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Although mining is essential for human economic development, is amongst the most polluting anthropogenic
sources that influence seriously in water resources. Thus, understanding the presence and concentration of heavy
metals in water and sediment in the vicinity of mines is important for the sustainability of the ecosystem. In this
work, a multidisciplinary approach was developed to characterize the contamination level, source apportion-
ment, co-existence, and degree of ecological and human health risks of HMs on water resources in the Vatukoula
Goldmine region (VGR), Fiji. The outcomes suggested significant contamination by Cd (range: 0.01-0.95 g/L), Pb
(range: 0.03-0.53 g/L), and Mn (range: 0.01-3.66 g/L) in water samples surpassed the level set by Fiji and
international laws, whereas higher concentration of Cd (range: 2.60-23.16 mg/kg), Pb (range: 28.50-200.90
mg/kg) and Zn (range: 36.50-196.66 mg/kg) were detected in sediment samples. Lead demonstrated a strong
significant co-existence network with other metals (e.g., Mn, Ni). Source apportionment recognized four source
patterns (Cd, Pb, Ni, and Mn) for water and (Cr, Cd-Pb, Mn, and Zn) for sediment which was further confirmed
by principal component analysis. The mine inputs source mainly contributed to Cd (66.07%) for water, while
mineral processing mostly contributed to Zn (76.10%) for sediment. High non-carcinogenic (>1) and carcino-
genic (>10"* health risks, particularly in children, are related to the elevated Cd, Pb and Cr contents from the
VGR. Uncertainty analysis demonstrates that the 90th quantile of Cd led to higher carcinogenic risk. Pollution
indices disclosed a moderate to extremely contamination status mainly along the Toko dam which poses high
ecological risks identified by index calculation. However, sediment quality indicators based on probable effect
levels showed that there was a 75% of likelihood that the concentrations of Cd and Pb adjacent to the VGR have a
severe toxic impact on aquatic lives.

1. Introduction

As a vital resource, freshwater plays a crucial role in human exis-
tence, socioeconomic and environmental ecosystems (Gleeson et al.,
2012; Aldieri et al., 2020). Presently, freshwater shortage and over-
exploitation due to rapid urbanization and industrialization is an urgent
global concern (Wang et al., 2020). In addition to this, the elevated
anthropogenic inputs due to extensive mining activities have led to huge
pressure on water resources in many regions, strictly limiting
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sustainable development at the regional scale (Song et al., 2019; Santana
etal., 2020). Therefore, study on the sustainable development and use of
water resources has become a hot topic of water resource and environ-
mental researches.

Contaminations by metals are a key environmental issue worldwide,
particularly in the goldmine region (Mora et al., 2019; Vithanage et al.,
2019). Elements such as Cd, Cr, Pb, Ni, Mn and Zn are considered the
potential heavy metals (HMs) in the aquatic and terrestrial environ-
ments because of their existence, non-degradable and toxic
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characteristics (Bodrud-Doza et al., 2016; Islam et al., 2020a; Khan
et al., 2021). One of the potential sources of HMs is mining inputs such
as the mine development, mineral processing, slum waste and tailings
dam leakage (Fashola et al., 2016). HMs can also be initiated from
natural sources, particularly weathering rock-water interactions (Fin-
kelman et al., 2018). Although some of the metals are required to the
survival for human health, only trivial are needed and elevated contents
might be toxic (Kumar and Trivedi, 2016). HMs like Pb, Cd and Cr are
extremely hazardous at a very small amount and are less valued to
human health functioning (Tchounwou et al., 2012; Jaishankar et al.,
2014). Once HMs enter the human body, they deposit in vital organs
including the brain, kidneys, and stomach which may be ultimately led
to casualty (Jarvis and Younger, 2000; Lanocha-Arendarczyk et al.,
2016). In the region where mining sites and local rural communities
co-exist, HMs exposures have led to adverse impacts on the aquatic
ecosystem and human health (Li et al., 2014). Recently, more attention
has been paid to the exposure of HMs in the goldmine regions, intending
to appraise the risks of human exposure to mine waste which is linked
with their persistence and transferability in the food system (Souza
et al., 2017; Hadzi et al., 2018; Pereira et al., 2020). Anthropogenic
activities such as mining and dumping of mine wastes have interplayed
vital roles in increasing the contents of HMs in the environment (Fashola
et al.,, 2016). In the environment, biota such as humans is frequently
exposed to more than one HM, thus facing interactive impacts (Pala-
cios-Torres et al., 2020). Therefore, identifying the source and assessing
human health risks of HMs exposure in the goldmine region is essential
to expedite the combat of mitigation policies.

HMs contamination status, co-existence, source identification,
ecological and human health risks appraisal, are required for developing
an effective mine-derived pollution control and management strategies.
Several studies have evaluated contamination level, risk assessment of
metal exposure in goldmine areas worldwide (Zhang et al., 2013;
Rakotondrabe et al., 2018; Mora et al., 2019; Huang et al., 2020; Cap-
parelli et al., 2020). For instance, Souza et al. (2017) evaluated the risks
of HMs through the soil, water, and plants at a goldmine region in Brazil.
Sako et al. (2018) reported a comprehensive insight into the risks of HMs
dispersion in soil, surface water, and groundwater around the Tongon
goldmine, West Africa. Amoakwah et al. (2020) identified the
source-sink relationships of HMs among soil-water-vegetative ecosys-
tems in the Ghanaian goldmine region. Huang et al. (2020) linked the
environmental and human health risks from metal exposures adjacent to
a Pb-Zn-Ag mine in China. Palacios-Torres et al. (2020) assessed HMs in
sediments and fish samples impacted by gold mining in Colombia. Thus,
knowledge about contamination by HMs is essential to environmental
and public health regulatory bodies for lessening pollution levels.

Many researchers have employed the multivariate statistical
approach including principal component analysis (PCA), and factor
analysis (FA) to recognize and group the various sources of metals
present in surface water and sediment (Islam et al., 2015, 2020b, 2020b;
Rakotondrabe et al., 2018; Khan et al., 2020). However, this approach
does not report the metal source type contribution because of some
limitations such as they did not explain the cause-and-effect association
and data uncertainties. To report these limitations, the positive matrix
factorization (PMF) model was developed by the USEPA which can
efficiently deal with data uncertainties, and missing values (Hemann
et al., 2009). The PMF model has been successfully used by many
research scholars to get very satisfactory outcomes of source contribu-
tion types in various fields (Zanotti et al., 2019; Islam et al., 2020a; Xia
et al., 2020). In our study, the PMF method was employed to water and
sediment data including metals in the adjacent mine area.

Mining is an essential part of Fiji’s economy and gold is one of the
country’s highest exports (Mines, 2019; Diarra and Prasad, 2020).
Vatukoula Goldmine region (VGR), one of them, is located in the
northwest Viti Levu, Fiji which was operated in the last eight decades. It
encompasses 7549 ha of landmass, which has five tailings dam where all
sludge waste material is deposited. Of these, the Toko tailing dam is
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active and very near to the study site. However, there is a growing body
of evidence that any type of tailing dam failure can cause a huge envi-
ronmental disaster. The solid tailings have some sulfides mineralization
like pyrite can oxidize to form an acid that can cause leaching of HMs
from tailing dam and thus create a potential environmental problem
(Hadzi et al., 2018; Adewumi and Laniyan, 2020). The mining activities
favor the mobility of HMs and are one of the most common reasons for
aquatic environmental pollution (Mora et al., 2019). In recent time, VGR
has witnessed a pipeline failure along a section of the Lololevu creek and
Toko tailings dam which was categorized as a truly environmental ca-
tastrophe. Few studies have reported that residents have raised their
concern on high contamination of surface water, drinking water and
sulfur dioxide emissions in the study region (Ackley, 2008; Matakarawa,
2018). Though many cited works on the risks of HMs via environmental
media in the goldmine regions have been reported worldwide, e.g., in
China (Huang et al., 2020), Brazil (Pereira et al., 2020), Nigeria (Ade-
wumi and Laniyan, 2020), Ghana (Hadzi et al., 2018), Bolivia (Pavilonis
et al., 2017), Papua New Guinea (Kapia et al., 2016). However, there is
yet scarce literature on HMs contamination from the VGR in Fiji (Mat-
akarawa, 2018). So far, no studies have been conducted to assess the
baseline on human health risk or setting a baseline standard for the HMs
by comparing levels from the VGR in Fiji.

