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Abstract The study aims to assess the seasonal vari-
ation in distribution, source identification, and risk of
20 polycyclic aromatic hydrocarbons (20 PAHs) in the
sediment of the Ikpoba River, south-south Nigeria. The
PAHs were extracted in an ultrasonic bath with a mix-
ture of n-hexane and dichloromethane (1:1 v/v). The
extract was cleaned by silica-alumina gel mixed with
anhydrous Na,SO, in a chromatography column, eluted
by n-hexane, and analysed by gas chromatography-mass
spectrometry. The range of the average PAHs in mg.kg-
dw was 0.15 (Nap)-0.54 (Acy) and 0.13 (D.al.P)-0.99
(Acy) in wet and dry periods correspondingly, indicat-
ing an increase in concentration from wet to dry period.
However, the rings of the average concentration of the
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PAHs show 6 and 3 rings to be the highest values dur-
ing the wet and dry seasons, respectively. Based on the
human health risk analysis, the hazard quotient (HQ)
and hazard index (HI), and carcinogenic risk indices
showed low non-carcinogenic and carcinogenic risk for
both seasons. The ecological risk analysis showed the
mean effect range median quotient (NERMQ) recorded
a medium-low effect on the biota of the locations,
except in AS3 during the wet season and also in WS8
and WS9 during the dry season. The minimum value
of the toxic equivalent quotient (TEQ) was>0.2 mg/
kg, which indicated a recommendation for the clean-up
of the Ikpoba River. The isomer ratio and the principal
component analysis (PCA) revealed the sources of the
PAHs to be majorly combustion, followed by pyrolytic
and petrogenic sources for both seasons.

Keywords Ikpoba River - PAHs - Natural -
Anthropogenic - Human risk index - Ecological risk
index

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are one
among the many persistent organic pollutants (POPs)
presented to the environment through the continuous
use of petroleum products, combustion of biomass and
coal, forest fires, etc. (Lawal, 2017). The ring struc-
ture of the PAHs makes them susceptible to chemical
and biochemical transformation, which leads to their
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toxicity in the environment. PAHs are known to have
harmful toxicity, mutagenicity, carcinogenicity, and
biological effects. Cancer is the major health peril of
PAHs but has also been linked with cardiovascular
diseases and poor fetal growth (Kumar et al., 2016).

The PAHs that are mostly of environmental con-
cern due to their hazardous nature include the 2 rings
PAHs (naphthalene), 3 rings PAHs (acenaphthene,
acenaphthylene, fluorene, phenanthrene, anthracene),
4ings PAHs (pyrene, chrysene, benzo (a) pyrene,
dibenzo (ah) anthracene), 5 rings PAHs (benzo (bjk)
fluorene, benzo (e) pyrene, benzo (a)pyrene), and 6
rings (Indeno(123cd) pyrene, dibenzo (ghi) perylene,
dibenzo (al) pyrene, dibenzo (ai) pyrene, and dibenzo
(ah) pyrene). The lower molecular PAHs (LMPAHs)
made up of 2 and 3 rings are more soluble in water,
while the higher molecular PAHs (HMPAHs) with
4 rings and above are less soluble in water (Lawal,
2017). The LMPAH’s solubility in the aquatic system
compared to the HMPAHs has made the LMPAHs
easily available and accessible to the biotic commu-
nity of the aquatic ecosystem (Cai et al., 2017).

The PAHs get into the urban aquatic system
through waste discharge, stratosphere deposition, oil
spillage, and surface runoff. They undergo chemical
and biochemical reactions and settle on sediment.
Sediment and soil are well-known sinks for pollut-
ants such as PAHs. They are strongly held onto inor-
ganic or organic particles and pulled down to the
bottom sediment of an aquatic system (Zhao et al.,
2021). These contaminants strongly attract organic
carbon, making sedimentary organic carbon a very
good sink for PAHs (Inam et al., 2018). These PAHs
adsorbed on sediment are not easily decomposed by
bacteria in anoxic environments. They are released
into the aquatic system in a very conducive condition,
which threatens the biotic community and the health
of humans through bioaccumulation in the food
chain at the trophic level (Dudhagara et al., 2016).
These PAHs can get to humans through various
pathways, such as oral and dermal routes (Cai et al.,
2017). These PAHs are influenced by a lot of Phys-
icochemical parameters. The TOC and other physical
and chemical parameters are known to influence the
distribution of PAHs within the ecosystem. A lot of
research has been conducted that reveals the interac-
tion/correlation of EC, pH, NO3, and PO4 with PAHs
through multivariate statistical analysis (Cai et al.,
2021; Peng et al., 2016; Sun et al., 2017).
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The Ikpoba River is an important aquatic system
in the Benin metropolis as the river is the source of
the Okhoro dam, built to supply treated water to some
parts of the Benin metropolis. The Ikpoba slope,
Teboga (Ikpoba Okha local government), and Okhoro
(Egor local government) communities close to the
river use it for domestic purposes, irrigation, fishing,
and also as a means of transportation. The location of
this body of water over the years has made it prone to
a high level of anthropogenic pollution from human
activities due to the population explosion as a result
of urbanization, industrialization, and intensive agri-
culture practice within the interior. These activities,
over time, have released abundant recalcitrant, ubiq-
uitous persistent organic pollutants (PAHs) into the
river (Lawal, 2017). The social, economic, political,
and proximity of the Ikpoba river to the various catch-
ment areas has made it an environmental concern.

A lot of environmental research to determine the
perilous pollutants within the Ikpoba River has been
conducted, with little attention to persistent organic
pollutants (POPs). This has made it imperative to
study the distribution, source, and risk associated
with the PAH-contaminated sediments of the Ikpoba
River. The research applied statistical tools such as
descriptive statistics, Pearson correlation, principal
component analysis, and isomer ratio to analyse the
distribution and sources of these PAHs. Furthermore,
the sediment quality guidelines (SQGs), mean effect
range median quotient (MERMQ), and toxicity equiv-
alency quotient (TEQ) were applied to determine the
pollutants’ effects on the biota of the aquatic ecosys-
tem. The PAHs health risks to a human were inves-
tigated using the daily average dose (DAD), hazard
quotient (HQ), hazard index (HI), and carcinogenic
risk (CR) indices (Ambade et al., 2021; Lin et al.,
2018; Sun et al., 2018). This research aims to assess
the seasonal variation in distribution, source appor-
tionment, and risk of 20PAHs-contaminated sediment
of the Ikpoba River, south-south Nigeria.

Materials and methods
Study area
The Ikpoba River is an important aquatic system

located at longitude 6° 13° 00° N and latitude 5°
46° 00° E in Edo state (Fig. 1). The river takes its
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Fig. 1 Map of the study area

source from the Ishan Plateau and flows in the south-
west direction in a sharply carved valley and sandy
regions to Edo and links to the Ossiomo River. The
river flows across a rainforest with soil rich in organic
matter. The river is the source of the popular Okhoro
dam, which serves about 30% of the population. The
Ikpoba river is a fourth-order stream, and the body of
water is situated within the rainforest belt of Benin,
the south-south region of Nigeria. The river extended
from Egor to Ikpoba Okha local government areas.
The local government areas (LGAs) have a popula-
tion of about 374,671, and 301,447 inhabitants in
Egor and Ikpoba Okha, respectively. The Egor and
Tkpoba Okha LGAs occupied a total of 93 km?, and
862 km? individually. The Ikpoba slope, Teboga in
Ikpoba LGA, and Okhoro in Egor LGA are commu-
nities with proximity to the Ikpoba river and brim-
ming with anthropogenic activities. Okhoro is a small
town upstream of the Ikpoba River with agricultural
activities, wood charcoal production, and automobile
repairs workshops; Teboga is a small town midstream
of the Ikpoba River with agricultural activities,
engine oil and gasoline market, and automobile repair
workshops; and Ikpoba is a larger town downstream
of the Ikpoba River known for, micro-chemical

1 2 4 6 8
™ AKm N
Streams == Major Road
River lkpoba =———= Minor Road w E
— — — Footpath [ study Locations
s

industries, mechanical workshops, wood charcoal
production, and large community waste site. These
communities have similar geographical features.
Their average temperature is 28° C, and their rela-
tive humidity is 67%. The regions have two major
seasons, the wet and dry seasons. The regions experi-
ence longer wet seasons and fewer months of the dry
period. The highest rainfall in this region occurs dur-
ing August and September (99.8 in.), while the high-
est dry period is experienced between February and
March (88 °F).

