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Abstract

Municipal landfill leachates are a source of toxic heavy metals that have been shown to
have a detrimental effect on human health and the environment. This study aimed to assess
heavy metal contamination in leachates, surface water, and sediments from non-sanitary
landfills in Uyo, Nigeria, and to identify potential health and environmental effects of leachate
contamination. Over the wet and dry seasons, surface water and sediment samples were
collected from an impacted freshwater ecosystem, and leachates samples from six monitor-
ing wells. Elemental analyses of samples were conducted following standard analytical pro-
cedures and methods. The results indicated that leachate, surface water, and sediment
samples all had elevated levels of heavy metals, implying a significant impact from landfills.
Pollution indices such as the potential ecological risk index (PERI), pollution load index
(PLI), degree of contamination (Cd), modified degree of contamination (mCd), enrichment
factor (EF), geoaccumulation index (/geo), and Nemerov pollution index (NPI) were used to
assess the ecological impacts of landfill leachates. The following values were derived: PERI
(29.09), PLI (1.96E-07), Cd (0.13), mCd (0.16), EF (0.97-1.79E-03), /geo (0), and NPI
(0.74). Pollution indicators suggested that the sediment samples were low to moderately
polluted by chemical contaminants from the non-sanitary landfills, and may pose negative
risks due to bioaccumulation. Human health risks were also assessed using standard risk
models. For adults, children, and kids, the incremental lifetime cancer rate (ILCR) values
were within the acceptable range of 1.00E-06—1.00E-04. The lifetime carcinogenicity risks
associated with oral ingestion exposure to heavy metals were 9.09E-05, 1.21E-05, and 3.60
E-05 for kids, adults, and children, respectively. The mean cumulative risk values for dermal
exposures were 3.24E-07, 1.89E-06, and 1.17E-05 for adults, children, and kids, respec-
tively. These findings emphasized the risks of human and biota exposure to contaminants
from landfills.
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1. Introduction

Anthropogenic activities and processes tend to generate tons of waste that may consist of bio-
degradable and non-degradable to very hazardous wastes. However, the manner in which such
wastes are collected, processed, stored, managed and disposed of, represents sources of poten-
tial environmental and human health risks. In metropolitan centers, particularly in rapidly
expanding municipalities in developing countries, the dilemmas of solid waste management
are of significant concern [1]. In most developing economies, it is a routine trend to dispose of
household waste in poorly maintained and unregulated dumpsites, drainages, waterways,
street piles, water channels, and concrete sidewalks [2]. However, in most developed nations,
large-scale disposal of municipal solid wastes (MSW) may not pose a big problem due to the
availability of waste management facilities. Given the likelihood that waste management facili-
ties are sparse in developing countries, including Nigeria, the collection, processing and dis-
posal of solid waste are mainly done through direct labour, intensive operations, and many
opportunities for direct contact and exposure to hazardous substances are possible.

Non-sanitary landfilling, particularly open tipping dumpsites, is the most common method of
waste management in developing countries such as Nigeria. There is widespread use of non-engi-
neered and uncontrolled landfills without adequate bottom liners, leachate collecting, or treatment
systems for proper management of municipal solid wastes. This has led to the generation of landfill
leachates which have significant loads of organic and inorganic contaminants and are particularly
hazardous to the environment [3,4]. Leachate is any substance that has seeped from decomposed
wastes, dissolved or suspended materials. Landfill leachates are produced at dumpsites when the
water mixes mostly with waste dumps [5,6]. The composition of leachates is variable but mostly
comprises xenobiotic organic materials (e.g., halogenated organic compounds, PAHs, pharmaceu-
ticals, plasticizers, etc.), highly infective microorganisms, emerging organic contaminants, heavy
metal and other inorganic compounds [7-10]. In certain dumpsites, the leachate is comprised of
fluid which has penetrated the open landfill from diverse external sources, including soil erosion,
groundwater, precipitation, and wastewater generated from the organic waste decomposition
[11,12]. Biodegradation of solid wastes produces landfill leachate, which can contaminate both sur-
face water and underground water [3,13-15]. Potentially hazardous substances such as toxins,
chemical pollutants, etiological products, endocrine disruptors, and emerging chemical contami-
nants associated with municipal wastewater, sewage and solid wastes may be spread in the envi-
ronment from landfill leachates. Highly toxic plants, pests, bugs, rodents, microorganisms and
endogenous pathogens are biohazards that may be found at open dumpsites [1,16].

