The Ifiekporo community is populated by the Itsekiri people. The Community shares a landmass
with the ljala Community and its water-bounders the Warri River to the South. It is often referred to as “that community
behind Warri Refinery” It plays host to the Warri Refining Petrochemical Company’s (WRPC) jetty and several petroleum
tank farms and depots. It is defined by latitudes 5°34'23.3"N and longitudes 5°41'14.5"E (Fig. 1).

2.2 Materials/reagents

For the analysis of the PAHs, an analytical test method (USEPA 8270) was used. This method measures the individual and
total concentrations of extractable PAHs in samples. Polyaromatic hydrocarbons are quantified within C;,-C,,. The basic
GC parameters for the analysis of polyaromatic hydrocarbons were as follows: Agilent 6890 5973 N gas chromatogra-
phy—mass selective detector (GC—MSD). An Agilent 6890 gas chromatograph and Agilent 5973 N mass selective detec-
tor (GCMSD) manufactured by Agilent Technology (Palo, Alto CA, USA) and manufactured by Agilent Technology (Palo,
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Fig. 1 Map of the study area indicating sample locations

Alto CA, USA) were used for this study. The PAH reference mixture (2000 ppm) contained 16 PAH components obtained
from Accu Standard, Inc., New Haven, USA. Silica gel (60-120 mesh) and acetone were obtained from BDH laboratories,
and dichloromethane and DCM (99% analytical grade) were obtained from Fisher Scientific (Loughborough, UK) and
used for this study.

2.3 Sample collection and preparation

A total of 10 selected sampling points were identified within the Ifiekporo Creek in the Warri South Local Government
Area of Delta State, Nigeria. As described by Decena et al. [60], at every sampling location, sediment samples were
collected at depths of 0-15 cm with the aid of a Van Veen grab sediment sampler aboard a speedboat powered by a
Yamaha 40 horsepower (HP) engine. At each collection point, a Garmin eTrex 20 handheld receiver was used to record
the coordinates. The sediment samples were placed in new Zip-lock plastic bags, placed in a cooler with ice, transported
to Jacio Environmental Limited, Warri, Delta State, Nigeria, and kept at 4 °C until analysis.

2.4 Extraction of sediment samples for PAHs
Non-sediment materials such as plant roots and stones were removed from the sediment sample and then mixed thor-
oughly for uniformity prior to the extraction process. A standard reference procedure for the analysis of PAHs in sediment
was employed (US EPA 8240 method).

The extraction was carried out as described by the USEPA 3550C method (USEPA, 2007).

i. Ten grams of well-mixed sediment sample was individually weighed and homogenized with 10 g of anhydrous
sodium sulfate (Na,SO,) to produce a freely flowing finely divided slurry.
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ii. The sample homogenate was spread on foil paper to increase the surface area, which helps quickly remove mois-
ture. The sample homogenate was subsequently crushed in a clean laboratory ceramic mortar to obtain a well
mixture and representative sample prior to extraction.

iii. The crushed/mixed sample homogenate was transferred to a clean 250 ml glass extraction flask. Then, 20 ml (1:1
v/v) of dichloromethane-acetone mixture was added, and the flask was tightly capped.

iv. The flask was placed on a mechanical shaker (Searchtech instrument, HZ-300 model, USA) and shaken for 60 min.

v. The flask was subsequently transferred to an ultrasonic apparatus (Omegasonic Quantum series model, Simi Valley,
USA), where the sample was further extracted ultrasonically for 30 min at approximately 70 °C.

vi. The solvent extract was gently decanted into a 250 ml Erlenmeyer flask, which was properly corked to prevent
escape of the solvent extract.
vii. The sample was extracted twice more using a 20 ml (1:1 v/v) portion of dichloromethane-acetone mixture follow-
ing steps iii-vi. The extracts were subsequently combined.
viii. The combined extract was concentrated using a rotary evaporator (Searchtech instrument, RE52-2 model, USA)
until the volume was reduced to approximately 1-2 ml.