Sample collection

Intensive monthly sampling was carried out during
the wet and dry seasons, in which 8 months of sam-
pling were applied (4 months for each season). The
sediment samples were collected at three locations:
Okhoro (6° 22" 43"N. 5° 38’ 28"E), Teboga (6° 22’N.
5° 39’E), and Ikpoba (6° 21'N. 5° 39'E) communities.
The locations were further stratified into nine catch-
ment areas which included: stations AS1, AS2, AS3
in Okhoro, CS4, CS5, CS6 in Teboga, WS7, WSS,
and WS9 in Ikpoba. However, stations in a particular
location were 100 m apart. About three sampling sites
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make a station and sediment samples were collected
from each of the sampling sites at different depths
of 0-5 cm, 5-10 cm, and 5-15 cm with the aid of a
stainless-steel grabber. The samples at different depths
from the same sampling sites (sampling sites of each
station were 25 m apart) were mixed immediately on-
site for homogeneity. A total of 81 samples were col-
lected from the field, and after a homogenous mixture,
the sum of 27 samples was made available monthly.
The samples were placed in a polythene bag and trans-
ported at 4 °C to be air-dried (below room temperature
at about 15 °C and low humidity to curtail volatiliza-
tion of PAHSs) in an air conditioner and dehumidifier
dark room laboratory. The air-dried sample was taken
to the GC-MS laboratory in a glass jar to be extracted
and made ready for GC.MS analysis.

Extraction

The air-dried sediment was sieved with a 60-mesh
standard sieve, and 2 g of the sieved sediment was
mixed with 2 g of anhydrous sodium sulphate to
remove any trace of moisture. The moisture-free
sediment was transferred into an ultrasonic bath and
extracted with 25 ml of a mixture of n-hexane and
dichloromethane (1:1 v/v) for about 30 min (this pro-
cedure was repeated twice). The extract was reduced
to about 2 ml with the aid of a rotary evaporator.
The 2 ml extract was cleaned by passing it through
a chromatography column packed with silica-alumina
gel mixed with anhydrous Na,SO,. The column was
eluted with 15 ml of n-hexane to remove non-PAH
compounds, followed by a 35 ml mixture of n-hexane
and dichloromethane (1:1 v/v). The solution contain-
ing PAHs was concentrated to about 2 ml, ready for
GC-MS analysis.

GC-MS analysis

The eluent containing PAHs was analysed by gas chro-
matography-mass spectrometry (Agilent 7890A/5975
C) by Agilent Technologies Inc., USA using the cap-
illary column (DB-5MS, 0.25 mmXx0.25 pmx30 m)
produced by J & K Scientific, San Jose, CA, USA.
High-purity (99.999%) helium gas with a flow rate
of 1.0 ml/min was used as the carrier. About 1 ul was
inserted through an automatic sampling system and at
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250 °C, 240 °C, and 280 °C for the inlet, ion source,
and transmission respectively. The oven temperature
was operated at 80 °C/2 min and was later accelerated
by 15 °C after every 1 min until it got to 215 °C/min.
The oven was further increased at every 6 °C/min and
got to 280 °C for 1 min, and it was further accelerated
at 10 °C/min and got 300 °C and left for 5 min. The
detector of the GC-MS was run in an electron power
mode (70 eV) and at a temperature of 240 °C for the
ionic source. The PAHs were detected with the aid of a
selected ion mode. The concentrations of the PAHs are
given as the dry mass of the sample.

Quality control

All the reagents were of analytical grade, and a standard
mixture of PAHs (Ultra Scientific, North Kingstown,
USA) was used in the analysis. After the triplicate
analysis of the group of samples, a blank sample was
analysed to monitor the interference obtained during
sample analysis. The concentration of the analyte pre-
sent in the blank was less than 6% of the minimum con-
centration of the background signal. The limit of quan-
tification expressed as a signal-to-noise ratio multiplied
by ten was also studied. The quantitative minimum
value of PAHs in the aquatic sediment was obtained
by adding 5 g of the sediment (dry weight) with the
PAHs standard. The result of the LOQ of the PAHs was
0.013-0.092 ng/g, while the percentage recovery of the
PAHs mixture and the internal standard compounds
was 74.60-114.7%, and 85.50-106.60% respectively.
Furthermore, the acceptable R* values of the PAHs
with a range of 0.991-0.995 was obtained from the cal-
ibration curve (plotting the peak area against the PAHs
concentrations).

Ecological risk of PAHs
Mean effect range median quotient

The mean effect range median quotient (mERMQ) is an
index used to quantify the probability of the substantial
ecological risk effect of the studied PAHs on the eco-
system (Zhang et al., 2019).

mERM — Q =C/FRM 1)
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mERMQ = w 2)
where C is the concentration and n is the number of
contaminants within the sampling stations/sites. The
ecological risk effects in the ecosystem were clas-
sified into four categories of mERMQ such as high
(mERMQ >1.5), medium-high (1.5 < mERMQ >
0.51), medium-low (0.5 <mERMQ >0.11) and low
(mERMQ < 0.11) (Zhang et al., 2019).

The toxicity equivalency quotient

The toxicity equivalency quotient (TEQ) measures
the toxicity of the individual pollutants of study by
using their individual chemical component toxic
equivalency factor (TEF) which is comparative to the
most toxic PAHs (B.a.P) (Halfadji et al., 2021). The
total toxicity of the contaminants can be computed
using Eq. 3 (Tu et al., 2018).

TEQ = )'(TEF x C) 3)

where TEF is the toxic equivalency factor and C is the
concentration of the pollutants (mg/kg). The D.ah.A
and B.a. P have a TEF of 5 and 1 respectively; B.a.A,
B.bjk.F, and I. 123cd.P have a TEF of 0.1; Ant, B.ghi.
Py, and Chr have a TEF of 0.01; Ace, Acy, Flt, Flu,
Nap, Phe, and Pyr have a TEF of 0.001 (Tu et al., 2018).

Potential health risk

The potential risk of the studied PAHs to humans was
also estimated using the average daily dose, hazard
quotient, hazard index, and carcinogenic risk indices
as shown in Egs. 4, 5, 6, and 7 respectively (Liu et al.,
2019).

DAD dermal= C.vxCFxSA;z:VI‘;z‘;QSxEFxED (4)
HO = ermal

0=—p " D )
HI = 3\, o HO ©
CR = DADdermaleF (7)

where the DAD a1 1S the daily average dose through
the dermal pathway in mg.kg~'.day~!, Cq is the con-
centration, CF is the contamination factor (1 X 10°° mg.
kg™!), SA is the Area of dermal contact with sedi-
ment (5000 cm?), AF is the soil adsorption coefficient
of dermal (0.04 mg.cm_z), ABS is the contaminants
adsorption coefficient of dermal (0.1 no unit), EF is
the exposure frequency (365 days/year), ED is the
exposure duration (30 years), BW is adult body weight
(70 kg), AT is the average life span (25,550 days). The
RfD (0.04 mgkg™!. day™') developed for naphtha-
lene was applied in calculating the hazard quotient,
SFO is the oral slope factor (7.3 mg~' kg~'.day™!) of
B.a.P (Duodu et al., 2017). The accumulative effects of
PAHs are of greater environmental concern compared
with the individual effects of PAHs, as these contami-
nants exist as complex mixtures in the environment.
Based on the latter, the sum of the HQ is calculated to
obtain the HI value of the contaminants. The HI mini-
mum threshold limit for the studied contaminants is 1
(one), in which any HI value greater than one is intol-
erable (Duodu et al., 2017).

Sediment quality guidelines

The SQGs are tools used by environmental scientists
to evaluate polluted sediment sites and their effect on
benthic organisms. The quality of the sediment can be
evaluated by comparing the concentration of the pol-
lutants with the SQGs which include the effects range
low/effect range median (ERL/ERM). The effect range
median (ERM) and effect range low (ERL) are applied
to analyse the affiliation between sediment contamina-
tion and the lethal response (Duodu et al., 2017).

Statistical analysis

The data obtained for the analysed contaminants
were subjected to various statistical analyses such as
descriptive statistics, statistical testing, and inferen-
tial statistics. Descriptive statistics were conducted
to determine the mean, standard deviation, and mini-
mum and maximum values. The inferential statistics
included Pearson correlation analysis and principal
component analysis. The Pearson correlation (PA)
was applied at 2 tails to determine the links among
the PAHs. In addition, the principal component anal-
ysis (PCA) was also computed using the varimax
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rotation at Eigen value>1 to detect the relationship
between the PAHs in the sediment. The statistical
analysis was conducted with the aid of IBM SPSS
statistics 25, manufactured in IL, USA.