Potentially toxic heavy metals are ubiquitous in the environment and have been widely
reported in sediments, surface water and aquatic organisms [17-20]. However, heavy metals
are frequently detected in municipal landfill leachates from hazardous waste landfills as well as
solid waste dumpsites [21-24]. Toxic chemical compounds such as heavy metals and persistent
organic compounds are released into the atmosphere and the environment when municipal
solid wastes are burned or dumped in the open [2,25-28]. Leachates from municipal landfills
have been reported to release toxic metals into the environment, posing serious threats to
nearby lands and groundwater, and then to surface water [2]. Even though the impact of gen-
erated leachate is reduced to a certain degree from the source of its generation, it could still
bear deleterious effects to the environment and the public health through accumulated toxi-
cants to the underlying surface and groundwater contamination. Additionally, the presence of
organic carbon waste could influence the taste and smell of underground water, while nitroge-
nous compounds could trigger eutrophication in surface waters [22,29].

These environmental endpoints are apparent in non-sanitary landfills that lack suitable lin-
ing materials, enabling raw toxic leachates to seep into the subsoil, underground water and
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contaminate them [23,30,31]. Once in the environment, heavy metals are bioaccumulative and
could pose considerable risk to public health, e.g., acute toxicity, carcinogenicity and mutage-
nicity, detrimental effects to the growth of terrestrial and aquatic organisms [9,32-37]. Poten-
tially toxic metals, such as arsenic, can lead to adverse health disorders, including heart
disease, cancer as well as intestinal abnormalities, peripheral arterial disease, diabetes and high
blood pressure [38-40].

Waste disposal and treatment are particularly acute in developing countries, owing to a lack
of technological interventions and infrastructure. In Nigeria, the waste management system is
rudimentary, with virtually no landfills equipped with good bottom liners. Many studies in
Africa and the Middle East have documented the occurrence, ecotoxicological, and health risk
assessment of heavy metals in soils, sediments, leachate wells, and surface waters impacted by
non-sanitary municipal solid wastes landfills [2,25,41-45]. Thus, non-sanitary landfills could
become a repository and point source of multiple types of chemical compounds, which could
contaminate soil and groundwater through seepage of toxic leachates. Therefore, identifying,
determining, and assessing the ecotoxicological profile of heavy metals around soils, surface-
and groundwaters impacted by landfill leachates, and associated health risks posed by munici-
pal dumpsites becomes significantly critical.

The primary objectives of this study were (i) to determine the concentrations of potentially
toxic metals in landfill leachates, sediments, and surface water samples collected from an eco-
system that receives waste directly from municipal waste dumpsites, (ii) to assess the contami-
nation levels of heavy metals using different pollution indices, (iii) to assess the
ecotoxicological and human health risks associated with toxic metals in leachates and the
receiving freshwater ecosystems using risk assessment models.

2. Materials and method
2.1 Samples collection

Leachates from six leachate wells located around MSW dumpsites were collected using a
hand-held scoop. Each sample was transferred aseptically into clean sterilized containers
(10-litre capacity), filtered to remove debris, marked, and stored at 4°C prior to analysis. For
the stated purpose of this study, sediment and surface water samples were also collected to rep-
resent the identified impacted freshwater ecosystems using a Shipek grab sampler and sterile
1-litre plastic bottles, respectively. Each sampling location was labeled using Global Position-
ing System (GPS) Gramin e-Trex 10. Prior to transportation to the laboratory, the sediment
samples were stored in glass containers and kept in coolers packed with ice blocks. The
required standard quality control and quality assurance procedures were strictly followed dur-
ing sample collection, preservation, and storage prior to extraction and analysis. Samples were
collected during the dry season, and the elemental analysis was completed within 48 hours of
the sample being collected.