2.5 Clean-up procedure for PAHs

A column of approximately 15 cm (length) x 1 cm (internal diameter) was packed first with glass wool and then with
approximately 10 g of activated silica gel prepared in a slurry form in dichloromethane. Approximately 10 g of anhydrous
sodium sulfate was placed at the top of the column to absorb any water in the sample or the solvent. Preelution was
performed with 30 mL of dichloromethane without exposing the sodium sulfate layer to air to prevent drying of the
silica gel adsorbent. The reduced extract was passed through the column and allowed to sink below the sodium sulfate
layer. Elution was performed with 3 x 10 mL portions of dichloromethane. The eluate was collected in a solvent-rinsed
100 ml conical flask. The eluate was transferred to a round bottom flask and concentrated to a 1 ml final volume using a
rotary evaporator. The concentrate was pipetted into a clean 2 ml Teflon screw-cap vial and capped tightly, labelled and
preserved to avoid oxidation prior to analysis via GC—MS.

2.6 GC—MS analysis

An Agilent 6890 gas chromatograph equipped with an autosampler connected to an Agilent 5973 N mass selective
detector was used. One microliter of sample solution was injected in pulsed splitless mode onto a 30 m x0.25 mm META
X5-coated fused capillary column with a film thickness of 0.25 um. Helium was used as the carrier gas, and the column
head pressure was maintained at 13 psi to give a constant flow rate of 1.0 ml/min. Other operating conditions included a
preset flow, a purge time of 2.00 min, a purge flow of 20.0 ml/min, a total flow of 23.7 ml/min, and an injection tempera-
ture of 250 °C. The column temperature was initially held at 70 °C for 2 min, increased to a final temperature of 300 °C at
arate of 12 °C/min and held for 8 min. The mass spectrometer (MS) conditions involved setting the transfer line at 280 °C.
MS source temp. set at 23 °C, and the MS quad temperature was set at 55 °C. Scan acquisition mode ranged from 50 to
550 amu, a threshold of 150 and a sampling rate of 2 were used with a solvent delay of 3.5 min and a gain factor of 1.0.
The MS tune file was saved as an atune. The PAH identification time was based on the retention time since each of the
PAHs had a separate retention time in the column. Those with shorter retention times were identified first, followed by
those with longer retention times.

2.7 Preparation of PAH standard solutions

Accu-Standard stock solutions of the sixteen (16) USEPA priority PAH calibration standards, including naphthalene (NaP),
acenaphthene (Ace), acenaphthylene (Acy), fluorene (Flu), phenanthrene (Phe), anthracene (Ant), fluoranthene (Flt), pyr-
ene (Pyr), benzo(a)anthracene (BaA), chrysene (Chr), benzo(b) fluoranthene (BbF), benzo(k) fluoranthene (BkF), benzo(a)
pyrene (BaP), indeno(1,2,3-cd)pyrene (InP), dibenzo (a,h) anthracene (DaHa), and benzo(g,h,i)perylene (BghiP), were
prepared and then serially diluted to produce different concentrations ranging from 0.5 ppm to 20.0 ppm. Stock standard
solutions were stored in amber-colored bottles at 4 °C in a refrigerator, and working standard solutions were prepared
fresh before use. Standard solutions of the PAHs were subjected to GC—MS under the set chromatographic conditions,
and the mean peak areas were plotted against the concentrations to construct calibration curves of the PAHs.
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2.8 Quantification of the results

The Agilent Technologies Inc. MSD Chemsta] Mm tion G1701DA D.03.00.611 software was used to quantify the aromatic
component results in ppm (part per million), and a suite of 16 priority polycyclic aromatic hydrocarbons recommended
by the EPA (acu standard, 16 PAHSs) (acu standard) was used.

2.9 Quality control/assurance

The performance of the analytical procedure was validated using matrix spike, procedure blank and surrogate com-
pound recovery methods. Descriptions of these procedures are given in Iwegbue et al. [61]. The matrix spike method
gave 83.4-98.9% recoveries for the PAH compounds, while the surrogate compound recovery method gave 78-101%
recoveries for the PAH. The concentrations of PAHs in the procedural blank samples were below the limits of detection
(LODs). The PAHs in the samples were quantified via external calibration methods. The calibration curves were obtained
as plots of the peak areas of the PAHs versus known concentrations of PAHs, and the linear regression coefficient ()
of the calibration curves ranged from 0.9994 to 0.9999. The intraday and interday precisions, expressed as the relative
standard deviation (RSD), were 3.5-9.6% and 5.2% to 10.4%, respectively. The minimum detection limit for GCMS used
for the analysis of the sediment samples on the chromatogram was 1 x 103 mg/kg.

