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A B S T R A C T   

River water and sediment embody environmental characteristics that give valuable environmental management 
information. However, indexical and chemometric appraisal of heavy metals (HMs) in river water and sediment 
is very scarce in Island countries including Fiji. In this research, forty-five sediment and fifteen water samples 
from the Nakuvadra-Rakiraki River, Fiji were analyzed for appraising spatial distribution, pollution, and source 
identification of selected heavy metals (HMs) using the coupling tools of self-organizing map (SOM), composi-
tional data analysis (CDA), and sediment and water quality indices. The mean concentration of HMs increased in 
the order of Cd < Co < Pb < Cu < Zn < Ni < Cr < Mn < Fe for sediment and Cd < Pb < Cu < Ni < Zn < Co < Cr 
< Fe < Mn for water, respectively. The outcomes of the enrichment factor, geo-accumulation index and 
contamination factor index varied spatially and most of the sediment samples were polluted by Pb, Mn, and Cu. 
The potential ecological risk recognized Cd, and Pb as ecological and public health risks to the surrounding 
communities. Based on SOM and CDA, three potential sources (e.g., point, nonpoint and lithological sources) of 
HMs for sediment and two sources (e.g., geogenic and human-induced sources) of HMs for water were identified. 
The spatial patterns of EWQI values revealed that the northern and northeast zones of the studied area possess a 
high degree of water pollution. The entropy weight indicated Ni and Cd as the main pollutants degrading the 
water quality. This study gives a baseline dataset for combined eco-environmental measures for the river’s water 
and sediment pollution as well as contributes to an inclusive appraisal of HMs contamination in global rivers.   

1. Introduction 

Rivers serve a set of human and ecological functions such as water 
transportation, ecotourism, aquaculture, habitat facility, and defending 
impacts (Zhuang et al., 2018; Khan et al., 2020, 2021; Hasan et al., 
2021). River water and sediments are the fundamental and essential 
constituents of fluvial environment, not only delivering nutrients for 
benthic life but also performing as potential sinks and resultant sources 
of pollutants including heavy metals (HMs) (Jiang et al., 2013; Islam 
et al., 2015a; Pejman et al., 2015; Ali et al., 2018). However, most of the 
HMs discharged and waste produced from extractive procedures reduce 
and continuously worsen the quality of local river water bodies 

(Caballero-Gallardo et al., 2020). HMs concentrated in surface water 
and sediments have drawn considerable attention because of their 
intrinsic eco-toxicity, massive sources, non-degradability, bio--
deposition, irreversible features, and persistent nature in the riverine 
ecosystem (Islam et al., 2015a; Paramasivam et al., 2015; Gao et al., 
2016; Kabir et al., 2021). An understanding of these features is based on 
the reports of the spatial distribution of HMs in surface water and sed-
iments. The spatial distribution and concentrations of HMs in river water 
and sediments are affected by both geogenic and human-induced fac-
tors. Geogenic factors contain rock-water weathering, sediment erosion, 
benthic distress, and flow regime changes, while human-induced factors 
include urban effluents, sewage discharge, factories wastewater 
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discharge, wastewater irrigation, and leaching of agricultural pesticides, 
fertilizers, etc. (Fang et al., 2019; Islam et al., 2021). Rivers get HMs as 
they flow surface water via regions where various human-induced in-
puts are happening. This may cause changes in the spatial distribution 
patterns of HMs in surface water and sediments (Akhbarizadeh et al., 
2017; Pandey and Singh, 2019; Kumar et al., 2021). Thus, it is of 
paramount significance to insight into the spatial patterns of HMs in 
water and sediments for risk appraisal and environmental safeguard of 
the riverine ecosystem. 

Most recent studies on freshwaters and river basins all around the 
world have revealed that river water polluted by organic and inorganic 
contaminants has become much worse over the years (Islam et al., 
2015b, 2016, 2020a, 2016; Pandey et al., 2019; Khan et al., 2020). 
Studies showed that human-induced activities such as the unplanned 
urbanization of cities and the development of industries/factories have 
increased river water pollution which deteriorates water quality 
(Raknuzzaman et al., 2016; Proshad et al., 2019, 2020, 2020; Namngam 
et al., 2021). Rapid economic development has created various in-
dustries and infrastructure that play a significant role in the increasing 
number of HMs found in rivers of both developed and developing 
countries. For instance, the South Pacific region, including Fiji is made 
up of smaller Island countries that largely rely on their natural resources 
to support their economy and livelihood of their population. A disrup-
tion in the eco-environmental quality of these natural resources can 
adversely affect the economy of a country and the health of its ecosystem 
and human population. 

Baseline datasets on HMs in Surface water and sediment are very 
limited in Fiji and are regarded as a bottleneck in creating the connec-
tion between HMs deposition and their source apportionment. Limited 
studies have been found on people’s perception of surface water pollu-
tion by Rarabari town, but these are scarce and sporadic. To our 
knowledge, so far, no attention was given to HM appraisal in surface 
water and sediments of marginal rivers and factory areas in the study 
sites. In addition to this, accurate source identification and mapping of 
water quality and ecological risk areas of HM in surficial sediments are 
far from scientific concern though our research is imperative for 
ecological and human health perspective. Mapping of contaminated 
areas is always difficult because the sources of pollutants are manifold 
and complicated in nature (Hu et al., 2018). Deducing the sources of 
pollutants solely is challenging to employ a particular analytical 
approach (Dong et al., 2019). Therefore, the present study stresses 
several combined and holistic approaches e.g., entropy water quality 
index (EWQI), degree of contamination (Cd), modified degree of 
contamination (mCd), Geo-accumulation index (Igeo), contamination 
factor (CF), pollution load index (PLI), and potential ecological risk 
index (RI) to assess the contamination levels of HMs and identification of 
their precise sources. 

The reliable estimation of surface water and sediment requires many 
samples from adequate locations. In such a case, multivariate statistical 
tools including factor analysis (FA) (Srivastava and Ramanatham, 
2008), principal component analysis (PCA) (Habib et al., 2020; Saha 
et al., 2020) e.g., dimensionality reduction, clustering are commonly 
used to aid the interpretation of complex datasets. To obtain more exact 
and robust outcomes, this study employed various types of receptor 
methods e.g., enrichment factor (EF), principal component ana-
lysis/factor analysis (FA/PCA) for suitable source identification of HMs. 
However, FA/PCA are linear tools that can cause an erroneous outcome 
when dealing with datasets with the nonlinear association between 
parameters (Astel et al., 2007). In this study, to overcome the drawbacks 
of linear dimensionality reduction tools, we employed the 
self-organizing map (SOM) on our water and sediment datasets. SOM is a 
robust nonlinear projection approach that portraits complicated 
high-dimensional dataset features into a two-dimensional space and 
concurrently, organizes input datasets into a smaller number of neurons 
(Wang et al., 2020). Although combined use of SOM and cluster analysis 
can help to illustrate the diverse classes of HMs, these analyses can 

reasonably be compared quantitatively (Nakagawa et al., 2020). The 
SOM is generally applied to classify and pattern recognition of 
hydro-geochemical features due to its high performance, and the use of 
FA/PCA may further verify SOM’s outcomes to identify the potential 
sources (Vesanto and Alhoniemi, 2000; Nguyen et al., 2015; Wu et al., 
2021). Besides, SOM can exhibit local nonlinear associations among 
parameters, whereas PC/FA only reveals global linear associations be-
tween parameters. The advantage of coupling receptor models (SOM 
and FA/PCA) in our study may be an appropriate tool for pollution 
source identification in the Fijian context. 