2.2 Elemental analysis in leachates, water and sediment samples

Before the analysis, the sediment samples were oven-dried at 80°C for 48 hours in petri dishes
and then carefully ground with a roller pin to disaggregate each sediment subsamples. The
powdered samples were then passed through a 63 um sieve. Each sediment subsample was
digested using the wet digestion method as previously described [2,46,47], using a cocktail of
HCI (6.0 mL), HNO; (0.3 mL), and 20 mL of 5.0 M (1 M = 1 mol dm™) HNOj solutions. Total
metal concentrations (As, Cd, Cr, Cu, Fe, Pb, Ni, and Zn) in the digested solutions were mea-
sured using the inductively coupled plasma atomic emission spectroscopy (ICP-AES). Experi-
mental blanks were prepared and used to validate the sample preparation procedure. The
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calibration standards were prepared using serial dilutions of commercially available heavy metal
stock solutions (1000 pug/mL BDH Grade). During the investigation, analytical grade chemicals
from Sigma-Aldrich were used for extraction. Prewashing with distilled water and rinsing with
1% HNO; (v/v) were performed on all glassware used in this study. Triplicate analyses were per-
formed for all extracted samples to determine the accuracy/reproducibility of the metal diges-
tion procedure, and the concentration of heavy metals in leachates, sediments and surface water
samples were determined on a dry weight basis mg kg' and mgL™". The detection limits for As,
Cd, Cr, Cu, Fe, Pb, Ni, and Zn were 0.01, 0.05, 0.1, 0.01, 0.01 and 0.01 mgkg ", respectively. The
analytical recovery rates from spiked surrogates ranged between 93-97%.

2.3 Evaluation of toxic metal contamination using pollution indices

The assessment of the ecotoxicological contamination associated with heavy metals in landfill
leachates, sediments and surface waters, potentially originating from the municipal solid waste
dumpsites in the study area employed existing pollution risk indices including contamination
factor [48], degree of contamination [17,18,48-51], Tomlinson’s pollution load index [52],
geoaccumulation index [53], modified degree of contamination [54,55], enrichment factor
[54], Nemerow pollution index [56], and potential ecological risk index [48,57-59]. The poten-
tial health risks to humans associated with daily exposure via dermal contact and oral ingestion
routes were evaluated using the US Environmental Protection Agency’s model for risks assess-
ment [60,61]. However, the target hazard quotient (THQ) was used to evaluate the noncancer
risks posed by possible exposure to potentially harmful heavy metals via direct oral ingestion
of leachates, sediments, and water by [60,62]. The model equations and specific gradations of
the degree of contamination and associated ecotoxicological and human risks have been
reported [2,58,63].

The contamination factor (CF) evaluates the contamination impact of a single metal in sed-
iments. The index CF is a pollution measure defined as the ratio of the concentration of an
individual heavy metal to its background concentration [48]. The CF is usually expressed as:

CF = Cmetul
C

background

where C,,,c¢a1 is the metal concentration in the sediment and Cpackground represents the back-
ground concentration of the metal. A computed contamination factor higher than 6 indicates
high sediment contamination, and a value between 3-6 expresses considerable sediment con-
tamination, while CF values between 1-3, <1 indicate moderate and low sediment contamina-
tions for the assessed element, respectively.

Tomlinson’s pollution load index (PLI) is an integrated index commonly used to assess the
ecosystem’s quality in relation to the amount of anthropogenic heavy metal concentrations in
sediments [52]. In general, the PLI is a standardized pollution indicator of a given sediment
sample’s heavy metal ecotoxicity status, reflecting the concentration of an individual heavy
metal will potentially exceed the average natural background concentration. The PLIL, in gen-
eral, can be used to analyze and assess the combined heavy metal contamination status of sedi-
ment samples collected. The PLI is mathematically expressed as the n™ root of the product of
the nCF:

{/CF, x CF, x CF,; x CF, x ... x CF

n

where CF is the contamination factor and n is the number of heavy metals analyzed. The back-
ground concentration used in this study is the pre-anthropogenic concentration of heavy met-
als in shale sediment [64].
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The geoaccumulation index (Igeo) is commonly applied for the assessment of sediment
contamination by heavy metals [17,18,65-67]. The Igeo for respective individual heavy metal
was calculated from the following equation:

I — oo (i
w = 08\ 15p

where C,, is the concentration of n'™ heavy metal in the sediment sample, 1.5 is a correction
factor adopted to address possible variations in the background concentration of heavy metals
attributed to lithogenic and anthropogenic effects, and B, is the geochemical background con-
centration of the n'™ heavy metal. The degree of sediment contamination is generally catego-
rized into seven rankings according to the Igeo values, and extremely polluted (5 < Igeo),
heavily to extremely polluted (4 < Igeo < 5), heavily polluted (3 < Igeo < 4), moderately to
heavily polluted (2 < Igeo < 3), moderately polluted (1 < Igeo < 2), unpolluted to moderately
polluted (0 < Igeo < 1), and practically unpolluted (Igeo < 0) [17,53,66,68].

