Environmental Earth Sciences (2018) 77:216
https://doi.org/10.1007/512665-018-7396-4

ORIGINAL ARTICLE

@ CrossMark

Distribution and ecological risks of polycyclic aromatic hydrocarbons
(PAHs) in sediments of different tropical water ecosystems in Niger
Delta, Nigeria

Edu Inam’2 - Inemesid Etuk' © - Nnanake-Abasi Offiong™2® - Kyoung-Woong Kim? - Seo-Young Kang* -
Joseph Essien?®

Received: 4 July 2017 / Accepted: 28 February 2018 / Published online: 9 March 2018
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

Sediments are considered as suitable matrices to study the contamination levels of aquatic environment since they represent
a sink for multiple contaminant sources. In this study, the influence of sediment characteristics on the distribution of poly-
cyclic aromatic hydrocarbons (PAHs) and its potential risk in euryhaline, freshwater and humic aquatic bodies of Douglas/
Stubbs creek, Ikpa River and Eniong River, respectively, were investigated. The level of PAHs in sediment was quantified
using GC-MS, while sediment properties including total organic carbon (TOC) content and grain size were determined by
the wet oxidation and hydrometer methods, respectively. The results revealed that the total levels of PAHs in sediment var-
ied significantly between the euryhaline, freshwater and humic freshwater ecosystems. In Ikpa River freshwater ecosystem,
a total PAHs load of 1055.2 ng/g was recorded with the suites concentration ranging from 13.0 ng/g (for acenaphthylene)
to 161 ng/g (for pyrene). The humic ecosystem of Eniong River had a total PAH load of 11.06 ng/g, while the suites level
recorded ranged from 0.04 ng/g for acenaphthene to 2.65 ng/g for chrysene. The total level of PAHs detected in the euryha-
line Douglas/Stubbs creek was 14.47 ng/g, and suite concentrations varied between 4.27 ng/g for naphthalene and 5.13 ng/g
for acenaphthylene. This shows variation in quantity and quality of PAH contaminants with the nature of ecosystems. It
implies complex and diverse contamination sources as well as different capabilities to recover from PAH contamination.
Correlation analysis has shown that sediment particle and TOC content influenced PAHs burden in bottom sediments, but
the effects varied with the molecular weight of PAHs and the nature of the ecosystems. The TOC was the most significant
determinant of PAHs load and distribution in sediment of the freshwater Ikpa River and euryhaline Douglas/Stubbs but had
little or no influence in the humic sediment of Eniong River, while the influence of particle size was generally indefinite but
slightly associated with PAHs accumulation in the euryhaline sediment. Generally, the total PAH levels (11.0-1055.2 ng/g)
recorded were low and below the allowable limit for aquatic sediments. The ecological risk assessment revealed that these
levels were lower than the effects range low and effects range medium values. This indicates no acute adverse biological
effect although the accumulation of PAHs in freshwater ecosystem of Ikpa River may pose ecological risks as most of the
carcinogenic PAH suites had relatively high pollution indices compared to other ecosystem types studied.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a large set
of organic pollutants consisting of multiple fused aro-
matic rings in their chemical structure. Most PAHs are
known to be carcinogenic, genotoxic and ubiquitous in
the environment, and their metabolites show mutagenic
activity towards humans and animals (Skupinska et al.
2004; Lang et al. 2012; Perera et al. 1992). PAHs have
also been reported to possess endocrine disrupting proper-
ties (Ratola et al. 2006). In 1997, the US Environmental
Protection Agency defined 16 PAHs to be highly toxic and
recommended the analysis of their concentrations in the
environment (Skupinska et al. 2004). Sources of PAHs
are generally discriminated into three major types: petro-
genic, pyrogenic and biogenic. PAHs that are derived from
petrogenic origin are related to petroleum and its refined
products. Significant introduction of PAHs into aquatic
ecosystems may be through wastewater effluents, aerial
fallout, surface run-offs, among others (Cardellicchio et al.
2007). Due to their high hydrophobicity, PAHs entering
aquatic environments preferentially adsorb onto particu-
lates and accumulate in bottom sediments (Barakat et al.
2011). PAHs in water and sediments may be transferred
into the food chain through aquatic organisms and thus
pose some health implications to humans (Kannam et al.
2005; Zuloaga et al. 2009).