Results

Distribution of PAHs and physicochemical
parameters

Figures 2, 3, and 4 show the distribution of the PAHs
in the Ikpoba River contaminated sampling loca-
tion/stations during the wet and dry seasons. The
distribution was described based on individual PAH
concentrations, ring classifications, and the sum of
the concentrations of the PAHs, higher molecular
(HMPAHsS), and lower molecular PAHs (LMPAHSs)
in each sampling station.

During the wet season, the PAHs distribution in
the Okhoro location (Figs. 2, 3, and 4) showed that 2
rings < 3 rings <4 rings <5 rings < 6rings in AS1 and
AS3, while the 2 rings < 6 rings <4 rings <5 rings <3
rings in AS3. The minimum and maximum concen-
trations of PAHs during this period were 0.0 1 mg/
kg-dw of D.ah.A and 2.04 mg/kg-dw of Acy respec-
tively both in the AS3 station. However, during the
dry season, the PAHs distribution in the Okhoro
location was detailed in the following ascending

Fig. 2 Distribution of rings 3
across the stations during
wet (a) and dry (b) period

N

[any

AS1 A

o »r N W »~ U

AS1 AS2 AS3
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order: 2 rings < 3 rings < 6 rings <5 rings <4 rings, 2
rings < 6 rings <4 rings < 3 rings < 5 rings, 2 rings <6
rings <5 rings <4 rings <3 rings for AS1, AS2, and
AS3 respectively. The minimum and maximum con-
centrations of the analysed pollutants were 2.07 mg/
kg-dw of Acy and 0.03 mg/kg-dw of B.ghi.Py ten-
tatively and both concentrations were domiciled in
AS3. The high concentration of Acy in the Okhoro
location may be a result of the wood charcoal produc-
tion within this location and the high concentration of
mechanical workshops (Huang et al., 2012).

The distribution of PAHs (Figs. 2, 3, and 4) in the
Teboga location during the wet period were in the fol-
lowing order: 2 rings <5 rings <3 rings <4 rings <6
rings in CS4, while 2 rings <3 rings<5 rings<4
rings <6 rings in CS5, and CS6. However, 0.13 mg/
kg-dw of Nap in CS5 and 0.47 mg/kg-dw for both
I.123 cd.P in CS4 and B.a.P in CS5 was the mini-
mum and maximum concentrations of PAHs in the
Teboga location during this aforementioned period.
Furthermore, the distribution profile of PAHs dur-
ing the dry period showed that 2 rings <5 rings <4
rings <6 rings <3 rings in CS4, CS5, and CS6. In
addition, the minimum and maximum concentrations
were 0.11 mg/kg-dw of D.ah.P in CS5 and CS6, and
0.98 mg/kg-dw of Acy in CS4. The major sources
of 1.123 cd.P and B.a.P in Teboga may be from oil
and gasoline, while Acy may be from the vehicle
exhaust from the mechanical workshops domiciled in
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Fig. 4 Distribution of ) 5, 1
PAHs across the stations
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the Teboga location (Daso et al., 2016; Szewczyniska
et al., 2017). It was further observed in the Teboga
location that B.ghi.F was below the detection limit
for both seasons of sampling and analysis. The afore-
mentioned observation may be a result of the non or
inconsistent and insignificant release of B.bjk.F from
anthropogenic and natural activities within the sta-
tions in Teboga or the concerned contaminant was
freshly released at the time of sampling.

The distribution profile of PAHs (Figs. 2, 3, and
4) across the Ikpoba location during the wet period
in the ascending order followed: 2 ring <6 rings <4
rings <5 rings <3 rings in WS7, 2 rings <3 rings <5
rings<6 rings<4 rings in WSS8, and 2 rings<3
rings <5 rings <4 rings <6 rings in WS9. Moreover,
the minimum and maximum concentrations of the
PAHs contaminants in Ikpoba during this season were
0.01 mg/kg-dw of Acy in WS7 and 1.56 mg/kg-dw
of 1.123 cd.P in WSS correspondingly. However, the
distribution of the PAHs during the dry period in
the ascending order followed: 2 rings<5 rings<6
rings <4 rings <3 rings in WS7, 2 rings <6 rings <3
rings <5 rings<4 rings in WS8, and 2 rings<6
rings <5 rings <4 rings <3 rings. The concentration
range was 0.01 mg/kg-dw of D.al.P-2.07 mg/kg-dw
of Acy and were both located in the WS9 station. The
Ikpoba location is home to the urban waste site and
paint industries and the Acy, 1.123 cd.P, and D.al.P
may be derived primarily from the urban waste site
and aforementioned industries (Fazeli et al., 2019;
Suman et al., 2016).

Furthermore, the 6 rings of PAHs were more
prominent in the wet season compared to others,
while the 3 rings were more prominent than others
during the dry period. It was also observed that the 3
rings of PAHs have the largest total concentration in
both seasons, while the 2 rings were the lowest in all

—f—Wet
== Dry

Csa CS5 CS6 Ws7 Ws8 WSs9

seasons. Based on the study of the individual PAHs
contaminants and their high concentration, the 3 rings
Acy were the most prominent contaminants across
the sampling stations (AS1-WS9) of the Ikpoba River
contaminated sediment. It was discovered to have the
highest concentration in AS1 and WS7 during the wet
season, and also in AS3, CS4, and WS9 during the
dry period.

The distribution of ),, PAHs (Fig. 4) across the sta-
tions (AS1-WS9) of the stations of the Ikpoba River con-
taminated sediment in ascending order follows WS8<
AST<WS9<AS2<CS6<CS4 CS5<WS7<AS3 and
AS2 <AST<WS8<CS6<CS5<CS4<AS3<WS9<
WS7 during the wet and dry seasons respectively. The
minimum and maximum concentration of Y ,, PAHs
during the wet period was 3.86-5.7 mg/kg-dw, while
during the dry season, we had 4.98-9.26 mg/kg-dw. The
Y5 PAHs in the dry season were all higher than the
Yo PAHs in the wet period in all the sampling stations.
The high Y,, PAHs in WS7 may be due to the presence
and the burning of the urban waste site in this station, as
waste tends to release a large concentration of different
PAHs into the aquatic system (Sarti et al., 2017).

Furthermore, the distribution of the Y HMPAHs
(Fig. 5a and b) across the sampling sites during the
wet and dry seasons in the ascending order follows
AS3 <WS8<WS7<WS9<CS4<CS6<AS1<AS2
<CS5 and AS2<AS3<CS5<CS4<CS6<WS7<A
S1<WS9<WS8 respectively, while the ) LMPAHs
(Fig. 5a and b) through the sampling stations in the
ascending order follows: AS2 <AS1 <WS8<WS9<
CS5<CS6<CS4<WS7<AS3 and AS1<AS2<WS
8<CS6<CS5<CS4<WS9<AS3<WS7 during wet
and dry period correspondingly. However, the sum of
the HMPAHSs across the sampling stations was higher
than the sum of the LMPAHs for both seasons, except
in WS7 during the dry season. This may be due to the
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low solubility of HMPAHs in water and their strong
affinity for sediment, which makes them less acces-
sible in water and strongly adsorbed on the sediment
(Abdel-Shafy & Mansour, 2016).