The modified degree of contamination usually expressed as mCd symbolizes a standardized
Hakanson [48] equation modified and proposed by [69] as a pollution index for evaluating the
relative contamination levels at a specified sampling site [18]. Mathematically, mCd is written
as:

" CF,
mCd — Zz:l i
n

For the assessment and quantification of modified degree of contamination in sediments, the
following rankings have been developed: mCd > 32 denotes an extremely high level of con-
tamination; 16 < mCd < 32 denotes an extremely high level of contamination; 8 < mCd < 16
denotes an extremely high level of contamination; 4 < mCd < 8 denotes a high level of con-
tamination; 2 < mCd < 4 denotes a moderate level of contamination; 1.5 < mCd < 2 denotes
a low level of contamination; and mCd < 1.5 denotes nil to very low levels of contamination.

The enrichment factor (EF) is often used to accurately evaluate the contributions of human
activities to the heavy metal concentrations mostly in sediments of an aquatic ecosystem, and
could be calculated using the mathematical expression:

(=)
Cre sample

&

Cretkg ) crust

where C,erq1and C,,,p1, are the heavy metal concentrations in the sediment sample and the
background/baseline value, respectively. Cr, and Crepq represents the Fe concentrations in the
sample and the background/earth crust, respectively. For reference, the average crustal abun-
dance values of heavy metals are usually used as background concentration of the elements. In
this analysis, the average crustal abundance data reported by [64] was used as a background
reference. The EF values were categorized as follows: <1 represents no enrichment, < 3 repre-
sents mild enrichment, 3-5 represents moderate enrichment, 5-10 represents moderately
severe enrichment, 10-25 represents severe enrichment, 25-50 represents very severe enrich-

ment, and >50 represents extreme enrichment, which may be due associated with anthropo-
genic activities.

EF =

2.4 Statistical analysis

The XLSTAT-Pro software AddinSoft, Inc., NY, USA, was used for statistical analysis. The
interrelationships between heavy metals and sampling sites were investigated using the
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principal component analysis (PCA). The data for PCA were validated using the Kaiser-
Meyer-Olkin (KMO) and Bartlett sphericity tests. A p <0.05 difference was considered signifi-
cant. The observed dataset was also subjected to agglomerative hierarchical clustering (AHC)
analysis using Ward’s method, with Euclidean distances (proximity matrix) as a measure of
similarity between the heavy metals and sampling sites.

3. Results and discussion
3.1 Concentrations of heavy metals from waste leachate

The MSW leachate contained high concentrations of heavy metals. Fe with a mean concentra-
tion of 1473.16+413.59 mg/L was the most dominant contaminant, followed by Zn and Cd
with mean contaminants loads of 23.88+14.40 and 7.12+4.8 mg/L, respectively. The least
encountered heavy metal was As, with a mean concentration of 0.35+0.34 mg/L (Table 1).
Potentially hazardous heavy metals are pervasive in landfill leachates from municipal landfills
and solid waste dumpsites [21,24,70]. In a similar report, [23] showed that raw leachate from
sanitary and non-sanitary landfills contained elevated amounts of As, Cr, Mn, Se, and Fe. In
landfill leachate, essential elements including iron, zinc, chromium, copper, and manganese
are often prevalent and biologically complexed and bioaccumulative, thus making them con-
siderably bioavailable through the trophic food chains [71-73]. According to [71], elevated
concentrations of toxic heavy metals including As, Cd, Hg, Ni, Se, and Pb were detected from
monitoring leachate landfills with varying volumes of deposited wastes, with the substantial
impact of leachates on groundwater attributed to increasing heavy metals. According to find-
ings by [74], heavy metal concentrations in impacted ultisols from a municipal landfill were
found to be higher than those in less impacted samples. Additionally [75], reported very high
heavy metal contaminations associated with Fe, Mn, and Zn.