In this study, we hypothesized that residents are concerned about the
elevated contamination risk of HMs through surface water and sedi-
ment, and the local communities suffer from freshwater shortage and it
relies on limited sources of river water for domestic purpose, and animal
feeding. Because of the close vicinity of the mine to one of the key rivers
in Fiji (Nasivi River), the potential mobility of mine-induced HMs to the
tributaries of this river is of particular interest and deserves a thorough
examination. Thus, there is an urgent need to simultaneously monitor
the degree of HMs concentrations and associated risks in surface water
and sediment from the VGR, to guide against the transmission of dis-
eases and casualties. The prime objectives of this research are to
determine the concentration status, and contamination level of the HMs;
to explore the co-existence and potential source apportionment of the
toxic metals in water resource, and to assess the ecological and human
health risks associated with HMs in surface water and sediments in the
VGR. The novel aspect of this work is that it is the first inclusive
investigation on water resource pollution in the VGR, Fiji.

2. Experimental and methodologies
2.1. Study area specification

For studying environmental, ecological and health risks due to gold
mining activities, Toko tailings dam and Dakovono creek that ends up in
Nasivi River located near VGR are chosen in this work (Fig. 1a). The
Toko tailings dam is utilized by the goldmine for waste disposal and is
located ~3 km away from the main VGR. The Dakovono creek is the
place where the effluents from the Toko tailings dam are decanted and
discharged. The Dakovono creek then connects the main Nasisvi River.
After the gold is processed, the waste that comes as a byproduct from the
mining process is pumped via pipes into the Toko-tailings dam. The
Toko tailings dam is the fifth tailings dam since mining began in Vatu-
koula. The water from the Toko tailings dam is decanted into Dakovono
creek, which finally merged with the Nasivi River. Near Toko-tailings
dam, a community of people is also living and their animals drink
water from the Dakovono creek.

The climate of Fiji is mainly tropical, characterized by high rainfall
(2000-4000 mm) and temperature (20-30 °C) throughout the year
(Mataki et al., 2006; Ongoma et al., 2021). According to Mataki et al.
(2006), Fiji experiences a distinct rainfall season from November to
April and a dry season is observed from May to October. The western
part of the country, where the study site is located, generally records
lower rainfall and higher temperatures than the central and eastern parts
of the country. The VGR locates in the western part of Tavua of Viti
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Fig. 1. Map of the study area and sampling locations. (a) Sampling sites at Toko tailings dam followed by Dakavono Creek to Nasivi River; (b) generalized geological

map of Viti Levu, Fiji.

Levuisland region (Fig. 1b) where gold-telluride mineralization took
place mainly in the sub-ducted fault zone.

2.2. Collection and processing of samples

Benthic sediments (SS) and surface-water (SW) samples were
collected from Toko tailings dam and Dakovono creek in the vicinity of
the VGR. Three sets of temporal samples (of both SW and SS) were

collected in January, May and September of 2015, respectively (cover a
single hydrological calendar) from nine (09) sampling stations (1-9) as
presented in Fig. 1. Total 53 samples (27 surface water and 26 sedi-
ments) were collected by 2015-2016. During the second set of sampling
site 2 (SS2-2) was inaccessible, thus the sediment sample was not
collected at site 2. The sampling sites were georeferenced with a GPS
device (Fig. 1). Collections and preservations of samples were performed
by following ISO, EPA 3050B methods with minor modifications
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(Brunner et al., 2020). Briefly, water samples were collected in
pre-cleaned (acid and distilled water rinsed) polyethylene bottles fol-
lowed by filtering (through 0.45 pm filter), acidification (with HNOg;
pH < 2) and preservation (at 4 °C). During water sampling, polyethylene
bottles were also rinsed by water from the studied site three times
(Habib et al., 2020; Khan et al., 2021). Benthic sediments were (surface
sediment: 0-10 cm depth) were collected by core-sampler and were
stored in zip-lock bags with proper labeling. To obtain representative
samples, 3-5 replicate samples (for both water and sediment) were
collected from a single sampling station (in each temporal sampling)
followed by equi-proportional mixing of them. Collected sediment
samples were then dried (at 60 °C), sieved (2 mm) and pulverized to
obtain a homogeneous powdered sample with necessary laboratory
practices to avoid cross-contaminations (Tamim et al., 2016).

2.3. Analytical processes and quality control

Physicochemical parameters such as pH, temperature, total dissolved
solid (TDS), salinity, conductivity, dissolved oxygen (DO), and oxidation
reduction potential (ORP) were determined by Horiba-52 Multimeter
(Thermo Fisher Scientific, Japan) during sampling. However, heavy
metal abundances in both water and sediment samples were determined
by flame atomic absorption spectrometer (FAAS, PerkinElmer AAnalyst
400, USA) after acid digestion and required dilutions following
1SO11929 protocol with minor modifications (Lymperopoulou et al.,
2017). Briefly, HNO3 based acid digestion of water samples (Kabir et al.,
2021) and concentrated HNO3-HCI-HF-HClO4 based acid digestion of
sediment samples (Tamim et al., 2016) were performed followed by
required dilution with double de-ionized water.

Data quality ensuring approaches including usages of properly
cleaned and calibrated glassware’s, double de-ionized water, analytical
grade reagents, internationally recognized calibration standards (Fluka
Analytical, Sigma-Aldrich, Germany), sequential measurements of pro-
cedure blanks, spiked solution mediated recovery calculations (water:
95-106%; sediment: 90.9-98.0% with 3% RSDs) were similar as those
of Islam et al. (2020b) and Khan et al. (2019). Other than the linearity
and robustness of analytical procedure, replicate measurements (n = 3)
of standard reference materials, such as NIST-SRM-8704 (river sedi-
ment) and NIST-SRM-1640 (natural water) were performed following
the identical analytical procedures of sample measurements to ensure
the accuracy and precisions of analytical data (e.g., Khan et al., 2019).
Considering the analytical uncertainty, the obtained analytical data
from the replicate measurements of these SRMs were well consistent
with those of certificate values. RSDs for replicate measurements (n = 3)
of each SRM for each element were within <10%, which ensures the
precision of analytical data. Detection limits calculated from the seven
procedure blanks and statistical approaches (student-t test with 99%
confidence limit) for Cd, Cr, Pb, Ni, Zn, and Mn were 0.010, 0.010,
0.030, 0.010, 0.010, and 0.010 mg/L, respectively.

2.4. Health risk appraisal, environmental and ecological indices

Non-carcinogenic health risks (NCR) in terms of hazard quotient
(HQ: Islam et al., 2020b; USEPA, 2004) and hazard index (HI: USEPA,
2004) were evaluated from the estimation of the average daily dose
(ADD) for ingestion (ADDjngestion: Habib et al., 2020) and dermal
(ADDgermal: Islam et al., 2017) interaction (Table S1 and S2). On the
other hand, carcinogenic health risks (CR) were estimated from the ADD
and carcinogenic slope factor (SF: USEPA, 2004; Islam et al., 2020b).
Furthermore, in this study, environmental indices including
geo-accumulation index (Igeo: Muller, 1979), pollution load index (PLI:
Tomlinson et al., 1980) and contamination factor (CF: Tomlinson et al.,
1980) were used following the standard method (e.g., Tamim et al.,
2016). However, to evaluate the sediment quality and affiliated
ecological risks, probable effect level quotient (PEL-Q: Long et al.,
1995), toxic unit analysis (3 TU: Zheng et al., 2008) and potential
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ecological risk index (RI: Hakanson, 1980; Khan et al., 2019; Ustaoglua
and Islam, 2020) were utilized. Theoretical aspects, mathematical ex-
pressions and affiliated factors are similar to those of cited references
which were further explained in the supplementary section (Text S1).

2.5. Statistical analyses

A robust appraisal framework was developed to understand the
patterns of the distribution of HMs and detect possible sources of metals
using Spearman’s rank correlation-based network analysis (Islam et al.,
2020a), principal component analysis (PCA: Bodrud-Doza et al., 2016)
and positive matrix factorization (PMF: USEPA, 2014; Xia et al., 2020;
Islam et al., 2020a) method. However, uncertainty related to carcino-
genic risk can be performed into a matrix and vectors based on
Monte-Carlo (MC) simulation to generate a sample output. We use the
Crystal Ball software (version 11.1.2.3) for quantitative sensitivity and
uncertainty analyses, and the sensitivity runs 1000 trials. A one-way
ANOVA test was employed to measure significant differences among
sampling sites for six HMs. Kolmogorov-Smirnov (K-S) test was used to
estimate the normality and homogeneity of water and sediment datasets
at the significance level of p < 0.05.

