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a b s t r a c t

River sediments contain environmental fingerprints that provide useful ecological information. However,
the geochemistry of River Atuwara sediments has received less attention over the years. One hundred
and twenty-six sediments from 21 locations were collected over a two-season period from River Atu-
wara, and a detailed investigation of the land use and land cover (LULC) change between 1990 and 2019,
analysis of selected toxic and potentially toxic metal(oid)s (TPTM) (Cu, As, Cd, Pb, Ni, Cr, Zn, Fe, Co and Al)
using ICP-OES, pollution index assessment, potential source identification (using center log-
transformation approach), potential ecological, and human health risk assessment were conducted.
The results of the LULC change revealed that the built-up area increased by 95.58 km2, at an average rate
of 3.186 km2/year over the past 30 years. The mean concentration of metal(oid)s increased in the order of
Cd < As < Cr < Pb < Co < Ni < Cu < Zn < Fe < Al, and Cd < As < Cr < Co < Pb < Ni < Cu < Zn < Fe < Al
during the dry and wet seasons, respectively. Meanwhile, the statistical analysis of the data spectrum
inferred possible contamination from lithological and anthropogenic sources. According to the pollution
load index, 90.48% of the sediment samples are polluted by the metal(oid)s. Potential ecological risk
assessment identified Ni, As, and Cd as problematic to the ecological community of River Atuwara.
Regarding the metal-specific hazard quotient via ingestion route, the risks are in order of
Co [ As [ Pb > Cr > Cd > Al > Ni > Cu > Zn > Fe for both seasons and the carcinogenic risk for children
via ingestion route presented a value higher than the safe limits for As, Cd, Cr, and Ni during both
seasons. This outcome highlights the need for prompt action towards the restoration of environmental
quality for communities surrounding River Atuwara.
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1. Introduction

The growth of many developing nations hinges on industriali-
zation, extensive agriculture, port-related activities and extractive
processes (Kozul-Wright and Fortunato, 2019; Oyeleran-Oyeyanka,
2015; Rodrik, 2016; UNIDO, 2018). However, most of the chemical
compounds released and waste generated from these processes
depreciate and degrade the quality of inland streams and rivers
(Caballero-Gallardo et al., 2020). Recent reports have indicated that
residential habitation, tourist, industrial, and commercial zones
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exert excessive pressure on nearby rivers through the discharge of
vast amounts of pollutants (Fernandez-Maestre et al., 2018; Gao
et al., 2018). These chemicals or waste effluents released in the
form of metal(oid)s affect the quality of surface water and
groundwater systems.

The process of industrialization and urbanization is advanta-
geous, especially in the aspect of modelling demographic charac-
teristics, but the unsystematic, unplanned, uncontrolled, and rapid
transformation of physical landscape may impact negatively on
several environmental components, particularly on water and land
(Patra et al., 2018). In light of this, several researchers have high-
lighted the need to understand urbanization drifts induced by land
use and land cover (LULC) change because urban transformation is
at the expense of global energy which may result in environmental
deterioration and degradation of the ecological community
through air, soil and water pollution (Battista and de Lieto Vollaro,
2017).

The issue of metal(oid)s in the environment has turned out to be
a global menace because of its bioaccumulation properties, toxicity,
and persistence. Considering the rate of industrial boom in devel-
oping countries, the presence of these chemical pollutants in river
systems is paramount, and the outcome is bound to impact nega-
tively on biotic community and aquatic ecosystem (Keshavarzi
et al., 2018; Ouyang et al., 2018; Sun et al., 2019). The moment
metal(oid)s blend with organic species, it causes eco-interference,
detrimental effect on aquatic life, and negative influence on hu-
man health via accumulation in the food chain or through different
exposure pathways (He et al., 2019; Keshavarzi et al., 2018). The
distribution of metal(oid)s in sediments, biogeochemical in-
teractions and hydrodynamic conditions influence the biotic com-
munity, providing insight on their adsorption process, transport
and dispersion mechanism, and formation of organic matter-
contaminant complexes in an aquatic environment
(Akhbarizadeh et al., 2017; Duodu et al., 2016; Pandey and Singh,
2017).

Sediments are now being considered as a derivative source and
sink for metal(oid) pollutants, and over time, serves as a biomarker
for investigating the impact of anthropogenic pollution up to the
present day (De Vivo et al., 2017; Mao et al., 2020). Thus, analysing
river sediment for hazardous metal(oid) pollutants evaluates the
burden posed by anthropogenic or human activities on an aquatic
environment. Interestingly, such analysis is significant because the
toxic weight of these pollutants on the biota is often embedded in
the environmental matrix of sediments (Celis-Hernandez et al.,
2018; Kusin et al., 2018; Maanan et al., 2015). Based on these rea-
sons, the knowledge derived from chemical distribution in sedi-
ments from riparian zones and rivers provides a holistic overview
of the associated risk posed on the ecosystem or humans through
exposure (Li et al., 2019).

Riparian zones acting as aquatic-terrestrial links play a signifi-
cant role in the environment by maintaining the balance between
riverbank stability, water quality and aquatic biodiversity (Liu et al.,
2016). Globally, riparian areas are considered as natural buffers that
filter pollutants between upland regions and open waters, as well
as reducing erosion at the stream bank (Rami~ao et al., 2020). Some
investigators have reported other essential ecosystem services that
riparian zones provide which include flow regulation, flood atten-
uation and nutrient filtration (DeVore et al., 2016; Liu et al., 2019;
Rami~ao et al., 2020; Xiang et al., 2016). Studies in Europe and other
parts of the world have further revealed that riparian zones act as
an effective harbour for metal(oid)s arriving via river flooding or
migration from the upland region through the mechanism of
adsorption and sedimentation, and their study has improved water
quality framework since they are considered as fundamental ele-
ments that describe the hydromorphological conditions of the
environment (Del T�anago and De Jal�on, 2006; Pavlovi�c et al., 2016).
Considering the increasing rate of urbanization and intensified land
use, riparian areas are undergoing drastic and accelerated trans-
formations, in which anthropogenic activities have degraded their
systems in recent times. Therefore, the rehabilitation of degraded
riparian soils and river sediments after exceeding safety limits in-
volves an in-depth understanding of the ecological and hydrolog-
ical function in order to administer the best management strategy.

Over the years, Ado-Odo Ota in Ogun State, Nigeria has experi-
enced urban transformation because of its industrial endowments
(Ogbiye, 2011; Omole, 2011). Due to the accelerated urbanization
rate and industrial development, human activities within the re-
gion increases continually. River Atuwara is a popular river that
navigates through Ado-Odo Ota, providing economic value to its
surrounding riparian communities (Emenike et al., 2020a, 2020b).
These riparian communities located close to River Atuwara have a
combined population of 500,000 individuals, and studies have
shown that living within river path may pose a significant threat to
river health since anthropogenic/human activities affect urban
habitat considerably (Alqurashi and Kumar, 2019; Hua and Ping,
2018; McGrane, 2016). Hence, the variation in LULC change
within the study region requires monitoring. Previous studies have
indicated that industrial activities within the region practice
indiscriminate disposal of waste effluents into River Atuwara
(Ogbiye, 2011). This chaotic action deposits potentially hazardous
metal(oid) pollutants which eventually get attracted to fine-
grained particles and settle as sediments. Hence, the rationale of
the current investigation lies on (1) understanding the dynamics of
urbanization of the study region through LULC change (2) esti-
mating the concentration of accumulated metal(oid)s (Cu, As, Cd,
Pb, Ni, Cr, Zn, Fe, Co and Al) in the sediments of River Atuwara and
establishing their inter-relationship with potential anthropogenic
origin using compositional data analysis (3) using sediment quality
indicators such as enrichment factor, geo-accumulation index,
pollution index, pollution load index, potential ecological risk in-
dex, toxic risk index, and modified hazard quotient to assess the
degree of pollution, as well as the ecological rating of the river
sediments (4) assessing the potential human health risk posed by
exposure to sediments via ingestion and dermal pathways. It is
noteworthy to mention that this study might be the first report on
sediment quality of the riparian areas of River Atuwara. Therefore,
the information contained in the current study is expected to help
environmental managers and key stakeholders to develop a sus-
tainable urban development framework, comprehensive policies
for urban management and planning, and workable mechanism to
protect ecological quality and aquatic biota.

2. Materials and methods

2.1. Description of the study area

River Atuwara (Fig. S1) is a tributary of River Ogun and belongs
to the Ogun-Oshun River catchment in Ado-Odo Ota in Ogun State,
Nigeria (Latitude: 6�40057.8400 and Longitude: 3�8052.0300). River
Atuwara emanates from Igbo-Elerin region and flows towards Ifo
community. River Atuwara is regarded as an environmental trea-
sure to surrounding communities harbouring up to 500, 000 resi-
dents that depend on it for their domestic and economic purpose
(National Population Commission, 2010). The river passes through
several communities located in the west of the Atlantic Ocean and
connects to other nearby rivers up to 65 km away from its source.
The communities that benefit from River Atuwara include Agbara,
Owode-Egba, Balogun, Iju, Odo-itele, Odo-Ogbe, Igboloye, and
Adefarasin. River Atuwara is connected to a swampland that irri-
gates more than half of the River Atuwara basin, and towards its
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right side is River Mosafejo, Afara-Meje and River Balogun. Due to
the tidal variability around the river, most of the unplanned
drainages are now waterlogged and transformed into wetlands.
Around Ado-Odo Ota lies both small-scale businesses and
manufacturing firms that practice unapproved disposal of partially
treated or untreated effluents into River Atuwara. Ado-Odo Ota
accommodates manufacturing firms and small enterprise that
engage in plastic and rubber production, fabrication from steel, iron
and other metals, wood and wood products, pharmaceuticals,
distilleries, soap production, food and beverages, abattoir, and paint
spraying. Data used for this study were obtained between April and
October (wet season), and November toMarch (dry season) of 2018.
2.2. Land use and land cover (LULC) classification

Analysis of land use/land cover (LULC) change was actualised by
extrapolating multi-temporal satellite imageries from Landsat to
comprehend spatial and temporal variations of the study region. A
geo-referencing technique involving the use of ground control
points was adopted, whereas WGS1984 was selected as the pro-
jected coordinate. The LULC apportionment was done based on the
identification and definition of training sites with the help of
ground surveillance points, and visual clarification of chrono-
graphic maps and Google Earth Imageries. Complimentary scenes
of the Landsat maps were extracted from the United States
Geological Survey (USGS), earth explorer website (https://
earthexplorer.usgs.gov/).