2,10 Statistical analysis

Analysis of variance (ANOVA) was used to determine whether the PAH concentrations varied significantly within and
among the sampling locations, with a p value less than 0.05 (p < 0.05) considered to indicate statistical significance. The
statistical calculations were performed with SPSS version 19. The relationship between PAHs was established through
the use of principal component analysis.

2.11 Source identification

The PAH isomeric ratios and their significance, as compiled by Yunker et al. [62], were adopted as tools to identify the PAH
sources. The isomeric ratios used included BaA/(BaA + Chry), IndP/(IndP +BghiP), Ant/(Ant+ Phen), FIt/(Flt + Pyr), LMW/
HMW, COMB-PAHs/TPAHs, BaP/BghiP, PAH(4)/PAH(5 + 6) and the total index.

2.12 Ecological risk assessment of PAHs in sediments

In this research, risk quotients (RQs) were used to assess the ecological risk of PAHs in sediments. The quality values for
negligible concentrations (NCs) and maximum permissible concentrations (MPCs) of PAHs in the media were determined
from [63, 64]. The risk levels posed by certain PAHs were characterized by risk quotients (RQs), which were calculated as
follows:

RQ = CPAHs/CQV M

where CPAHs is the concentration of certain PAHs in the medium and CQV is the corresponding quality value of a certain
PAH in the medium (Kalf, et al., [65]. The MPC refers to the concentration of pollutants above which the risk of adverse
effects is considered unacceptable to ecosystems, and the NC refers to the concentration in the environment below which
the occurrence of adverse effects is considered to be negligible [67]. Therefore, RQNCs and RQMPCs are defined as follows:

RQNCs

CPAHs/CQV(NCs) (2)

RQMPC = CPAHs/CQV(MPC) (3)

RQ (NCs) and RQ (MPCs) of individual PAHs that were not less than 1 were assumed to calculate the RQYXPAHs (NCs)
and RQXPAHs (MPCs) of YPAH:s to fully consider the ecological risk of individual PAHs. A RQ (NCs) of 1.0 indicates that the
contamination of a single PAH was more severe. RQ (NCs) > 1.0 and RQ(MPCs), where CQV(NCs) is the quality value of the
NCs of the PAHs in the medium (Table 2) and CQV(MPCs) is the quality value of the MPCs of the PAHs in the medium. The
RQ3XPAHs, RQ3PAHs (NCs) and RQYPAHs (MPCs) are defined as follows:
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RQ )’ PAHs = ) RQi(RQi> 1) )
RQ )’ PAHs (NCs) = )’ RQI(NCs) (RQI(NCs) > 1) (5)
RQ )’ PAHs (MPCs) = )’ RQi(MPCs) (RQi(MPCs) > 1) ©6)

3 Results

Table 3 shows the PAH concentrations found in sediment samples, whereas Table 4 shows the summary statistics of
the PAH concentrations (pg~kg*1) in the sediment. A total of 10 PAH compounds were detected in the sediment sam-
ples, including naphthalene, acenaphthylene acenaphthene, fluorene, phenanthrene, anthracene, benzo(a)pyrene, pyr-
ene, fluoranthene and chrysene. Across the sampling locations, the concentration of PAHs ranged from 810 ug/kg™ to
3470 ug/kg™". Compared to the other points sampled, sampling point 5 had the highest concentration of PAHs (3470 ug/
kg™"). PAH source apportionment employing isomeric ratios and multivariate statistics indicated both pyrogenic and
petrogenic source inputs (such as burning biomass, wood, charcoal, liquid fossil fuel, and crude oil) in the sediment
samples (Table 5). The homologous distribution sequence of PAHs in the sediment revealed 3-ring > 2-ring > 4-ring PAHs
(Fig. 2). The sediment samples were mostly dominated by LMW PAHs. Table 6 shows the results of the PCA for the sedi-
ments. The results of the ecological risk assessment for the study area indicate that there is low ecological risk associated
with PAH exposure in sediment.

4 Discussions

Anthropogenic activities such as industrialization, urbanization, population explosion and modernization have obviously
and unobviously affected mangrove ecosystems, especially sediments. PAHs are widespread pollutants in the environ-
ment, and their major sources are human activities generated from the partial combustion of carbon-based materials
such as fossil fuels; wood; emissions from engines; smoke from cooking; industrial activities; and natural occurrences
such as when volcanoes erupt [40, 51].