3. Results and discussion
3.1. HMs concentration variations in water and sediment

The surface water samples were slightly alkaline with mean pH of
7.33 £ 0.43 (range: 6.42-7.83), which exceeded Fiji’'s water quality
standard (MRD, 2005). The physicochemical characteristics of the sur-
face tailing water samples are outlined in Table S3. The higher pH values
were observed at all sampling points except for SW1 and SW4, which are
the nearest to the study site from the Toko-tailings dam. Higher pH
values might be related to the discharge of highly alkaline goldmine
water and sludge waste, which can alter the chemical state of the Nasivi
River (Jarvis and Younger, 2000). The temperature is relatively high
with an average of 27.22 + 1.56 (°C) in the study region (range:
25.56-30.39 °C). TDS, DO and EC depicted a small variation with the
mean values of 1.03 + 0.25 g/L, 6.20 + 1.98 and 1.622 + 0.757 ms/cm
respectively (range: 0.297-1.89 g/L, 2.89-8.25, and 0.458-2.96
ms/cm), which are much lower than MRD (2005). The salinity of the
sampling points being studied is low, with an average value of 0.822 +
0.392 ppt (range: 0.2-1.5 ppt). The ORP revealed a comparatively high
variation with a mean value of 71.77 + 34.06 mV (range: 20-116 mV),
indicating a higher oxidation potential in the VGR.

The minimum, maximum and average values of six HMs in surface
water samples from nine sampling sites in the study area are outlined in
Table 1. The mean concentrations of six HMs followed in the decreasing
order of Mn > Pb > Ni > Cd > Cr > Zn, which are analogous to the HMs
ordering in the study by Hadzi et al. (2018) in major goldmine areas,
Ghana but contrary to the toxic metals ordering in the previous work of
Adewumi and Laniyan (2020) in Anka gold-mine, Nigeria.

As can be seen, the mean concentrations of Mn, Cd, and Pb were
much greater than the other harmful metals. The concentration values
for Ni, and Zn found in the waters of the adjacent area of VGR did not
surpass the MRD (2005). However, the difference in HMs in surface
water was substantial, especially Cd, Mn, Pb, which had a higher stan-
dard deviation variation than other metals (Table 1). Fig. 2a shows the
spatial patterns of the HMs in the VGR of Fiji. In fact, concentrations of
most HMs did not show significant temporal variations (ANOVA, p >
0.05) in the study area.

About 100% of the samples being studied exhibited lower concen-
trations of Zn and Ni compared to those in MRD (2005). However, all
sampling sites showed Ni concentrations greater than the WHO guide-
line value (0.02 mg/L). Additionally, the content of these metals in all
sites was much lower than Fiji guideline values, which means that the
water resource is appropriate, even for drinking (for animals). In
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Table 1

Descriptive statistics of heavy metal (HMs) concentrations in water and sediment samples of all sites in the adjacent areas of the VGR, Fiji.
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Sites Heavy metal concentrations in water (mg/L)
HMs SW1 SW2 SW3 SW 4 SW5 SW6 SW7 SW8 SW9
cd Min 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01
Max 0.10 0.11 0.10 0.12 0.10 0.11 0.95 0.12 0.11
Mean 0.06 0.07 0.07 0.08 0.06 0.07 0.35 0.08 0.07
SD 0.05 0.05 0.04 0.06 0.05 0.06 0.52 0.06 0.05
Cr Min 0.01 0.01 0.03 0.01 0.01 0.01 0.01 0.03 0.01
Max 0.06 0.11 0.09 0.13 0.11 0.15 0.15 0.05 0.05
Mean 0.03 0.06 0.06 0.06 0.04 0.06 0.06 0.04 0.03
SD 0.03 0.05 0.03 0.06 0.06 0.08 0.08 0.01 0.02
Mn Min 0.04 0.01 0.32 0.17 0.20 0.01 0.01 0.01 0.01
Max 0.49 3.40 1.14 3.53 3.57 3.32 3.66 0.05 1.45
Mean 0.25 1.27 0.64 1.81 1.47 1.27 1.24 0.03 0.55
SD 0.23 1.85 0.44 1.68 1.83 1.79 2.10 0.02 0.79
Ni Min 0.04 0.05 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Max 0.18 0.35 0.23 0.35 0.35 0.32 0.30 0.19 0.06
Mean 0.09 0.15 0.10 0.13 0.12 0.14 0.14 0.07 0.04
SD 0.08 0.17 0.12 0.19 0.20 0.16 0.15 0.10 0.03
Pb Min 0.03 0.07 0.13 0.07 0.06 0.07 0.03 0.03 0.06
Max 0.22 0.53 0.20 0.27 0.39 0.40 0.45 0.36 0.43
Mean 0.10 0.25 0.16 0.16 0.18 0.20 0.20 0.16 0.19
SD 0.10 0.25 0.04 0.10 0.18 0.18 0.22 0.18 0.21
Zn Min 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.01
Max 0.02 0.03 0.03 0.03 0.03 0.02 0.02 0.01 0.02
Mean 0.01 0.02 0.02 0.02 0.03 0.02 0.02 0.01 0.01
SD 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01
Sites Heavy metal concentrations in sediment (mg/kg)
HMs SS1 SS2 SS3 SS4 SS5 SS6 SS7 SS8 SS9
cd Min 7.70 3.47 12.46 3.40 6.97 4.07 3.27 3.10 2.60
Max 14.53 15.33 13.40 12.23 16.40 19.30 18.43 13.83 23.16
Mean 10.52 8.07 12.93 8.26 12.57 13.00 12.56 9.49 12.53
SD 3.57 6.36 0.66 4.48 4.96 7.95 8.14 5.65 10.30
Cr Min 6.30 15.10 150.15 7.60 5.60 6.83 0.03 18.00 8.37
Max 120.32 132.16 302.20 73.19 181.31 74.46 90.36 181.10 337.73
Mean 49.34 71.55 226.18 48.47 78.95 31.30 37.70 85.63 183.88
SD 61.93 58.64 107.52 35.66 91.38 37.49 47.00 85.04 165.74
Mn Min 38.65 84.33 7.17 31.75 2251.00 152.40 219.50 114.53 4.67
Max 703.87 838.06 160.00 474.96 4683.33 2235.00 375.10 1203.10 739.06
Mean 270.84 407.50 83.59 194.79 3355.22 927.57 297.30 498.71 252.09
SD 375.34 388.17 108.07 243.72 1231.52 1138.77 110.03 610.86 421.75
Ni Min 23.80 64.43 47.30 30.40 43.43 64.23 58.03 57.96 58.97
Max 69.66 75.00 72.63 35.73 119.40 81.43 73.73 79.36 68.80
Mean 41.98 70.09 59.97 32.32 74.11 70.22 67.73 68.60 64.93
SD 24.36 5.32 17.91 2.96 40.04 9.72 8.48 10.70 5.24
Pb Min 28.50 105.00 56.03 103.53 132.26 139.56 113.86 102.26 67.70
Max 118.00 149.93 120.43 105.00 200.90 167.90 135.80 131.90 195.13
Mean 70.57 130.39 88.23 104.04 162.32 153.15 124.60 116.20 128.82
SD 44.99 23.03 45.54 0.83 35.10 14.21 10.98 14.90 63.87
Zn Min 76.30 196.66 58.90 36.50 97.30 98.19 106.43 113.73 132.39
Max 356.60 318.90 125.00 119.60 330.53 189.30 141.80 148.70 143.40
Mean 170.97 246.09 91.95 80.66 187.31 147.43 120.95 127.04 138.41
SD 160.77 64.39 46.74 41.79 125.39 46.00 18.51 18.92 5.58

general, Ni and Zn may be enriched naturally in the study region (Bokar
et al., 2020). The concentration above Cr levels reported by Fiji and
international laws was found in 66.66% of surface water samples.
Additionally, six sampling sites surpassed the recommended value of Cr
(0.05 mg/L). The high concentration of Cr found at SW-02 and SW-06
(0.06 mg/L) can be explained by the fact that these sites are between
Toko tailings-dam and Dakovono-creek e.g., near goldmine sludge area.
A plausible source of Cr in these sites may be dissolved in ultramafic
volcanic rock by weathering and diagenesis processes, which led to the
elevated content (Zhitkovich, 2011).