The distribution of the TOC (Fig. 6a and b) in ascend-
ing order during the wet season was as follows: AS2<
AS1<CS5<CS4<WS8<CS6<AS3<WS7<WS9,
while during the dry season, it was as follows: AS1 <A
S3<CS4<CS5<CS6<WS7<AS3<WS8<WS9.The
pH had minimum and maximum values of 6.90-7.49 and
6.4-7.77 during the wet and dry seasons, respectively.
These variations in pH values may be justified by the
inconsistency in the quantity of effluent discharged into
the aquatic system, as chemical contaminants influence
pH values (Ibrahim et al., 2020). However, the distribu-
tion of the pH in the ascending order is as follows: CS5
<CS6<CS4<WS7<AS1<AS2<AS3<WS8<WS9 and
CS6<CS5<CS4<WS7<WS8<WS9<AS1<AS3
<AS2 during the wet and dry seasons correspondingly.
The pH range value was 6.96-7.55 and 6.77-7.45 during
wet and dry seasons correspondingly.
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Cs4 CS5 CSé WS7  WS8 WSS9

Dry season

Furthermore, the dispersion of PO4 through the sta-
tions revealed its minimum and maximum values to be
0.85-1.65 and 1.00-1.65 during the wet and dry seasons,
respectively. The increase in phosphate content during
the dry period may be due to an increase in poor agri-
cultural practices, runoff from urban areas, lawns, leak-
ing septic systems, and discharges from sewage treatment
plants (Fang et al., 2020; Isiuku & Enyoh, 2020). The dis-
tribution of PO4 across the station during the wet period
in ascending order follows: AS<AS2<AS3<CS4<
SC6<WS7<WS9<WS8<CS5, while during the dry
period, in ascending order as follows: AS1 <AS3<CS4
<WS7<CS6<AS2 <CS5<WS8<WS9.The minimum
and maximum values of 12.00-15.32 and 11.2-15.01
for the wet and dry periods were for NO3. However, this
physicochemical parameter distribution across the sam-
pling station during the wet season revealed the NO3
present in AS1<AS2<AS3<CS4<CS5<WS7<CS6
<WS9<WSS, while during the dry period, it was
observed that the NO3 present in AS1<AS2<AS3<C
S4<WS9<CS5<WS7<WS8<CS6. In addition, the
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Fig. 6 a Distribution of physicochemical parameters across the sampling station during the wet season. b Distribution of physico-
chemical parameters across the sampling station during the dry season

range of the EC distributed across the sampling sta- revealed EC in AS3<AS2<WS7<CS4<CS6<WS
tion during the wet and dry seasons was 67.50-75.20 9<CS5< WSS, while during the dry season, the fol-
mS/cm and 63.20-70.55 mS/cm. During the wet sea- lowing was observed: AS3<CS4<ASI<WS8<AS2
son, the EC distribution across the sampling stations WS9<CS6<WS7.
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Source apportionment

Table S1 showed the application of isomer ratios of
PAHs in Okhoro, Teboga, and Ikpoba sampling loca-
tions of the Ikpoba river to discover the sources of
the PAHs within the studied locations /stations. The
isomer ratio Phe/ant was < 10, and this was observed
across the stations for both seasons and showed the
pollutant source to be pyrolytic (Das et al., 2020).
The isomer ratio Flt (Flt+Pyr) was>0.35 and was
observed for both seasons across the stations except
in AS1, whose isomer ratio Flt (Flt+Pyr was<0.2,
which disclosed the station’s pollutant source to be
combustion, except for AS1, which had a petroleum
source. However, the isomer ratio Ant (Ant+ Phe)
was>0.5 in all stations, except CS1 during the wet
period. This ratio supported the source of PAHs
to be from the combustion of coal for all stations,
except CS1, which had its PAHs from petroleum
combustion because the isomer ratio Ant (Ant+ Phe)
was in the range of 0.4-0.5. The isomer ratio Ant
(Ant+Phe)<0.4 during the dry period described
the PAHs source found in AS2-AS3-CS4-CS5-WS7-
WS8-WS9 stations to be petrogenic, while PAHs in
AS1 and CS6 were from the combustion of petroleum
and coal, respectively(Liao et al., 2017).

Furthermore, the isomer ratio B.a.P/B.ghi.P across
the sampling station during the wet period revealed
the following: The source of PAHs in AS3-WS8-WS9
was the combustion of gasoline because the isomer
ratio B.a.P/B.ghi.P value of the pollutants across the
aforementioned stations was<than 0.6. However,
PAHs in AS1-AS2-CS4-CS5-CS6-WS7 had a non-
gasoline origin because the isomer ratio B.a.P/B.
ghi.P was>0.66. Moreover, during the dry period,
the PAHs in all the stations were from the combustion
of gasoline because the isomer ratio B.a.P/B.ghi.P
was < 0.6 (Han et al., 2019).

The isomer ratio B.a.A/(B.a.A+Chr) in all the
sampling stations during the wet and dry seasons was
greater than 0.35, which revealed the PAHS’ source
to be majorly combustion (Han et al., 2020). During
the wet period, however, the isomer ratio 1.123 cd.P/
(I1.123 cd.P+B.ghi.P) was greater than 0.5 in all sta-
tions except AS3 (0.04) and WSS (0.04). This revealed
the source of the pollutants to be the combustion of
coal, wood, and biomass except for AS3 and WSS,
which derived their pollutants from petroleum com-
bustion. Furthermore, the source of PAHs in AS1-CS6
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was the combustion of coal, wood, and biomass as
the isomer ratio 1.123 cd.P/(1.123 cd.P +B.ghi.P) dur-
ing the dry period was>0.5 (Yao et al., 2020). How-
ever, the PAHs from WS7-WS9 were from the com-
bustion of petroleum, as the isomer ratio 1.123 cd.P/
(I.123 cd.P + B.ghi.P) was within the range of 0.2-0.5
(Han et al., 2020).

Additionally, the source of PAHs based on the iso-
mer ratio FIt/Pyr during the wet period in AS1-AS2-
AS3-VS4-WS7-WS8-WS9 was petrogenic because the
isomer ratio value was > 1.0, while the source of PAHs
during the same season in CS5 and CS6 was pyrolytic
as the value of the isomer ratio was<than 1.0 Cao
et al., 2020). However, during the dry, the source of
PAHs based on the isomer ratio Flt/Pyr was pyrolytic
except for CS5-CS6-WS8, which had their source of
PAHs from petrogenic activities (Ma et al., 2020).

The ratio of LMPAHs/HMPAHSs in all the sam-
pling sites during the wet and dry seasons was < 1.0
which revealed the pollutant source to be the incom-
plete combustion of gasoline for both seasons (Han
et al., 2021). This isomer ratio method showed PAHs
contaminants in the sediment of the aquatic system
to be mainly from the combustion of either biomass,
coal, wood, or petroleum, followed by pyrolytic, and
petrogenic sources in both seasons.

Multivariate statistical analysis of PAHs
Person correlation

Tables (S2a and S2b) showed the Pearson correlation
analysis results among the PAHs, physio-chemical
parameters, and between PAHs and physiochemi-
cal parameters during the wet and dry seasons. It
revealed positive and negative correlations at 0.01
and 0.05 confidence levels.

The abovementioned tables showed positive cor-
relations among PAHs pollutants, such as Flu’s posi-
tive correlation with Phe, Pyr, B.a.A, B.e.P, Ant, and
FlIt during the wet season, among many others (see
Tables S2a and S2b). The studied PAHs with a high
positive correlation may originate from the same
source (Emoyan et al., 2020). Furthermore, previous
work has shown a tendency for a positive correla-
tion between PAHs compounds with similar origins
(Froehner et al., 2018; Hou et al., 2019).

The wet season correlation analysis also revealed the
interaction between PAHs pollutants and the analysed
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physicochemical parameters. This included D.ah.P’s
positive correlation with TOC; EC’s positive correla-
tion with PO4 and NO3; and PO4’s positive correla-
tion with NO3. However, a positive interaction of a
PAHs pollutant with some physicochemical parameters
was observed during the dry period, such as the posi-
tive correlation of B.a.P with D.ah.A and TOC, while
B.e.P correlated with D.ah.P and pH, and D.ah.A had
a positive correlation with TOC and pH, while B.ghi.
Py correlated with NO3 positively, while B.a.A corre-
lated with B.e.P, and pH. Positive correlations were also
observed among the physicochemical parameters, such
as pH correlation with NO3, EC correlation with PO4,
and PO4 correlation with NO3.

However, the significant positive correlation
of D.ah.p with TOC during the wet season and
with D.ah.A and B.a.A during the dry season may
likely influence the distribution behavior and toxic-
ity of these PAHs. Previous research has recorded
a positive correlation between PAHs with TOC
(Sun et al., 2017, 2021). In addition, the positive
correlation between B.e.P, D.ah.A, and pH during
the dry season may increase the concentration of
these pollutants within the ecosystem as this can
occur at low pH (Minkina et al., 2019). The low pH
may be responsible for the low anoxic degradation
proportion in sediment, which may be responsible
for the accumulation of organic matter (Minkina
et al., 2019). As previously reported accumulated
organic matter may increase PAH concentrations
within the ecosystem (Ukalska-Jaruga et al., 2019).
Also, recent research showed PAHs to impede
NO3- increase in the sediment/soil (Urakawa et al.,
2019). The positive correlation of B.ghi.Py with
NO3 may reduce the concentration of nitrate within
some sampling areas in which the contact occurred.
However, the positive correlation between pH and
nitrate may influence the acidity of the sediment as
a high nitrate level may lower the pH of the sedi-
ment/soil of the ecosystem (Glass & Silverstein,
1998). Positive correlations between EC and phos-
phate were observed. Phosphate may become sig-
nificant under anoxic conditions with nitrate present
(éorm et al., 1996). Furthermore, phosphate nitrate
positive correlations and relationships may consti-
tute an aquatic nuisance as they favor algae growth,
which may lead to the eutrophication of the systems
(Fang et al., 2020).