Furthermore, the high concentrations of heavy metals in non-sanitary landfill leachate, sur-
face water, and impacted sediments may be due to human activities, including the use of agro-
chemicals, fertilizers, leaded fuel, and the industrial production of cement, steel, and
chemicals. Other land-based sources of heavy metals include industrial emissions, surface run-
offs, tyre wears, demolition wastes, discarded construction materials, and end-of-life electronic
wastes [23,41,76-81].

3.2 Heavy metal concentrations in surface water

The results recorded revealed seasonal variations in the elemental concentrations of heavy
metals between stations. Tables 2 and 3 show the distribution, mean, and standard deviation

Table 1. Heavy metal concentrations (mg/L) in non-sanitary landfills leachate.

Metals
Pb

Cd

Ni

Cr

Zn

As

Fe

DLS-1

4.23
11.16
1.34
2.86
33.42
0.14
1644

DLS-2

3.38
9.23
7.02
1.99
47.66
1.06
2004

DLS-3 DLS-4 DLS-5 DLS-6 Mean+S.d

4.11 2.02 1.94 2.33 3.00+1.04
13.44 4.14 1.68 3.11 7.12+4.80

1.99 1.04 0.92 2.22 2.42+2.31

1.48 0.988 1.552 0.144 1.50+0.91
23.66 11.22 16.22 11.13 23.88+14.40
0.722 0.088 0.054 0.033 0.35+0.43

1822 1033 1022 1314 1473.16+413.59

Landfill leachate samples from Udo Street dumpsite (DLS-1, DLS-2, DLS-3).
Landfill leachate samples from Anua hospital dumpsite (DLS-4, DLS-5, DLS-6).

https://doi.org/10.1371/journal.pone.0263279.t001
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Table 2. Heavy metal concentrations (mg/kg) in sediment during the dry season.

Metals SDS-1 SDS-2 SDS-3 SDS-4 SDS-5 SDS-6 Mean
Pb 0.98 3.02 2.44 2.22 1.48 1.22 1.89+0.79
Cd 1.02 0.09 0.14 0.31 0.16 0.03 0.29+0.36
Ni 0.84 1.06 0.59 1.12 0.07 0.12 0.63+0.45
Cr 6.99 9.41 4.22 1.99 1.53 1.02 4.19+3.37
Zn 0.08 0.08 1.03 0.08 0.03 0.04 0.22+0.39
As 0.03 0.03 0.05 0.03 ND ND 0.03+0.01
Fe 16.66 15.46 10.44 7.44 9.44 523 10.77+4.47

Sediment samples from Ibaoku Stream (SDS 1, SDS 2, SDS 3).
Sediment samples from Anua Stream (SDS 4, SDS 5, SDS 6).

https://doi.org/10.1371/journal.pone.0263279.t002

of heavy metals in MSW sediments impacted by leachates and wastewater during the dry and
wet seasons, respectively. Fe, followed by Cr, had the highest mean concentrations of all metals
analyzed in sediment samples collected during dry and wet seasons. The mean concentrations
for Pb (1.89+0.79), Zn (0.2240.39), Cr (4.19+3.37), Fe (10.77+4.47), Ni (0.63+0.45), As (0.03
+0.01) and Cd (0.29+0.36) recorded in sediment samples collected during the dry season were
slightly lower than Pb (2.58+1.23), Zn (0.44:+0.59), Cr (4.82+3.72), Fe (11.78+5.37), Ni (0.73
+0.51), As (0.04+0.01) and Cd (0.15+0.11) obtained during the wet season. However, with the
exception of Fe, which was readily detected in surface water samples from MSW-impacted
water bodies, and Pb, which was detected in water samples from Ibaoku stream, the majority
of heavy metals detected in receiving water bodies were at trace levels or below detectable levels
(Tables 4 and 5).

3.3 Ecotoxicological status of heavy metals in landfill impacted freshwater
sediment

Health risks associated with carcinogenic and noncarcinogenic contaminants were evaluated
using EPA-developed standard risk models [62]. As indicated in Table 6, carcinogenic risks
were estimated for oral ingestion (EDD;,,;) and dermal contact (EDD geynq1) exposures. Non-
carcinogenic risk assessment, on the other hand, is typically expressed in terms of the ratio of
the determined dose of a contaminant to the reference dose (RD) below which they are
unlikely to pose any significant health risk. The present study adopted the target hazard quo-
tient (THQ) method for assessing noncancer risk associated with determined toxic metals.
The values presented in Table 6 revealed lower risk when compared with the impacted soil
indices. The results recorded for adults, children and kids were within the acceptable incre-
mental lifetime cancer rate (ILCR) range of 1.00x10~°~1.00x10*. The carcinogenic lifetime

Table 3. Heavy metal levels (mg/kg) in sediment during the wet season.