In recent decades, Rakiraki town in Ra province, Fiji has faced rapid 
urbanization due to its unplanned industrial activities. Because of rapid 
urbanization and industrialization, anthropogenic inputs within the 
town rise exponentially. Nakuvadra-Rakiraki River system is a popular 
river network that crosses via Rakiraki town, offering an economic 
change to its adjacent riverine inhabitants (Maata and Singh, 2008). 
These riverine inhabitants positioned near Nakuvadra River have an 
integrated population of 29,137, and reports have revealed that the river 
pathway shows a substantial threat to the health of the riverine 
ecosystem since human-induced input impact on this urban environ-
ment noticeably (Alqurashi and Kumar, 2019; Islam et al., 2020b). 
Earlier studies have reported that the removal of rubbish, disposal of 
debris from the city, dead tree trunks, household goods drain into 
Rakiraki River. In Fiji, every day an enormous amount of untreated in-
dustrial wastes is being released into open water bodies and their 
adjacent lands. Besides, a huge amount of heavy metal enriched sus-
pended solids is coming down from neighboring cities through the 
Nakuvadra Rakiraki River system. In addition, small-scale sugar fac-
tories within the region haphazardly discharge untreated effluent into 
the river system (Islam et al., 2015b, 2020a: Khan et al., 2020). This 
chaotic action accumulates potentially toxic metals in the aquatic eco-
systems, which ultimately settled as surface sediments. Considering the 
growing rate of urbanization and economic development, riverine re-
gions are experiencing drastic and enhanced alterations, in which 
human inputs have severely degraded the river water quality (Kumar 
et al., 2021). Moreover, remediation of surface water and sediments 
which is degraded because of surpassing permissible limits of HMs in-
volves a comprehensive understanding of the eco-environmental func-
tion to govern the optimal management practices. Hence, the goals of 
this investigation are (1) to estimate the concentration of accumulated 
HMs (Cu, Cd, Pb, Ni, Cr, Zn, Fe, Co and Mn) in the water and sediments 
of Nakuvadra-Rakiraki River. (2) to establish inter-association of HMs 
with potential source identification using compositional data analysis 
(3) to appraise the degree of pollution, and mapping ecological risks of 
the river water and sediments using water quality indicators (e.g., 
EWQI, mCd) and sediment quality indicators (e.g., EF, Igeo, CF, PLI, RI, 
Cd, mCd). Our work might be the first study for investigating the water 
and sediment quality of Nakuvadra-Rakiraki River, Fiji using coupling 
tools to solve HMs problem. 

2. Experimental design 

2.1. Study area description 

Nakuvadra-Rakiraki River is located between Tavua and Korovou 
when traveling along the Kings Road, on the northern coast of Viti Levu, 
Fiji’s largest island. Rakariki is a district in Fiji’s Ra Province (Fig. 1). 
The Rakiraki district had a population of 29,137, with 15,325 in the 
smaller Rakiraki sub-district and a small town. The town is surrounded 
by sugarcane farmers where the farmers also do small-scale vegetable 
farming with some domesticated animals. The climate of the study area 
is mainly tropical, characterized by a distinct rainy season from 
November to April and a dry season is observed from May to October. 
The annual rainfall varies from 2000 to 4000 mm during the rainy 
season. The Nakauvadra River flows from Nakauvadra Range from the 
mountains and runs downstream and passes Rakiraki town where it 
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meets with the Rakiraki River. When heavy rainfall occurs in the 
Rakiraki town, a waterway of the river receives domestic raw sewage, 
household waste, which substantially contributed toward flooding and 
deposited with mud and other debris. The Nakauvadra River and the 
upper part of the Rakiraki River are being used where for farming, 
domesticated animals (cows and bullocks) drink water and these com-
munities catch fish for their daily livelihood. Apart from the small town, 
there was a sugar mill beside the Rakiraki River, where sugarcane was 
crushed to raw sugar. Around the Rakaraki district both small-scale 

firms and sugarcane factories lay those discharges partially treated or 
untreated effluents into the river. 

2.2. Sample collection and processing 

Sediment and water samples were collected from 15 different sam-
pling stations in Nakuvadra-Rakiraki River system, Fiji considering the 
potential anthropogenic outlets (Fig. 1, Table S1). Each of the sampling 
stations was 400–900 m apart from each other and the sampling 

Fig. 1. Map showing the study area and sampling sites.  
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processes cover ~2.5 km and ~1.5 km of Nakuvadra and Rakiraki River, 
respectively. 

PVC pipe corer-based layer-wise sediment sampling collection pro-
cesses were identical as those described in Tamim et al. (2016) where 15 
cm long collected sediment columns were divided into three portions 
according to the depth (0–5 cm, 5–10 cm, 10–15 cm) from the river bed. 
Properly marked and preserved 45 (=15 × 3) sediment samples were 
brought into the analytical laboratory and were oven dried at 60 ◦C until 
the constant weight attainment. After removing the plant debris, lumps 
and stones, dried sediments were sieved (through 0.25 mm aperture) 
followed by pulverization to obtain representative homogenized sample. 
On the other hand, composite and representative water sample collec-
tion procedure from each sampling station was similar as those of pre-
vious studies (Islam et al., 2020a; Ahsan et al., 2019). It is noted that the 
sample collection was done before and after the industrial area, while 
other sites are far from downstream which were not accessible. Briefly, 
two sets of composite water samples from each sampling station were 
collected in which one set of samples were filtered and acidified (con. 
HNO3 to adjust pH < 2) while the other sets were preserved for subse-
quent laboratory analysis. Data used for this research were acquired 
between October and November in 2020. During the time of sampling, it 
was prevailing dry weather in the study area. 

2.3. Analytical processes 

HNO3–HCl–HF–HClO4based sediment digestion procedure was 
similar as that of Khan et al. (2020), 2021. In the digested samples, 
elemental analysis was done by using Atomic absorption spectropho-
tometer (AAS: PerkinElmer A Analyst 400, USA). Quality ensuring 
processes, e.g., sequential monitoring of procedure blank, using cali-
brated apparatus, utilizing double deionized water for working and 
standard solution preparation and cross-checking reference materials 
(NIST-8704: Buffalo River sediment) were similar as those of previous 
studies (Islam et al., 2020b; Khan et al., 2015a, b). For water samples, 
physicochemical variables including temperature, pH, total dissolved 
solids (TDS), electronic conductivity (EC), dissolved oxygen (DO) and 
oxygen reduction potential (ORP) were determined in the un-acidified 
specimen by using portable Horiba-52 Multi meter (Japan) at the sam-
pling sites. However, acidified water samples were used for elemental 
analysis using AAS. Analytical procedures and quality controlling steps 
were same as that of Ahsan et al. (2019) and Habib et al. (2020). 
Elemental abundances from replicate measurements (n = 3) of reference 
materials NIST-SRM-8704 (river sediment) and NIST-SRM-1640 (natu-
ral water) along with their limit of detection (LOD: 3σ) and limit of 
quantification (LOQ: 10σ) are tabulated in Table S2. 