Water resources within the floodplain Niger Delta
ecosystem are very unique and varied with their physico-
chemical attributes. Much of it is marine (with salinity
of usually 35 ppt and above), but there are remarkable
bodies of brackish (with salinity in the range of 0.5-29
ppt) euryhaline (with slight intrusion of salts) and fresh-
water ecosystems. There is also the “black water” or humic
ecosystem characterised by intense colouration due to
humic substance and possibly soluble iron (Udofia et al.
2015). The ecosystems also exhibit diverse ecological
status and rate of biogeochemical cycling due to varia-
tion in physiochemistry and biodiversity. Some organisms
are euryhaline because their life cycle involves migration
between freshwater and marine environment, while others
are stenohaline and can only survive with narrow range
of salinities. Salt levels in water may influence oxida-
tive phosphorylation in biological cells creating extreme
environmental conditions in aquatic ecosystems (Kelley
et al. 2016). Several studies have also shown that humic
substance have a modulatory effect on microorganisms as
well as increase growth rate of many forms of beneficial
microorganisms in part by stimulating enzyme activities
and assist in their nutrition by complexing and delivering
trace elements like iron to microbial cell surfaces (Pouneva
2005; Burkowska and Donderski 2007). The biological
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activities affect the organic carbon flux and probably the
fate of organic pollutants in aquatic sediments. In addition,
information on sediment composition and characteristics
is useful for modelling of feasible remediation methods.
These sediment characteristics, especially those relating
to natural organic matter (NOM) content and salinity gra-
dients, are mostly dependent on geochemical and envi-
ronmental conditions of the watershed (Kim et al. 2006).

The uptake and accumulation of organic chemicals in
aquatic systems depend on the exchange and partitioning
of the compounds between the sediment and water phases
(Gobas and Maclean 2003). The partition as well as distribu-
tion of the compounds is in turn influenced by the sediment
characteristics (El Nemr et al. 2007). The fate and biogeo-
chemical cycling of organic compounds in natural sediments
are also governed by several other factors more than the
carbon-normalised partitioning model (f,.K,,.) which deems
all organic matter as equally sorptive (Lohmann et al. 2005).
These factors help sequester the compounds or limit their
accessibility or accumulation (Accardi-Dey and Gschwend
2002). There have been reports that some sediment charac-
teristics (e.g. organic carbon content) affect the sorption and
hydrophobic interaction of organic contaminants in aquatic
sediments (You et al. 2010). However, the dynamics of these
parameters may differ significantly between ecosystems
(Gobas and Maclean 2003; Liu et al. 2013). For these rea-
sons, many researchers have studied and reported the influ-
ence of sediment characteristics on the distribution of some
persistent organic pollutants (POPs) in different aquatic eco-
systems (Dahle et al. 2003; Rockne et al. 2002; Sprovieri
et al. 2007; King et al. 2004; Warren et al. 2003; Maskaoui
et al. 2002; Dominquez et al. 2010; Zuloaga et al. 2013).

Over the years, the tropical water ecosystems in the Niger
Delta region of Nigeria have been heavily impacted from oil
and gas exploration and production activities. PAHs con-
tamination has continued to be of major concerns due to its
persistence nature even after remediation of polluted sites.
However, many studies conducted in the region focus on
contaminant quantification and effects prediction based on
observed levels (Anyakora et al. 2005; Sojinu et al. 2010;
Ekpo et al. 2012) but less on the factors that influence the
fate of organic pollutants and their potential risks in aquatic
sediment. There are few reports that present the distribution
of PAHs in sediments of different water ecosystems.