Metals SDS-1 SDS-2 SDS-3 SDS-4 SDS-5 SDS-6 Mean
Pb 1.34 3.22 4.56 2.74 1.29 2.34 2.58+1.23
Cd 0.34 0.09 0.16 0.25 0.06 0.05 0.15+0.11
Ni 1.05 1.22 0.98 1.02 0.08 0.07 0.73+0.51
Cr 7.86 9.89 6.38 2.38 1.44 0.98 4.82+3.72
Zn 0.17 1.06 1.33 0.06 0.008 0.012 0.44+0.59
As 0.02 0.06 0.04 0.05 ND ND 0.04+0.01
Fe 17.25 14.66 15.57 11.11 9.68 2.45 11.78+5.37

https://doi.org/10.1371/journal.pone.0263279.t003
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Table 4. Heavy metal concentrations (mg/L) in landfill impacted surface water during the wet season.

Metals SWS-1 SWS-2 SWS-3 SWS-4 SWS-5 SWS-6 Mean

Pb 0.24 0.03 0.02 <0.01 <0.01 <0.01 0.09+0.12

Cd 0.02 0.03 0.02 0.01 0.02 0.02 0.02+0.006

Ni 1.01 0.04 0.04 <0.01 <0.01 <0.01 0.36+0.56

Cr 0.08 0.11 0.09 <0.01 0.03 <0.01 0.07+0.03

Zn 0.025 0.013 0.022 0.04 0.05 0.02 0.02+0.01

As <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 ND

Fe 1.55 0.88 1.44 0.062 0.032 0.015 0.66+0.72

https://doi.org/10.1371/journal.pone.0263279.t1004

risks among kids via oral ingestion recorded mean cumulative risk value of 9.09E-05 while val-
ues of 3.60E-05 and 1.21E-05 were obtained for children and adults. For dermal exposures,
cumulative risk average values of 3.24E-07, 1.89E-06 and 1.17E-05 were recorded for adults,
children and kids, respectively.

Table 7 presents the pollution indicators in sediment of the freshwater stream with a pollu-
tion load index, degree of contamination, Nemerov pollution index, and potential ecological
risk index recorded as 1.96E-07, 1.13, 0.74, and 29.80, respectively. These results indicate that
sediment samples from the Ibaoku stream location SDS-1 are laden with harmful heavy metals
load and may pose considerably high risks to public health and the environment (Fig 1). The
calculated modified degree of contamination (mCd) of 0.16 also revealed a possible moderate
risk to public health (Fig 2). The Nemerov pollution index of 0.74 was very low while the mCd
of 1.16 revealed moderate risks for sediment samples collected from location SDS-1. The mean
enrichment factors (EF) of As, Cd, Cr, Ni, Pb, and Zn with reference to background concen-
trations in shale sediment showed poor enrichment as all the metals determined had EF values
less than 1.5, indicating that they are more of crustal origin (Table 7). The calculated geoaccu-
mulation index (Igeo) recorded relatively low values (<0) for most elements except Cd (>1.0)
in sediment sample from location SDS-1 (Table 8), indicating that the sediments of the fresh-
water ecosystem within the MSW impacted environ might be moderately contaminated due to
anthropogenic activities.

Fig 3 presents the computed principal components describing the relationships between
heavy metals (variables) and the sampling points. The first principal component accounted for
48.70 percent of the total variance and was positively correlated with Cd, Cr, Fe, and Ni
loadings.

This indicates that the heavy metals contamination at the SDS-1—SDS-3 landfill sites origi-
nated predominantly from anthropogenic sources to the leachate impacted sediments of the
investigated ecosystems. The second principal component, which accounted for 27.61 percent
of the total variance, exhibited a negative relationship between heavy metal contamination and

Table 5. Heavy metal concentrations (mg/L) in landfill impacted surface water during the dry season.