4.1 Concentrations of PAHs in sediment

The total concentration of each polycyclic aromatic hydrocarbon (PAH) at ten (10) sampling points in Ifiekporo Creek
was reported, with the primary goal of providing an overview of the distribution of the PAHs in the mangrove sedi-
ments. The total concentration of PAHs analysed in the sediments ranged from 810 ug/kg to 3470 pg/kg (Table 3), with
a mean value of 3134 pg/kg (Table 4). The highest PAH concentration (3470 pg/kg) was recorded at sample point 5. As
far as individual PAHs are concerned, some of the analysed components were not detected across the sampling points.
However, Nap (2-ring) was the most prevalent PAH species, with a mean value of 485 pg/kg detected in the sediments
from all sampling points, with the exception of sample point 7. Other studies investigating PAH in sediments have also

Table 2 Risk Classification of

o Individual PAHs >PAHSs
Individual PAHs and XPAHs
RQ(NCs) RQ (MPCs) RQ(NCs) RQ (MPCs)

Risk-free <1 Risk-free 0

Moderate-risk >1 <1 Low-risk >1;<800 0

High-risks >1 Moderate-risk1 >800 0
Moderate-risk2 <800 >1
High-risk >800 >1

Caoetal, 2010
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Table3 Concentrations of ST s2 53 s4 S5 6 S7 8  s9  S10

the 16 priority PAHs in the

sediment samples from Nap 40 190 1260  ND 1460 160  ND 50 490 230

Hfiekporo Creek (ug/kg™) Acy 120 300 ND 730 ND 80 1120 350 1010 ND
Ace 170 160 ND 220 ND 570  ND 370 ND ND
Flu 110  ND ND ND ND ND  ND ND ND ND
Phen 190 80 ND ND 2010 ND  ND 120 ND ND
Ant 110 120 ND 210 ND ND  ND 110 ND ND
SLMWPAH 740 850 1260 1160 3470 810 1120 1000 1500 230
Flt 9 530 ND ND ND ND  ND 1230 ND ND
Pyr 110 510 ND ND ND ND  ND ND ND ND
BaA 30  ND ND ND ND ND  ND ND ND ND
Chry 10 ND ND ND ND ND  ND ND ND ND
BbF ND  ND ND ND ND ND  ND ND ND ND
BKF ND  ND ND ND ND ND  ND ND ND ND
BaP ND  ND ND ND ND ND  ND ND ND ND
DahA ND  ND ND ND ND ND  ND ND ND ND
IndP ND  ND ND ND ND ND  ND ND ND ND
BghiP ND  ND ND ND ND ND  ND ND ND ND
SHMWPAH 240 1040  ND ND ND ND  ND 1230 ND ND
sTotal PAH 980 1890 1260 1160 3470 810 1120 2230 1500 230
2Rings 40 190 1260  ND 1460 160  ND 50 490 230
3Rings 700 660 ND 1160 2010 650 1120 950 1010 ND
4Rings 240 1040 ND ND ND ND  ND 1230 ND ND
5Rings ND  ND ND ND ND ND  ND ND ND ND
6 Rings ND  ND ND ND ND ND  ND ND ND ND
7C 40  ND ND ND ND ND  ND ND ND ND

reported naphthalene as the compound that accumulates at the highest concentrations in aquatic organisms [41, 64].
A high concentration of Nap together with other LMWW PAH species is indicative of recent, recurrent and widespread
industrial pollution from petrogenic sources [33]. Ace with a mean value of 539 ug/kg was detected at all sample points
except sample points 3, 5, and 10. Other 3-ring PAHSs, such as Acy, Flu, Ant, and Phe, were equally detected in the sedi-
ment, with mean values of 298, 110, 136, and 600 pg/kg, respectively. The results showed high concentrations of 2-ring,
3-ring and 4-ring PAH species in the sediment from Ifiekporo Creek. However, 5-ring and 6-ring PAHs (BbF, BKF, BaP, DahA,
IndP and BghiP) were not detected in the sediment from Ifiekporo. Furthermore, the results indicate that Flt (4-ring) had
the highest mean concentration of 616 pg/kg. The 3-ring PAHs were the highest (dominant) species in the sediment
of the study area. The concentration of PAHs in the samples was P >0.05, suggesting a spatially significant difference
(Table 7). CV was less than 100%, while the F-calculated was less than the F-critical.