In this study, the influence of some sediment character-
istics on the occurrence and distribution of polycyclic aro-
matic hydrocarbons in diverse aquatic systems within the
Niger Delta Region of Nigeria was investigated to establish
its potential risk to biota. The sediment characteristics con-
sidered were organic matter and particle size. The organic
matter (OM) content in sediments, particle size of sediments
and the levels of PAHs in the sediment samples collected
from the study areas were determined thereafter, and the
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data were subjected to correlation models to determine the
variability or association of OM, particle size and PAHs.
This will support in sound management of contaminated
sites in the Niger Delta region as suitability of remediation
methods would be based on specific characteristics of the
different ecosystems in the area.

Materials and methods

Description of the study area

The study area (Fig. 1) comprises (a) Ikpa River Basin
(A), a river bifurcate of the middle course of Cross

River (Udosen et al. 2004). It is a freshwater system that
drains a flood-prone catchment area of 516.5 km?2, 14.8%

(76.5 km?). The river basin has a main channel with total
length of 53.5 km and lies between latitude 5°2'N-5°16'N
and longitude 7°53'E-8°07'E. (b) Eniong River (B) is a
“blackwater” aquatic system that flows as a tributary of the
middle course of the Cross River. The river lies between
latitude 5°12'N-5°22'N and longitude 7°54'E-8°2'E. It is
characterised by intense colouration due to humic sub-
stance and possibly soluble irons. The river serves as a
source of water, means of transport and fishing for the
communities within its catchment. The river also harbours
diverse species of aquatic animals including the highly
endangered aquatic mammal: manatee (Udofia et al. 2015)
and (c) Douglas/Stubbs creek (C) which lies between lati-
tude 4°30’ to 4°45'N and longitude 7°30’ to 8°45'E is a
small left bank perennial rainforest euryhaline ecosystem,
a tributary of the Qua Iboe Estuary (Udosen et al. 2007).
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Fig. 1 The south-eastern section of the Niger Delta region showing sample locations at the three different aquatic ecosystems studied
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Sample collection

Bottom sediment samples were collected using a Shipek
grab sampler and thoroughly mixed to give a composite
sample (Tao et al. 2004). At Ikpa River Basin, samples
were collected between April and July 2014 at seven
strategic sites distributed across the urban/suburban area
of the river basin, covering about seventy percentage
of its total length (Fig. 1). Ten sediment samples were
collected upstream, midstream and downstream of the
Eniong River, while seven samples were obtained from
the Douglas/Stubbs creek between August 2015 and Feb-
ruary 2016. Three sub-samples were collected at each
sampling site into one-litre amber glass bottles, stored in
an ice box and transported to the laboratory for analysis.

Analysis of polycyclic aromatic hydrocarbons

The method for sample preparation followed Soxhlet
extraction and then by silica gel/alumina (1:1) using
dichloromethane/n-hexane as solvent (7:3 v/v) and quan-
tification by gas chromatography (Agilent 6890N) inter-
faced with mass spectrometer detector (Agilent 5973N)
(GC-MYS). Quantification was done using a five-point
calibration curve established using dichloromethane-
based internal standards for each individual PAH built
in the range of 1-5 pul. The correlation coefficient (R?)
values of the PAH calibration curves were all greater than
0.97, and the recovery of standards ranged from 54% for
benzo(ghi)perylene to 94% for anthracene. This range is
acceptable since the recoveries obtained for most of the
target compounds were above 70% (USEPA 2007). Fur-
ther experimental details for quality control and assur-
ance have been described previously (Inam et al. 2016).
Instrumental conditions for the GC-MS analysis are sum-
marised in Table 1, while the targeted 16 US EPA priority
PAH compounds are listed in Table 2 alongside some of
their properties.

Determination of total organic carbon (TOC)
of sediments

Homogenised samples for TOC analysis were acidified with
dilute hydrochloric acid (HCl) before analysis to remove
carbonates (Barhoumi et al. 2014; Ma et al. 2014). Total
organic carbon analysis was carried out using wet oxida-
tion method (Jones 2001; Yu et al. 2014). Here, potassium
dichromate (K,Cr,0,) is used with external heat and back-
titration to measure the amount of unreacted dichromate.
The percentage organic carbon was calculated using the
formula given below:

%TOC = (C(V,; x V,) x0.3x1.33)/W

where C is the concentration of FAS solution, V/ is the titre
value of blank, V, is the titre value of sample, and W is the
weight of the sample.