To designate LULC classes and characterise the signature files,
unsupervised ordering procedure related to the K-means clustering
algorithm was utilised. Meanwhile, the unsupervised catego-
risation served as a preparatory framework for additional classifi-
cation. Predominant classes were assembled to consolidate with
identical value following the center class (Bhattacharjee et al.,
2019); thereafter, the classification was actualised by means of
iteration until the best clustering outcome was achieved. It is
noteworthy to mention that the image characterisation method is
considered the preferable and most widely used technique because
it contains high spectral information and maintains a high level of
accuracy (Biswas and Melesse, 2016; Shawul and Chakma, 2019).
The generalisation of categorized LULCmaps and post-classification
smoothing were initiated in ArcGIS, and the clustering expression is
given as:

jj ¼
X

x2sjðlÞ
k x� zjðlþ1Þk2 (1)

And

zjðlþ1Þ¼ 1
Nj

X
x2sðlÞ

x (2)

where jj represents the clustering conditions of error sum of
squares, x is the vector signifying the nth data point, zj is the geo-
metric centroid, Nj presents the number of samples contained in Sj
which serves as the cluster class j, and. j ¼ 1;2;3;4:::::k

The areal range of categorized LULC maps for the specified pe-
riods (1990e2019) was estimated in square kilometer (km2), and
the variationwas calculated amid each period. The actual difference
in LULC classification was obtained by taking into account the
Normalized Difference Built-up Index (NDBI), which examines the
region masked with impervious surface (concrete and asphalt).
According to Zha et al. (2003), the Normalized Difference Built-up
Index (NDBI) formula is given as:
NDBI¼MIR� NIR
MIRþ NIR

(3)

Where NIR is regarded as the near-infrared band (band no. 4 e TM,
ETMþ and LISS III) and MIR is the middle infrared band (band no. 5
e TM, ETMþ and LISS III). The values gotten from the expression
above varies between �1 and þ1. NDBI values between 0.1 and
below are relatable to non-urban features, whereas high NDBI
values correspond to areas covered by impervious surfaces (Patra
et al., 2018).

2.3. Sample collection

Field investigation and sediment extraction were conducted in
2018. In order to capture the chemical variations in the river sedi-
ments, we compared the sediment samples collected during the
dry season (July) with that of the wet season (November). Sampling
points were distributed, taking into account area representation
and road accessibility. Retrieval of sediment samples was achieved
with a sediment sampling tube (LaMotte EP Model 1055). After
each sample collection, the sampling tube was thoroughly cleaned
to avoid cross-contamination and interference. A total of 126 sur-
face sediment samples (63 samples in the wet season and 63
samples during the dry season) were retrieved from 21 locations
(Fig. S1) at 0e3 cm depth (IAEA, 2003), and non-decomposed
debris (roots, animal residue and stones) was removed, after
which the samples were stored in Ziploc bags. Before metal anal-
ysis, the samples were air-dried for ten days, vegetative materials
removed, and, sieving was done to obtain a homogeneous mass.
After that, 0.5g of the previously sieved sample was digested using
HF (1 mLe40%)/HNO3 (3 mLe65%)/H2O2 (1 mLe30%) solution,
sealed in Teflon vessels, and transferred into a microwave system.
The total concentration of trace elements (Cu, As, Cd, Pb, Ni, Cr, Zn,
Fe, Co and Al) in the samples were analysed by ICP-OES (Perki-
nElmer DV Optima 5X00).

2.4. Quality assurance and quality control

To maintain analytical integrity, a triplicate analysis was carried
out on the sediment samples (average value and standard deviation
were documented). Certified Reference Material (GBW07366) and
reagent blanks were used for equipment calibration, and the
measurement of metal(oid) concentration in the blank yielded a
<3% value of the calculated concentration in the sediment sample.
Due to the low concentration obtained after analysing the reagent
blanks, we conclude that there was no lab contamination detected.
Re-calibration was done after analysing every three samples to
maintain analytical precision, and the root standard error observed
were <8% between all replicates, for both dry and wet season. After
spiking with standards, the recovery of samples varied from 97.4%
to 105.3%.

2.5. Data analysis

After measuring the concentration of metal(oid)s, descriptive
statistics, constellation plot (C-Plot), and classification of pollution
indices were achieved using JMP data analysis program, version
14.3.0. Multivariate statistical assessment comprising composi-
tional data analysis, principal component/factor analysis (PC/FA),
scree graph, and biplot were actualised using XLSTAT 2018 package.
Land use and land cover (LULC) and spatial distribution of the
metal(oid)s and pollution indices were evaluated with ArcGIS
version 10.7. Finally, health risk assessment and pollution index
assessment were employed to gain an in-depth understanding of
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toxic metal(oid) pollution on the ecological community, as well as
on human health.

2.6. Sediment quality guidelines (SQGs)

The adoption of Sediment Quality Guidelines (SQGs) by several
investigators for toxicological evaluation of sediment-related
metals has fostered the management of aquatic environments,
protection of biota, and the implementation of environmental
policies and regulations (Maanan et al., 2015; Souri et al., 2019). In
the current study, consideration was given to a few of the SQGs
which include; The Probable Effect level (PEL), Threshold Effect
Level (TEL), Severe Effect Level (SEL), Effect Range Low (ERL),
Lowest Effect Level (LEL), and the Effects Range Medium (ERM)
standards. These guidelines were used to assess the potential bio-
logical impact of metal(oid)s measured in the sediment samples.

2.7. Pollution Assessment methods

2.7.1. Geo-accumulation index (Igeo)
Geo-accumulation Index (Igeo), developed by Muller, is a

quantitative method of classifying metal(oid) contamination
(Müller, 1969). It is a tool used to distinguish anthropogenic impact,
and it represents the distribution of metal(oid)s in relation to the
geochemical background in the sediments (Liu et al., 2017). Igeo is
obtained using the equation below;

Igeo ¼ log2

�
Cn

1:5Bn

�
(4)

where Cn is the concentration of metal, Bn is the metal background
value, 1.5 is a factor used to minimise the impact of background
variability caused by lithological variation. The Igeo rating is graded
according to seven enrichment classes; Igeo �0 (Uncontaminated),
0 � Igeo < 1 (Uncontaminated to moderately contaminated),
1 � Igeo < 2 (Moderately contaminated), 2 � Igeo < 3 (Moderately
to strongly contaminated), 3 � Igeo < 4 (Strongly contaminated),
4 � Igeo < 5 (Strongly to extremely contaminated), Igeo > 5
(Extremely high contaminated).

2.7.2. Enrichment factor (EF)
This index measures possible anthropogenic influence on met-

al(oid) concentration in sediments. To pinpoint the impact of
anthropogenic activities on the sediment, the measured concen-
tration of metal(oid) is compared to a conservative element not
influenced by weathering, e.g. Al, Fe, Ca, Sc, Ti, or Mn (Sucharov�a
et al., 2012). In this study, Fe was selected as the conservative
metal, and the equation used to calculate the enrichment factor (EF)
is given as

EF ¼
 
Cn ðSampleÞ
CFe ðSampleÞ

!, 
Bn ðbackgroundÞ
BFe ðbackgroundÞ

!
(5)

where ðCn ðSampleÞ =CFe ðSampleÞ Þ is the ratio of metal concentration
and Fe concentration of the sample, and
ðBn ðbackgroundÞ =BFe ðbackgroundÞ Þ is the ratio of metal background
concentration to Fe concentration of the background. The back-
ground samples were retrieved from the upper stretch of the River,
from an unpolluted or pristine substance unaffected by anthropic
events. The background samples were comparable with the
investigated samples and treated in a similar way as the sediment
samples (Brady et al., 2014a). To interpret the EF values, EF < 2 is
considered as Deficiency to minimal mineral enrichment, EF ¼ 2e5
as Moderate enrichment, EF ¼ 5e20 as Significant enrichment;
EF ¼ 20e40 as Very high enrichment, and EF > 40 as Extremely
high enrichment (Sakan et al., 2009).
2.7.3. Single pollution index (PI) and pollution load index (PLI)
Pollution Index (PI) is achieved bymultiplying the concentration

of the individual metal with the inverse of the background value
(Hakanson, 1980). The expression is given as;

PI¼Cn � 1
Bn

(6)

The Pollution load index (PLI) evaluates the degree of contam-
ination in the sediment. Moreover, it is a simplified approach to
show the extent of soil deterioration in relation tometal(oid) build-
up. The PLI is the geometric evaluation of the individual PI, and its
equation is given as;

PLI¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PI1 � PI2 � PI3 � ::::PIn

n
p

(7)