Compared with the results of other reported studies (Table 8), the PAH concentration in sediment from the Escravos
River Basin, Calabar River, River Niger, Ase and Forcados River which fall under the same region of this study, revealed
that the PAH concentration ranged between 750 and 213,000 pg/kg™', 1,670.0 and 100.0 pug/kg™', 2400 and 19000 pg/
kg, 2930 and 16100 pg/kg™" and 1620 and 19800 ug/kg™' for the River Niger, Ase and Forcados Rivers, respectively [66].
The £16 PAH concentrations in the sediment from Ifiekporo were greater than those found in sediments from several
lakes, rivers and estuaries worldwide: Lake Awassa, Ethiopia 24.9-413 ug/kg™" [68]; the Pengkalan Chepa River, Malaysia,
36.7-560.7 ug/kg™ [69]; and the Luan River, China, 20.9-287.0 ug/kg™' [63].

The mean concentration (3134 pg/kg™") of PAHs in sediments from Ifiekporo Creek exceeded the target value
of 1000 pg/kg™" but was less than the intervention of 40,000 pug/kg™"' (Department of Petroleum Resources DPR,
[80]. Baumard et al. [81] described four categories of sediment contamination by PAHs (Table 9). Based on this
classification, the sediments from the Ifiekporo Creek rivers can be classified as being in the “high” contamination
category since the mean concentrations of PAHs (3134 ug/kg-') were above 1000 ug/kg and below 5000 pg/kg-1-".
Taken together, these findings suggest that Ifiekporo Creek has experienced a high level of chemical contamination.
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Table 4 Summary statistics of MEAN D MEDIAN MIN MAX V%
PAH concentrations (ug/kg™")
in sediment samples from Nap 485 535 210 40 1460 110
tfiekporo Creek Acy 539 430 350 80 1120 78
Ace 298 195 220 160 570 65
Flu 110 35 110 110 110 32
Phen 600 625 155 80 2010 104
Ant 136 76 115 110 210 56
Flt 616 402 530 920 1230 62
Pyr 310 161 310 110 510 52
BaA 30 9.4 30 30 30 31
Chry 10 3.2 10 10 10 32
BbF 0 0 0 ND ND ND
BKF 0 0 0 ND ND ND
BaP 0 0 0 ND ND ND
DahA 0 0 0 ND ND ND
IndP 0 0 0 ND ND ND
BghiP 0 0 0 ND ND ND
YPAH 3134 2471.6 2040 820 7260 622
2R 485 535 210 40 1460 110
3R 1683 1361 950 540 4020 335
4R 966 576 880 240 1780 177
5R 0 0 0 ND ND ND
6R 0 0 0 ND ND ND
7C 40 12,6 40 40 40 63
Table 5 Diagnostic ratios of PAHs in sediments
Matrices Samples Ant/(Ant+Phen) BaA/(BaA +Chry) Flt/(Flt+Pyr) LMW/HMW COMB PAHs/ Total Index
TPAHs
Sediment S1 0.37 0.75 0.45 3.08 0.24 8.54
S2 0.60 0.00 0.51 0.82 0.55 7.27
S3 0.00 0.00 0.00 0.00 0.00 0.00
S4 1.00 0.00 0.00 0.00 0.00 10.00
S5 0.00 0.00 0.00 0.00 0.00 0.00
S6 0.00 0.00 0.00 0.00 0.00 0.00
S7 0.00 0.00 0.00 0.00 0.00 0.00
S8 0.48 0.00 0.00 0.81 0.55 4.78
S9 0.00 0.00 0.00 0.00 0.00 0.00
S10 0.00 0.00 0.00 0.00 0.00 0.00
Mean 0.245 0.075 0.96 4.71 1.34
Petrogenic Source <0.1 <0.2 <04 >1
Pyrogenic Source >0.1 >0.35 >0.5 <1