Determination of sediment particle sizes

Samples were air-dried and sieved through a mechanical
sieve to remove shells, debris, etc. Dried samples were sub-
jected to size fraction analysis following the procedure of
Wentworth (1992). One hundred grams of the each sample
was taken and sieved through 2-mm mesh-sized screen for
10 min in a mechanical sieve shaker to homogenise samples.
The sample that remained in 0.063-mm mesh after sieving
was weighed and treated as sand. The samples which passed
through the 0.063-mm sieve were the silt and clay. The silt
and clay fractions were then separated by means of hydrom-
eter method described elsewhere (Brady and Weil 1996; Udo
et al. 2009).

Statistical analysis of data

Descriptive statistics was performed using Excel 2007
spreadsheet, while multivariate analyses were done using
the SPSS statistical software package version 20.0 with the
level of significance set at p < 0.05. Data derived from the
various analyses were subjected to regression correlation

Table 1 Instrument conditions

. Parameter
for GC-MS analysis

Setting/condition

Column

Injection method

Injection volume

Carrier gas

Injection temperature

MS mode

MSD transfer line temperature

HP-5ms fused silica capillary column
(60 mx0.25 mm internal diameter; 0.25 pm
microfilm thickness)

Splitless mode

1uL

Helium gas (1 ml/min)
270 °C

Electron impact mode
270 °C
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Table2 Target US EPA

o . Compound Molecular formula Molecu- Log K,  Structure

pr10r1ty. PAHs and some of their lar weight

properties (gmol™)
Naphthalene (Naph) C,oHs 128 3.36
Acenaphthylene (Ace) C,,Hg 152 4.08 é
Acenaphthene (Acy) C,Hy 154 4.32 ‘
Anthracene (Ant) CHyy 178 4.45
Phenanthrene (Phe) C,Hy 178 4.46 ‘
Fluorene (Flu) Ci3Hyo 166 4.17 Q.O
Fluoranthene (Flt) Ci¢Hjp 202 5.53 O
Pyrene (Pyr) C,¢Hyo 202 5.30
Benzo(a)-anthracene (BaA) CigH;» 228 5.60 ‘
Chrysene (Chry) CisHys 228 5.60 ‘O
Benzo(a)-pyrene (BaP) CyoH» 252 6.00 “
Benzo[b]fluoranthene (BbF) CyoH» 252 6.60 ‘
Benzo[k]fluoranthene (BkF) CyoH, 252 6.85 O
Benzo(ghi)-perylene (BgP) CyH,, 276 7.00 O
Dibenz[a,h]anthracene (DbA)  C,,H,, 278 6.00 O
Indeno [1,2,3-cd]pyrene (IndP) C,,H,, 276 7.70

§
2
.
()

Vapour pressure at 20 °C

K, Octanol-water partition coefficient derived from Manoli and Samara (1999)

@ Springer
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(Johnson et al. 2001; Wang et al. 2010) to establish the
relationship between the distribution of PAHs concentra-
tion, particle size and TOC.

Table 3 Total levels of PAHs in each ecosystem

Compounds River sediment stations (ng/g)
Eniong River Douglas/  Ikpa River®
Stubbs
creek
Naphthalene (Naph) BDL 4.27 77.4
Acenaphthylene (Acy) 0.04 5.07 44.5
Acenaphthene (Ace) 0.07 5.13 13.0
Fluorene (Flu) BDL BDL 108.9
Phenanthrene (Phen) BDL BDL 143.8
Anthracene (Ant) BDL BDL 126.4
Fluoranthene (FIt) 1.74 BDL 155.3
Pyrene (Pyr) 0.01 BDL 161.3
Benzo[a]anthracene (BaA) BDL BDL 27.0
Benzo[b]fluoranthene BDL BDL 452
(BbF)
Chrysene (Chry) 2.65 BDL 45.0
Benzo[k]fluoranthene 2.48 BDL 30.0
(BkKF)
Benzo[a]pyrene (BaP) 2.26 BDL 22.1
Benzolg,h,i]perylene (BgP) 1.81 BDL 14.8
Dibenzo[a,h]anthracene BDL BDL 15.2
(DbA)
Indino[1,2,3-cd]pyrene BDL BDL 253
(IndP)
Y16 USEPA-PAHs 11.06 14.47 1055.2