The negative correlation among PAHs may be
a result of diverse/ nonpoint sources of the pollut-
ants, while the negative correlation between PAHs
and physicochemical parameters may be caused by
the non-interaction of the particular physicochemi-
cal parameters on the PAHs (Cao et al., 2020). The
negative correlation among PAHs was observed
when Acy, had a negative correlation with Ant,
B.e. P, B.ghi.P, and D.ai.P during the wet season,
and Nap negatively correlated with B.a.A and B.e.P
during the dry season, This is one among many oth-
ers in Tables (S2a and S2b).

We also observed in the wet period a negative cor-
relation between PAHs and physicochemical param-
eters, as D.ah.A negatively correlated with EC and
NO3, while D.ah.P negatively correlated with TOC.
However, during the dry season, the following was
observed: the Ace negative correlation with B.a.A,
B.e.P, D.ah.A and pH; FIt negative correlation with
B.a.A, B.e.P, D.ah.A and pH; B.a.A negative corre-
lation with NO3; B.ghi.Py negative correlation with
NO3, D.al.P negative correlation with pH, and D.ai.P
negative correlation with pH. In addition, D.ah.A
negatively correlated with EC and NO3, while
D.ah.P negatively correlated with TOC. However,
this particular season showed a negative correlation
between physicochemical parameters, such as the
negative correlation between pH and NO3.

Furthermore, it was observed that some of the
pollutants never correlated among themselves or
correlated with the physicochemical parameters
during both seasons. This has also been noticed
in previous research. This may be a result of the
numerous origins of PAHs or that the PAHs were
recently released into the environment (Emoyan
et al., 2020). The correlation between PAHs and
physiochemical parameters was more pronounced
during the dry season compared to the wet season.
Positive correlations among PAHs, PAHs, and phys-
icochemical parameters were observed in both sea-
sons compared to negative correlations.

Principal component analysis
Tables (S2a and S2b) showed the principal component
analysis (PCA) of PAHs in sediment during wet and

dry seasons. The principal component analysis (PCA)
of PAHs in the sediment was computed, and the first
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five components with Eigenvalues greater than one
were pulled out and analysed. The five extracted
Eigenvalues were responsible for 100% of the vari-
ance. Based on the component matrix examination of
the PCA during the wet season, it was discovered that
Ant- Pyr- B.bjk.F- B.e.P- B.a.P- D.al.P-pH- EC- NO3
-PO4 were all coupled in PC1 at 33.90% variance.
Whereas the PCA of the PAHs data obtained for the
dry season revealed that the Acy- Phe-Flt-B.c.Phe,-
D.ah.A- B.ghi.Py- TOC- NO3-PO4 were coupled in
PC1 at 42.02% variance. The presence of TOC may
influence the presence of PAHs in PC1 during the
dry season as it might likely increase their distribu-
tion within the sampling sites/ecosystem (Cai et al.,
2019). The interaction between NO3 and PO4 was
also observed as in the case of PC1 during both sea-
sons, which may likely favor the algae bloom (Fang
et al., 2020). The algae bloom may be hindered to an
extent as the presence of PAHs tends to hinder nitrate
increase within the ecosystem (Jiang et al., 2017).
However, the sources of these PAHs coupled to PC1
during dry and wet seasons favor pyrolytic origin.

The PC2 factor revealed an interlink of B.ghi.Py-
B.a.A- 1.123 cd.P- D.ai.P- D.ah.P at 24.33% variance
during the wet season and Ace-Flu- B.ghi.P- B.e.F-
D.al.P- EC at 21.37% variance during the dry season.
The ratio, I (123-cd) p/I (123-cd) P+B (ghi) P, and
also the B.a.A in PC2 of the wet season increases
the probability of the PAHs deriving their source
from the combustion of biomass, coal, and gasoline,
while the origins of PC2 of the dry season are not
well defined, but they may likely come from multi-
ple sources. However, in the PC3 of the wet season,
the Acy, Phe, and TOC were coupled at 19.74% vari-
ance, while in the PC3 of the dry season, the Nap-
Ant- Pyr- Chr, -1.123 cd.P were coupled at 19.39%
variance. The TOC of PC3 during the wet season may
be responsible for the distribution and increase in the
presence of Acy and Phe in the wet season, and their
source may be pyrolytic.

The origin of PAHs in the PC3 of the dry season
may be from multiple sources which have a high
tendency to be petrogenic and pyrolytic in origin.
Furthermore, Ace- Flu-B.c.Phe,-D.ah.A were asso-
ciated with PC4 during the wet season, whereas
B.a.A- D.ai.P- D.al.P,- pH was associated with PC4
during the dry season at 15.11% and 9.92%, respec-
tively. The PAHs in PC4 during the dry season may
be easily broken down by microorganisms if there is
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an increase in the linked pH (Moscoso et al., 2012). It
was further revealed that Nap and Chr were coupled
to PC5 at a 6.93% variance during the wet season,
whereas there were no PAHs coupled to PC5 during
the dry season at a 7.30% variance.

Moreover, the rotated component matrix revealed
that Ant, Pyr-B.bjk.F-B.e.P- B.a.P- TOC- pH- EC-
NO3- PO4 at 30.63% variance were coupled in PC1
for the wet period, and Acy- B.c.Phe- D.ah.A- TOC-
pH were coupled in PC1 for the dry season at 24.51%
variance. During the wet season, all physicochemi-
cal parameters influenced the PAHs coupled to PCl
whereas during the dry season, only TOC and pH influ-
enced the PAHs coupled to it. It was discovered during
the wet period that the PC1 of the rotated component
matrix was slightly similar to the PC1 of the compo-
nent matrix. However, D.al.P in PC1 of the component
matrix was substituted by TOC in PCI1 of the rotated
component matrix. This showed that the TOC probably
has more influence on the fate of Ant- Pyr- B.e.P-B.a.P
compared to D.ah.A. The dry season PC1 of the rotated
matrix was also similar to that of the component matrix
except for the absence of Phe and Flt.

The PC2 for the wet season of the rotated com-
ponent matrix coupled 1.123cd.P- B.ghi.P- D.ai.P-
D.ah.P at 24.27% variance, while the PC2 for the dry
season coupled Flu-B.bjk.F- D.al.P- PO4 at 21.37%
variance. The PAHs coupled to PC2 of the rotated
component matrix for the dry season had a strong
interaction with PO4, while the wet season does not.
The PC2 of the rotated component matrix only dif-
fers from the PC2 of the component matrix for the
wet season due to the absence of B.a.A in the PC2
rotated component matrix, while for the dry season, it
was noticed that Flu and D.al.P were common in both
the PC2 of the rotated and component matrix. Also,
the PAHs of the rotated component matrix are more
influenced by PO4 than the component matrix itself,
which is more influenced by the EC.

Furthermore, the Acy- Ace- Flu-Phe-B.a.A-D.
ah.A was coupled with the PC3 rotated component
matrix at 16.83%. The addition of B.a.A to the fac-
tor increases the probability of the origin being from
the combustion of biomass and gasoline. However,
Flt-B.c.Phe-D.al.P was coupled with PC4 at 15.79%
and Nap-Chr was coupled with PC5 at 12.49%. The
PAHs coupled to PC4 have a higher tendency to have
a pyrolytic origin than those in PC5, which may be
from petroleum combustion.
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Descriptive statistics

Table 1 shows the descriptive statistics of the PAHs
(mg/kg-dw) and physiochemical parameters of the
contaminated sediment of the Ikpoba River during the
wet and dry seasons. This included the assessment of
the maximum, minimum, mean, standard deviation,
percentage increase, and decrease of average concen-
trations of the studied PAHs (mg/kg-dw) and physic-
ochemical parameters from wet to dry periods.