2.4. Environmental and ecological indices for sediments 

A coupling of specific and combined approaches was used for 
assessing the HM pollution level. Environmental indices including Geo- 
accumulation index (Igeo: Muller, 1979), the enrichment factor (EF: 
Tamim et al., 2016) and contamination factor (CF: Hakanson, 1980), 
were adopted for the specific appraisal of HM pollution, whereas the 
degree of contamination (Cd: Hakanson, 1980), modified degree of 
contamination (mCd: Abrahim, and Parker, 2008) index, pollution load 
index (PLI: Tomlinson et al., 1980), entropy water quality index (EWQI: 
Shannon, 1948; Islam et al., 2017), and potential ecological risk index 
(RI: Hakanson, 1980; Khan et al., 2020) were selected for the combined 
appraisal of contamination in surface water and sediment. In this study, 
Igeo, EF, CF, Cd, mCd, PLI, and RI were used for assessing the sediment’s 
pollution and ecological risks whereas CF, mCd, and EWQI were used for 
evaluating the water quality. Khan et al. (2017) used elemental abun-
dances of UCC as the base line data for calculating environmental and 
ecological indices whereas Rubio et al. (2000) suggested the use of 
background values. Similarly, in earlier studies (e.g., Hornung et al., 
1989), the technique of establishing reference values is to compare the 

target HM concentrations in contaminated and uncontaminated sedi-
ments that are mineralogically and texturally identical. But the regional 
change of sample collecting places between the contaminated and un-
contaminated sediments may result the substantial difference in 
elemental compositions. So, to have the best background dataset, deeper 
sediment layer can be adopted (Siegel et al., 1994) to estimate the 
environmental and ecological indices. According to this work, deeper 
sediment data from sampling station (6C) were used in calculating the 
indices for sediments, while the WHO standard (2011) was adopted as 
the guideline values for computing the CF for water. The computation 
outcomes of Igeo, and CF will aid and support each other to give a 
consistent appraisal. However, EWQI pioneered by Shannon Claude 
(1948) was used in the information entropy theory, in which the entropy 
was considered for taking into account as a degree of information. The 
adaption to detect the weight of each variable can be lessened deletion 
triggering by avoiding the weight (Pei-Yue et al., 2010). In this research, 
the EWQI is used to present a view of the river water quality due to its 
acceptance, robustness, and consistency (Islam et al., 2017, 2020a, 
2020a). All The mathematical equations, brief description and physical 
significances of these indices are shown in Table S3. 

2.5. Self-organizing map (SOM) 

Kohonen (1982) proposed a robust imaging and clustering learning 
algorithm for managing nonlinear problems which is known as 
Self-organizing map (SOM) (Wu et al., 2021; Wang et al., 2020). It is a 
kind of artificial neural network which can visualize multi-dimensional 
data into lower-dimensional representation. It has unsupervised 
learning simulation of a biological brain (Céréghino et al., 2009). Due to 
being a multi-dimensional data tool, it can place objects into a 2D space 
where similar proximity measure is found to the proximities in the 
original, often high-dimensional space. Considering mapping of topo-
logical character, it can map similar pattern in the nearby locations on 
the map regarding topological character of the mapping. It can easily 
interpret huge data which is the biggest advantage. However, it has also 
some shortcomings such as the number of parameters, size and topology 
of the map, values for the training parameters. To overcome these 
shortcomings, in our work, the quantization error (QE) and topographic 
error (TE) are applied to assess the chosen of map nodes and estimate the 
best number of SOM nodes (Vesanto and Alhoniemi, 2000; Wu et al., 
2021). 

In this study, SOM analysis was performed for the analysis of water 
and sediment samples of river basin. It is a non-linear approach which 
offers a graphical representation of correlation between variables. To 
visualize positive correlation, it shows similar gradient pattern whereas 
anti-parallel pattern shows for negative correlation. To improve 
graphical orientation, projection made in 2D process which is basically 
the computational grid in the self-learning process (Kohonen et al., 
2001). The k-means algorithm is a popular method for clustering SOM 
(Hentati et al., 2010; Nguyen et al., 2015). To determine the number of 
SOM nodes, heuristic equation is used (Vesanto and Alhoniemi, 2000; Li 
et al., 2019). The following Eq. (1) is used to calculate SOM nodes. 

m= 5√n (1)  

Here, m is the number of SOM nodes and n is the number of input data 
(Vesanto and Alhoniemi (2000); Nguyen et al., 2015). By employing the 
SOM model to the log-transformed and standardized HM datasets (n =
405 for sediment and n = 135 for water), 100 and 58 (~64) output 
neurons were attained, respectively. A total of 100 and 64 neurons were 
chosen based on the heuristic formula of Vesanto and Alhoniemi (2000) 
where the neurons are presented on 9 ′ 7 rectangular grids with 100 and 
64 neurons, respectively. In this study, the number of SOM nodes was 
estimated by the computed values of the QE and TE. We estimated that 
the best numbers of rows and columns were 3 and 3 concerning the two 
indices of the QE (1.66) and TE (0.08), respectively. Besides, the 
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standardized datasets acquired after the SOM training procedure could 
be applied to compute the Davies–Bouldin index (DBI) for cluster 
analysis (Davies and Bouldin, 1979). To choose the best number of 
clusters, the DBI values were computed for SOMs using 1 to 6 clusters 
after the training procedure, as outlined in Fig. S1. The optimal number 
of clusters is equal to the minimum DBI values such as 0.65 for sediment 
and 0.25 for water. Of these, five optimal clusters for sediment and four 
optimal clusters for water were obtained in this study. The data of the 
self-organized map was trained in MATLAB R2019b by using neural 
clustering toolbox. The detailed procedure of SOM analysis can be found 
in the supplementary text S1. 

2.6. Compositional data analysis (CDA) 

Geochemical data like soil, water, sediment is considered as 
compositional data which carries valuable information which is 
embedded in elemental ratios (Pawlowsky-Glahn and Buccianti, 2011). 
Administration of compositional data network has been performed to 
investigate origin of toxicity, distribution and the effect of environ-
mental human-induced and geogenic sources (Petrik et al., 2018). 
Before employing the multivariate analysis on geochemical dataset is 
necessary for retraining the data attributes and inter-parameter associ-
ation because compositional data contains positive real components. 
From previous literature log-ratio transformations have found to treat 
data structure by deploying multivariate statistics (Aitchison, 1999) 
(Egozcue et al., 2003). In this study we used HJ-Biplot to visualize the 
data which has many advantages. (1) It allows the simultaneous ex-
amination of multiple variables in the same graphical representational 
plane (2) It allows to compare on an individual and group level (3) It 
identifies the provision of information on the relationship between 
measures of the same and/or different origin; (4) There is no need to 
perform a posteriori contrasts (Ruiz et al., 2018). However, it is difficult 
for the user to know which points (variables) are driving the solution 
and thus should be used to interpret the results. Another problem is that 
low-frequency categories which are situated on the periphery of the map 
that gives the negative impression as they are crucial, where the fact is 
they contributed minimally to the solution (Greenacre, 2013). 

In this investigation, we performed Clr-transformation due to 
following reasons: 

Relatable compositions of Aitchison distance are equivalent to 
Euclidean distance which exists between the vector components of Clr 
coefficients. 

Composition power and perturbation is transformed to ordinary 
addition product functions. 