Metals SWS-1 SWS-2 SWS-3 SWS-4 SWS-5 SWS-6 Mean
Pb 0.09 0.43 <0.01 <0.01 <0.01 <0.01 0.26+0.24
Cd 0.03 ND 0.01 <0.01 <0.01 <0.01 0.02+0.01
Ni <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 ND
Cr 0.03 0.23 0.04 <0.01 <0.01 <0.01 0.1+0.11
Zn 0.01 <0.01 0.01 <0.01 0.02 <0.01 0.01+0.005
As <0.01 <0.01 ND <0.01 <0.01 <0.01 ND
Fe 2.12 1.03 0.89 0.02 0.01 0.01 0.68+0.84

https://doi.org/10.1371/journal.pone.0263279.t005
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Table 7. Pollution indicators of heavy metals contamination of MSW dumpsite impacted sediment.

Pb Cd Ni Cr Zn As Fe
Contamination factor 9.46 E-02 9.72 E-01 9.31 E-03 4.66 E-02 2.35E-03 1.79 E-03 2.28 E-04
Degree of contamination 1.13
Modified degree of Contamination 0.16
Pollution load index 1.96 E-07
Ecological risk factor 0.47 29.16 0.05 0.09 0.002 0.02 -
Potential ecological risk index (DSS1 -DSS9) 29.80
Enrichment factor 0.09 0.97 9.31 E-03 4.65 E-02 2.35E-03 1.79 E-03 -
Nemerov pollution index 0.74

(DSS1 -DSS9)

https://doi.org/10.1371/journal.pone.0263279.t007

sediment samples from the SDS5—SDS-6 sites. The present study revealed no significant dif-
ferences in heavy metal concentrations in sediment samples across the landfill leachate
impacted sites. However, the Ward method’s hierarchical clustering analysis revealed a signifi-
cant and site-specific link between heavy metals in the analyzed sediment samples. The results

revealed Fe, Cr and Cd as dominant sedimentary heavy metals (Fig 4).

3.4 Ecotoxicity status of heavy metals in the surface water and MSW

leachate

Analysis has shown that the concentrations of heavy metals in surface water and MSW leachate
samples may be toxic to humans. Hazard quotients of their toxicity to adults and children are

120
Moderate risk
100
= 80
=
=
T
=3 60
=
_% Low risk
=
=
40 A
N I
SDS-1 SDS-2 SDS-3 SDS-4 SDS-5 SDS-6
Sampling site
Fig 1. Ecological risk index (RI) of heavy metals in MSW dumpsite impacted sediment.
https://doi.org/10.1371/journal.pone.0263279.9001
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Fig 2. Modified degree of contamination of heavy metals in MSW dumpsite impacted sediment.
https://doi.org/10.1371/journal.pone.0263279.9002

given in Table 9. The probable hazard index established for adults and children who may be
exposed to contaminated water during the dry and wet seasons, as well as exposure to MSW
leachates, is relatively significant and may pose serious long-term health effects (Table 9).

4. Conclusions

The occurrence of heavy metals in landfills leachate has been investigated in a major municipal
area in Uyo, Nigeria. The elemental compositions of impacted surface water and sediment
samples were determined. Analyses were conducted using standard analytical procedures and
methods. The results indicated that municipal solid waste leachate, surface water, and sedi-
ment samples all contained elevated concentrations of heavy metals, implying a significant

Table 8. Geoaccumulation indices (Igeo) of heavy metals in MSW sediment at investigated sites.

SDS-1 SDS-2 SDS-3 SDS-4 SDS-5 SDS-6
Pb -4.93 -3.31 -3.62 -3.76 -4.34 -4.62
Cd 1.18 -2.32 -1.68 -0.54 -1.49 -3.91
Ni -6.92 -6.59 -7.43 -6.50 -10.51 -9.73
Cr -4.27 -3.84 -4.99 -6.08 -6.46 -7.05
Zn -10.80 -10.79 -7.11 -10.79 -12.21 -11.79
As -9.34 -9.34 -8.60 -9.34 0 0
Fe -12.05 -12.16 -12.72 -13.22 -12.87 -13.72
https:/doi.org/10.1371/journal.pone.0263279.t008
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Fig 3. The two principal components reflecting the relationship of study sites and heavy metals (variables) in
sediment samples.