*Average of two sampling stations for freshwater ecosystem (FEC1
and FEC2)

200 17—

Results and discussion
Levels and distribution of PAHs

The levels of PAHs in sediments from the ecosystem stud-
ied are presented in Table 3. The levels of total PAH bur-
den in the three different ecosystems differed significantly.
Sediment from the freshwater system of Ikpa River was the
most contaminated with 1055.2 ng/g of PAH, followed by
the euryhaline Douglas/Stubbs creek with 14.47 ng/g of
PAH and the humic Eniong River system with 11.06 ng/g
of PAH. The Ikpa River Basin tends to accumulate higher
levels of PAHs compared to other ecosystems. This may be
because the river is in a more urbanised area and as such
would receive inputs from run-offs from nearby landfills,
atmospheric fallouts from exhausts fumes from high traffic
areas and run-offs from coal tar-based road pavements. Pre-
vious report by Schindler et al. (1995) has shown that high
concentrations of PAH in sediment samples from freshwater
ecosystem may be ascribed to high proportion of inputs of
the contaminants from its terrestrial catchments. Accumu-
lation of the PAHs in sediment can vary significantly from
one point to another as a result of variability in the sources,
composition of particulates, particulate deposition/erosion
process as well as origins of microbial inocula (Sandoli et al.
1996; Mitra et al. 1999b). Furthermore, sedimentary organic
matter may undergo some changes during burial and diagen-
esis and as such would result in differences in contaminant
interaction in time or depth even within the same ecosystem
(Mitra et al. 1999a).

The concentration of PAH in sediment also varied with
the different PAH suite (Fig. 2). In Ikpa River freshwater
ecosystem, the PAH levels ranged from 13.0 ng/g for Ace
to 161 ng/g for Pyr. In the humic ecosystem of Eniong

Fig.2 The distribution profiles
of PAH suites in the freshwater 180
(FEC), humic (HEC) and eury- 4
haline (MSE) aquatic systems 160 —

140 —

—=— HEC
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River, the levels recorded ranged from 0.04 ng/g for Acy to
2.65 ng/g for Chry, while the values recorded for euryhaline
Douglas/Stubbs creek varied between 4.27 ng/g for Naph
and 5.13 ng/g for Ace. Eight (8) PAH suites were below
detectable limits in the Eniong River and thirteen (13) in
the Douglas/Stubbs creek, while Ikpa River had all the
suites detected. This shows variation in quantity and quality
of PAH contaminants with the nature of ecosystem. This
implies diverse contamination sources as well as different
capabilities to recover from PAH contamination (Essien
et al. 2011, 2012).

The concentration of low molecular weight (LMW) PAHs
encountered in the humic ecosystem of Eniong River was
low compared to the freshwater and euryhaline ecosystems.
The LMW-PAHs detected in the humic ecosystem were
acenaphthylene, acenaphthene, fluoranthene and pyrene.
Also encountered but in low concentrations in the humic
water body were the high molecular weight (HMW) car-
cinogenic PAHs such as chrysene, benzo[k]fluoranthene,
benzo[a]pyrene and a naturally occurring PAH compound,
perylene. Researchers have reported higher organic degra-
dation in humic ecosystem because of its higher modulat-
ing influence on autochthonous degraders (Anyakora et al.
2005). Therefore, the low content of the more soluble low
molecular weight PAHs in the humic ecosystem could be as
aresult of their faster degradation compared to high molecu-
lar weight compounds (Mac Rae and Hall 1998; Yun et al.
2003). Their preferential loss during particulate lateral and
vertical transport throughout the water column would lead to
sedimentation of particles depleted in low molecular weight
PAHSs.