Where n is the number of metal analysed, and the PLI rating is given
as PLI > 1 (Polluted), PLI ¼ 1 (Baseline levels of pollution), and
PLI < 1 (Not polluted) (Seshan et al., 2010).
2.7.4. Potential ecological risk index (PERI)
Potential ecological risk index (PERI), proposed by Hakanson

(1980) determines the ecological impact and potential risk of
metal(oid) exposure. It is regarded as the addition of metal-specific
potential risk. It illustrates ecological vulnerability towards toxic
compounds and gives a comprehensive representation of the
ecological risk caused by a broad spectrum of toxic metals (Douay
et al., 2013). The appraisal of the total risk index (RI) of PERI is
obtained using Eq. (8)

RI¼
Xn
i¼1

Eir ¼
Xn
i¼1

Tir � PIi (8)

Eir is the potential ecological risk factor, Ti
r is the toxic-response

factor of metal(oid) given as 5, 10, 30, 5, 5, 2, and 1 for Cu, As, Cd,
Pb, Ni, Cr, and Zn respectively (Hakanson,1980;Weissmannov�a and
Pavlovský, 2017; Zhang et al., 2014; Zhu et al., 2013). The Eir rating is
given as; Er < 40 (Low ecological risk), 40 < Er � 80 (Moderate
ecological risk), 80 < Er � 160 (Considerable ecological risk),
160 < Er � 320 (High ecological risk), Er > 320 (Serious ecological
risk). Furthermore, the PERI rating is given as PERI <150 (Low
ecological risk), 150 < PERI < 300 (Moderate ecological Risk),
300 < PERI < 600 (High potential ecological Risk), and PERI � 600
(Significantly high ecological Risk).
2.7.5. Toxic risk index (TRI)
Zhang et al. (2016) developed a new pollution index that con-

siders the TEL and PEL values. The Toxic Risk Index (TRI) takes into
account the acute toxicity of trace metals in sediments with their
relative effect. TRI can be calculated by the formula below;

TRIi ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðCi=TELiÞ2

.
ðCi=PELiÞ2

2

vuut
(9)

Where Ci is the concentration of the ith metal and TEL and PEL are
the threshold effect level and probable effect level of the ith metal.
The TRI ratings are as follows; TRI �5 (No toxic risk), 5 < TRI � 10
(Low toxic risk), 10 < TRI � 15 (Moderate toxic risk), 15 < TRI � 20
(Considerable toxic risk), and TRI > 20 (Very high toxic risk).
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2.7.6. Modified hazard quotient (mHQ)
This new index evaluates sediment contamination by

comparing metal contents in the sediments with effect level stan-
dards (PEL, SEL, and TEL) (MacDonald et al., 2000). The Modified
Hazard Quotient (mHQ) is considered a significant tool because it
exemplifies the extent of risk eachmetal(oid) poses to the biota and
aquatic habitat (Benson et al., 2018). The mHQ ratings are as fol-
lows;mHQ > 3.5 (Extreme severity of contamination), 3.0�mHQ <
3.5 (Very high severity of contamination), 2.5 � mHQ< 3.0 (High
severity of contamination), 2.0 �mHQ < 2.5 (Considerable severity
of contamination), 1.5 � mHQ < 2.0 (Moderate severity of
contamination), 1.0 � mHQ < 1.5 (Low severity of contamination),
0.5 � mHQ< 1.0 (Very low severity of contamination), and mHQ <
0.5 (Nil to very low severity of contamination). The mHQ is evalu-
ated following the mathematical expression below;

mHQ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ci
TELi

þ Ci
PELi

þ Ci
SELi

s
(10)

2.7.7. Health Risk Assessment
The adoption of the Health Risk Assessment (HRA) model to

evaluate the degree of risk posed by potentially toxicmetal(oid)s on
humans has gained recognition over the years. The calculation for
oral exposure pathway obtains the chronic daily intake (CDI, for
noncancer) and cancer risk (CR) using the chemical concentration
found in the sediment sample to which the population/receptors
are exposed to over a particular period (US EPA, 1989). Following
that, the hazard quotient (HQ) is derived using the ratio of CDI to
the oral reference dose (RfD, chemical-specific). The CR is estimated
bymultiplying the CDI by the slope factor (cancer). In this study, we
assessed the HRA of the metal(oid)s in the sediments considering
two population category differently (Adult and Child) based on
their physiological and behavioural discrepancies, and two expo-
sure routes (ingestion and dermal) (US EPA, 2005).

Recently, the United States Environmental Protection Agency
(US EPA) itemised the need to include the relative bioavailability
(RBA) factor in HRA calculation to make the assessment realistic. US
EPA (2012) added that the degree of uncertainty in adopting risk-
based decisions at a given site could be reduced when the RBA
factor is considered. Interestingly, the RBA factor modifies the
chronic dose of metal(oid)s/chemicals in sediments since the
bioavailability of chemical compounds in sediments tend to be
lesser than the original chemical form in diet or water (ITRC, 2017).
However, several factors affect the bioavailability of metal(oid)s/
chemicals in soil; they include chemical structure, solubility,
biodegradability, and diffusion (NRC, 2003). The equations (Eqs
11e18) used to estimate the risk assessment of metal(oid) exposure
on the population (CDI, HQ, and CR) are listed in the Appendix
section (Appendix 1). However, it is noteworthy to mention that
default RBA values have been developed by the US EPA to support
HRA calculations. The default values can be replaced when an ac-
curate site-specific RBA value is obtained. In line with this, the
default RBA values were used in the present work.

2.8. Compositional data analysis (CDA)

Geochemical parameters related to sediments, soil, and water
have been regarded as compositional data because they carry
useful information embedded in elemental ratios (Pawlowsky-
Glahn and Buccianti, 2011). In practice, the network of composi-
tional data has been administered to explore the origin of toxic
elements, visualise the distribution of elements, and identify the
impact of anthropogenic and geodetic actions in the environment
(Petrik et al., 2018b). Compositional data consist of vectors grouped
into D-dimensional simplex space containing positive real com-
ponents (Aitchison, 1999, 1982). Before applying the multivariate
statistical technique to geochemical data, adequate data treatment
should be employed to retain the compositional data attributes and
inter-parameter relationship. However, some log-ratio trans-
formations have been identified in the literature to analyse and
treat data structure in Euclidean space where multivariate analysis
technique can be deployed (Egozcue et al., 2003). The centered log-
ratio (Clr) and additive log-ratio (Alr) transformation, introduced
by Aitchison (1982), and subsequently, the isometric log-ratio (Ilr)
transformation by Egozcue et al. (2003) has been put forward to
reveal the complementary structures of variables extracted from an
investigated terrain. In addition, the underlying factors governing
the data variability can be explained better when a log-ratio
transformation is employed (Wang et al., 2019).

In the current investigation, we employed the
Clretransformation because of the following benefits (i) the
Aitchison distance relatable compositions are equivalent to the
Euclidean distance that exists between the vector components of
Clr coefficients (ii) the power of compositions and perturbation is
converted to ordinary addition and product functions with the help
of Clr coefficients. Moreover, one shortfall of the
Clretransformation is that it possesses a singular covariance ma-
trix. Despite this disadvantage, the ability to freely analyse the
relationship between chemical variables is the main reason this
study chose to adopt the Clr technique for our statistical
evaluations.

In real-time, these attributes exemplify the importance of the
Clr coefficients. Meanwhile, the Clr-transformation is obtained us-
ing the expression below:
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where gðxÞ is the geometric mean (Geo-Mean) of the data set var-
iable and x represents the specific variable data. For this kind of
analysis, each component represents the log-ratio of the centered
value in which the geometric mean is the divisor. The Geo-Mean
binds the transformed data, and its interpretation cannot be ach-
ieved independently (Thiombane et al., 2018). Thus, any single Clr
relationship is always associated with the “total” or a group of the
total component. Furthermore, the multivariate analysis conducted
with the Clr-transformed data produces scores that represents the
data structure in Euclidean space. The outcome is based on a data
matrix of variance characterizedwith scores and loadings to display
the inter-relationship of the dataset. The plots produced contain
variables serving as vector rays drawn from the midpoint in which
the length is proportional to the explained variance (also known as
biplot). To interpret the plot, the loadings, distance between
vertices, and directional derivatives are taken into consideration,
providing a detailed relationship between the samples and rays.

The adoption of Factor Analysis (FA) by several researchers has
yielded positive impact and popularity over the years in the iden-
tification of pollutants from hypothetical origin (Petrik et al.,
2018a). The inclusion of varimax rotation has also improved the
interpretation of results because it simplifies the transformed
dataset, and minimise the number of variables with high loadings
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produced by each factor through orthogonal rotation (Reimann
et al., 2002). In as much as multivariate statistical assessment
(MSA) allows samples with identical chemical and physical attri-
butes to be categorized together, trend patterns that provide
essential information about the controlling factors of geochemical
compositions may not be identified immediately (Güler et al.,
2012). Therefore, it is important to merge the results obtained
from the MSA with other analysis to provide an elaborate inter-
pretation of the data structure (Blake et al., 2016).

The Constellation Plot (C-Plot), derived from the Hierarchical
Cluster Analysis (HCA) is often used to uncover subgroups classi-
fications occurring within a defined dataset in relation to their
similar characteristics. Interestingly, the HCA technique applies to
log-transformed data (van den Boogaart; Tolosana-Delgado, 2013),
as it provides adequate clarification of variables with similar
geochemical behaviour or an approximate anthropogenic origin
within the sample region (Thiombane et al., 2018).