Clr-transformation are expressed by these Eqs. (2)–(4): 

Clr (x)=
(

ln
x1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅x1.x2.x3…….xDv
√

)

(2)  

g(x)=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
x1.x2.x3…….xD

v
√

(3)  

∴Clr
(

x
)

=

(

ln
xi

g(x)

)

(4)  

where. 

i = 1, …. D 
g (x) = Geometric mean (Geo-Mean) of the dataset parameter 
x = Specific variable data 

The outcome can be displayed by data matrix variance with loadings 
and scores for visualizing the inter-association in the data. The plots 
show vector rays which is drawn from the midpoint in which the length 
is proportional to the elucidated variance which is also called biplot. By 
analyzing loadings, distance between vertices, and directional de-
rivatives the plots can be interpreted. Several researchers conducted 

Factor Analysis (FA) which showed positive effect and popularity in the 
detection of pollutants from hypothetical source through recent decades 
(; Emenike et al., 2020; Hasan et al., 2021). SPSS software (version 25) 
was employed for statistical analysis in the current research. 

3. Results and discussion 

3.1. Heavy metals status in water and sediment 

Elemental abundances of sediment and water samples from the 
Nakuvadra-Rakiraki River system, Fiji along with their descriptive sta-
tistics and relevant literature data are tabulated in Table 1, and sup-
plementary Table S4, and S5. Additionally, physicochemical parameters 
of the collected water samples are summarized in Table S4 accordingly. 
Mean abundances (n = 45, ±SD) of Mg, K, Na, Zn, Ni, Mn, Pb, Fe, Cu, Co, 
Cr and Cd in sediment samples are 26,491 ± 1956, 6566 ± 1865, 13,616 
± 3302, 53.7 ± 19.3, 71.5 ± 11.0, 590 ± 231, 32.0 ± 18.4, 28,651 ±
6135, 42.1 ± 12.5, 14.5 ± 3.0, 108 ± 18.8, 0.99 ± 0.27 mg kg− 1, 
respectively which are 0.3 (K) to 11 (Cd) times higher than those in the 
upper continental crust (UCC: Rudnick and Gao, 2014). Along with the 
major elemental (Na, K, Mg and Fe) abundances, trace heavy metals (Zn, 
Ni, Mn, Pb, Cu, Co, Cr and Cd) were considered in this study to estimate 
the potential ecological risks. Magnesium (Mg) possessed almost ho-
mogenous layer-wise and spatial distributions with relatively small 
relative standard deviation (n = 45, 7.4 %), whereas other elemental 
abundances possessed larger RSDs which ranged from 15.4 % (Ni) to 
57.4 % (Pb). Larger RSDs invoke inhomogeneous distributions of ele-
ments having an anthropogenic origin. Along with the spatial distribu-
tion, some elements (e.g., Zn, Ni, Mn, and Fe) showed inhomogeneous 
layer-wise distributions within the same sediment column. In the 
upper layers (0–5 cm), elemental abundances of Zn, Ni, Mn, and Fe were 
relatively higher than their corresponding lower layers (10–15 cm) in 
some sampling sites (S1, S2, S8, S9, and S15). In the sampling sites S8, 
S9, and S15, elemental abundances of Cu, Co, Cr and Cd also showed a 
similar trend as those of Zn, Ni, Mn and Fe. However, in sampling sites 
S1 and S2, elemental abundances of Cu, Co, Cr and Cd showed opposite 
trends. The external anthropogenic contaminant can alter the 
local-geogenic concentrations of some elements (e.g., Khan et al., 2020). 
Thus, in the sampling site S1 and S2, external Zn, Ni, Mn and Fe may 
dilute the concentrations of Cu, Co, Cr and Cd. On the other hand, 
sampling sites S8, S9, and S15 were supposed to receive a similar extent 
of anthropogenic Zn, Ni, Mn, Fe, Cu, Co, Cr and Cd, which were mostly 
partitioned in the upper layer. Thus, these specific sampling sites have 
received higher pollution flux in recent times. However, higher RSD 
values within the same sediment column invoke differential pollution 
flux within a variable time-scale. Additionally, fluvial activities, sedi-
mentation rate, local geochemistry and physico-chemical properties of 
the respective water-column can play vital roles in inhomogeneous 
layer-wise distributions of elements (e.g., Khan et al., 2020; Islam et al., 
2020b). 

In water samples, mean elemental abundance (n = 15, ±SD) of Mg, 
Ca, K, Na, Zn, Ni, Mn, Pb, Fe, Cu, Co, Cr and Cd were 27.9 ± 10.7 mg L− 1, 
114 ± 129 mg L− 1, 63.6 ± 25.6 mg L− 1, 39.9 ± 13.3 mg L− 1, 46.1 ± 21.9 
μg L− 1, 50.2 ± 45.8 μg L− 1, 358 ± 112 μg L− 1, 12.4 ± 4.5 μg L− 1, 198 ±
119 μg L− 1, 22.4 ± 12.1 μg L− 1, 67.2 ± 45.6 μg L− 1, 133 ± 33 μg L− 1, and 
3.11 ± 1.28 μg L− 1, respectively where RSDs varied from 24.7 % (Cr) to 
114 % (Ca), which invoke inhomogeneous distributions of dissolved 
metals along with the variable localized anthropogenic point or non- 
point sources (Table 1). Mean values of major cations (Mg, Ca, K and 
Na) were within the recommended limits (FAO, 1985), except for K. 
Total major cations (Mg, Ca, K and Na) ranged from 158 to 546 mg L− 1 

and the total HM abundance varied from 477 to 1288 μg L− 1. Among the 
HMs, mean contents of Zn, Ni, Mn, Fe, Cu and Co were within the rec-
ommended value proposed by WHO (2011) (Table S6). However, Cr 
abundances in the studied river systems were 1.26–3.62 times higher 
than the internationally accepted limits (WHO, 2011; EPA, 2001; EU, 
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Table 1 
Descriptive statistics of elemental abundances in sediment and water samples collected from Nakuvadra-Rakiraki River system, Fiji along with relevant literature data and sediment categorization in terms of different 
sediment quality guidelines (SQGs).  

Sediment Mg Ca K Na Zn Ni Mn Pb Fe Cu Co Cr Cd 
[mgKg− 1] [mgKg− 1] [mgKg− 1] [mgKg− 1] [mgKg− 1] [mgKg− 1] [mgKg− 1] [mgKg− 1] [mgKg− 1] [mgKg− 1] [mgKg− 1] [mgKg− 1] [mgKg− 1] 

This work 
Mean (n = 45) 26,491  6566 13,616 53.7 71.5 590 32.0 28,651 42.1 14.5 108 0.99 
SD (1σ) 1965  1865 3302 19.3 11.0 231 18.4 6135 12.5 3.0 18.8 0.27 
RSD (%) 7.4  28.4 24.2 36 15.4 39.1 57.4 21.4 29.7 20.6 17.4 27.1 
Median 26,433  6593 13,470 50.3 72.1 529 26.9 28,452 43.4 15.1 107 0.91 
Min. 22,415  2769 8113 28.2 46.8 207 5.09 19,173 18.9 7.01 66.1 0.53 
Max. 36,454  11,660 19,826 105 91 1282 83.1 39,833 68.8 20 148 1.56  

Lit. Data 
LELa     120 16 460 31 20,000 16  26 0.6 
SELa     820 75 1100 250 40,000 110  110 10 
TELb     124 15.9  30.2  18.7  52.3 0.68 
PELb     271 42.8  112  108  160 4.21 
ERLc     150 20.9  46.7  34  81 1.2 
ERMc     410 51.6  218  270  370 9.6 
UCCd 15,000 25,700 23,200 24,300 67 47 775 17 39,200 28 17.3 92 0.09 
Halda river, Bangladeshe     54.5 37 628 18.2 31,000 17.8 13.8 90.7 0.42 
Buriganga river, Bangladeshf  16,000 20,000 17,000 101  508 25 25,000 45 10.5 788   