As stated in Table 1, Mn was an abundant metal in surface water
(MRD, 2005). All samples of surface water in which Mn was identified
(88.89%) exhibited elevated contents, being the average value: 0.95
mg/L, 9.5 times the WHO (2017) suggested values. Also, SW-04 and
SW-05 also showed 18.1 and 14.7 times higher than the WHO (2017)
and Fiji standard values (0.10 mg/L). The highest concentrations of Mn
(1.81 mg/L) were found in SW-4, which is 3 km apart from the study

mine due to the secondary effect. This site is near the dumpling edge of
the Toko-tailings dam. The exploitation of precious stones, which are
indebted its purple tone to impurities of a transition metal like Mn, may
likely be the key reason why the content of Mn found in this sample was
1.9 times higher than the average content in the adjacent area of the
VGR. Overall, high Mn content was found near the mine area (SW-02,
SW-04 and SW-06). Further, the current climatic setting in this region
supports Mn transport in the form of manganese hydroxide by forming
carbonate strata (Maata and Singh, 2008). While pH values from 6.62 to
7.83 in most of the water samples, the solubility of Mn tends to enhance
(Islam et al., 2020b). Based on this evidence, elevated Mn concentra-
tions found in surface waters may have a geogenic origin, associated
with chemical weathering and dissolution of ore in the bedrocks. The
highest concentration values of Cd and Mn were found at SW-04 (1.81
mg/L), SW-07 (0.25 mg/L), respectively, in water resources (SW-07),
nearly 3 km far away from the goldmine (Table S4). Surprisingly, the
elevated values of Pb, and Ni were detected at SW-02 and SW-06, which
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Fig. 2. Box-and-Whisker plots of HM concentrations for water (mg/L) and
Sediment (mg/kg) samples. Boxes represent the 25th, 50th and 75th percentile,
bars show the maximum and minimum, stars show mean, and circles show
outliers data.

are near the Toko-tailings dam from the mine mineral processing area.
Approximately 100% of surface water samples showed Cd levels greater
than 0.04 mg/L, which is the guideline value for freshwater of Fiji water
quality standard, and all sampling sites also surpassed the reference
value set by WHO (2017). The key source of water contamination by Cd
is mining activities, mostly of non-ferrous metals. Nevertheless, the
deposition of waste material in the rocks, the discharge of sludge, Ni-Cd
batteries and agrochemical input are also vital sources of contamination
(Arikibe and Prasad, 2020). The effect of human inputs would elucidate
the elevated contents of Cd in the water samples analyzed, particularly
in the samples near the mine regions (SW-01 to SW-07).

Of all HMs analyzed, the concentrations of Cd and Pb in the surface
water samples examined were the most concerning, due to their toxicity
impacts. Cadmium is an extremely toxic metal, thus, its existence in the
elevated contents in water samples poses a severe risk to aquatic lives.
Similarly, Pb poisoning is associated with different diseases of the ner-
vous scheme, kidney loss and behavioral disorders in children. Both Pb
and Cd are demarcated as likely human carcinogenic effects and are
related to skeletons, lung and stomach cancer risks (Jarup, 2003). The
average value of Pb in all samples of surface water being studied (0.18
mg/L) surpassed the acceptable levels set by the WHO (2017) (Table 1).
Nearly 88.89% of the water samples exceeded these permitted levels
except for SW1. The temporal changes found in the concentration of Pb
across the VGR indicate diverse contamination, implying that mining
may not solely contaminate the source pathway. It has been stated that
waste material originated from gold mining involves, among other toxic
elements, a high content of Pb, which can be simply moved by waste
effluents and acid drainage, hence reaching the soil surface and surface
water near the mine area (Fernandes et al., 2004). As a result, it assumed
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that this was probably contributed to the dilution and flushing effect by
the natural discharge of the river (Morrison et al., 2001). The results of
this study reveal that very high concentrations of Pb and Cd loaded from
the mining wastewaters that discharged into Nasivi Rivers, have led to
the degradation of the rivers water quality. Furthermore, the concen-
trations of toxic HMs in the mining wastewaters are yet very high and
the deposition of pollutants could represent a vital source of toxicity for
the aquatic food chains as well as for the riverine people. Thus, the
possible adverse impacts of mining pollution should be examined and
constantly monitored to inhibit extensive and hazardous contamination
by HMs and to preserve the freshwater resource that is highly influenced
by the widespread mining inputs.

The comparison of selected HMs in the analyzed water samples with
other goldmine areas in Fiji and worldwide is shown in Table 2. The
mean HM’s concentrations in the VGR were much greater than the world
average, except for Ni, and Zn. Compared with other countries, Cd and
Pb contents in the study sites were larger than those in the Betare-Oye
goldmines, Cameroon (Rakotondrabe et al., 2018), the major gold-
mine, Ghana (Hadzi et al., 2018), and lower than that in the Anka
goldmine, Nigeria (Adewumi and Laniyan, 2020). The average Cr con-
tent was higher than those in the Betare-Oye goldmines, Cameroon
(Rakotondrabe et al., 2018), and Jiaodong goldmine, China (Zhang
et al., 2013) but lower than those in major goldmine, Ghana (Hadzi
etal., 2018). It can be said that VGR indicated relatively higher pollution
contents except for Ni, and Zn, even other goldmine areas worldwide
with severe impacts of mining activities (Santana et al., 2020).

The minimum, maximum and average values of six HMs in sediment
samples from nine sampling sites in the study area are displayed in
Table 1. The mean concentration of six HMs decreased in the following
order Mn > Zn > Pb > Cr > Ni > Cd, which is alike to the toxic metal
ordering in the study by Mora et al. (2019) in Nambija goldmine,
Equador. From the outcomes of the spatial pattern, it is obvious that Pb
and Cd exhibited significant differences among sampling sites (p < 0.05
by ANOVA and KS-test) demonstrating the effect of anthropogenic in-
puts in the study region (Fig. 2b). Mn concentrations followed a trend of
almost the upper continental crust (UCC) value (775 mg/kg) and the
average shale value (850 mg/kg). However, it is elevated in SS5
(3344.22 mg/kg), where all sludges from the VGR are deposited. The
high contents of Mn in sediment may possess a lithogenic origin (Islam
et al., 2015). Averages of Mn in sediments were lower than their cor-
responding average shale value (ASV) concentrations, whereas Zn was
1.53 times higher than the respective ASV concentrations. The Zn values
exceeded the UCC (67 mg/kg) and ASV (95 mg/kg) and the threshold
effect level (TEL) value (124 mg/kg) in all locations. The increase in Zn
at sampling sites SS5, and SS6 may contribute to galvanizing product
when cyanide may be associated with gold mineral processing as a
leaching gold from ore. This outcome agrees with the results of Song
et al. (2019) who found higher concentrations of Zn in the sediment of
Zhaoyuan goldmine, China.

The mean Pb values surpassed the ASV (20 mg/kg), UCC (17 mg/kg)
and potential effect level (PET) value (112 mg/kg) at all sampling sites,
thought the elevated Pb concentrations were found in SS5 (162.32 mg/
kg), SS6 (153.15 mg/kg), SS2 (130.38 mg/kg) and SS9 (128 mg/kg).
The rise in Pb value may be attributed to vehicle traffic emission derived
from the study area highway, which often passes over the sampling sites,
atmospheric deposition on the roadside (Pratap et al., 2020). Compared
with the ASV, mean concentrations of Cd, and Pb in sediment samples of
the VGR surpassed the ASV levels (Table 2) which were 37, and 5.99
times higher than their respective ASV concentrations. In this study, the
maximum concentrations of Pb, and Cd were identified at sampling sites
SS5 and SS6, which receive wastewater sludge discharges from the
Toko-tailing dam edge. These outcomes suggest that Cd and Pb in sed-
iments of the VGR were controlled by anthropogenic inputs. It clearly
demonstrates that the VGR is heavily polluted by mining inputs which
could induce significant environmental effects and potential health
risks. The local authority and the mining operators should hence
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Table 2
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Heavy metals (HMs) abundances in water and sediment samples from VGR, Fiji compared with those in relevant literature works as well as with the internationally

recognized limit values.