3. Results and discussion

3.1. Spatial and temporal assessment of LULC change

Spatial trends and total area of LULC changes in the Ado-Odo Ota
region for the year 1990, 2006, 2011 and 2019 are displayed in Fig.1,
and a significant change was observed in different LULC category
over the years. The LULC change identified considerable sets of land
expansion of which the built-up area increased by 95.58 km2 over
the past 30 years, at an average rate of 3.186 km2/year, and at the
expense of thick vegetation and light vegetation. (see Table S1 in
supplementary material).

The post-classification difference explained in the present study
examine three different phases spread over the years, i.e., from
1990 to 2006, 2006e2011, and 2011e2019. In 1990, the prevalent
LULC type (in ascending order) was thick vegetation, light vegeta-
tion, and built-up area. The built-up area considered as urban set-
tlement were agglomerated in the western arm or River Atuwara
(see Fig. 1 (a)). In contrast, the region experienced a spread in the
built-up area towards the eastern part of river Atuwara in 2006, as
well as an increase inwetlands, light vegetation, and cultivated area
(Fig. 1b). Further observation of the LULC data revealed a vast
spread of built-up area in 2011 with significant increase in wetland
and swamps (Fig. 1c). Furthermore, the LULC change of built-up
area indicated a massive class in 2019, covering as wide as 42.45%
of the total area. Light vegetation, cultivated land, thick vegetation,
wetland/swamp and waterbody covered 16.29%, 12.91, 6.943%,
21.28% and 0.117%, respectively (Fig.1d). From the results above, it is
obvious that urbanization has impacted on vegetation loss, and
such development will significantly increase human activities,
industrialization and the possible introduction of anthropogenic
contaminants.

3.2. Metal(oid) concentration in sediments

The descriptive information as contained in Table S2(a) (in the
supplementary material) summarises the deposited toxic elements
in the sediment samples of River Atuwara (RA) during the dry and
wet seasons of 2018. Measured concentration (mean ± SD, mg/kg)
in the dry season were: Cu (48.46 ± 17.82), As (7.156 ± 3.307), Cd
(3.011 ± 1.721), Pb (22.65 ± 12.16), Ni (34.32 ± 27.63), Cr
(17.78 ± 6.129), Zn (173.6 ± 77.87), Co (31.63 ± 10.57), Fe
(354.4 ± 91.09), and Al (2868 þ 1629). while the measured con-
centration (mean ± SD, mg/kg) in the wet season were: Cu
(88.89 ± 32.88), As (11.83 ± 5.452), Cd (4.976 ± 3.067), Pb
(41.88 ± 22.41), Ni (50.15 ± 40.45), Cr (31.45 ± 10.41), Zn
(184.6 ± 76.79), Co (37.25 ± 10.59), Fe (363.6 ± 91.48), and Al
(2899 þ 1628). The sediment quality was assessed by bench-
marking the concentration obtained with the Probable Effect level
(PEL), Threshold Effect Level (TEL), Severe Effect Level (SEL), Effect
Range Low (ERL), Lowest Effect Level (LEL), and the Effects Range
Medium (ERM) values. From the results obtained, all samples sur-
passed the LEL value of Cu, whereas 90.48% of the sample fell be-
tween the ERL and ERM. The implication of this is that the biota of
the sample region will be less affected by Cu compared with other
metal(oid)s. In relation to Cu concentration in the sediments, it is
probable that it emanated from anthropogenic source as it has been
reported that the river receives effluents generated from a gin
manufacturing factory (Tenebe et al., 2018). In the case of As, 52.38%
of the samples oscillated between the TEL and PEL value, indicating
a detrimental biological effect on the biota. Arsenic being a prob-
lematic metal(oid) occurs anthropogenically and naturally in
organic and inorganic forms. Organic As compounds such as
monomethylarsonic acid (MMA) and dimethlyarsonic acid (DMA)
are considered less hazardous and carcinogenic, while the inor-
ganic forms (arsenite and arsenate) are more mobile and highly
toxic than the organoarsenic species (Ferguson et al., 2018). It is
noteworthy to mention that high concentration of As in sediment
has been reported to be associatedwith high organic matter, and its
interaction with itself and other mineral surfaces often result in
possible formation of organo-arsenic complexes. Organic matter
may influence the release of As by altering the redox chemistry of
As species and site surfaces. In sediment matrix, As oxidation is
influenced by redox conditions, making it to exist in�1,þ3 andþ 5
oxidation states. As (�1) and As (þ3) are predominant in reducing
environment, while As (þ5) occurs in oxidising environments
(Gorny et al., 2015; Xu et al., 2011). Reports revealed that during
redox fluctuations (from oxic to anoxic), sequestration of As occurs
mainly through adsorption and/or binding onto Fe/Mn/Al oxides
(Wang and Mulligan, 2006; Xu et al., 2011). Prieto et al. (2016)
pointed out that at oxic to suboxic conditions, microbial activities
influence As release in sediments by reducing arsenic to arsenite. In
addition, the application of fertilisers is likely to increase As content
in the sediment since they are present as galena and arsenopyrite
(ELTurk et al., 2018). Also, within the sample region, reports have
identified intensive agricultural activities involving the cultivation
of local vegetable (Emenike et al., 2019a, 2019b; 2020a, 2020b). This
suggests that the heightened As content could result from the use
of sodium arsenite and gallium arsenide as pesticides, which in
turn appear in sediments obtained from River Atuwara. Another
possible reason for such enrichment could be attributed to urban
activities and the accumulation of contaminants by runoff and
washed down to the river (ELTurk et al., 2018). Also, we observed
that wastewater effluents from surrounding industries are dis-
charged secretly into River Atuwara. The high enrichment of As
correlates with previous work obtained from the river water sam-
ples (Emenike et al., 2020a, 2020b).

Cadmium (Cd) concentration exceeded the PEL standard in
14.29% of the samples, whereas 85.71% of the samples fell between
the TEL and PEL threshold (Table 1). Similarly, the results exemplify
the likelihood of harmful effects caused by Cd on the biota. Several
anthropogenic activities introduce Cd into the environment. Omole
(2011) and Adewumi et al. (2011) identified the discharge of Ab-
attoirs sludge and application of fertilisers as a potential source of
Cd in River Atuwara. Consequently, these sources might be
responsible for the high concentration of Cd in the sediments since
there has been continuous disposal of abattoir sludge into River
Atuwara. Lead (Pb) was observed to oscillate between the TEL and
PEL range in 42.86% of the samples, indicating a potential hazard if
attention is not given. It is possible that the level of Pb observed in
the sediments may originate from the use of gasoline additive,
pesticide, as well as chemical manure (Aboud and Nandini, 2009).



Fig. 1. Spatial representation of LULC change at the River Atuwara region (a) LULC map at year 1990 (b) LULC map at year 2006 (c) LULC map at year 2011 (d) LULC map at year 2019.
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Table 1
Grouping of metal(oid)s in sediments according to sediment quality standards.

Dry Season

Cu As Cd Pb Ni Cr Zn Co Al

Mean 48.46 7.156 3.011 22.65 34.32 17.78 173.6 31.63 2868
Minimum 18.78 3.731 1.209 5.198 5.017 11.74 43.43 3.183 1021
Maximum 82.28 14.79 7.729 43.49 103.5 29.77 330.6 52.19 6295

% deviation from Sediment Quality Guideline

% of Samples < ERL 9.523 66.67 None 100 33.33 100 47.62 NG NG
% of Samples > ERM None None None None 14.29 none None NG NG
% of Samples between ERL and ERM 90.48 33.33 100 None 52.38 None 52.38 NG NG
% of Samples < LEL None 52.38 None 61.90 23.81 80.95 33.33 NG NG
% of Samples > LEL 100 47.62 100 38.10 76.19 19.05 66.67 NG NG
% of Samples between TEL and PEL 100 52.38 85.71 42.86 47.62 100 52.38 NG NG
% of Samples > PEL None None 14.29 None 28.57 None 9.523 NG NG
% of Samples < SEL 100 100 100 100 85.71 100 100 NG NG
% of Samples > SEL None None None None 14.29 None None NG NG

Wet Season

Cu As Cd Pb Ni Cr Zn Co Al
Mean 88.89 11.83 4.976 41.88 50.15 31.45 184.6 37.25 2899
Minimum 34.16 6.208 1.802 9.749 6.301 21.14 51.97 10.93 1034
Maximum 151.4 24.46 13.39 80.31 151.3 51.54 339.1 54.48 6336

% deviation from Sediment Quality Guideline

% of Samples < ERL None 42.86 None 57.14 14.29 100 38.09 NG NG
% of Samples > ERM None None 9.52 None 28.57 none None NG NG
% of Samples between ERL and ERM 100 57.14 90.48 42.86 57.14 None 61.91 NG NG
% of Samples < LEL None None None 47.62 14.29 47.62 33.33 NG NG
% of Samples > LEL 100 100 100 52.38 85.71 52.38 66.67 NG NG
% of Samples between TEL and PEL 66.67 76.19 52.38 52.38 33.33 28.57 57.14 NG NG
% of Samples > PEL 33.33 23.81 47.62 None 52.38 None 9.523 NG NG
% of Samples < SEL 71.43 100 90.48 100 85.71 100 100 NG NG
% of Samples > SEL 28.57 None 9.523 None 14.29 None None NG NG

NG e Not Given; Concentration of metal(oid)s in mg/kg.
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However, Madzin et al. (2015) reported that Pb is part of the main
ore characteristics. In the sample region, dredging activities is a
lucrative business amongst residents with sand extraction mainly
from River Atuwara. In this regard, disruption of the main soil ore
and subsequent deposition of sand at the river shore may be
responsible for the presence of Pb in the sediments. Nickel (Ni)
concentration in 28.57% of the samples surpassed the PEL
threshold, 47.62% were between the TEL and PEL standard, and
52.38% of the samples were between the ERL and ERM limits (see
Table 1). These results reveal that Ni may likely cause potential
harm to sediment-dwelling organisms. High content of Ni might be
derived from chemical industry waste, incineration, metallurgy,
and metal plating (Palansooriya et al., 2020). However, in River
Atuwara, there has been indiscriminate disposal of untreated
effluent from a chemical producing factory at SMP8. Also at SMP9,
there have been reports of untreated domestic waste disposal
directly at the site. Concurrently, these locations mentioned are
characterized by high Ni content in the sediment samples. Chro-
mium (Cr) was observed to be high in the sediment samples
wherewith 100% of the samples oscillated between the TEL and PEL
standard. To add, recent studies have identified anthropogenic ac-
tions as potential contributors to Cr in coastal environments (Chen
et al., 2019; Rasool et al., 2016).