Influence of other sediment characteristics on PAH
loads

Previous studies have shown that the distribution and con-
centration of PAHs in sediments are influenced by vari-
ous factors including total organic carbon (TOC) content,
sediment particle size, depth and current (He et al. 2014;
Froehner et al. 2010). The highest TOC was found in humic
ecosystem of Eniong River, followed by freshwater system
of Ikpa River and lastly the euryhaline Douglas/Stubbs creek
(Table 4). Generally, the sediments from the three ecosys-
tems were predominantly sandy with highest percentage
recorded for Eniong River. For silt content, lowest percent-
age content was recorded for Eniong River, followed by Ikpa
River, while the highest percentage was recorded for Doug-
las/Stubbs creek. Again, Douglas/Stubbs creek recorded the
highest percentage content of clay, followed by Ikpa River
and the least at Eniong River. The results reveal that the
sediment of the euryhaline ecosystem of Douglas/Stubbs
creek were the finest of all the three ecosystems studied.
Sediments with high TOC have strong affinity for hydro-
phobic compounds like PAHs compared to sediments with
lower TOC (Rahmanpoor et al. 2014). Also, PAHs are
mainly adsorbed to small particles (clay), which exhibit
higher surface area and consequently possessing greater
capacity for adsorption (He et al. 2014; Rahmanpoor et al.
2014). In this study, correlation analysis was carried out
to investigate the relationship between PAH concentration
and the percentage TOC, clay, silt and sand in the sediment
samples of the three ecosystems. The analysis was done in
a site-specific pattern (each sampling point against its cor-
responding average total PAHs concentrations). The TOC
and particle size properties of the three ecosystems are pre-
sented in Table 4. It shows that the PAHs accumulation in
sediments of the euryhaline ecosystem of Douglas/Stubbs
creek could be more influenced by its finer particulate

Table 4 General characteristics

. Parameters Studied ecosystems

(mean) of sediment of the

studied ecosystems Ikpa River Eniong creek Douglas/Stubbs creek
Temperature (°C) 27.01+0.97* 27.43+0.95% 28.39+1.14*
pH 5.40+0.62* 4.84+1.52% 7.85+0.70
Salinity (mg/kg) ND ND 1.97+1.92
Conductivity (ps/cm) 0.02+0.04* 0.04+0.07* 0.05+0.05°
TOC (%) 2.40+0.59* 3.01+0.44° 0.40+0.14°
Sand (%) 86.29+0.59* 88.60+8.33% 75.40+11.67°
Silt (%) 2.62+0.86* 5.22+2.10* 13.40+6.52°
Clay (%) 11.09 +6.45* 6.18+1.90° 11.20+4.86*
Total PAH concentration (ng/g) 0.04+0.03* 1.84+1.76* 4.82:+0.48°

Values with same letter are not significantly different (p>0.05); values with different letters are signifi-

cantly different (p <0.05)
ND not determined
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content when compared to coarse or more sandy sediments
of Eniong River. This result is in agreement with the find-
ings of Amellal et al. (2001) on the effect of soil structure on
the bioavailability of PAHs. Li et al. (2010) also opined that
low molecular weight (LMW) PAHs in mangrove sediments
degrade faster than high molecular weight (HMW) PAHs
under low oxygen conditions. Degradation of LMW-PAHs is
more influenced by sorption with soil (or sediment) organic
matter, whereas degradation of the HMW-PAHs fraction
is more influenced by microbial action (Yang et al. 2011).
These findings suggest that petroleum-derived LMW-PAHs
may be more easily degraded in sandy sediment of humic
ecosystem than the near anoxic sediment of the euryhaline
ecosystem. Similar findings have been reported by Essien
et al. (2012). The same authors reported that the degradation
of HMW-PAHs is most likely controlled by microbial activi-
ties in the anoxic sediments of the tropical mangrove swamp.
Although Knaebel et al. (1996) reported that some humic
substances could retard the bioavailability of PAHs to micro-
bial attack under acidic conditions, although recent stud-
ies have shown that humic substances generally enhanced
hydrocarbons degradation in aquatic systems. Degradation
may be enhanced by the presence of electron acceptors such
as Fe(III), nitrates and sulphates (Li et al. 2010) common in
humic systems.