Sediment category (%) 
<LEL     95.6 0 15.6 55.6 6.67 0.00  0 2.22 
LEL-SEL     4.44 55.6 82.2 44.4 93.3 100  57.8 97.8 
>SEL     0 44.4 2.22 0 0 0  42.2 0 
<TEL     100 0  55.6  0  0 4.44 
TEL-PEL     0 0  44.4  100  100 95.6 
>PEL     0 100  0  0  0 0 
<ERL     100 0  82.2  28.9  11.1 71.1 
ERL-ERM     0 6.67  17.8  71.1  88.9 28.9 
>ERM     0 93.3  0  0  0 0  

Water [mgL− 1] [mgL− 1] [mgL− 1] [mgL− 1] [μgL− 1] [μgL− 1] [μgL− 1] [μgL− 1] [μgL− 1] [μgL− 1] [μgL− 1] [μgL− 1] [μgL− 1] 

This work 
Mean (n = 15) 27.9 114 63.6 39.9 46.1 50.2 358 12.4 198 22.4 67.2 133 3.11 
SD (1σ) 10.7 129 25.6 13.3 21.9 45.8 112 4.5 119 12.1 45.6 33 1.28 
RSD (%) 38.2 113.7 40.3 33.2 47.6 91.2 31.2 36.5 60 54 67.8 24.7 41.2 
Median 26.8 50.7 62.6 37.9 44.4 25.6 368 13.1 154 21.9 48.1 134 3 
Min. 17.6 27.2 25.8 21.3 9.02 17.2 168 5.11 57.1 5.2 9 63 1.61 
Max. 62.2 442 130 76.5 99.7 148 531 21.3 444 43.7 155 181 5.43  

Lit. Data 
Halda river, Bangladeshe     24 9.44 100 24.5 3320 23.8 6.56  0.92 
WHOg    50 5000 70 400 10 300 2000  50 3 
EPAh    200  20 50 10 200 2000  50 5 
EUi    200  20  10  2000  50 5            

50 10 
ECRj 30–35 75 12 200 5000 100 100 50 300–1000 1000  50 5 
FAOk 60 400 2 900          

LEL (Lowest Effect Level) and (SEL (Severe Effect Level). 
a Persuad et al. (1993); TEL (Threshold effect level) and PEL (Probable effect level). 
b Macdonald et al. (1996); ERL (Effect range low) and ERM (Effects range median). 
c Long et al. (1995); UCC (Upper Continental Crust). 
d Rudnick and Gao (2014). 
e Islam et al. (2020c). 
f Tamim et al. (2016); WHO (World health organization). 
g WHO (2011); EPA (Environmental Protection Agency, Ireland). 
h EPA (2001); EU (European Commission). 
i EU (1998); ECR (The Environment Conservation Rules, Bangladesh). 
j ECR (1997); FAO (Food and Agriculture Organization). 
k FAO (1985). 
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1998; BIS, 1991; ECR, 1997) and the mean abundance of Cd and Pb were 
higher than the recommended limit proposed by WHO (2011) (Table 1). 
The pH of the water samples from two-thirds sampling sites (S3-4, S6-9, 
and S11-14) was within the limits proposed by the WHO (pH: 6.5–8.5). 
In sampling sites of S1-2, S5 and S15, the pH values were lower than 6.0 
compared to the standard limit for pH of 6.5–8.5 (WHO, 2011) except 
for S10 (pH: 8.95), thus showing acidic pollution. The higher organic 
components, e.g., Humic acids (Islam et al., 2020a, 2020b, 2020c, 
2020b), acid rain (Franken et al., 2009) and industrial effluent (Khan 
et al., 2020) may cause the possible low pH values at these sites in the 
study area. 

The mean electrical conductivity (this study: 1.55; limit: 0.25–2.5 
mS cm− 1) and total dissolved solids (this study: 1.02; limit: 1 g L− 1) were 
comparable to those of recommended limits (WHO, 2011; ECR, 1997; 
EU, 1998; EPA, 2001) whereas dissolved oxygen (this study: 16.4; limit: 
6 mg L− 1) were relatively higher than the accepted limits (ECR, 1997). 
The comparison of HMs in the Nakuvadra-Rakiraki River system, Fiji 
with the background values of the present study river and other rivers 
worldwide was displayed in Table S6. The HM concentrations in river 
sediment were higher than the average shale volume (ASV), except Fe, 
Zn and Mn (Table S6). Compared with the background values of the 
present study river and other rivers worldwide, the mean HM concen-
trations in the studied river were larger than most of the river systems 
such as China, Taiwan and Turkey (Varol and Sen, 2012; Wang et al., 
2017; Vu et al., 2017) as well as background value (Table S6). This result 
implied that the pollution level of HMs in the specific site has contam-
inated or these water and sediment physicochemical characteristics are 
natural of the region. 

3.2. Pollution assessment of heavy metal in surface water 

For computing mCd (Table S7), the guideline values of the trace 
metals (TMs) can be suggested on the basis of various standard values. 
As the Nakuvandra-Rakiraki River water is used for drinking purposes, 
in this work, guideline values for drinking water quality (WHO, 2011) 
were selected. For evaluating the level of HM contamination mCd was 
used which revealed that five of fifteen sites contained river waters that 
surpassed the contamination threshold limit (mCd = 1.5). The sites 

including S7 (1.59), S9 (1.66), S10 (1.61), S13 (1.64) and S15 (1.81) 
were evaluated as contaminated. In fact, S15 sites (downward after 
sugar mill) had the highest synergistic contamination. This was due to 
the ratio of Cd, Pb, Ni, and Cr concentrations in the surface water were 
2–3.5 times greater than their guideline values. The trace element 
contamination in surface water for the remaining sampling sites was 
lower than the smallest threshold values (mCd = 1.5). The spatial dis-
tribution of mCd showed that the northern zone has a higher level of 
HMs contamination than the southern zone (Fig. 2a). This spatial map 
confirmed a district pattern of HMs pollution in the study area. This map 
provided further distribution of contamination levels for the upstream 
area (Fig. 2a) which could help the concerned authorities to make 
planning for safe management program of HMs at this site. . Our study 
implies that the surface water demonstrated signs of contamination 
which may be unsafe for drinking in the Nakuvandra-Rakiraki River. 
Therefore, remediation to lessen HMs concentrations in the surface 
water including controlling discharge quality before release into the 
Rakiraki River and several on-site remedies, e.g., wetland technology, 
need to be adopted to enhance the water quality. Water quality moni-
toring and appraisal programs should continue to be executed. 

In this study, surface water quality evaluation mainly consists of 
entropy based water quality index calculation considering the threshold 
limits of drinking water quality parameters (e.g., WHO, 2011). Before 
evaluating the river water quality of each site from the 
Nakuvadra-Rakiraki River system using EWQI, it is important for 
detecting the linkage between information entropy (ej) and entropy 
weight (wj) with the tested physicochemical elements which is generally 
recognized that the physicochemical elements which has the greater wj 
and the least ej value considered the most effects on overall surface 
water quality (Islam et al., 2017, 2020a, 2020a). The findings of the wj, 
ej and standard water quality datasets for the 8 tested physicochemical 
elements and 9 HMs are shown in Table S5. Results depicted that TDS, 
EC, Ca, and Mg had the most influential elements on the surface water 
quality in the river system. Similarly, HMs including Ni, and Cd had the 
most noteworthy effect on river water quality. The physicochemical 
elements had a comparatively lower ej and higher wj among all ele-
ments. The impacts of physicochemical elements and HMs on general 
water quality are followed in the descending list: TDS > EC > Ca > Mg 

Fig. 2. (a) Spatial variation of the modified degree of contamination (mCd); (b) Spatial variation of entropy water quality index (EWQI) in surface water.  
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> DO > pH > Na > K and Ni > Cd > Fe > Co > Cu > Pb > Mn > Zn > Cr. 
It is also found that K and Cr had trivial impacts on the overall water 
quality of the tested river samples. 