Gold Mines cd Cr Mn Ni Pb Zn References

Water

Vatukoula Gold Mine, Fiji 0.10 0.05 0.95 0.11 0.18 0.02 This study

Anka Gold Mines, Nigeria 1.20 0.06 0.38 6.53 0.06 0.03 Adewumi and Laniyan (2020)
Bétaré-Oya Gold Mines, Cameroon 0.05 0.02 0.10 0.10 0.40 Rakotondrabe et al. (2018)
Major Gold Mines area, Ghana 0.11 1.48 0.11 0.01 0.07 Hadzi et al. (2018)

Andean Gold Mines, Ecuador 0.02 0.27 2.97 0.15 0.14 0.79 Capparelli et al. (2020)
Rosia Montana Gold Mines, Romania 0.04 51.97 0.06 5.63 Florea et al. (2005)

Ilesha gold mines, southwest Nigeria 0.00 0.13 0.01 0.01 0.07 Odukoya et al. (2017)
Gauteng Gold Mines, South Africa 0.14 0.39 0.01 0.33 Kamunda et al. (2018)
Linglong Gold Mining Area, China 0.03 0.01 0.07 1.01 Ning et al. (2011)

Jiaodong Gold Mines, China 0.04 0.03 0.01 0.40 2.52 Zhang et al. (2013)

WHO 0.003 0.05 0.10 0.02 0.01 WHO (2017)

Fiji Standards 0.004 0.05 0.10 0.20 0.10 5.00 Mineral Resources Department (2005)
FAO (Irrigation) Standards 0.01 0.10 0.20 0.20 5.00 2.00 FAO (2003)

BIS Standards 0.003 0.10 0.02 0.01 5.00 BIS (2012)

EPA Standards 0.005 0.05 0.05 0.02 0.05 3.00 EPA (2005)

Sediment

Vatukoula Gold Mines, Fiji 11.10 90.33 698.62 61.10 119.81 145.64 This study

Anka Gold Mines, Nigeria 0.10 111.82 39.20 2234.02 42.55 Adewumi and Laniyan (2020)
Zhaoyuan City Gold Mines, China 36.30 35.80 65.80 297.60 Song et al. (2019)

Marahiq Gold Mines, Egypt 0.15 27.93 22.30 8.37 60.57 Darwish (2017)

Selinsing gold mine, Malaysia 0.02 2.19 61.66 1.64 2.38 9.99 Kusin et al. (2019)

Nambija Gold Mines, Ecuador 12.25 1674.43 10.68 132.74 484.84 Mora et al. (2019)

Andean Gold Mines, Ecuador 3.15 14.65 480.75 10.70 3.55 41.05 Capparelli et al. (2020)
Morila Gold Mines, Mali 0.01 66.00 222.00 6.46 12.80 11.80 Bokar et al. (2020)
Migori-Transmara Gold Mines, Kenya 0.25 63.05 89.28 130.20 99.70 Odumo et al. (2018)
Kedougou Gold Mines, Senegal 396.39 61.50 16.39 100.43 Niane et al. (2014)

ABA Gold Mines, Cote d’Ivoire” 36.80 33.50 189.00 29.70 77.80 91.20 Kinimo et al. (2018)

Choco Gold Mines, Colombia 0.22 163.20 55.20 5.62 Palacios-Torres et al. (2020)
Jiaodong Gold Mines, China 4.10 339.00 167.00 639.00 Zhang et al. (2013)

Upper continental crust (UCC) value 0.09 92 775 47 20 67 Rudnick and Gao (2014)
ASV' 0.3 90 850 68 17 95 Islam et al. (2020a)

ERL" 1.2 81 20.9 46.7 150 Long et al. (1995)

ERM® 9.6 370 51.6 218 410 Long et al. (1995)

TEL! 0.68 52.3 15.9 30.2 124 MacDonald et al. (2000)
PEL® 4.21 160 42.8 112 271 MacDonald et al. (2000)

@ ABA: Agbaou, Bonikro and Afema Gold Mines.
b ERL:Effective Range Low.

¢ ERM: Effective Range Median.

4 TEL: Threshold Effect Level.

¢ PEL: Probable Effect Level.

£ ASV: Average Shale Value).

immediately establish the wastewater treatment plant before discharg-
ing the mine wastes into the aquatic ecosystem.

Generally, the values of Ni often did not surpass the ASV (68 mg/kg),
except for some sites SS5, SS6, and SS2. Earlier studies stated that Ni is
originated from geogenic sources (Xue et al., 2014), which is compa-
rable to the UCC (46 mg/kg) in the study region. Mineral comprising Cr
like chromite [(Fe,Mg,Al)Cr,04] is common in rock and soil particles
while atmospheric deposition and mining sludge are the other sources
(Tamim et al., 2016; Khan et al., 2020). The mean concentration of Cr
did not surpass the ASV (90 mg/kg) and PEL (160 mg/kg) at all sampling
points, except for few sites SS3 and SS9. Cr concentrations were recor-
ded as 226 mg/kg (SS3) and 183 mg/kg (SS9) that exceeded the PEL
value in Toko-tailing dam proximal side and the Nasivi River where gold
mining processing plant and agricultural activities are severe. Varol
(2020) stated that effluents from mineral processing areas have elevated
Cr levels. In our study, all values of Cd were observed to be higher than
ASV (0.3 mg/kg). The elevated Cd concentration in sediment may be
contributed to human activities such as extensive gold mining, refining

and welding (Pandey et al., 2019). Habib et al. (2020) stated that
wastewater discharge from mine power plant triggers Cr and Cd
enrichment in the Barapukuria coal mine of Bangladesh, which is similar
to this study.

The mean values of Pb, and Cd in sediments from this study were
higher than those found in Marahiq goldmine, Egypt (Darwish et al.,
2017) and Andean goldmine, Ecuador (Capparelli et al., 2020). The
mean values of Zn and Mn in this study were comparable to those pre-
viously reported in the Nambija goldmine, Ecuador (Mora et al., 2019).
Comparison of HMs concentrations in sediments of the VGR with the
cited works of other goldmines in Fiji and other countries depicted that
sediments of the study area were heavily polluted (Table 2). The level of
mean HMs contamination in the VGR was comparable to that in the
Migori-Transmara goldmine in Kenya and Zhaoyuan city goldmine in
China, but much worse than that in Marahiq goldmine in Egypt, and
Choco goldmine in Colombia.
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3.2. Co-existence correlation network in water and sediment

In this work, PCA was employed for total HMs concentrations and
four components were recognized for both water and sediment based on
their eigenvalues that elucidated 95.47% and 92.13% of the total vari-
ance, respectively (Table S5 and Fig. 3). For water, Mn and Zn had a high
positive loading on PC1 (57.75% of total variance), suggesting that both
metals surely come from a combination of natural and anthropogenic
sources within the study region (Fig. 3a).

Like the spatial pattern was identified in earlier studies (Santana
etal., 2020). Cr and Ni showed a high positive loading on PC2 (18.64%),
suggesting these metals were originated from geogenic material influ-
ence by mine inputs (Xue et al., 2014) whereas Pb and Cd had an
elevated positive loading on PC3 and PC4 (11.95% and 7.11% of the
total variance), indicating these PC could be associated to goldmine and
mineral processing activities.

On the other hand, for sediment, Pb and Ni had a high positive
loading on PC1 (44.46% of total variance), indicating a diverse source in
the adjacent area of a goldmine (Fig. 3b). Previous works were found a
diverse spatial distribution (Mora et al., 2019). Elevated positive loading
on PC2 (26.5%) and PC3 (13.31%) was observed for Mn and Zn, indi-
cating while high negative loading on PC3 was found in Cd. Cr had a
high loading on PC4.

To further appraise the likely sources among HMs in water and
sediment, we performed a co-occurrence correlation network (CCN)
based on Spearman’s correlation analysis (>0.50, p < 0.01, Fig. 4). For
water, Cd was excluded from the CCN because of the weak or in-
significant relationships with other HMs. The significant co-occurrence
relationships were measured among HMs, particularly for Pb, Ni, Cr
and Mn (Fig. 4a). Nickel exhibited comparatively strong co-occurrence
relationships with Cr (r = 0.89, p < 0.01) and Pb (r = 0.69, p < 0.01),
thus indicating that those have common sources. Chromium and Pb had
analogous co-existence relationships (r = 0.68, p < 0.01), which sug-
gested similarities in the pattern of these pollutants affecting the
extensive mining influence from the VGR. Zinc exhibited weak co-
occurrence relationships with Mn (r = 0.87, p < 0.01). This could be
contributed to the geogenic source in the study sites (Zanotti et al.,
2019). However, Cd did not exhibit any association with other HMs.
Cadmium possibly comes from anthropogenic sources as already
discussed.