The toxicity of Cr results in serious hazard because they are by-
products of human-made activities such as wood preservation,
tanning, and painting (Bluskov et al., 2005). From observations
around River Atuwara, the activities mentioned above are popular
businesses engaged by residents. Therefore, imminent pollution is
paramount, causing the results to align with previous views iden-
tified within the sampling area (Omole, 2011). Zinc (Zn) concen-
tration in 9.523% of the samples exceeded the PEL threshold, and
52.38% of the samples were within the TEL and PEL limit. High
values of Zn was observed in SMP5, SMP6, SMP8, and SMP18.
Further investigation and visual observation revealed that an open
dumpsite is located near the sample locations mentioned above. To
this end, there is a possibility of Zn leaching from the dumpsite,
thereby accumulating in the sediments. Concerning Co and Al,
there are no guidelines given to compare the extent of contami-
nation in sediments.

Reports have also indicated that sediment quality differs for
varying seasons (Chen et al., 2019; Zahra et al., 2014) because fac-
tors such as hydrological effects, cultural influence, lithological
input and geological features may be influenced by anthropogenic
activities (Zhuang et al., 2018). Several investigators have discov-
ered that pollutants in coastal environments tend to be reduced in
the wet season than in the dry season (Akindele et al., 2020).
However, the works of other researchers have revealed otherwise
because, at low velocity and reduced water levels, some pollutants
precipitate, increasing their enrichments in coastal sediments
(Bancon-Montigny et al., 2019; Caballero-Gallardo et al., 2020). In
the current work, we observed high metal content in the sediment
collected in thewet season than in the dry season. Al and Fe content
in the sediments varied slightly, although no significant change
occurred for both seasons. Meanwhile, the concentration (in
percent) of other metals changed significantly during the wet
season in ascending order of
Pb > Cu > Cr > As > Cd > Ni > Co > Zn > Fe > Al. The results pre-
sented in this study are in accordance with the changes in land use
from 1990 to 2019 which would have deteriorated the sediment
quality of the river. Consequently, Ado-Odo Ota is popularly known
to be an industrial hub that accommodates up to 40 industries,
small and medium scale enterprise (Ogbiye, 2011). The environ-
mental impact of the industrial cluster within the region has been
left unchecked, and the reflection impacts negatively on the
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environmental quality of River Atuwara. From the results, it is
therefore obvious that the built-up areas of the sample region have
contributed several toxic compounds to River Atuwara. Till date, no
proactive measures have been administered by the government,
non-governmental organizations, and polluting industries to revive
the ecological quality of River Atuwara.

Moreover, pH is an important component that controls the
mobility of metal(oid)s in sediments. pH values above 6.5e7.5
hinders the bioavailability and mobility of metal(oid)s through the
mechanism of precipitation and adsorption (Equeenuddin et al.,
2013). The negative charge at the surfaces of the clay particles are
suppressed at low pH as well as the organic matter and Fe/Mn/Al
oxides, resulting in increased cationic reactions wherewith cations
(Fe3þ, Hþ and Al3þ) tend to compete with metal(oid) cations for the
negative sorption sites available in the sediments (Guan et al.,
2018). In other words, low pH weakens the bonds existing be-
tween metal(oid)s and the sediments and impedes their absorp-
tion. In the current investigation, the pH values of the sediments
ranged from 7.68 to 8.39 (mean value of 8.14) and 7.83e8.88 (mean
value of 8.48) in the dry and wet season, respectively. The high
values observed under different seasons showcase the relatively
stable state for metal(oid)s. However, it is imperative to mention
that the alkaline characteristics of the sediments may expedite the
dissociation of metal species from the sediment and influence
secondary pollution.

A comparison of the mean concentration of potentially toxic
metals in the sediments of River Atuwara with international rivers
around the world is presented in Table S2(b) (supplementary ma-
terial. In general, Cr concentration in River Atuwara is lesser than
the rivers highlighted in Table S2(b), Zn and Pb contents are higher
in River Atuwara, Cd concentration is higher in River Atuwara, but
lesser than the values obtained in Southern coast of Sfax, Tunisia
(Naifar et al., 2018). Other variations can be drawn from the table.

3.3. Assessment of sediment pollution indices

3.3.1. Enrichment factor (EF)
Enrichment Factor (EF) for eachmetal(oid) was used to ascertain

anthropogenic influence on sediment quality (Fig. 2). The values of
EF during the dry season were within the following ranges: Cu
0.1712e1.764, As 1.429e12.34, Cd 0.3372e2.727, Pb 0.0856e1.394,
Ni 0.1205e4.151, Cr 0.6306e2.929, Zn 0.4872e3.948, and Co
0.1571e2.106 (Fig. 2a), and during thewet season: Cu 0.3072e3.161,
As 2.329e19.85, Cd 0.5069e4.724, Pb 0.1603e2.573, Ni
0.1743e6.069, Cr 1.143e5.071, Zn 0.5831e4.056, Co 0.5394e2.541
(Fig. 2b).

It has been outlined that EF values ranging between 0 and unity
for any metal(oid) indicate contamination from crustal sources,
whereas EF values surpassing unity signifies potential influence
from anthropogenic sources (Maanan et al., 2015; Sakan et al.,
2009). In this study, EF was above 1 for As (dry season, all sites),
Cr (wet season, all sites), Cu, Cd, Zn and Co (dry season, ~86% of the
samples). In line with this, most sediments would be subject to
pollutionwith at least one of the studied elements. The obtained EF
values were also classified in three categories of enrichment ac-
cording to Sakan et al. (2009): deficient to minimal enrichment
(EF ¼ 2e5), moderate enrichment (EF ¼ 5e20), and significant
enrichment (EF ¼ 20e40). In this sense, percentages of samples in
each category of the dry season (Fig. 2a) were as follows: deficient
tominimal enrichment occurred for Zn in 52.38% of the samples, Pb
100%, Cd 90.5%, Ni 85.70%, Cu 100%, Cr 85.71%, Co 85.70%, and As
4.8%; moderate enrichment: Zn 47.36%, Ni, Co, Cr, 14.28%, As 57.14%,
and Cd 9.52%; significant enrichment occurred only for As in 38.09%
of the samples. In the wet season (Fig. 2b), a deficient to minimal
enrichment was observed for Pb and Ni in 85.71% of the samples, Cd
57.14%, Co 66.67%, Cr 33.33%, Cu 71.43%, and Zn 47.62%; moderate
enrichment was observed for As 23.81%, Cd 42.86%, Co 33.33%, Cr
61.90%, Cu 28.57%, Ni 4.76%, Pb 14.28%, and Zn 52.38% and signifi-
cant enrichment for As, Cr, Ni in 76.19%, 4.76%, and 9.52% of the
samples, respectively (Fig. 2b).

3.3.2. Pollution index (PI) and pollution load index (PLI)
The regional transformation facilitated by LULC operation has

imposed a detrimental impact on the sediments obtained from
River Atuwara. In this light, there is a variation of PI observed for
different metal(oid)s in the sediment samples. From Table 2, it
could be seen that during the dry season, 52.38% and 47.62% of the
samples were observed to be moderately polluted and unpolluted
with Cu respectively. Concerning As, the investigation revealed a
strong PI for all samples. Cd in the sediment samples showed a
different level of pollution in which 38.1% of the samples were
unpolluted, 38.1% were moderately polluted, and 23.8% of the
samples were considered as strongly polluted. Pb in the sediments
was categorized as unpolluted (57.14%) and strongly polluted
(42.86%). Regarding Ni in the sediments of River Atuwara, moderate
pollution was observed in SMP4, SMP5, and SMP6. Meanwhile,
52.38% of the samples were grouped as unpolluted and 33.33% of
the sediment samples were categorized as highly polluted. Cr and
Al recorded moderate pollution and low pollution respectively.
However, As recorded moderate pollution in 95.24% of the samples,
Zn recordedmoderate pollution in 66.67%, high pollution in 23.81%,
and low pollution in 9.52% of the samples. Co recorded moderate
pollution in 95.24% and Al recorded low pollution in 100% of the
samples.

The wet season presented a different pollution rating
throughout the samples. Cu (14.29%), Cd (4.76%), Pb (33.33%), Ni
(23.81%), Zn (4.76%), Co (4.76%), and Al (100%) recorded low level of
pollution. Again, Cu (85.71%), Cd (52.38), Pb (66.67%), Ni (42.86%),
Cr (57.14%), Zn (71.43%), and Co (95.24%) recorded moderate
pollution level. Meanwhile, As (100%), Cd (42.86%), Ni (14.29%), Cr
(42.86%), and Zn (23.81%) recorded strong pollution.