The following values were observed for the descrip-
tive statistics of the concentration of PAHs contami-
nants distributed across the three locations and nine
stations of the Ikpoba river ecosystem. During the wet

Table 1 Descriptive statistics of PAHs concentration

season, it was noticed that 4.90 mg/kg-dw, 3.55 mg/
kg-dw, and 1.35 mg/kg-dw were recorded for the aver-
age ,, PAHs, Y HMPAHSs, and Y} LMPAHS respec-
tively, while during the dry period, it was noticed that
6.95 mg/kg-dw, 4.18 mg/kg-dw, and 2.77 mg/kg-dw
were values for the average Y ,, PAHs, Y HMPAHS,
and LMPAHs respectively. The average concentra-
tion of the PAHs pollutant rings in the studied sedi-
ment of the river in the ascending order showed that
the 2 rings<4 rings <5 rings <3 rings <6 rings and
2 rings <6 rings <5 rings <4 rings <3 rings for both
wet and dry periods, correspondingly. This further
disclosed that the 6 rings were higher during the wet
season, while the 3 rings were higher during the dry

WET SEASON (mg/kg-dw) DRY SEASON (mg/kg-dw) % Difference SQGS (mg/kg)
PAH/Physico.P Min  Max Mean Std  Min Max Mean Std  %Inc  %Dec ERL ERM
Nap 0.13  0.19 0.15 003 014 028 0.19 0.05 26.67 0.16000  2.100
Acy 0.13  2.04 0.54 072 011 2.07 0.99 0.84 8333 0.040 0.640
Ace 0.11 019 0.15 0.03 0.08 0.68 028 023  86.67 0.044 0.500
Flu 0.12 025 0.17 005 013 210 041 0.64 141.17 0.020 0.540
Phe 0.11 022 0.15 004 019 0.85 0.66 0.21 340.00 0.240 1.500
Ant 0.16 021 0.19 0.02 0.10 0.80 0.24 021 2631 0.853 1.100
Flt 0.16 0.27 0.21 004 012 040 0.23 0.11 9.52 0.600 5.100
Pyr 0.10 029 0.16 0.08 0.18 0.63 0.29 0.14  81.25 0.665 2.600
B.c.Phe 0.15 026 023 003 012 1.02 0.57 0.40 147.82
B.a.A 022 031 026 004 020 051 033 0.09 2692 0.261 1.600
Chr 0.18 025 021 0.03 0.10 025 0.19 0.04 —10.53 0.384 2.800
B.bjk.F 024 036 031 0.04 010 033 025 0.09 —19.35 0.300 1.750
B.e.P 0.15 035 028 006 022 039 033 0.06 17.86
B.a.P 0.01 047 031 0.16 040 0.60 0.48 0.08 54.84 0.430 1.600
1.123cd.P 0.01 048 030 0.18 0.10 0.67 0.34 022 1333
D.ah.A 003 075 027 020 025 049 0.38 0.08 37.03 0.063.4  0.260
B.ghi.py 021 033 029 0.04 0.04 039 024 0.12 —-17.24 0.430 1.600
D.al.P 0.17 026 022 0.03 0.01 0.28 0.13 0.11 -69.23
D.ai.P 0.15 037 0.30 0.07 013 059 0.26 0.15 —17.65
D.ah.P 0.10 032 0.20 008 0.11 025 0.17 0.05 —15.00
Y mean PAHs 4.90 6.95 41.84 4.749 24.940
Y mean HMPAHSs 3.55 4.18 17.75
Y mean LMPAHSs 1.35 2.711 105.19
Mean Range 0.15-0.54 0.13-0.99
TOC 30.55 48.45 40.16 5.18 4533 48.65 46.79 1.10  16.51
pH 690 749 7.10 021 646 777 7.19 0.57 1.27
EC 67.50 7520 70.86 2.62 6320 70.55 67.72 2.66 —4.43
PO4 085 1.65 1.30 034 1.00 1.65 1.43 022 10.00
NO3 12.00 1532 14.06 129 11.20 15.01 13.70 1.33 —2.56
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season. This may be a result of the decrease in the
anthropogenic and natural sources of the 6 rings and
an increase of 3 rings PAHs from the wet to the dry
period (Ambade et al., 2020,).

The percentage increase of the average concen-
tration of PAHs contaminants from wet to dry sea-
son was observed in 2 rings, 3 rings, 4 rings (except
Chr), 5 rings (except B.bjk.F), and only 1.123 cd.P
of the 6 rings, an average of Y PAHs, ) HMPAHS,
and Y LMPAHs while the percentage decrease
from wet to dry period was noticed in Chr, B.bjk.F,
and all 6 rings except 1.123 cd.P. However, accord-
ing to Table 1 the range of the average PAHs (mean
PAHs) in mg.kg-dw was 0.15 (Nap)-0.54 (Acy) and
0.13 (D.al.P)-0.99 (Acy) in wet and dry periods cor-
respondingly, which further supported an increase in
concentration from wet to dry period and the envi-
ronmental importance of Acy in Ikpoba River. Fur-
thermore, the increase of PAHs concentration from
the wet to dry period may be as a result of one or the
combination of the following: a surge in the release
of PAHs congener from the origin in the dry period,
and the dry period upsurge in evaporation of water
in the aquatic system that may cause an increase in
the concentration of aquatic ecosystem contents. This
situation was also observed in the source apportion-
ment and risk assessment of PAHs in the sediment of
the Brisbane River Australia. However, the low con-
centration of PAHs in Brisbane River during the wet
period was adjudged to be caused by sediment mix-
ing and dilution (Duodu et al., 2017). Nevertheless,
the case was different in the Erjen River in Taiwan as
the concentration of PAHs was higher during the wet
than the dry period. However, the reason for the case
in Erjen River was adjudged to be the high deposi-
tion of PAHs contaminated dust on the river during
the wet period ((Wang et al., 2015). Also, Table 2
compared the mean of PAHs obtained in the sediment
of the Ikpoba River to those obtained in the sediment

around the world. The mean of the contaminated sed-
iment in the Ikpoba River, in Nigeria, was higher than
those detected in the Ovia River in Nigeria and Xinx-
ian River in China and others (Duodu et al., 2017;
Tongo et al., 2017; Wang et al., 2015).

The average total organic compound (TOC) value
was 40.16 mg/kg-dw and 46.79 mg/kg-dw during
the wet and dry seasons individually. An increase
in the average TOC from the wet to dry season was
also observed. The TOC has a significant impact on
the distribution of the PAHs contaminant within the
ecosystems. The percentage increase of some PAHs
from the wet to dry season may be influenced by the
high presence of TOC (Naz et al., 2016). The aver-
age concentration of most PAHSs in the river sediment
was discovered to be higher during the dry season
compared to the wet season. This could be due to
the 16.50% increase in TOC during the dry season,
as TOC influences the fate of PAHs within the envi-
ronment. The migration of PAHs downward to be
adsorbed by sediment may have been very active as
an increase in TOC has been known to activate this
process. Furthermore, it was also assumed that the
high concentration during the dry season may be due
to a reduction in the quantity of water in the aquatic
system from an increase in evaporation (Cai et al.,
2019; Wu et al., 2022).

The average pH value of the contaminated sedi-
ment was 7.10 and 7.19 during the wet and dry sea-
sons, respectively. There was a 1.27% slight increase
in the average pH value from the wet to dry season.
Furthermore, high pH improves the soil’s enzymatic
state and aids in the breakdown of PAHs by microor-
ganisms (Méndez Garcia & Garcia de Llasera, 2021).
This may be responsible for the percentage decrease
of certain PAHs during the dry season. During the
wet and dry seasons, the average EC was 70.86 mS/
cm and 67.72 mS/cm, respectively, indicating a 4.43%
percentage decrease. This decrease in EC showed an

Table 2 Assessment of

Range mg/kg.-dw

Reference

levels of PAHs in sediment River country

around the world Brisbane River Australia
River George Australia
Xinxiang River China
River Malacca Malaysia
Ovia River Nigeria
Erjen River Taiwan

1.48E—4-3.08E-3
4.90E-4-5.19E-3
4.45E-3-2.9E-2
7.16E-4-1.21E-3
3.9E4-7.6E-2
2.2E-5-2.86E-2

Duodu et al. (2017)

Brown and Maher (1992)
Feng et al. (2015)
Keshavarzifard et al. (2014)
Tongo et al. (2017)

Wang et al. (2015)
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increase in the purity of the water as an inorganic
impurity in water tends to increase EC (Shrestha &
Basnet, 2018). However, this decrease in EC/impurity
during the dry period may be a result of a reduction
in various runoff (which carries along different inor-
ganic pollutants) into the water body due to a lack of
rainfall (Gaur et al., 2022).