For sediment, Cr, Zn and Cd were excluded from the CCN due to their
low or non-significant associations with other HMs (Fig. 4b). Nickel had
strong co-existence associations with Pb (r = 0.0.88, p < 0.01) and Mn
(r=0.90, p < 0.1), likely the idea of a similar source. Hydrated oxides of
Mn might be related to other metals when Mn comprises potential sinks

(a) Water
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for Pb, Ni in the aquatic ecosystem, especially under oxidation circum-
stances (pH 6.42-7.83) (Venkatramanan et al., 2015). This is a basic
physicochemical procedure of adsorption and co-precipitation condi-
tions. Lead showed a similar co-occurrence association with Mn (r =
0.75, p < 0.05).

3.3. Quantifying HMs apportioning sources in water and sediment

The HMs contents and their uncertainty were applied as input metal
contents to the PMF method. The outcome of the PCA revealed that the
optimal number of factors to appropriately represent the VGR is four.
Generally, the first 4 factors were eco-environmentally interpretable in
this work. After 100 runs of the PMF method, the number of source
factors was set to four. Four factors were recognized as the best number
of source factors for the analyzed datasets based on the lowest Q values
and highest r? values between the predicted and estimated metal
contents.

Predicted metal contents were compared with the estimated metal
contents using the PMF method (Fig. S1). The coefficients of determi-
nation (r%) values were used to evaluate the ability of the PMF method
predictions. All HMs exhibited a reasonably high linear regression
outcome with r? values higher than 0.58 for water and 0.59 for sediment
(p < 0.01). The elevated % values were observed for Cd (1.00), Mn
(1.00), Ni (0.99), Pb (0.97), and Cr (0.81), respectively for water and Cr
(0.99), Mn (0.99), Zn (0.99), Pb (0.89) and Ni (0.85), respectively for
sediment; indicating the studied datasets predicted were well elucidated
in the PMF method.

The PMF method results for factor contributions are outlined in
Fig. 5. For water, factor 1 (FC1) was highly explained by Cd with a
66.07% strong contribution, which was similar to PC4 (Fig. 5a). Factor 2
(FC2) was moderately characterized by Pb (44.61%), Cr (42.92%) and
Ni (39.87%) contributions, respectively. Lead had a medium FC2
contribution, which was alike to PC3. Factor 3 (FC3) also had a mod-
erate contribution from Ni (52.54%) and Mn (49.05%). Nickel was
explained by FC3 in the PMF method, and exhibiting high positive
loading on PC2. Factor 4 (FC4) was represented by medium contribution
like Mn (50.32%) and Pb (44.44%) respectively which is analogous to
PC1. Cadmium was predominantly contributed by a sole factor while Cr
and Ni exhibited analogous source components. In general, the results of
PCA are in accord with PMF analysis. For instance, the elevated levels of
Pb, Cr and Ni in FC2 of the PMF analysis are also supported by a sig-
nificant association of Pb with Cr (r = 0.682, p < 0.01), Pb with Ni (r =
0.698, p < 0.01), Cr with Ni (r = 0.894, p < 0.01) demonstrating the
similar source apportionment in the VGR. The plausible source of Cr in
surface water points may originate from ultramafic volcanic rock
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Fig. 3. Principal component analysis (PCA) of HMs in (a) water and (b) sediment samples. (i) Scree plot; (ii) rotated matrix component in the VGR.
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(a) Water
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(b) Sediment

Fig. 4. Co-occurrence correlation network of HMs variation profiles at spatiotemporal scale in sediment of the VGR. Nodes characterize potentially harmful metals
where the connection of each node discloses correlation coefficient between them. The size of each node is proportional to the number of connections (e.g., degree)
and the thickness of each connection between two nodes (e.g., edge) is proportional to the value of Spearman’s correlation coefficient (p > 0.5 and p < 0.05).
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Fig. 5. Contribution of four apportioning factors water and sediment in each HM determined by the PMF method.

dissolved by weathering and diagenesis processes that led to dangerous
levels (Adewumi and Lanjyan, 2020). Hence, FC1 is most possibly pre-
dominated by anthropogenic contribution while FC2 is dominated by a
combination of geogenic and anthropogenic sources (Zhaoyong et al.,
2015). The lead derives from the exhaust pipes of duty big trucks, ve-
hicles and mining-related machinery maintaining patches (Armah et al.,
2010) and Cd results from the Ni—Cd batteries that are used in goldmine
processing locations. The elevated contents of Ni and Mn in FC3 are also
confirmed by a significant association of Ni with Mn (r = 0.683, p <
0.01), indicating a natural parent rock-water interaction sources such as
weathering and erosion from adjacent mine areas (Huang et al., 2020;
Islam et al., 2019). The geological features of the study region, which is
rich in gold deposits, confirm the high availability of Mn in surface
water. Similarly, the medium levels of Mn and Pb in FC4 are also sup-
ported by moderate associations (r = 0.462, p < 0.05), suggesting a
mixed source. Generally, Mn and Pb are mainly leached from tailing
dam waste, goldmine materials and products used during the operation
(Rakotondrabe et al., 2018). Zinc showed inconsistent outcomes with
low weighting in PMF FC2 analysis contrasting with high loading in PC1.

As can be seen in Fig. 5b, in the case of sediment, FC1 was charac-
terized by Cr with a strong contribution (73.11%). FC2 was moderately

(b) Sediment
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elucidated by Cd (43.44%) and Pb (41.68%). Cadmium had a medium
contribution to FC2. FC3 had a strong contribution from Mn (64.89%).
FC4 exhibited a high contribution to Zn (76.10%) which was similar to
PC3. Nickel and Pb showed medium contribution by FC4 of 53.25%, and
50.72%, respectively. The results of PMF analysis exhibited a common
source pattern in Ni and Pb, whereas Cr and Mn had similar factors in
their source apportionment. However, Cd was initially attributed to a
sole factor. In fact, the outcomes of PCA were in line with the results of
PMF analysis. FC1 most possibly had a dominant lithogenic origin in the
sediment (Santos et al., 2020). Chromium in the study area denotes a
risk of contamination to the biota and the local resident because its
hexavalent form possesses a high carcinogenic risk. FC3 likely had been
characterized by natural parent material of the soils, deposited in sedi-
ment column via different geogenic events such as the disintegration of
rock particles near mining waste in the study region. Similar outcomes
were also detected for Ni and Pb, which exhibit very high loading on PC1
and high weighting in FC4 of the PMF modeling. In PC3, Cd and Zn
showed relatively high loadings of PCA in comparison with the very
weighting of PC2, and PC4 indicated a dissimilar source. Cadmium
showed predominated moderate contribution by FC2 in PMF analysis
and represented a high negative loading on PC3, indicating an
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anthropogenic source compared to other HMs. Cadmium results from
welding, automobile exhaust and batteries (Islam et al., 2015, 2020a,
2020a). Lead also exhibited a comparatively high weighting with FC2.
Earlier studies have observed that Pb is initially derived from vehicle
traffic point source those are located in the urban region (Xia et al.,
2020). Nickel comes from the Ni battery that is used in mine processing
time. Furthermore, high Zn content in sediment may be attributed to the
ecological emission from vehicles, particularly tire wear in mining sites.
Another source of Zn has galvanized product when cyanide might be
associated with gold processing as a leaching gold from ore. Thus, FC4 is
likely predominated by a diverse combination of origins.

3.4. Health risk assessment of HMs in water

So far, this is the first inclusive study that reported on the potential
health risk for the local inhabitants adjacent to the VGR in Fiji. Table 3
shows the results of HQ ingestion, HQ dermal, and HI values in the study
area. Overall, in the case of non-carcinogenic risk, HI values for both age
populations surpassed the safe range (>1) in all sites (Table S6),
implying that the surface water from the study area exhibited an obvious
potential health risk. The HQ’s values of adults were more than 1 with
their respective average values of 5.58, 4.36 x 10_1, 5.64 x 10_1, 1.50
x 107%, 3.46, and 1.62 x 1073, for Cd, Cr, Mn, Ni, Pb and Zn, respec-
tively. Similar to children, the HQ’s value (>1) was followed by the
mean values of 13.02, 1.02, 1.32, 3.49 x 107}, 8.07, and 3.79 x 1073,
respectively. The HQ of the ingestion route peaks for Cd and reaches its
minimum level for Zn regardless of both age populations. The HQ
dermal values of HMs were found similar results, suggesting that the
studied HMs presented adverse health hazards via the dermal route.
However, children had a much greater value of non-carcinogenic risk
than adults, though these are exposed to an alarming rate in the study
region. The main reason is that Cd, Pb, and Cr play a crucial role in
triggering high non-carcinogenic risk for children than adults. Among
these HMs, HQ ingestion and dermal and HI values of Cd, Pb and Cr in
water resources were extreme, indicating their adverse health effects on
local inhabitants.