To examine the collective toxicity of the metal(oid)s in the
sediments, the PLI was calculated. From the results, the dry season
PLI rating showed that River Atuwara is polluted, having noticed
that 72.19% of the sediment samples exceeded the PLI value of 1.
However, 4.762% of the samples fell at the baseline pollution level,
while 19.05% of the samples were considered not polluted (Fig. 2c).
In general, the PLI rating categorized the pollution level into
twodPolluted and Not Polluted. According to the PLI rating, 9.524%
of the samples were not pollute, and 90.48% of the sediment
samples were polluted by the metal(oid)s considered in the current
investigation (Fig. 2d). The results buttresses the fact that the
contamination level observed at the study region is a multi-metal
case attributed to areas with a prolonged history of industrial
events (Barandovski et al., 2015; Gaber�sek and Gosar, 2018;
Rinklebe et al., 2019).

3.3.3. Geoaccumulation index (Igeo)
The assessment of Igeo in surface sediment for the different

seasons (dry and wet) are presented in Table 3. The Igeo values
obtained in both seasons shows a metal to metal variation
throughout the investigated site. In the dry season, the Igeo values
of Pb, Ni, Cr, Zn, Co, Al, and Cu exhibited high pollution in the
surface sediments. Amongst the toxic elements, As and Cd followed
a different pattern of accumulation. As and Cd exhibited strong
pollution in 23.81% and 9.524% of the surface sediments, respec-
tively. The Igeo results for As and Cd also revealed that 47.62% and
33.33% of the sampled sediments were categorized under the
moderate to strongly polluted class, respectively. Similarly, 23.84%
and 42.86% of the sediment samples can be grouped under the



Fig. 2. Pollution Assessment indicating (a) EF Rating in the dry season (b) EF rating in the wet season (c) PLI rating in the dry season (d) PLI rating in the wet season.

Table 2
Pollution Index classification with respect to sampled location during the dry and wet season.

Pollution Index Classification Cu As Cd Pb Ni Cr Zn Co Al

Dry Season
PI < 1 47.62% Nil 38.09% 57.14% 52.38% Nil 9.524% 4.762% All samples
1 � PI � 3 52.38% Nil 38.09% Nil 14.29% All samples 66.67% 95.24% Nil
PI � 3 Nil All samples 23.81% 42.86% 33.33% Nil 23.81% Nil Nil
Wet Season
PI < 1 14.29% Nil 4.762% 33.33% 23.81% Nil 4.762% 4.762% All Samples
1 � PI � 3 85.71% Nil 52.38% 66.67% 42.86% 57.14% 71.43% 95.24% Nil
PI � 3 Nil All Samples 42.86% Nil 14.29% 42.86% 23.81% Nil Nil
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moderately polluted for As and Cd respectively, while Cd fell under
uncontaminated to moderately contaminated class in 14.29% of the
sediment samples.

During the wet season, the trend of Igeo values was observed to
be different from the previous season. This time, the Igeo values of
Pb, Ni, Cr, Zn, Co, Al, Cu and As exhibited extreme high pollution in
the sediment samples. On the other hand, Igeo values for Cd
revealed that 23.81% of the samples could be classified under
strongly polluted, 33.33% under moderately to strongly polluted,
38.1% under moderately polluted, and 4.76% under strongly to
extremely polluted. Based on the overall evaluation using the
Muller scale, the results conclude that most of the sediment sam-
ples were classified as strongly to extremely polluted for all met-
al(oid), except for Cd and As which showed inconsistent variation
among the Muller classification.
3.3.4. Potential ecological risk index
The outcome of PERI assessment for the different seasons (dry

and wet) are presented in Fig. S2. The PERI values obtained during
the dry season revealed that the ecological integrity of the sample
region had been compromised. High ecological risk was observed
in 19.11% of the investigated samples, considerable ecological risk
was observed in 66.67% of the samples, and 14.33% of the samples
were grouped under moderate ecological risk. Considering this, As
and Cd are the highest contributors to the ecological risk experi-
enced within the river for both seasons. In the wet season, we
observed further reduction of the ecological quality of the area as
85.67% of the investigated samples produced high ecological risk



Table 3
Igeo representation according to sample location during the dry and wet season.

Sample ID Igeo > 5 4< Igeo � 5 3< Igeo � 4 2< Igeo � 3 1< Igeo � 2 0< Igeo � 1

Dry Season
SMP1 Pb, Ni, Cr, Zn, Co, Al, Cu e e e As Cd
SMP2 “ e e e As, Cd e

SMP3 “ e e e As, Cd e

SMP4 “ e e As, Cd e e

SMP5 “ e e As, Cd e e

SMP6 “ e e As, Cd e e

SMP7 “ e e As Cd e

SMP8 “ e e As Cd e

SMP9 “ e As e Cd e

SMP10 “ e e Cd As e

SMP11 “ e e Cd As e

SMP12 “ e e Cd As e

SMP13 “ e As e Cd e

SMP14 “ e e As Cd e

SMP15 “ e As e e Cd
SMP16 “ e e As Cd e

SMP17 “ e As e e Cd
SMP18 “ e As e Cd e

SMP19 “ e Cd As e e

SMP20 “ e Cd As e e

SMP21 “ e e Cd, As e e

Wet Season
SMP1 Pb, Ni, Cr, Zn, Co, Al, Cu, As e e e Cd e

SMP2 “ e e e Cd e

SMP3 “ e e e Cd e

SMP4 “ e Cd e e e

SMP5 “ e Cd e e e

SMP6 “ e Cd e e e

SMP7 “ e e Cd e e

SMP8 “ e e e Cd e

SMP9 “ e e e Cd e

SMP10 “ e e Cd e e

SMP11 “ e e Cd e e

SMP12 “ e e Cd e e

SMP13 “ e e Cd e e

SMP14 “ e e e Cd e

SMP15 “ e e e Cd e

SMP16 “ e e Cd e e

SMP17 “ e e e Cd e

SMP18 “ e e Cd e e

SMP19 “ Cd e e e e

SMP20 “ e Cd e e e

SMP21 “ e Cd e e e
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values, while 14.33% of the samples fell under the considerable
ecological risk zone. The pollution intensities emanating from these
sites indicated that Cd and As added the largest proportion
considering that Cd emissions originate from human activities. This
implies that there exists a severe threat on the biological commu-
nity of River Atuwara caused by the combined action of As and Cd.

3.3.5. Toxic risk index (TRI)
A complimentary assessment known as the toxic risk index (TRI)

was adopted to provide a more detailed measurement of their risk
to the biota in the river environment. To ascertain the TRI, we
combined the results obtained from both seasons (dry and wet
season) to estimate the potential toxicity of the individual metal(-
oid) in the ecosystem. Applying the aforementioned index, the
Mean ± SD TRI value for Cu (2.641 ± 0.9691), As (1.213 ± 0.5623), Cd
(4.088 ± 2.447), Pb (0.7809 ± 0.4193), Ni (2.044 ± 1.652), Cr
(0.5136 ± 0.17), and Zn (1.121 ± 0.4793) were obtained. Considering
the mean value, it could be deduced that there is no risk posed by
the metal(oid)s. However, attention should be directed at Cd
because of the heightened TRI values in SMP14 and SMP15
(Fig. S3a).

Interestingly, the result of the TRI at SMP14 and SMP15 is not
surprising as few meters away from SMP15 lies an abattoir that
deposits abattoir sludge around the river banks. Sludge deposition
can also generate anoxic conditions that favour the precipitation of
metal(oid)s and this might be responsible for the high occurrence
of metal(oid)s, especially Cd in the sediment sample obtained at
SMP14. In addition, TRI values of Ni indicated low risk at SMP8 and
SMP9, and Cd at SMP4, SMP6, and SMP21. The spatial representa-
tion of the TRI values for Ni revealed an increase in toxicity in the
south and northwest region of the study area (Fig. 3a-g). Mean-
while, the spatial map of the Cd TRI showcases high toxicity in the
northern and southern region of the study area (Fig. 3c). The
implication of this reveals the region that is characterized by high
anthropogenic activities around River Atuwara.

To add, we adopted a recently proposed pollution index related
to the degree of contaminationdThe modified Hazard Quotient
(mHQ). The mHQ assesses levels of contamination by describing
each metal(oid) concentration found in the sediment with the
threshold limits of adverse ecological distributions such as the SEL,
PEL and TEL. The evaluation of mHQ is of utmost importance since it
evaluates the risk of individual metal(oid)s to the biota and the
aquatic environment (Benson et al., 2018).

With respect to the mHQ values obtained, Cd contamination in
the samples could be grouped between considerable severity to
extreme severity. Concerning Ni contamination, a few samples



Fig. 3. Spatial distribution of Toxic Risk Index (TRI) for (a) Cu (b) As (c) Cd (d) Pb (e) Ni (f) Cr (g) Zn.
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(14.29%) fell under very high severity, 38.09% categorized as mod-
erate severity, 23.81% classified as low severity, and 14.29% as very
low severity (Fig. S3b). Further insight to Cu contamination
revealed considerable severity in 38.09% of the samples and mod-
erate severity in 47.62% of the samples. As contamination fell under
three categories of mHQ rating; 38.1% as moderate severity
contamination, 52.38% as low severity contamination, and 9.52% as
very low severity contamination. Pb contamination recorded
47.62% as low severity and 52.38% as very low severity. Meanwhile,
the spatial map of the mHQ is represented in (Fig. 4a-g).