The average concentration of PO4 was 1.30 mg/
kg-dw and 1.43 mg/kg-dw during the wet and dry
seasons, respectively, while the average concentra-
tion of NO3 was 14.06 mg/kg-dw and 13.70 mg/
kg-dw during the wet and dry seasons, respectively.
The average phosphate concentration increased by
10.0% from the wet to dry season, while the average
nitrate concentration decreased by 2.56%. The aver-
age concentration of nitrate and phosphate for both
seasons was above the MAC (10 mg/kg and 0.05 mg/
kg, respectively) recommended by USEPA. Both
physicochemical parameters are thus potential threats
because they can cause eutrophication (Isiuku &
Enyoh, 2020).

The sediment quality guideline value (Table 1)
was used to assess the quality of the sediment in both
seasons. The average PAHs during the wet season
as reflected in the descriptive statistic table revealed
that the average value of Acy, Ace, Flu, B.bjk.F, and
meanPAHs were > ERL but < ERM, while during the
dry period, it was observed that the average value of
Nap, Ace, Flu, Phe, B.a.A, B.a.P, and ZmeanPAHs
were > ERL and < ERM. These PAHs may cause mild
harmful effects on the biota of the aquatic system
as they have values that are between ERL and ERM
within their respective seasons.

Furthermore, the average values of Nap, Phe, Ant,
Flt, Pyr, Chr, B.a.P, B.ghi.Py, and the average value
of Ant, Flt, Pyr, B.bjk.F, and B.ghi.P were all <ERL
during the wet and dry seasons respectively, except
B.a.A, which had an average value equal to ERL
during the wet period. Furthermore, the average val-
ues of Nap, Phe, Ant, Flt, Pyr, Chr, B.a.P, B.ghi.Py,
and the average value of Ant, Flt, Pyr, B.bjk.F, and
B.ghi.P were all <ERL during the wet and dry sea-
sons respectively, except B.a.A, which had an aver-
age value equal to ERL during the wet period. These
PAHs may not be associated with an adverse biologi-
cal effect on the biota within the ecosystem. However,
it was only D.ah.A during the wet period, Acy, and
D.ah.A during the dry period that had an average
value greater than ERM. The average value of D.ah.A

(in both seasons) and Acy (dry season only) have a
high tendency to have toxic effects on the biota of the
aquatic system.

Ecological and human health risk assessment

According to Table 3 of mERMQ, it was noticed
during the wet season that all the locations/stations
recorded a medium-low effect (0.5 <mERMQ>0.11)
of PAHs contaminants on the ecosystem except sta-
tion AS3 (of the Okhoro location). The maximum
and minimum values of mERMQ during the wet sea-
son were observed in AS3 and WSS, respectively.
However, it was also noticed during the dry period
that the concentration of the contaminant within the
majority of the stations had medium—low effects on
the aquatic system, except for stations WS7 and WS9,
which revealed medium-high effects of the concen-
tration of PAHs on the aquatic system. Also, the max-
imum and minimum values of mERMQ during the
dry season were observed at stations WS7 and AS2
correspondingly.

Furthermore, the maximum value of mERMQ
value in AS3 during the wet season might be due
to the tremendous increase in the concentration of
Acy, while during the dry season, the large value of
mERMQ observed in stations WS8 and WS9 may
also be due to the large concentration of both Acy
and Flu in WS8 and Acy only in WS9. However, it
was observed that Acy has become of environmen-
tal importance/concern in the aquatic system of the
Ikpoba River. The sum of mERMQ by adding the sam-
pling stations that make up a location was also studied
and compared with the level or degree of contamina-
tion effects. The Y mERMQ across the sampling loca-
tions during the wet in ascending order showed that
TIkpoba a< Teboga< Okhoro. The YmERMQ in all
the sampling locations during the wet period was of
medium-high value (1.5<mERMQ >0.50), whereas,
Y mERMQ of contaminants during the dry period was
as follows: Okhoro < Teboga < Ikpoba. The Y mERMQ
of contaminants in all the AS and CS sampling loca-
tions during the dry seasons was lower than 1.5 but
was greater than (.51, which indicated medium-high
effects of the studied PAHs on the ecosystem.

During the wet season, it was noticed that all the
locations/stations recorded a medium—low effect
(0.5<mERMQ>0.11) of PAHs contaminants on the
ecosystem except station AS3 (of the Oredo location).
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Table 3 The mean effect range median quotient of PAHs

Wet season Dry season
Okhoro Teboga Ikpoba Okhoro Teboga Ikpoba

PAHs AS1 AS2 AS3 CS4 CS5 CS6 WS7 WS8 WS9 AS1 AS2 AS3 CS4 CS5 CS6 WS7 WS8 WS9
Nap 0.08 0.06 0.06 0.06 0.06 0.09 0.07 0.07 0.06 0.08 0.07 0.08 0.133 0.13 0.01 0.07 0.08 0.09
Acy 0.23 0.22 3.19 039 0.39 031 243 02 029 031 026 323 153 12 0.88 3.12 0.17 3.22
Ace 024 0.24 038 032 031 03 029 033 022 002 03 035 135 1.1 1 03 035 0.17
Flu 026 0.26 0.26 042 042 039 022 0.27 028 027 033 025 062 0.56 039 3.89 0.33 0.27
Phe 0.07 0.08 0.09 0.12 0.12 0.15 0.08 0.08 0.12 0.13 0.5 0.53 053 057 036 034 0.53 047
Ant 0.17 0.15 0.15 0.19 0.19 0.18 0.16 0.17 0.19 0.16 0.09 0.01 0.18 0.19 0.73 0.15 0.17 0.2
Flt 0.03 0.04 0.03 0.05 0.04 0.05 0.04 0.04 0.03 0.02 0.02 0.03 0.06 0.08 0.08 0.04 0.04 0.03
Pyr 0.04 0.14 0.04 0.11 0.11 0.04 0.05 0.04 0.24 0.07 0.1 0.12 0.11 0.12 0.08 0.07 0.07
B.a.A 0.16 0.14 0.16 0.19 0.19 0.19 0.14 0.14 0.1 032 0.26 024 0.14 0.13 0.2 0.19 0.22 0.19
Chr 0.09 0.08 0.08 0.07 0.08 0.06 0.07 0.08 0.07 0.08 0.08 0.04 0.09 0.07 0.08 0.06 0.06 0.06
B.bjk.F 0.19 0.18 0.14 0.18 0.21 0.19 0.19 0.19 0.06 0.17 0.14 0.11
B.a.P 021 0.21 0.01 029 0.29 0.28 0.29 0.15 0.08 028 0.26 03 025 028 0.25 031 0.38 0.38
D.ah.A 1.27 1.15 2.89 1 1 1 049 0.1 054 142 144 185 095 0.01 1.15 1.54 1.66 1.9
B.ghi.py 0.19 0.21 0.14 0.21 0.21 0.19 1 0.01 0.02 0.19 0.02 021 0.15 0.19 0.24
Y PAHs 0.18 0.18 0.22 020 0.2 02 021 0.16 0.17 021 02 03 029 028 028 037 0.24 031
(mERMQ) 0.23 0.22 0.52 025 0.26 025 032 0.15 0.17 031 0.27 049 046 034 041 0.72 031 0.51
Y mERMQ 0.97 0.76 0.64 1.07 1.21 1.54
Aver.mERM(Q 0.32 0.25 0.21 0.40 0.40 0.51

The maximum and minimum values of mERMQ dur-
ing the wet season were observed in AS3 and WSS,
respectively. However, it was also noticed during the
dry period that the concentration of the contaminant
within the majority of the stations had medium—low
effects on the aquatic system, except for stations WS7
and WS9, which had medium-high effects of PAH
concentration on the aquatic system.

Also, the maximum and minimum values of
mERMQ during the dry season were observed in sam-
pling sites WS7 and AS2 correspondingly. Further-
more, the maximum value of mERMQ value in AS3
during the wet season might be due to the tremendous
increase in the concentration of Acy, while during the
dry season, the large value of mERMQ observed in
sampling sites WS8 and WS9 may also be due to the
large concentration of both Acy and Flu in WS8 and
Acy only in WS9.