In the freshwater Ikpa River, total PAH concentrations
showed no significant correlation with total organic carbon,
clay content, silt content and sand content (Fig. 3). The
result suggests that the PAH concentration distribution in
the Ikpa River Basin may not solely depend on these chosen
parameters, but on others variables like current and depths.
Nevertheless, a slight variation may be observed in the cor-
relation coefficients (R?) of the parameters. He et al. (2014)
observed results for sediments of the Hormuz strait (Persian
Gulf), where the total PAH concentration did not correlate
with clay content, TOC and depths. However, positive corre-
lation between PAH concentrations and TOC was observed
in a study by Witt (1995) and Froehner et al. (2010).

In Eniong River (Fig. 4) there was no significant cor-
relation between TOC and total PAHs, indicating that the
high TOC in the humic ecosystem had little or no influence
on the accumulation of PAHs in the sediments. This find-
ing is in contradiction to some other studies which reported
that the sorption of hydrocarbons is highly related to the
organic matter content of sediments (Ouyang et al. 2006;
Wu et al. 2012). Nam et al. (2008) also reported that, in an
environment where there is continuous input of fresh PAH
contamination, a lack of correlation should be expected, at
least until equilibrium is reached. Another explanation could
be the dissolution of PAHs into the high organic matrix fol-
lowed by an uneven mineralisation assisted by the humic
substances in the ecosystem. However, a positive correlation
was observed between TOC and total PAHs in the Douglas/
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Stubbs creek (Fig. 5), suggesting that TOC can be the most
important parameter, among others considered, influencing
PAH occurrence in the euryhaline ecosystem. There was no
correlation with grain sizes in Douglas/Stubbs creek.

Maximum PAH concentration is always observed in
smallest grain size fraction comprising of clay and silt. In
this study, a poor correlation was observed between particle
sizes and PAH concentrations as the sediment textural class
at all sampling points were sandy with little of loamy sand
(mixture of sand, silt and clay with organic matter), while a
weak linear correlation was observed between particle sizes
which were sandy loam and PAH concentrations at Douglas/
Stubbs creek (Fig. 5). This study reveals that sediments char-
acteristics such as TOC and grain sizes are more important
in euryhaline ecosystem than in freshwater rivers.

Furthermore, between Ikpa River Basin and Eniong
River, there was no significant difference in sand, silt and
total PAH (p > 0.05) (Table 4). Clay was not significantly
different between Ikpa River Basin and Douglas/Stubbs
creek (p>0.05). This low organic matter content in Douglas/
Stubbs creek may be attributed to the continuous tide which
reduces the organic matter content in estuarine environ-
ments. Also, Eniong River being a humic ecosystem tends
to have more organic matter built up due to the species of
plants in the ecosystem which fall off rapidly as compared
to the mangrove swamp species in Douglas/Stubbs creek. In
general, the sediment samples collected from the study areas
were characteristically more coarse than fine, implying that
they were predominantly sandy. These results are expected
given the relatively fast tidal current that tends to winnow
the finer-grained sediments.

The multiple regression analysis showing factors that
influence total PAH in the studied ecosystems are presented
in Table 5. Result shows adjusted coefficient of determi-
nation of 0.506. This implies that 50.6% of the variation
in total PAH was accounted for by TOC, sand, silt and
clay. The F calculated of 4.835 with p value of 0.017 was
obtained which means that these variables jointly predict
total PAH (p <0. 05). Result also reveals that among these
independent variables, sand (p =0.032, p <0.05) and clay
(p=0.043, p <0.05) were the only variable that significantly
influence total PAH in the study areas. The most important
variable that influence total PAH was sand.