3.4. Multivariate compositional assessment of the sediment data

3.4.1. Source identification using PC/FA
After obtaining the centered log-transformed data, Principal

Component/Factor Analysis (PC/FA) was used to explain the inter-
variable relationship, Euclidean discrepancies, and potential
origin in relation to the geochemical pattern. Varimax rotation
combined with communality technique was used to support the
PC/FA to obtain a simplified expression of the variables without
altering the coordinate pattern of the variables.

In total, five factors were selected (based on the 1-mark break-
point of the scree-graph), which accounts for 88.41% and 88.06% of
the data variability during the dry and wet season, respectively. The
extracted factors for the dry season, identified as E1, E2, E3, E4, and
E5, accounts for 31.03%, 20.23%, 14.82%, 12.20%, and 10.13% vari-
ability, respectively. For the wet season dataset, the five factors
represented as F1, F2, F3, F4, and F5 accounts for 30.80%, 20.85%,
14.41%, 11.86%, and 10.14% variability, respectively (Tables S3(aeb)).
For the current study, we considered variables with loadings
greater than 0.5 as an adequate representative of the main factor
composition.

Considering the biplot of the Clr-transformed data, it is vital to
identify the groupings of variables falling side-by-side and the
weight of their loading before documenting the observations. In
Fig. 5a-b, E1 is characterized by high loadings from As, Ni, Cu, Cr, Al,
and Pb. The association is dominated by As (0.8468), with com-
munality of 82.17%, and the elemental association reflects the
mixing of human and industrial activities within the river basin.
Potential sources such as biosolids (municipal sewage sludge,
livestock manure, and compost) and wood industries might be
responsible for the accumulation of the listed metal(oid)s in the
sediments (Basta et al., 2005; Emenike et al., 2019a, 2019b; Wuana
and Okieimen, 2011). E2 is associated with high positive loadings
from Cu and Pb, which are characteristics of pollution sources
emanating from plastic industry and industrial effluents. Appar-
ently, these are everyday happenings around the study area as in-
dustries located within the vicinity consider River Atuwara as a
dumping spot for their effluent wastewater (Tenebe et al., 2018). E3
is observed to have high loadings from Co (0.6207) and Zn (0.5548),
indicating possible derivation from lithological content. However, it
has been reported that the values of Zn surpassing 800 mg/kg in
sediments denote the impact of metalliferous mining (Emenike
et al., 2018; Maanan et al., 2015). E4 receives high positive



Fig. 4. Spatial distribution of Modified Hazard Quotient (mHQ) for (a) Cu (b) As (c) Cd (d) Pb (e) Ni (f) Cr (g) Zn.
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loading from standalone Cd variable (0.6179), probably originating
from an anthropogenic source e.g. high traffic and combustion of
fossil fuels (Mama et al., 2020; Obiora et al., 2016). Considering the
impact of land use, there is a possibility that high vehicular
movement contributes a significant amount of environmental
pollutants to the river basin (Mukhopadhyay et al., 2016). E5 is
characterized by high positive loading from Fe (0.8096), implying
that there are traces of pyroclastic deposits which is associatedwith
FeeMn-Oxy-hydroxide precipitation in siliciclastic accumulations
(Zuzolo et al., 2017).

From the dataset obtained in the wet season, we observed a
consistent trend in Factor 1 (F1) similar to E1 obtained from the dry
season (Fig. 5c-d). However, F2 recorded high positive loading from
Cu (0.7029) and Pb (0.6218) and a high negative loading from Co
(�0.5827). This association is linked to a possible blend of organic
matter content superimposed on lithological attributes (Emenike
et al., 2020a, 2020b; Tolosana-Delgado and McKinley, 2016). F3 is
characterized with high positive loadings from Zn (0.6431), Co
(0.5192), and Cd (0.5011). This association is linked to possible
pollution from paint and dye industries (Shen et al., 2017). The
loading on F4 and F5 is similar to E4 and E5, implying a potential
reoccurring source as indicated in the dry season.
3.4.2. Constellation analysis of Clr-transformed data
The constellation plot (C-Plot) of the Clr-transformed was ob-

tained using the Ward method with Euclidean distance. It high-
lights the relationship of the variables in Euclidean geometry and
identifies variables based on their probable interaction of
geochemical origin. In Fig. 5e, three clusters were identified, having
associations between FeeAseCreCoeNieZneAl (Cluster 1), CuePb
(Cluster 2), and Cd (Cluster 3) in the dry season. Cluster 1, having an
association between FeeAleZneCo, is related to lithogenic contri-
bution, while AseNieCr is related to chemicals used for wood
treatment. From cluster 1, it is evident that the lithogenic pollution
are the dominant contributors of the toxic metal(oid)s highlighted
(Brady et al., 2014a; Saleem et al., 2015). Cluster 2, with CuePb
association, is synonymous to chemicals from antifouling paints
and traffic emissions (Brady et al., 2014b; Pulles et al., 2012). Cluster
3 pinpointed Cd, which is related to the deposition of industrial
waste.

In the wet season, three clusters were also identified as having
associations between CuePbeAseNi (Cluster 1), CreFeeAleZneCo
(Cluster 2), and Cd (Cluster 3) (Fig. 5f). Cluster 1 supports the view
that the metal(oid)s share a common source, inferring possible
impact from an anthropogenic medium such as sludge accumula-
tion from abattoirs, metal smelting and industrial discharge. Cluster
2 infers potential contribution fromnatural origin. In corroboration,
dredging activities occurring in River Atuwara might be the
possible reason why these parent metal(oid)s are identified in the
sediments (Bancon-Montigny et al., 2019). Cluster 3 is consistent
with the association observed during the dry season.



Fig. 5. Multivariate Statistical representation of metal(oid)s in sediments (a) Biplot of factor 1 vs 2 (b) Biplot of factor 2 vs 3 in the dry season (c) Biplot of factor 1 vs 2 (d) Biplot of
factor 2 vs 3 in the wet season (e) C-Plot indicating metal(oid) cluster in the dry season (f) C-Plot indicating metal(oid) cluster in the wet season.
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3.5. Human health risk assessment

The HRA results obtained for residential scenario were rated
according to the safetymark outlined by the USEPA for children and
adult considering the ingestion and dermal pathway through the
sampling location. For non-cancer risk via the ingestion route, the
aggregated HI varied from 5.40Ee1 to 2.95Eþ00 (mean value of
1.81Eþ00) for children and 5.06Ee2 to 2.77Ee1 (mean value of
1.70Ee1). The results presented a higher aggregated HI during the
wet season and exceeded the safety standard as the values ranged
from 1.14Eþ00 to 3.50Eþ00 for children. The aggregated HI values
obtained for adults were within the stipulated standard ðHI� 1Þ, as
the values varied from 1.07Ee1 to 3.28Ee1 (mean values of
2.20Ee1). After evaluating the mean HI increment for both seasons,
the cumulative HI for adults during the wet season increased by
1.29 times the value obtained during the dry season, whereas the
cumulative mean HI for children during the wet season surpassed
that of the dry season by 1.4 times.

Furthermore, the highest cumulative non-cancer risk for chil-
dren and adult considering both seasons ensued at SMP8, followed
by SMP17, SMP13, SMP16, and SMP9, respectively. These values
exceeded the safe threshold by more than 100% during the wet
season, implying that, children are likely to develop adverse non-
carcinogenic health effect, especially for those living in close
proximity to River Atuwara. However, it is noteworthy to mention
that sediments might not be the only route to ingest cancer-causing
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trace elements. Taking into account the metal-specific HQ, Cobalt
was observed to be the most significant contributor to the overall
HI. For children, the HQ of cobalt exceeded the safety limit of 1 for
all samples (Fig. 6a), whereas, for adults, the values werewithin the
stipulated standard (Fig. 6b). Apart from the high HQ observed for
Co, the contribution of chemical species towards the overall HQ are
in order of As[ Pb > Cr > Cd > Al > Ni > Cu > Zn > Fe throughout
the dry and wet season.

Concerning the non-cancer risk via dermal route, the HQ of Cr,
Cd, and Ni exceeded the safe condition for children during the wet
season but remained within limits for adults. The HQchild obtained
during the wet seasonwere high for Cr in 52.38% of the samples, Cd
in 42.86% of the samples, and Ni in 14.29% of the samples (Fig. 6c).
High HQchild observed for Cr had the highest contribution
emanating from SMP8, followed by SMP18. For Cd, the highest
value of HQchild was reported at SMP19 and SMP20, while for Ni,
SMP8 had the highest value. The HQ obtained for adults during the
wet seasonwere below the safe limits. However, the averagemetal-
specific HQ values were in order of
Ni > Cd > Cr > Co > As > Al > Zn > Cu > Pb > Fe (Fig. 6d). The
implication of this reflects on the potential hazard derived from
multiple metal(oid)s in which children are exposed to within the
sample region. Also, it is important to note that the intake of high
concentration of Cr may result in nasal, sinus, and lung cancer.
Excessive intake of Cd causes renal dysfunction, and lung impair-
ment (leading to cancer of the lungs), whereas high amounts of Ni
in the body result in chronic bronchitis (ASTDR, 2005; ATSDR,
2008; NCM, 2003). Considering all of these, priority should be
directed at the population within the adolescent age-grade living
within the study region to safeguard their living conditions.