However, it was observed that Acy has become of
environmental importance and concern in the aquatic
system of the Ikpoba River. The sum of mERMQ by
adding the sampling stations that make up a loca-
tion was also studied and compared with the level
or degree of contamination effects. The Y mERMQ
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across the sampling locations during the wet in ascend-
ing order showed that Ikpoba<Teboga< Okhoro.
The Y mERMQ in all the sampling locations dur-
ing the wet period was of medium-high value
(1.5<mERMQ>0.50), whereas, > mERMQ of con-
taminants during the dry period were as follows:
Okhoro < Teboga<Ikpoba. The Y mERMQ of con-
taminants in all the AS and CS sampling locations dur-
ing the dry seasons was lower than 1.5 but was greater
than 0.51, which indicated medium-high effects of
the studied PAHs on the ecosystem. However, the
Y'mERMQ of contaminants in WS exhibited a high
PAH effect on the ecosystem of the WS location. The
average mERMQ of the studied PAHs in each location
was quantified by adding the three-sampling stations
together to make up a location. It was discovered that
the average mERMQ across the studied locations dur-
ing the wet period demonstrated a medium—low effect
of PAHs on the ecosystem of the locations. Moreover,
medium—low PAH effects were observed in AS and
CS locations, while medium-high PAH effects were
noticed in WS during the dry season.

According to Tables S4 (a) and (b), the TEQ of
the studied contaminants across the nine stations
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during the wet season was higher than 0.2 mg.kg-1,
in which the maximum value was 3.74 E+01 in the
AS3 station, and the minimum was 2.26E-01 in the
WSS station. Furthermore, the TEQ analyses of the
dry season reveal TEQ values across the nine sta-
tions to be higher than 0.2 mg.kg™!. The maximum
value of TEQ was 1.83E4+03 in the ASI station
and the minimum was 7.97E-01 in the AS3 sta-
tion. In addition, the average TEQ value during wet
seasons in Okhoro, Teboga, and Ikpoba locations
was 2.32E+01, 1.33E+01, and 7.80E-0O1, respec-
tively, while the average TEQ during the dry sea-
son in Okhoro, Teboga, and Ikpoba locations was
6.17E+02, 145E+01, and 2.28E+01, respec-
tively. The minimum value of TEQ and average TEQ
across the studied stations/locations were higher than
0.2 mg.kg™"!, which is a criterion for clean-up recom-
mendation (Parra et al., 2020).

All the values of DAD through dermal (DADder-
mal) (Table 4) were lower than the RfD of B.A.P. This
has also been observed in previous research (Duodu
et al., 2017; Froehner et al., 2018; Isiuku & Enyoh,
2020). Despite the low values, Acy was a potential
human health risk. It was noticed that the maximum

DADdermal value of the Acy during the wet and dry
seasons was 2.50E-7 and 2.53E-7, respectively, while
the average DAD value of the Acy was 4.73E-8 dur-
ing the wet season and 6.34E-6 during the dry sea-
son. Furthermore, they had higher values during the
dry period compared to the wet season (which may
be deduced to be a result of the difference in concen-
tration). These Acy DADdermal values were greater
than the maximum and average DADdermal values
of every other PAHs. The HQ and HI (which repre-
sent the overall non-carcinogenic toxic risk) values
of the PAHs during the wet and dry seasons were
all less than 1. The maximum and average values of
HQ for Acy during the wet season were 6.26E-6 and
1.66E-6, respectively, while during the dry season,
the maximum and average HQ values were 6.43E-6
and 2.42E-6, respectively, and these HQ values<1
indicated low non-carcinogenic toxic effects. The HI
values were also less than a unit value for both sea-
sons and showed the accumulated non-carcinogenic
risk to a human to be very low. The carcinogenic risk
(CR) (Table 5) has a threshold limit of 1x 10-6, and
a CR value above this limit indicates a potential car-
cinogenic risk. All the calculated CR values of all the

Table 5 Carcinogenic risk

CR wet season CR dry season

PAHs Max Min Ave Max Min Ave

Nap 1.70E-07 1.13E-07 1.34E-07 2.53E-07 1.22E-07 1.73E-07
Acy 1.83E-06 1.13E-07 3.45E-07 1.85E-06 9.86E-08 8.83E-06
Ace 1.73E-07 9.86E-08 1.34E-07 6.05E-07 7.45E-08 2.54E-07
Flu 2.23E-07 1.07E-07 1.50E-07 1.88E-06 1.16E-07 3.70E-07
Phe 1.96E-07 9.86E-08 1.36E-07 7.59E-07 1.70E-07 5.89E-07
Ant 1.85E-07 1.46E-07 1.68E-07 7.15E-07 8.91E-08 2.15E-07
Flt 2.45E-07 1.43E-07 1.89E-07 3.58E-07 1.10E-07 2.02E-07
Pyr 2.62E-07 9.27E-08 1.43E-07 5.66E-07 1.61E-07 2.58E-07
B.c.Phe 2.35E-07 1.34E-07 2.02E-07 9.13E-07 1.07E-07 5.09E-07
B.a.A 2.77E-07 1.96E-07 2.31E-07 4.53E-07 1.79E-07 2.98E-07
Chr 2.23E-07 1.58E-07 1.89E-07 2.26E-07 8.91E-08 1.69E-07
B.bjk.F 3.25E-07 2.10E-07 2.80E-07 2.95E-07 8.91E-08 2.26E-07
B.e.P 3.13E-07 1.34E-07 2.49E-07 3.49E-07 1.93E-07 2.92E-07
B.a.P 4.20E-07 8.91E-09 2.81E-07 5.37E-07 3.58E-07 4.27E-07
1.123 cd.P 4.26E-07 8.91E-09 2.64E-07 5.99E-07 8.91E-08 3.02E-07
D.ah.A 6.67E-07 2.39E-08 2.42E-07 3.34E-06 2.68E-07 7.27E-07
B.ghi.py 2.95E-07 1.88E-07 2.56E-07 3.46E-05 3.28E-08 2.15E-07
D.al.P 2.32E-07 1.52E-07 1.93E-07 2.50E-07 7.74E-09 1.08E-07
D.ai.P 3.28E-07 1.34E-07 2.68E-07 5.24E-07 1.16E-07 2.33E-07
D.ah.P 2.86E-07 8.91E-08 1.80E-07 2.23E-07 1.01E-07 1.50E-07
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studied PAHs were all lower than 1Xx 10-6 and may
not likely result in carcinogenic risk. However, the
Acy CR values for both seasons revealed that Acy is
a more potential carcinogenic risk in the future if the
Acy increase in the environment continues unabated.

Conclusion

The majority of pollutants and physiochemical
parameters increased in concentration from the wet
to the dry season. Based on the isomer ratio and
PCA, the major source of the studied PAHs was the
combustion of biomass, wood, coal, and petroleum
for both seasons. However, the positive correlation
among PAHs, PAHs, and physicochemical param-
eters was strong and more for both seasons com-
pared to the negative correlation, which supported
a common source for the majority of the pollutants.
The DADdermal, HQ, HI, and CR values of the con-
taminants revealed the DAD values to be lower than
B.a.P, while the HQ and HI values were lower than
1, which showed no accumulative toxic effect on
individual health. In addition, the CR values of all
the studied contaminants were lower than 1Xx10-6,
except Acy a potential carcinogenic that may be
responsible for about a maximum of 183 and an aver-
age of 886 in every 1000,000 persons during wet
and dry seasons respectively to have cancer in their
lifetime. The SQGs revealed Acy, Ace, Flu B.bjk.F,
and ZmeanPAHs and Ant, Flt, Pyr, B.bjk.F, and
B.ghi.P during the wet and dry seasons respectively
to have a mild toxic effect on the biota, while Nap,
Phe, and Ant, Flt, Pyr, Chr, B.a.P, B.ghi.Py, and Ant,
Flt, Pyr, B.bjk.F, and B.ghi.Py during the wet and dry
seasons showed zero effect on the biota. The aver-
age mERMQ revealed the effects of PAHs contami-
nants in all locations to be medium-low, except for
the Ikpoba location, which had medium-high effects
of PAHs on its biota. The value of TEQ across the
locations was higher than the threshold limit, which
indicated a high recommendation for environmental
clean-up of the aquatic ecosystem.
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