However, stringent pollution control measures and sustainable management are needed to reduce PAH concentra-

tions and associated impacts on mangrove ecosystems.
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Table 6 Principal component Component
analysis (PCA) of PAHs in
sediment samples 1 2 3 4
Nap —-.185 .874 —-.263 —-.200
Acy —-.290 —-.679 —-.099 - .574
Ace —-.001 -.327 .015 .908
Flu .994 —.048 .055 .007
Phen —.006 .867 —-.054 -.076
Ant 204 —-.305 .658 152
Carb —-.091 914 —.144 —-.200
Flt —-.188 -.103 .579 .502
Pyr .057 -.010 .851 —-.096
BaA .994 —.048 .055 .007
Chry .994 —.048 .055 .007
Variance % 28.855 27.542 14.599 13.864
Cumm % 28.855 56.398 70.997 84.860
Table 7 ANOVA_ of PAH Source of Variation Df MS F P value F crit
concentrations in sediment
samples Between Groups 0.449671 8 0.056209 0.656692 0.728745 2.003251
Within Groups 12.32553 144 0.085594
Total 12.7752 152

4.2 Composition and distribution patterns of PaHs in sediments

Figure 2 shows the compositional patterns of the PAHs detected in this study. The sediment samples were mostly dominated
by LMW PAHs. The HMW PAHs ranged from 4 to 6 rings, and the LMW PAHs ranged from 2 to 3 rings. The settled HMW PAHs
are not prone to surface exchange due to their low vapour pressure, and HMW PAHs exhibit increased resistance to deg-
radation. In contrast, LMW PAHs, since they have vapour pressures, are associated with the gaseous phase. However, LMW
PAHs are susceptible to weathering through oxidation, photodegradation and loss by leaching owing to their high-water
solubility [65, 82, 83]. This study revealed that 5- and 6-ring PAHs, BbF, BKF, BaP, DahA, BghiP and IndP, are the most common
recessive components because they are less common. The presence of Flu and Phen at sampling points 1, 2, 4 and 8 are also
indicative of combustion sources at those sampling points [84, 85].
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Table 8 Comparison of PAH Concentrations in Sediments from Ifiekporo Creek and Other River Systems worldwide

Study areas Number of YPAHSs Conc. (ug/kg™) Mean (ug/kg™) References
PAHs
Nigeria
Ifiekporo Creek, Warri, Nigeria 10 230-3470 3134 This study
Escravos River Basin, Nigeria 16 750-213,000 Iwegbu et al. [66]
Forcados River, Nigeria 16 1610-19,800 7870 Iwegbu et al. [66]
Calabar River, Nigeria 17 1,670.0 -20,100.0 9,370 Oyo-ltaetal. [59]
River Niger, Nigeria 16 2400-19,000 7460 Iwegbu et al. [66]
Ase River 16 2929-16,100 7210 lwegbu et al. [66]
Other Africa Countries
Nzhelele River, South Africa 16 206-13,710 Edokpayi, et al. [70]
Lake Awassa, Ethiopia 14 24.9-413 169 Mekonnen et al. [68]
Djibouti-city coastal area, Djibouti 16 2.65-3760.11 387.87 Ahmed et al. [71]
Buffalo River Estuary, South Africa 1107-22,310 5060 Adeniji et al. [72]
Europe and America
Arc River, France 16 151.0-1,257.0 585.3 Kanzari et al. [73]
Nilufer Creek, Bursa, Turkey 12 15.0-9,600.0 - Karaca and Tasdemir [74]
Boston Harbor, USA 4 0.4-6300 - McGroddy et al. [75]
The coastal lagoons and estuaries of - 7.6-6766.1 468.4 Potapova et al. [76]
New York and New Jersey, USA
Pengkalan Chepa River, Malaysia 16 36.7-560.7 266.5 Muslim et al. [69]
The coastal lagoons and estuaries of - 7.6-6766.1 468.4 Potapova et al. [76]
New York and New Jersey, USA
Asia
Tuhai-Majia River, China 16 311.7-3,736.3 914.4 Liu etal. 2012 [77]
Malacca Strait, Malaysia 16 347.05-6207.5 - Keshavarzifard et al. [78]
Luan River, China 16 20.9-287.0 1153 4e
Rivers in Shanghai, China 17 107.0-1,707.0 823.0 Liu et al. 2008 [79]