The value of EWQI and their equivalent rank of each water sample 
provide a status of water aptness with only a sole number for detecting. 
The HMs including Ni, Cr, Cd, and Pb often exceeded the level for 
drinking water, implying that water is not safe for drinking and agri-
cultural uses (WHO, 2011). Samples from sites S8, S10, and S12 are 
linked with the domestic raw sewage, household waste, and industrial 
waste such as sugar mill waste, which are mostly polluted because of the 
concentrations of Ni, Cd, Cr, and Pb in the surface water. The effluents 
from various industries like sugar mill and the discharge of other 
chemical inputs from Rakiraki town in the river system can highly cause 
the river water pollution (Hasan et al., 2019; Islam et al., 2015a, b). In 
EWQI estimation, the critical limit set at EWQI = 100, which in turn 
imply that 46.7 % of the tested samples from S8-10 and S12-15 fall 
above the critical value (EWQI: 100–1171) and the rest of the sampling 
sites possess drinkable water (EWQI: 75.6–98.7; good for drinking). 
Only 20 % of the tested samples (S9, S13 and S15) possess moderate 
quality (EWQI: 100–150) which can be used for domestic, irrigation and 
industrial purposes instead of drinking. In this study, 26.7 % of sampling 
sites provide poor (S14) to extremely poor (S8, S10, S12) quality water 
which is unsuitable for any necessary usages. . The elevated contents of 
the pollutants, e.g., Cr, Cd, and P in water samples can be the reason for 
poor water quality and may be due to the effect from human-induced 
activities such as industrialization, urbanization, deposition of indus-
trial wastes, and others. Besides, the huge amount of sugar mill effluents 
and the associated household goods release into the Rakiraki River led to 
surface water pollution (Khan et al., 2017). More attention should be 
paid to sample sites S8, S10, and S12 with undrinkable quality of water, 

although these sites are yet used for domestic uses. The results obtained 
from the EWQI revealed the status of water quality related to river HMs 
pollution. The occurrence of the samples (S8, S10, S12 and S14) from the 
river system delineated as unfitting for drinking uses has been expressed 
in the town under anthropogenic inputs, due to the higher HMs contents 
in river water (Xiao et al., 2019). The spatial map of EWQI showed 
almost analogous trends to mCd. The northern and northeastern areas 
were demonstrated higher EWQI values compared to the rest of the areas 
(Fig. 2b). Overall, surface water quality exhibits a low spatial variation. 
Most of the sites with good-quality water are distributed in urban, 
semi-urban zones along with the study locations. Implementing suitable 
management plans of de-silting and continuous monitoring should 
require in these poor-quality waters-affected riverine areas (Xiao et al., 
2019). 

3.3. Environmental and ecological assessments of heavy metal in sediment 

Results of EF values of the analyzed HMs from the surface sediments 
of the Nakuvadra-Rakiraki River system, Fiji are summarized in Fig. 3a. 
The mean enrichment factor (EF) for Zn, Ni, Mn, Pb, Fe, Cu, Co, Cr and 
Cd were 1.295, 1.041, 1.710, 2.667, 1.000, 1.520, 1.196, 1.120 and 
0.734, respectively (Table S8). The descending order of the average EF 
values for all metals were Pb > Mn > Cu > Zn > Co > Cr > Ni > Cd. 
Accordingly, the studied toxic metals (except Ni, Cr and Cd) for most 
sites had EF values higher than 1.5 (1.5≤ EF < 3) indicating minor 
enrichment of these elements in sediment which invoke anthropogenic 
origin(s) (Ustaoğlu and Islam, 2020; Islam et al., 2020a, 2020b, 2020c) 
whereas, low EF values of Ni, Cr, and Cd suggesting geogenic processes 
as the major drivers of these elements (Varol and Sen, 2012; Gao and 
Chen, 2012). According to Wang et al. (2008) demonstration, 0.5 ≤ EF 

Fig. 3. (a) Spatial variation of Enrichment factor (EF); (b) Spatial variation of geo-accumulation (Igeo) index; (c) Spatial variation of contamination factor (CF) in 
surface sediment. 
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≤ 1.5 implies that the element is solely from geogenic processes, while 
the EF value > 1.5 invokes the anthropogenic origin. 

Since the late 1960s the universal criterion for evaluating the metal 
pollution in sediments is the Igeo (Table S9) has been used globally. 
Müller (1981) calculated Igeo values which has showed that the sedi-
ments of the Nakuvadra-Rakiraki River system were unpolluted to 
moderately polluted (0 <Igeo< 1) for all metals except for Mn showing 
moderately polluted (0≤ Igeo <2) quality and Pb showed moderately to 
heavily polluted (2 <Igeo< 3). The mean Igeo values (relative to the 
background data) of the studied nine metals follow the descending order 
as: Pb (1.142) > Mn (0.681) > Cu (0.504) > Zn (0.264) > Co (0.172) >
Cr (0.097) > Ni (0.007) > Fe (− 0.038) > Cd (− 0.525) (Fig. 3b). 

The highest value of CF was found 10.239 for Pb at sampling site- 
S14C (Table S10) among all studied heavy metals which might be 
found due to the presence of large-scale sugar mill and wastewater 
drainage in the S14C area. Similar study was conducted by Islam et al. 
(2015a, b) in the urban river of a developing country where they found 
CF value of Pb in surface sediment was 4.3 and 3.7 during winter and 
summer season, respectively. In their study they pointed out that do-
mestic wastewater drainage and industrial effluents like sugar mill, 
municipal runoffs and atmospheric deposition are the major sources of 
the observed elevated level of Pb in the surface sediment. Ezewudo et al. 
(2021) analyzed riverine sediments for the assessment of heavy metals 
contamination and they concluded that anthropogenic activities such as 
domestic wastewater drainage and sugar mill effluents contributed 
elevated level of Pb in the riverine sediments. From the present study, 
the average CF values for all metals were found in the following order: 

Pb (3.939: considerable contamination) > Mn (2.609: moderate) > Cu 
(2.232: moderate) > Zn (1.902: moderate) > Co (1.731: moderate) > Cr 
(1.629: moderate) > Ni (1.526: moderate) > Fe (1.494: moderate) > Cd 
(1.080: moderate) which demonstrated that sediments of the 
Nakuvadra-Rakiraki River system were contaminated by heavy metals 
(Fig. 3c). The CF values for Pb for most of the stations (except for stations 
S1, S2, and S6) were >2.5 which indicated the considerable level of 
contaminations, whereas CF values for other elements were 1≤ CF < 3 
showed the moderate limit of contamination at all stations. As a whole, 
the CF values for studied metals at all stations showed a moderate to a 
considerable level of contamination which might be due to accepting a 
large volume of municipal, domestic, and sugar mill wastewater by the 
Nakuvadra-Rakiraki River system in Fiji. 