Overall, the total HI of non-carcinogenic risk from six HMs is 2.5

Table 3
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times greater for children than adults (Table 3), which is inconsistent
with the results of Islam et al. (2020a) in six river basins in Bangladesh
who found adults were more susceptible than children. For both age
populations, it was found that Cd and Pb concentrations play a crucial
role in triggering non-carcinogenic risk followed by Cr, whereas Zn
contributes to less effect among HMs. Additionally, HMs followed the
decreasing HQ values: Cd > Pb > Cr > Mn > NI > Zn, respectively, for
both age groups where Cd had the highest CDI value (5.58 + 5.11 for
adults and 13.02 + 11.93 for children) compared with other metals. HQ
ingestion and dermal values of children were 2.33, and 2.93 times
higher than that of the adult. In terms of HMs, Cd has the greatest health
risk (Adult: 19.18; children: 44.75), especially in SW7, followed by Pb
(Adults: 4.89; children: 11.42), especially in SW2. Thus, these two pol-
lutants should first be controlled for public health safety and aquatic life.

Among these HMs, Cd, Cr and Pb have significant carcinogenic risks
to the public health perspective. As shown in Table 3, the carcinogenic
risk of Cd was comparatively higher in all sampling sites, which
exceeded 1 x 10~ for both age groups, indicating unacceptable carci-
nogenic risks, especially in children. The carcinogenic risk values of
other metals (e.g., Pb, Cr) for both age groups were between 1 x 107°
and 1 x 10™% except for some sites, indicating tolerable cancer risks.
The outcomes of carcinogenic risk via the ingestion route of Cd were
greater (adults: 1.06 x 1073 + 9.71 x 10’3, children: 2.47 x 1073 +
2.27 x 107°%) than those for Pb (adults: 4.11 x 107° £9.52 x 107
children: 9.60 x 107> £ 2.22 x 107°) and Cr (adults: 6.54 x 107™* +
1.80 x 107% children: 1.53 x 10~° + 4.19 x 10~*). Generally, varia-
tions in the carcinogenic risk of Cd, Pb and Cr along the sampling sites
are illustrated in Fig. 6. Also, sampling sites were followed the
decreasing carcinogenic values: SW7>SW5>SW1>SW2>SW8>SW9>
SW6>SW3> SW4. This is because SW7 is located near the dumping
sludge side in the Dakovono creek and Cd and Pb emitted from goldmine
and mineral processing activities may enter into the aquatic environ-
ment via atmospheric deposition, surface runoff, and eventually
enriched in the surface water system. Nearly 90% and 95% of samples
pose an elevated carcinogenic risk due to Cd amongst the age groups of
the VGR of Fiji people, whereas the rest of the samples depict medium
carcinogenic risk. Likewise, the carcinogenic risk via dermal values of

Non-carcinogenic health risk and carcinogenic risk of the analyzed HMs in the surface water samples collected from the adjacent areas of VGR, Fiji.

HMs Non-carcinogenic Risks HI = ZHQs Carcinogenic Risks (CR)
HQingestion HQdermal CRingestion CRdermal
Adult Child Adult Child Adult Child Adult Child Adult Child
cd Min 3.47 8.10 1.81 5.34 5.28 13.44 6.59 x 107 154 x 1073 1.36 x 10™*  4.01 x 107*
Max 19.18 44.75 10.01 29.53 29.19 74.28 364 x107° 850x10° 751x107% 222x107°
Mean  5.58 13.02 2.91 8.59 8.49 21.62 1.06 x 1072 247 x107° 218 x107* 6.45x107*
SD 5.11 11.93 2.67 7.87 7.78 19.80 971 x107* 227 x107%  200x107* 590 x107*
Cr Min 244 x 1071 568 x107'  1.27 x 107! 375x 1070 371x107! 943 x10' 365x10* 852x107*
Max 548 x 1071 1.28 2.86 x 1071 8.44 x 107! 834 x107! 212 8.22x107% 1.92x1073
Mean  4.36 x 107! 1.02 2.28 x 107! 672 x 1071 6.64 x107'  1.69 6.54 x 10 1.53 x 1073
SD 120 x 1071 2.80x 107! 6.26 x 1072 1.85x 107"  1.82x107! 464 x107' 1.80x107* 419 x 107*
Mn Min 1.99 x 1071 4.63x1072 259 x 107° 7.64 x 1072 224 x1072 540 x 1072
Max 1.08 2.51 1.40 x 1071 414 x 1071 1.22 2.93
Mean 5.64 x 107 1.32 7.36 x 102 217 x 107" 6.38x10°!  1.53
SD 358 x 107! 835x107!  4.67 x 1072 1.38 x 107! 4.04x 107! 973 x 107!
Ni Min 502 %1072 117 x107! 1.31x1073 387 x1072 515x1072 1.21 x 107!
Max 2.05x10°! 479 x107! 536 x1072 158 %1072 211x10' 495x10°!
Mean 1.50 x 107! 3.49 x 107! 3.91 x 1072 1.15x 1072 154 x 10! 3.61 x 107!
SD 514 x 1072 120 x 107} 1.34 x 1072 396 x 1072 528 x1072 1.24 x 107!
Pb Min 1.96 4.57 3.41 x 1072 1.00 x 1072 1.96 4.58 233x107° 543x10° 1.22x10°® 359x10°®
Max 4.89 11.4 8.51 x 102 251 x 1072 4.90 11.4 582x107° 136 x10* 3.04x10°% 897 x108
Mean  3.46 8.07 6.02 x 1072 1.77 x 1072 3.46 8.08 411 x107° 960 x10™° 215x10° 6.34x107®
SD 8.00 x 107! 1.87 1.39 x 1072 410x 1072 801 x10' 1.87 952 x107° 222x107° 497 x107° 147 x10°®
Zn Min 9.13x107% 213x10°% 286x10° 8.44x10° 916x10* 214x10°
Max 244 x107° 568x10° 7.63x107° 225x107° 244x10°% 570x107°
Mean 1.62x 107> 379x10% 5085x10° 1.50x10° 1.63x10° 3.80x1073
SD 481 x107* 1.12x10% 151 x10°° 445x10°° 483x10*% 1.13x10°°
Average 1.70 3.96 5.37 1.59 2.24 5.55 585x 107 137 x107° 1.09x10™* 3.22x107*

10



S. Kumar et al.

8.19x103 4 [—®— Adult (Cd) —@— Children (Cd)|
—o— Adult (Cr) —— Children (Cr)
7.28x10° o |—A— Adult (Pb) —A— Children (Pb)
6.37x10° 4
D
2 5.46x10° 4
x
e
£ 4.55x107
Z
2 3.64x10°
4
© 2.73x10°
1.82x10°
9.10x10™ 4
000_ A _— —— A A A e A A =l
: T T T T T T T T T
SW1  SW2 SW3 SW4 SW5 SW6 SW7 SW8 SW9

‘Water Sample

Fig. 6. Variations in carcinogenic risk of Cd, Cr and Pb for both adults and
children through ingestion pathway in the surface water along the sam-
pling sites.

Cd was followed by analogous patterns.

The outcome disclosed that the carcinogenic values of Cd were two
folds of magnitude higher than that of Pb and Cr for adults and three and
two folds of magnitude greater than those for children (Table S7). Be-
sides, the carcinogenic ingestion risk values of Cd were also much
greater than those of carcinogenic dermal values in the study region. The
high intake of Cd disrupts the essential function of Ca and Zn in the
living cell, therefore, in cellular metabolism (Ali et al., 2018). The out-
comes demonstrate that Cd poses an unfavorable risk to the local
wildlife and human health. Thus, continuous assessment in the VGR
with high carcinogenic risk values is implied to avoid the accumulation

Journal of Environmental Management 293 (2021) 112868

of Cd and other toxic metals such as Pb and Cr that could pose adverse
health consequences, especially the policymakers should pay special
attention to children due to the common surpassing 1 x 10~%.