Table 9 Categorization of
sediment contamination by

PAHs (ug/kg-1-1) 0-10 100-1000 1000-5000 >5000

Low Moderate High Very High

Baumard et al. 1998

4.3 Source apportionment/diagnostic ratio

Isomeric ratio determination and multivariate statistical analysis were carried out to determine the sources of PAHs
in the sediment samples. This tool is used to design control strategies and evaluate both ecological and human risks
associated with the study area (Table 5). In previous studies [61, 66, 86], isomeric ratios such as Ant/(Ant+ Phen), FIt/
(FIt+ Pyr), BaA/(BaA + Chry), IndP/(IndP + BghiP), and BaP/BghiP as well as other LMW/HMW, XCOMB/TPAHSs, and PAH
(4) + (5)/TPAHs have been employed for PAH analysis of input sources and transport properties.

Fossil fuel combustion and petroleum product leakage are pyrolytic and petrogenic sources of PAHs and are the
principal sources of anthropogenic PAHs. To differentiate between petrogenic and pyrogenic sources of PAHs, ratios
of Phe/Ant and Flu/Pyr have been commonly used. Phe/Ant values > 10 are typically associated with polycyclic aro-
matic hydrocarbons of petrogenic origin, whereas low Phe/Ant ratios 10 are frequently produced during combus-
tion processes. Values > 1 have been utilized to denote pyrolytic origins, while values < 1 are assigned to petrogenic
sources for the Fl/Py ratio [87, 88].

LMW/HMW can also be used to differentiate emissions from pyrogenic sources and petrogenic sources [86, 89].
An abundance of HMW PAH (e.g., 4-, 5- and 6-rings) is typically characteristic of pyrogenic origin whereas LMW PAHs
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(e.g. 2- and 3-ring species) are more abundant in petroleum sources; ratios of LMW/HMW were calculated to further
distinguish petroleum from combustion source inputs. LMW/HMW ratios > 1 indicate petroleum source whereas
values < 1 imply combustion [59, 102]. The LMW/HMW ratio from this study in Ifiekporo Creek ranged between 0.81
and 3.08, and most of the samples (94.4%) had LMW/HMW values of > 1, while only 5.6% had LMW/HMW < 1. Similar
to the findings of previous studies, these findings strongly suggest that petrogenic sources are more prevalent than
pyrogenic source inputs.

The Ant/(Ant+ Phen) ratio for this study ranged from 0.37 to 1.00; this was found in sample stations one, two, and
eight, indicating a prevalence of inputs from combustion sources. The BaA/(BaA + Chry) value of 0.75 in the sediment
of Ifiekporo Creek was detected only in sampling station one. A FIt/Flt+ Pyr < 0.4 indicates a petroleum source, values
between 0.4 and 0.5 indicate petroleum combustion sources (especially carbon-based fuel, fumes from outboard engines
and crude oil), and a ratio > 0.5 indicates contributions from biomass combustion, coal, and wood sources. A value > 0.5
indicates a dominant contribution from biomass combustion sources; < 0.2 indicates petroleum-related sources; values
between 0.20 and 0.30 suggest sources related to the combustion of liquid fossil fuels; and values > 0.35 indicate coal/
biomass combustion sources [62]. Both IndP/(IndP + BghiP) and BaP/BghiP were absent in the samples collected from
this creek. This finding suggests that further studies should be carried out in the studied areas for confirmation or clarity.
Although an IndP/(IndP + BghiP) ratio between 0.2 and 0.5 is an indication of the presence of biomass and liquid fossil
fuel combustion as major sources of PAH contamination, BaP/BghiP from other studies has been utilized to distinguish
between vehicular traffic and nonvehicular traffic sources. The COMBPAH/TPAH ratios are indicative of the relationship
between PAH input sources and the combustion of typical organics [66, 90]. A XCOMB-PAH/X16 PAH value<0.3 is an
indication of petrogenic emission; a range between 0.3 and 0.7 indicates mixed sources of emission or deposition; and a
ratio> 0.7 is usually suggestive of input from a burning process of high magnitude [61, 911. In this research, 33.3% of the
sediment samples had values between 0.3 and 0.7, which suggested the dominance of mixed sources, while the rest of
the samples had values less than the equipment detection limits. This was detected in three sample stations; one station
shows petrogenic, and the other two show mixed sources. Finally, the PAH (4)/PAH (5 + 6) ratio used to provide detailed
information on the transport features of the PAHs from related studies was not shown in these studies. For example, a
high PAH (4)/PAH (5 + 6) value indicates that the contamination is related to PAHs transported from a certain distance,
while a low value suggests inputs from local or nearby emission sources [66].