An elevated level of Cd was found at station 5 (>31.00) indicated a 
very high degree of contamination which might be due to receiving the 
extensive amount of municipal, agricultural, domestic, and factories 
wastewater at this station (Fu et al., 2009) (Table S10). 

The calculated pollution load index (PLI) values of metals in sedi-
ments are summarized in Table S10 and Fig. 4a. According to the 
Tomlinson et al. (1980), if the value of PLI > 1, then it can only be 
affirmed that the assessed area is contaminated (Table S2). Considering 
all sampling sites of the study river, the PLI values were ranged from 
1.00 to 2.46 that the sediment of the studied river was high degree of 
pollution (PLI > 1). Elevated levels of PLI were observed in sampling 
sites 3, 4, 5 and 14 Fig. 4a which might be due to the effect from vehicle 
and sugarcane farming activities at these sites. The PLI can provide some 
understanding to the populations about the quality of the sediment. 

Fig. 4. Spatial distribution of (a) pollution load index (PLI), (b) ecological risk index (RI), degree of contamination (Cd) and (d) Modified degree of contamination 
(mCd) for the benthic sediments of Nakuvadra-Rakiraki River system, Fiji. 
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Besides, it also delivers essential information to the decision-makers on 
the pollution status of the study area (Suresh et al., 2012). 

The results of the potential ecological risk index (RI) are summarized 
in Table S11. The value of RI in sediments according to descending order 
of Cd > Pb > Cu > Ni > Cr > Mn > Zn and the potential ecological risk 
for single metal was found in the low to very high-risk group. Cadmium 
(17.42–50.71) was found as the richest and significant metal in all sta-
tions and the risk factors of it was low to moderate risk for the water 
body, where the rest of the metals were found a low risk for the water 
body. After combining the potential ecological risk index of individual 
metal (Fig. 4b) with its grade classifications, it is found that the studied 
metal showed moderate to considerable risk. Generally, the main sour-
ces of cadmium in sediment are the applications of phosphate fertilizers 
to the agricultural field beside the river and waste disposal from the 
town (ATSDR, 2008). In the sampling sites the potential ecological risk 
index values were 49.00–123.44, which show very low to considerable 
ecological risk (Fig. 4b). As those of the PLI and RI, Cd and mCd showed 
similar distributions (Fig. 4c and d) among the studied site. Cd values 
ranged from 12.0 (6C) to 34.0 (5C) with a mean value of 22.8, which 
indicated that the studied river basins possess considerable to high de-
gree of contamination. On the other hand, values mCd ranged from 1.00 
(6C) to 2.83 (5C) with a mean value of 1.9 (n = 45), which revealed that 
Nakuvadra-Rakiraki River system were slightly to moderately contam-
inated where Pb, Mn and Cu were the dominant contributors. 

3.4. SOM analysis in water and sediment 

Based on Vesanto and Alhoniemi (2000), the SOM outcomes can be 
illustrated by two types of maps namely component planes and clus-
tering maps (Fig. 5). For sediment, each parameter corresponded as 
displayed in Fig. 5a. SOM planes are generated using color codes for 

demonstrating the significance of the designed parameters for each 
SOM. The component planes exhibited the weight vector values, where 
black and red colors are equal to the low and high values. It is found that 
the smaller the space of each neuron is, and the more similar types of the 
tested samples are. In the component planes, an analogous color 
exhibited a positive relationship between parameters, while diverse 
colors indicated negative relationships. In the component planes, four 
types are obvious to the surface sediment. First, Mn, Fe, Ni and Zn 
exhibited analogous patterns of concentration and their weight vector 
values increased toward the left corner of the component planes. Sec-
ond, unlike other heavy metal concentrations, Cd and Cr showed hori-
zontal gradient (increased from the left to right corner) in color codes, 
suggesting that both toxic metals are governed by lithogenic processes 
from those influencing the key constituents. Third, Pb values showed 
more complex color patterns than other metals with increasing from the 
upper left to the lower right (Fig. 5 a) which might be due to the effect 
from untreated waste from urban area and sugar mill application of 
agrochemicals for crop production and atmospheric deposition of HMs 
from the sources (Islam et al., 2015a, 2020a, 2020a). Fourth, Co and Cu 
were similar and elevated concentrated at the upper right corner. The 
SOM map of the five clusters for sediment samples after the best cluster 
number has been chosen is displayed in Fig. 5b. Cluster I added only one 
sample (S1A), and cluster II included seven samples (S6B, S15C, S7B, 
S12B, S7A, S6C, and S6A), while clusters III comprised eleven samples 
(S13B, S3C, S13A, S15A, S14A, S15B, S13C, S12C, S12A and S14C). 
Cluster IV consisted of fifteen samples (S8C,S10B,S9C,S4B,S3A,S7C,S2B, 
S4A,S8B,S9A,S2A,S10C,S1B, S10A and S9B) while Cluster V contained 
the remaining samples. Areas with high color changes exhibit margins 
between clusters. Color changes in the same cluster over the component 
SOM maps can imply semi-qualitative associations among the analyzed 
HMs while color changes in different cluster across the SOM maps 

Fig. 5. (a) SOM map of heavy metal concentrations in sediment, b) SOM map of sampling sites in sediment; (c) SOM map of heavy metal concentrations in surface 
water, (d) SOM map of sampling sites in surface water. 
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indicate district HMs characteristics in sediment samples. 
For surface water, in the component planes, three features are 

evident (Fig. 5c). First, Zn, Fe, Cu showed analogous patterns to Co; their 
weight vector values increased toward the left to the right corner of the 
component planes. Second, similar to these heavy metals, Mn and Ni are 
also similar color distributions and the highly concentrated on the right 
corner. Third, Pb, Cr and Cd exhibited complicated color patterns than 
other heavy metals, indicating intense anthropogenic activities are 
responsible for controlling the surface water quality in the river system. 
Besides, the SOM analysis was adopted for clustering the sampling lo-
cations (Fig. 5d). For the surface water samples, the SOM map generated 
four diverse clusters of sampling sites. Cluster I and II added only one 
sample (S10 and S4, respectively), cluster III included three samples (S9, 
S14-15), while cluster IV comprised the remaining samples. Each cluster 
belongs to distinct HMs feature in water samples, indicating that SOM 
maps identified clusters of sampling sites with analogous content of HMs 
in water exhibited that these maps were capable to classify the level of 
pollution by differentiating classes from high to low polluted sampling 
sites (Wu et al., 2021). Thus, the SOM is an efficient approach for 
assessing HMs characteristics in water and sediment samples. 

3.5. Identifying heavy metal sources in water and sediment 

After acquiring the dataset based on centered log-transformed al-
gorithm, PC/FA was adopted to elucidate the inter-elements association, 
Euclidean differences, and possible sources concerning the geochemical 
relationship. With the communality method varimax rotation were 
coupled which was employed to confirm the PC/FA to get a basic 

expression of the trace elements except changing the coordinate system 
of the elements. PC has been proven to be a reliable statistical tool in 
metal source apportionment (Proshad et al., 2020; Emenike et al., 2020). 
To fulfill the least accepted condition of the ratio between the number of 
sampling sites vs trace elements, Mg, Ca, Na, and K were major elements 
used only background information that were excluded from the 
following statistical analysis (Reimann et al., 2008). Concurrently, 
multivariate outliers were omitted from the surface sediment and water 
datasets, the presence of outliers may trigger a bias in the outcomes of 
the analysis (Reiman et al., 2008; Tepanosyan et al., 2021). 