According to the HRA calculation conducted during the dry
season, we observed a reduced risk for children via dermal
pathway. Although the HQ values for some sites surpassed 1 for
specific metal(oid)s, the values were reduced compared to the HRA
conducted during the wet season. For children, high HQ values
exceeding the threshold were observed for Cd at SMP19 and
SMP20, for Ni at SMP8, SMP10, and SMP9, and for Cr at SMP8 and
SMP18. For adults, we observed minimal values far less than the
safe limit (see supplementary material). In Total, the aggregated HI
for adult ranged from 6.99Ee7 to 3.30Ee6, whereas the cumulative
HI for children surpassed the safe standard, varying between
1.06Eþ00 to 3.09Eþ00 (average value of 1.97Eþ00).

In the current work, we estimated and categorized the cancer
risk of five metal(oid)s based on the classification (CR > 1�
10�4 ¼High Risk; CR of 1� 10�6 to 1� 10�4 ¼ Tolerable Risk; CR<
1� 10�6 ¼ Negligible Risk) proposed by Wu et al. (2015) (See
Fig. 7). From the results obtained, the CR for children via ingestion
route indicated a high cancer risk for As, Cd, Cr, and Ni during the
dry season; a tolerable risk for As, and a negligible risk for As, Cd,
and Pb (Fig. 6e). For adults, the CR via ingestion revealed a negli-
gible risk for all metal(oid)s at most of the sampled locations; high
risk for Cd and Ni at SMP19, SMP20, SMP8, SMP9, and SMP7
respectively (Fig. 6f). During the wet season, we observed a po-
tential high cancer risk for As, Cd, Cr, and Ni for children via
ingestion route. However, heightened values observed for Ni and
Cd occurred at SMP8 and SMP19, respectively (Fig. 6g). For adults,
most locations were grouped under negligible risk in relation to all
metal(oid)s. SMP18 is classified under tolerable risk related to Ni,
while a few locations were categorized under high risk associated
with Ni and Cd (Fig. 6h).
Fig. 6. Characterization of (a) HQ for children via ingestion pathway(b) HQ for adults via i
pathway; during the wet season (e) CR for children during the dry season (f) CR for adults du
the wet season; via ingestion pathway.
In general, Ni and Cd posed a severe detrimental threat to hu-
man lives living within the vicinity of River Atuwara. The risks
identified are linked to the pollution arising from the unwarranted
discharge of wastewater. Therefore, environmental management
authorities must consider this study as a wake-up call to revive the
ecological quality of River Atuwara. The current study advocates for
more stringent legislation as a foundational step to halt environ-
mental pollutionwithin Ado-Odo Ota since the region is popular as
an industrial settlement. Other results related to the CR via dermal
route is located in the supplementary section (See Tables S4 and S5
in the Supplementary material).
4. Conclusion

Based on the current investigation, levels of potentially toxic
elements in sediments of River Atuwara exceeded some of the
sediment quality guidelines signifying a varying degree of
contamination. The concentration of Ni, Cr, As, Pb, Cd and Co were
elevated in most sediment samples. Further explanation indicated
that the mean concentration of the selected toxic elements in the
sediments obtained from River Atuwara followed the increasing
order of Cd < As < Cr < Pb < Co < Ni < Cu < Zn < Fe < Al in the dry
season and an increasing order of
Cd < As < Cr < Co < Pb < Ni < Cu < Zn < Fe < Al during the wet
season. The LULC highlighted the impact of urbanization, vegeta-
tion loss and industrialization as possible contributors of anthro-
pogenic pollutants. Source apportionment was achieved using the
center log-transformed approach linked with compositional data
analysis. The outcome of the log-transformed PC/FA and constel-
lation plot analysis indicated biosolids, lithological content, vehic-
ular activities and industrial actions as the reason for
contamination. Analysis of sediments samples with different
pollution and ecological indices revealed that pollution was higher
in the wet season than in the dry season with Cd and As contrib-
uting a larger fraction of proportion.

The EF values in the dry season identified minimal enrichment
for majority of the metal(oid)s investigated in more than 52% of the
samples; moderate enrichment for Z~n 48%, As ~ 48%, Ni, Co,
Cr ~ 48%, Cd in ~10%, and significant enrichment for As in ~39% of
the samples. EF in the wet season revealed moderate enrichment
for As, Cd, Co, Cr, Cu, Ni, Pb, and Zn in 23.81%, 42.86%, 33.33%,
61.90%, 28.57%, 4.76%, 14.28%, and 52.38% of the samples, and sig-
nificant enrichment for As, Cr, Ni in 76.19%, 4.76%, and 9.52% of the
samples, respectively. Further insights to the pollution status ob-
tained from the PLI rating indicated that 90.48% of the sediment
samples in the riparian area of River Atuwara are polluted by the
metal(oid)s investigated. The Igeo identified that most of the
sediment samples are extremely polluted with the metal(oid)s
considered in this study; however, inconsistent variations were
observed for Cd and As. The rating derived from the ecological risk
index depicted that the highest proportion of ecological risk within
the study region is caused by Cd and As. Meanwhile the TRI
assessment disclosed that Cd poses a higher risk, particularly
around the northern and southern part of the study area. Taking
into consideration the sediment quality guidelines, mHQ rating
revealed that there is very high and moderate severity of Ni
contamination in 14.29% and 38.09% of the samples, considerable
andmoderate severity of Cu contamination in 38.09% and 47.62% of
the samples, and moderate severity of As contamination in 47.62%
of the samples, respectively.
ngestion pathway (c) HQ for children via dermal pathway (d) HQ for adult via dermal
ring the dry season (g) CR for children via during the wet season (h) Cr for adult during
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The HRA of metal(oid)s and aggregated HI observed at SMP8
was very high for both adults and children. Considering the mean
HI, the incremental risk posed by toxic elements were higher for
children than adults. At some location (SMP8, SMP17, SMP13,
SMP16, and SMP9), the non-cancer risk for children via ingestion
pathway exceeded the safe limit by more than 100% during the wet
season. This implies that children are more susceptible to the
hazards posed by metal(oid)s than adults within the vicinity of
River Atuwara. Regarding the metal-specific HQ via ingestion route,
the risks are in order of
Co [ As [ Pb > Cr > Cd > Al > Ni > Cu > Zn > Fe throughout the
dry and wet seasons. Also, the dermal non-cancer risk of specific
toxic metal(oid)s such as Cr, Cd, and Ni exceeded the safe limit for
children during the wet season. However, the average metal-
specific HQ values were in order of
Ni > Cd > Cr > Co > As > Al > Zn > Cu > Pb > Fe.

The carcinogenic risk for children via ingestion route presented
high values for As, Cd, Cr, and Ni during both seasons. However, a
severe critical case was observed at SMP8 and SMP19 in which the
CR posed by Ni and Cd were far beyond limits. Overall, Ni and Cd
posed a severe threat and contributed more to the CR values
observed. Thus, the study suggests legislative and regulatory
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revamp, investigative co-operation, incorporation of pollution
indices and risk assessment into environmental management
strategies, and stringent implementation of environmental laws
since river sediments hold vital information on the combined
impact of human activities and climate change within a river basin.
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Appendix 1
HQch;ad�Ing ¼
CDIsed�Ing�ch;ad

RfDo
(15)

RfDABS ¼RfDo � ABSGI (16)

HQch;ad�Derm ¼CDIsed�Derm�ch;ad

RfDABS
(17)
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CRIng¼CDIsed�Ing�ch;ad�SFo ; CRDerm¼CDIsed�Derm�ch;ad�SFABS

where SFABS¼
SFo

ABSGI
(18)

Nomenclature

ABSDerm Dermal absorption factor
ABSGI Fraction of contaminant absorbed in gastrointestinal

tract
AFad Soil adherence factor for adult (mg cm-2)
AFch Soil adherence factor for child (mg cm-2)
ATad Averaging time for adult (days)
ATch Averaging time for child (days
BWad Body weight for adult (kg)
BWch Body weight for child (kg)
Csed Concentration of metal(oid) in sediment (mg kg�1)
CDIsed�Ing�nc�ch Chronic daily intake of sediment via ingestion

exposure route (child) (mg kg-1 d-1)
CDIsed�Derm�nc�ch Chronic daily intake of sediment via dermal

exposure route (child) (mg kg�1 d�1)
CDIsed�Ing�nc�ad Chronic daily intake of sediment via ingestion

exposure route (adult) (mg kg�1 d�1)
CDIsed�Derm�nc�ad Chronic daily intake of sediment via dermal

exposure route (adult/child) (mg kg�1 d�1)
CF Conversion factor (kg mg�1)
CRIng Cancer Risk via ingestion exposure route
CRDerm Cancer risk via dermal exposure route
EDad exposure duration for adult (years)
EDch exposure duration for child (years)
EFad Exposure frequency for adult (days year�1)
EFch Exposure frequency for child (days year�1)
HQch;ad�Ing Hazard Quotient via ingestion exposure route (adult/

child)
HQch;ad�Derm Hazard Quotient via dermal exposure route (adult/

child)
InRad Intake rate for adult (mg day�1)
InRch Intake rate for child (mg day�1)
RBA Relative Bioavailability Factor
RfDABS Dermal oral reference dose (mg kg�1 d�1)
RfDo Ingestion oral reference dose (mg kg�1 d�1)
SAad Skin surface area for adult (cm2 day�1)
SAch Skin surface area for child (cm2 day�1)
SFABS Dermal slope factor (mg kg�1 d�1)�1

SFo Ingestion slope factor (mg kg�1 d�1)�1

The values of RfDO, ABS, ABSGI, SFO, and RBA for specific metal(-
oid) are presented in the supplementary material (Table S6).

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.envpol.2020.114795.
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