Monte-Carlo outcomes revealed that when quantile was considered,
the CR value of Cd was significantly higher than 1 x 10~%, even reaching
2.55 x 10~ * for children and reaching 4.74 x 107 for adults under the
90th quantile (Supplementary Table S8). The Cd values exceeded 1 x
10~* and had evident carcinogenic risks for both populations. The mean
carcinogenic risks of Cd were 3.00 x 107° and 1.62 x 10™* for adults
and children, respectively. The high Cd concentration may be due to
gold mineral processing inputs, mostly of non-ferrous toxic metals. A
recent study has also been reported that surface water in the vanadium-
mining areas had the highest Cd pollution in Brazil (Santana et al.,
2020). Ingestion exposure by drinking water of Cd might have a serious
risk to both wild ecosystems and human health. Further, countermea-
sures should be needed for removal of Cd in the waters in the study area.
In fact, Cd exists in water as a divalent cation (Cd?*h) form with other
elements (e.g., CdCly), which exhibits an elevated level of toxicity for
humans and aquatic life (Bernhoft, 2013). Therefore, it is necessary to
conduct an urgent epidemiological survey, should follow strict guide-
lines and continuous monitoring program concerning this elevated
carcinogenic risk in the adjacent area of VGR.

3.5. Ecological risk assessment of HMs in sediment

Ecological indices such as Ige,, and PLI values for the selected six
HMs in the sediments of the VGR are shown in Fig. 7. The pollution load
index (PLI) values calculated from the six HMs ranged from 1.933 to
5.145 with an average value of 3.11. For appraising the sequential
contamination status, PLI values for all sampling sites were computed
and were plotted in Fig. 7a to understand the actual distributions of the
integrated PHM’s loads. All the PLI values are greater than unity in all

6 8
(a) . (b)
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Fig. 7. Environmental and ecological indices for the sediment samples in the VGR. (a) Pollution load indices (PLI) for nine sampling sites in the study area; (b) Geo-
accumulation index (Ige,, mean value of n = 9); (c) values of XTU, PEL-Q and RI indices in the surface sediment samples.
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sampling points. In the sampling sites SS-05, SS-02, SS-06, and SS-09,
pollution loads are comparatively higher than other sampling points.
However, SS-04 shows the lowest pollution load with time since the
exploitation of mine activities.

Igeo is a vital ecological index used to differentiate natural and
human-induced sources of metals, and appraise the pollution level of
sediment samples (Bastami et al., 2014). As seen in Fig. 7b, according to
the average I, values, contamination of the HMs in the study area was
demarcated in the order of Cd > Pb > Zn > Ni > Cr > Mn. The highest
Lgeo value was observed for Cd (6.923) in sites SS-05, whereas the lowest
Igeo value was detected for Mn (—0.99) in site SS-04. The highest (at
SS-05) and the lowest (at SS-04) contamination levels were observed in
sampling sites located in the middle parts of the VGR. The I, classifi-
cation of “extremely contaminated” was detected for Cd in the surface
sediments from the sites SS-05; and “moderately to heavily contami-
nated” was identified for Pb and the “moderately contaminated” was
detected for Zn in the sample site. Similar findings were reported by
Song et al. (2019) in Zhauyuan city goldmine, China. Compared with the
background values (Table 2) in an earlier section, the Vatukoula Gold-
mine sediments are considered as contaminated with Cd, Pb, Zn and Ni,
which exceeded the recommended levels at all sampling sites. In terms
of Ige, values for most of the HMs, it suggests that the analyzed sites pose
“moderately to extremely contaminated” status. Previous studies have
stated that sediments, and tailing dams have a high accumulation of
HMs around gold mining and processing areas (Souza et al., 2017;
Huang et al., 2020), which is consistent with our study.

The sediment quality guideline values (XTU and PEL-Q), as well as
the probable ecological risk, were appraised to confirm the analyses
performed in this work. The sum of the toxic units (XTU) showed the
highest value (~7.35) in the sites SS5 and the lowest value in the sites
SS4 (~4.24). The XTU and PEL-Q indices varied from 4.245 to 7.350
(mean value 6.236) and 0.849 to 1.470 (mean value 1.247), therefore
suggesting that the coupling of the contaminants has a 75% possibility of
toxic and triggering mortality of aquatic ecosystems, high species rich-
ness and liver lesions in several fish species (Long et al., 1995). For
example, Cd concentrations were 3 times higher than the probable effect
level (PEL) in the sediment sample from SS-05, indicating high phyto-
toxicity and potential bioaccumulation with likely harmful implications
for both ecological and human health (Olafisoye et al., 2013). Surpris-
ingly, the values for the studied HMs were more than 400; thus, they
pose a very high potential ecological risk. The RI values varied from
2734.69 to 4344.83 with a mean value of 3742.23, which conforms to
the results of Santana et al. (2020) in Vanadium mine, Brazil. All sam-
pling sites exhibited values of RI > 400, suggesting a very high total
likely ecological risk. However, in this study we did not report Cu, As,
Sb, and Hg abundances in the sediment samples which toxicity response
factors (Ty: 5, 10, 10 and 40, respectively) are relatively higher (Khan
et al., 2019; Islam et al., 2017). Thus, if the contributions of those
chalcophile elements (Cu, As, Sb, and Hg) were considered, the RI will
have even higher values.

The accumulated assessment of the XTU, PEL-Q, and RI indices
permitted us to have a clear idea of the HM’s contamination in the VGR
(Fig. 7¢). As can be seen, mining has a substantial effect on the surface
sediment of this area. The maximum values for the three indices in SS-
03, and SS-05 support that the goldmine is attributed to the elevated
HMs in the study region. Likewise, the sampling sites SS-08 and SS-09
were 3 km far from goldmine that exhibited a smaller extent. These
indices give an insight into the quality of the sediments and provide
useful information to policymakers on the pollution level of aquatic
ecosystems. Though high significant ecological risk was detected for all
analyzed sites, it is crucial to shed light on the RI values (>2500) were
found in the VGR that is alarming for all living organisms. If we
considered that goldmine work in the VGR started in the past 80 years
ago, that it extends for the next 10 years and that in the period an effect
on the quality of these aquatic ecosystems is now apparent; the out-
comes found in this work establish a quick “wake-up” call to perform
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immediate actions to prevent and preserve these valuable surface
sediments.

4. Conclusion

This research gives an inclusive picture of the concentration status,
level of contamination, source apportionment, co-existence, and asso-
ciated ecological and human health risks from HM’s exposures in water
resources from the VGR, Fiji. Results show that the toxic metals in the
study area are above guideline values and are highly polluted with them.
The polluted water and sediment samples pose very high ecological and
health risks. The principal component and positive matrix factorization
analyses identified four potential pollution sources including i) gold
mining inputs (Cd); (ii) geogenic sources (Mn, and Ni); (iii) gold mineral
processing emission (Pb); (iv) mixed effect of mining and geogenic
sources (Cr and Zn). The findings revealed that geogenic processes
intensified by goldmine activities may trigger elevated risks to aquatic
lives and human health, particularly in children. Such information is
important to recognize potentials for health sector developments and
improve risk mitigation plans. The HMs research deserves attention in
the Nasivi River because of the high concentrations indicating the high
potential risk; especially all mining inputs come into this river, where
these HMs are in direct contact with the local community.

Based on the research findings, it is found that the level of contam-
ination and risks of HMs were high in water and sediment. Urgent at-
tempts should be required to protect the Nasivi River from pollution and
also to lessen environmental hazards. The outcomes obtained from this
research highlight the necessity to plan and adopt efficient environ-
mental management strategies and methods to reduce the contamina-
tion of HMs, particularly from the Toko tailing dam positioning nearby
the urban sites, to diminish as much as potential human health risks for
local inhabitants. For example, the tree plantation might be an alter-
native solution in the vicinity of the Toko tailing dam to decrease fast
wind speed, in particular during the dry summertime matching with the
plant growth stage, and hence limit the re-suspension of contaminated
HMs in the surrounding environment. However, potentially toxic HMs e.
g., Cu, As, Sb, Hg were not considered in this study which will certainly
increase the ecological risk and probabilistic health risks estimation.
Further study should attempt to conduct epidemiological research for
severe pollution levels in the region. Regular monitoring of the pollution
level, and the assessment of the impact on the environment and the local
community, are strongly suggested to inform the people and the national
and international organizations of the environmental risks associated
with mining inputs; as well as to start an elaborate sustainable reme-
diation policy that could be adopted to mitigate the contamination of
freshwater resource by mining impurities. This study can certainly aid
the management and policymakers take the necessary steps to lessen the
impact of mining wastes on the aquatic environment and human health.
Our work will also assist the environmental regulatory bodies and the
mine managers to efficiently pollution control and the long-term effect
of the mining activities on the soils and water resources around the mine
area, and hence direct remediation and protection actions are needed.
Although the study areas are chosen from Fiji, the outcomes have a
broader policy direction for HMs contamination occurring from mining
actions in other regions of the world.
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