4.4 Principal component analysis (PCA)

Principal component analysis (PCA) is an important tool for identifying the source of PAHs, and it can be used to deter-
mine the loading of different components/factors. For the sediments, PCA revealed 28.855% positive loadings for Flu,
BaA and Chry for factor 1 (Table 6). BaA and Chry are markers for coal, wood, natural gas combustion, and gasoline emis-
sions [92-95]. Flu is a 3-ring PAH that is characterized by a low-temperature combustion process involving the burning of
wood, grass and other biomass [90]. Factor 2 accounted for 56.398% of the variance, with positive loadings comprising
Nap, Acy, Phen and Carb. Nap is a 2-ring PAH, while Acy and Phen are 3-ring PAHs. The nap is an index for incomplete
combustion processes [96]. Although Carb is not among the major or priority US EPA 16 PAHs, it is semi volatile, and Fac-
tor or Component 3 constitutes 70.997%, with Ant, Flt and Pyr as the main positive loadings. Flt and Pyr are tracers for
the combustion of coals [97]. Flt and Ant are indicators of oil combustion [98, 99]. Finally, factor 4 constituted 84.860%
of the total oil combustion with only Ace and Flt.

4.5 Ecological risk assessment of PAHs in sediments from Ifiekporo Creek

PAHs always occur in sediment as complex mixtures of compounds, leading to cumulative effects on the ecological
environment [100]. Consequently, PAHs in sediment may pose a threat to aquatic ecosystems. Ecological risk assessment
is a useful technique for evaluating the risk that polycyclic aromatic hydrocarbons (PAHs) pose to ecosystems [101]. The
application of the risk quotient (RQ) to assess the ecological risk of organic compounds was first proposed by Kalf et al.
[66] in 1997.In 2010, Cao et al. [63] improved the method by including components for toxic equivalency factors. This
new method was proven to be more accurate and scientific [63] and was used here to assess the ecological risk of PAHs
in sediment from Ifiekporo Creek.

Table 10 presents the RQyc) and RQypc,) data for PAHs in the sediments from Ifiekporo Creek. The RQZPAHs(NCs)
and the RQXPAHs(MPCs) were calculated for different sampling locations in Ifiekporo Creek. All of the RQXPAHs (NCs)
except Nap (2.10 pug/kg™") were found to be less than 1.00 in areas where the values were within the detection limits.
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Table 10 XRQ(, and

. NCs MPCs

ZRQqypcs) Of PAHs in the

Sediment Samples from Nap 2.10 2100

Ifiekporo Creek Acy 0.96 960
Ace 0.45 450
Flu 0.004 4
Phen 0.45 450
Ant 037 370
Flt 0.52 520
Pyr 0.52 520
BaA 0.008 8
Chry 0.000093 0.093
BbF NA NA
BkF NA NA
BaP NA NA
DahA NA NA
IndP NA NA
BghiP NA NA
*RQuce) and 538 5,382.0

Q(M PCs)

In comparison, most of the RQZPAHs (MPCs) were greater than 1.00 and above 800 (Table 2). The MPCs values for Nap
(2100 ug/kg™) and Acy (960 pg/kg-') were considered to indicate high risk. All the other detected PAH species were of
moderate or low risk, which suggests a low-risk or minimal ecological interaction with the organism’s exposure to PAH
concentrations in the mangrove sediments.

5 Conclusion

In the present study, sediment samples contained both low- and high-molecular-weight PAHs. The total PAH concentra-
tions in the sediment samples were below safe levels, indicating that at the time of the investigation, there may not have
been any significant threats to the environment, human health or aquatic life around Ifiekporo Creek. PAH pollution in
the Ifiekporo area may be natural in origin. The total PAH concentrations in the sediment samples were moderately high.
With low-molecular-weight PAHs predominating, indicating a higher proportions of petroleum PAH inputs over their
pyrolytic-derived counterparts. The results of the ecological health risk study in this area indicate that there was low
ecological risk associated with PAH exposure in sediments from Ifiekporo Creek.
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