Overall, based on the 1-mark break-point of the scree-plot three 
factors were chosen, which is responsible for 88.29 % and 84.93 % of the 
dataset variability in the surface sediment and water, respectively. Value 
of the extracted factors for the surface sediment detected as PC1, PC2, 
and PC3 responsible for 57.08 %, 17.55 %, and 12.86 %, data variability, 
respectively. Simultaneously, the three factors identified for the surface 
water dataset as PC1, PC2, and PC3 responsible for 63.27 %, 13.27 %, 
and 8.39 %, data variability, respectively (Table S12). 

As the biplot of the Clr-transformed dataset, it is crucial to detect the 
categories of elements descending side-by-side and the weight of their 
loading. The PC1 is explained by moderate loadings from Cu, Ni, Zn, Co, 
Cr, Mn, and Pb (Fig. 6a and b). The sources of these metals could be 
associated with lithogenic inputs such as soil erosion, and increases 
during the rainy season due to the surface run-offs and anthropogenic 
loadings viz. Municipal and industrial waste releases (Emenike et al., 
2020; Islam et al., 2020b). For example, high Cu content in surface 
sediments may be attributed to high agricultural pesticide and fertilizer 
use associated with vegetable farming practice besides the river basin 

Fig. 6. Multivariate Statistical representation of heavy metals in sediments and surface water (a) Biplot of factor 1 vs 2; (b) Biplot of factor 2 vs 3 in sediment; (c) 
Biplot of factor 1 vs 2 (d) Biplot off actor 2 vs 3 in water. 
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(Dash et al., 2020). According to Table S12, both Ni and Mn in sediments 
have higher loadings in PC1 and PC2, indicating that each of them 
comes from two kinds of pollution sources. This phenomenon also exists 
in Pb in river water. The Pb and Zn concentrations show the higher 
negative loadings (Fig. 6b). Lead input into the aquatic sediments comes 
from urban waste leachates containing nickel-cadmium batteries from 
automobile workshops, scrapping of Pb from batteries, smelting plants, 
etc. (Fang et al., 2019). Earlier studies stated that Pb and Zn in the 
riverine system were likely contributed to discharge from industrial 
wastes and wastewater (Islam et al., 2020a; Namngam et al., 2021). 
Generally, this is happening every day in the study area near the sugar 
mill as a dumpling hot spot for their wastewater effluent. Our results are 
echoes with surface sediment pollution in other areas across the globe 
(Emenike et al., 2020). PC2 is illustrated by high positive loadings from 
Fe and Mn. The high loading of Fe (0.54) suggests that there are traces of 
pyroclastic sediments as a lithogenic origin, which is related to Fe–M-
n-Oxy-hydroxide precipitation in siliciclastic depositions (Zuzolo et al., 
2017). Fe and Mn may be released into the river water via the reductive 
dissolution of Fe–Mn-Oxy-hydroxide precipitation and indicate that 
biogeochemical process of pyroclastic sediment releases Fe and Mn 
contents into surface water (Islam et al., 2017; Ahmed et al., 2019). The 
PC3 obtains high positive values from a standalone Cd parameter (0.69), 
likely emanating from human-induced sources e. i., urban sewage sludge 
and the burning of fossil fuels (Wang et al., 2020). Cadmium might be 
related to geogenic inputs such as various kinds of mineral phases e.g., 
Fe–Mn oxide and clay minerals Xiao et al. (2017). In summary, the 
PC/FA could reveal three major origins of HM contamination in the 
sediment viz. Geogenic, human-induced and unidentified origins. 

From the water dataset, we found a coherent trend in principal 
component 1 (PC1) similar to PC1 obtained from the surface sediment 
(Fig. 6c and d). The PC1 is characterized by moderate positive loading of 
Co (0.41), Cu (0.40), Cr (o.39), Ni (0.38) and Cd (0.38) have positive and 
higher loadings, and thus they may have a common source. In most 
water samples, concentration of Ni and Cr were greater than the WHO 
and EU standards. The Ni and Cr originated from anthropogenic activ-
ities, especially, sewage and sugarcane farming practices (Islam et al., 
2020a). Results indicated that Co may be inherited from geogenic ori-
gins (Guan et al., 2018). The Cu and Cd may be accumulated from at-
mospheric deposition and electroplating (Islam et al., 2015b). However, 
PC2 received high positive loading from Pb (0.70) and a moderate 
negative loading from Fe (− 0.42) which is associated with a probable 
blend of organic matter overlaid on geogenic elements (Emenike et al., 
2020). PC3 estimated high positive loadings from Zn (0.51), and Pb 
(0.65). This connection is related to the mixing of geogenic and effluent 
discharge from sugar mill factories (Islam et al., 2015a). Lead originates 
mainly from fossil fuel emission, vehicle tires, oil-leakage and roadside 
dust (Cheng et al., 2020) while the enrichment of Zn was mainly due to 
the lithogenic content. The runoff from the urban area may be a possible 
transportation pathway of these pollutants into river water bodies. 
Overall, the PC/FA showed two key sources of HM contamination in the 
water viz. Human-induced and lithogenic inputs. 

4. Conclusion 

In the framework of this study, for the first time, the concentrations 
of Pb, Cu, Cr, Cd and Ni for sediment and Cd, Pb, and Cr for water were 
higher than the safe guideline values, which suggested that the river 
Nakuvadra-Rakiraki is highly polluted by HMs and might create a 
detrimental effect on this riverine ecosystem. The findings of EWQI 
indicated that 27 % of surface water belongs to poor to undrinkable 
water qualities, especially in four sampling stations (S8, S10, S12, and 
S14). The Igeo, EF, PLI and CF established that the surficial sediments 
were polluted by HMs to different levels, however, heterogeneous var-
iations were found for Pb and Cu. The rating comes from the RI revealed 
that the highest amount of ecological risk was found within the study 
area which is triggered by Pb and Cd. It is motioned that the RI 

assessment depicted that Cd showed a significant risk, especially the 
northern and northeastern zones of the study region. Nonetheless, a 
critical case was identified which was severe at S5C and S14C in which 
the mCd and Cd posed by Pb and Mn were surpassed the guideline values. 

Assessment of SOM maps identified 5 clusters in sediment and 4 
clusters in surface water with analogous contents of HMs showed that 
these maps were capable of demarcating the degree of pollution by 
distinguishing groups of low to high polluted locations. Interestingly, it 
is found that the outcomes obtained in groups of sample locations from 
SOM appraisal in our study were quite similar to the results from PC/FA. 
Thus, the coupling model of the aforementioned approaches with the 
application of GIS-based spatial maps was accurate and crucial for the 
source identification of HMs in sediment and water. The outcomes of the 
log-transformed PC/FA biplot analysis showed that three major sources 
of HM contamination in sediment (e.g., lithological content, human- 
induced and non-point sources) and two key sources of HM contami-
nation in water (e.g., geogenic and anthropogenic activities) as the 
causes for contamination. Overall, source distribution patterns of HMs 
and zonation of ecological risk obtained from this study will understand 
for policy-makers to coherent action-based pollution control measures 
for the factories, agricultural practices, and urban authority. Our 
research suggested that chemical fractionation of sediments should be 
considered to provide a more accurate assessment of the ecological and 
human health risks of HMs in Nakuvadra-Rakiraki River ecosystems. 
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