Ecological risks of PAHs in the three ecosystems

Using the effects range low (ERL) and the effects range
medium (ERM) values proposed by Long et al. (1995), the
concentrations of individual PAHs recorded in the study
ranged from BDL to 161.3 ng/g which were much lower than
the ERL and ERM values with none exceeding the ERM
values. As shown in Table 6, the levels of PAHs in Eniong
River, Douglas/Stubbs creek and Ikpa River were far below
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TabIeSI Multi.ple regression Factors Standardised beta ¢ calc. p value F value p value Adjusted R?

analysis showing factors that coefficient

influence total PAH in the

studied ecosystems TOC —0.3290 -0.782 04510 4.835 0.017 0.506
Sand —1.101 —2.462 0.032*
Silt —0.286 —0.5470 0.593
Clay —0.703 —2.290 0.043*
*Significant at 5% (p <0.05)

Table 6 ER,L apd ERM Compounds ERL ERM Eniong River Douglas/Stubbs  Ikpa River

pollution criteria of PAH creek

compounds for sediment

matrices (ng/g) Naph 160 2100 BDL 4.27 77.4
Acy 44 640 0.04 5.07 44.5%
Ace 16 500 0.07 5.13 13.0
Flu 19 540 BDL BDL 108.9%
Phen 240 1500 BDL BDL 143.8
Ant 853 1100 BDL BDL 126.4
Flt 600 5100 1.74 BDL 155.3
Pyr 665 2600 0.01 BDL 161.3
IndP NA NA BDL BDL 253
Chry 384 2800 2.65 BDL 45.0
B[a]P 430 1600 2.26 BDL 22.1
BgP NA NA 1.81 BDL 14.8
B[a]A 261 1600 BDL BDL 27.0
B[b]F 320 1880 BDL BDL 452
DB[ah]A 63.4 260 BDL BDL 15.2
B[]F 280 1620 2.48 BDL 30.0
B[g]P 430 1600 BDL BDL 14.8
Y 17USEPA-PAHs 4022 44,792 11.06 14.47 1055.2

ERL effects range low, ERM effects range medium, NA not available
“PAHs are in the range between ERL and ERM

the ERL values except for Acy and Flu in Ikpa River which
had PAH levels between the ERL and ERM values. Gener-
ally, the concentration of total PAH levels was far below
the ERL and ERM values. This indicates that there is no
frequent acute adverse biological effect in the ecosystems
under study.

Conclusion

Polycyclic aromatic hydrocarbon loads in the studied eco-
systems varied greatly across the river stretch, implying
possible differences in contamination sources. The total
PAHSs contamination range of 11.0-1055.2 ng/g recorded
was generally low and below the allowable limit for aquatic
sediment. Correlation analysis has shown that sediment
particle and TOC content influenced PAHs burden in bot-
tom sediments, but the effects varied with the molecular

@ Springer

weight of PAHs and the nature of the system. TOC was the
most significant determinant of PAHs load and distribution
in sediment of the freshwater Ikpa River and euryhaline
Douglas/Stubbs but had little or no influence in the humic
sediment of Eniong River, while the influence of particle
size was generally indefinite but slightly associated with
PAHs accumulation in the euryhaline sediment. It implies
that PAH levels in freshwater ecosystem of Ikpa River tend
to be high due to limited sorption into organic matter and
subsequent mineralisation by microbial action. The ecologi-
cal risk assessment of PAHs accumulation revealed that the
concentration of individual PAHs recorded in the study area
ranged from BDL to 161.3 ng/g which was much lower than
the ERL and ERM values. This indicates no frequent acute
adverse biological effect although the accumulation of PAHs
in freshwater ecosystem of Ikpa River may pose ecological
risks as most of the carcinogenic PAHs suites recorded com-
paratively high pollution indices. In the light of the present
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findings, remedial actions required for cleanup of polluted
ecosystems in the Niger Delta should be site-specific.
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