https://doi.org/10.1371/journal.pone.0263279.9003

influence of seeping leachate from the dumpsites. Concentrations of heavy metals in the
impacted freshwater ecosystem are season-dependent and variable. Pollution indicators
revealed that the sediment samples examined were low to moderately polluted by toxic ele-
ments from the investigated non-sanitary landfills. Standard risk models were used to evaluate
the significant threats posed by these toxic elements to human health. Elevated levels of these
potentially toxic heavy metals in leachate from the non-sanitary landfills indicated a
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Fig 4. Hierarchical clustering analysis (Ward’s Method) showing the relevant association among heavy metals of

sediment samples. (Distance metrics are based on the Euclidean distance single linkage method (proximity matrix).

https://doi.org/10.1371/journal.pone.0263279.g004

statistically significant carcinogenic lifetime risk to adults, children, and kids, owing to the
landfill leachate’s ability to bioaccumulate and be distributed predominantly through the sur-
rounding soils into the groundwater. In the case of adults, children, and kids, the incremental
lifetime cancer rate (ILCR) values were within the tolerable range of 1.00E-06-1.00E-04. The
lifetime carcinogenicity risks associated with oral ingestion exposure to heavy metals were
9.09E-05 for kids, but 1.21E-05 and 3.60 E-05 for adults and children, respectively. Further-
more, the mean cumulative risk values for dermal exposures were 3.24E-07, 1.89E-06, and
1.17E-05 for adults, children, and kids, respectively. The findings highlight the potential

Table 9. Hazard quotient associated with heavy metal exposure in adults and children.

Water (wet) Water (dry) Water (dry 2) Leachate
Pb 423E-02 7.41E-02 1.50E+00 2.38E+00
ADULTS cd 1.14E+00 8.00E-01 1.67E+01 4.07E+02
Ni 2.67E-01 1.43E-02 9.05E-01 3.46E+00
Cr 1.05E+00 1.05E+00 7.99E+01 2.86E+01
Zn 2.70E-03 1.11E-03 2.13E-02 2.27E+00
As 9.52E-01 9.52E-01 3.33E+00 3.33E+01
Fe 2.71E-02 2.78E-02 4.40E-01 6.01E+01
Pb 6.17E-02 1.08E-01 2.19E+00 3.47E+00
CHILDREN cd 1.67E+00 1.17E+00 2.43E+01 5.94E+02
Ni 3.89E-01 2.08E-02 1.32E+00 5.05E+00
Cr 1.53E+00 1.53E+00 1.16E+02 4.17E+01
Zn 3.94E-03 1.62E-03 3.10B-02 3.32E+00
As 1.39E+00 1.39E+00 4.86E+00 4.85E+01
Fe 3.95E-02 4.05E-02 6.42E-01 8.77E+01
Hazard Index Adult 3.48E+00 2.92E+00 1.03E+02 5.37E+02
Children 5.08E+00 4.25E+00 1.50E+02 7.84E+02

https://doi.org/10.1371/journal.pone.0263279.t009
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dangers of human and biota exposure to pollutants in MSW landfills and reaffirm the impor-
tance of limiting fish and water intake from the impacted ecosystems associated with the land-
fills. These findings reinforce the need for routine monitoring to ascertain the safety status of
humans and resources close to the dumpsites. Such surveillance would provide useful insight
into individual, population, and overall ecosystem quality.

Author Contributions

Conceptualization: Joseph P. Essien.

Data curation: Donald I. Ikpe, Nsikak U. Benson.

Formal analysis: Donald I. Ikpe, Nsikak U. Benson.

Investigation: Joseph P. Essien, Donald I. Ikpe, Edu D. Inam.

Methodology: Joseph P. Essien, Donald I. Ikpe, Edu D. Inam, Nsikak U. Benson.
Supervision: Joseph P. Essien.

Writing - original draft: Joseph P. Essien, Donald I. Ikpe, Edu D. Inam, Aniefiokmkpong O.
Okon, Godwin A. Ebong, Nsikak U. Benson.

Writing - review & editing: Joseph P. Essien, Donald I. Ikpe, Edu D. Inam, Aniefiokmkpong
O. Okon, Godwin A. Ebong, Nsikak U. Benson.

References

1. Essiend.P., Ekpo M.A., Benson N.U., Ikpe D., Ubom R.M. & Ebong G.A. (2011). Predictive analysis of
degradation indices and microbial growth during enhanced biodegradation of municipal solid wastes in
Uyo, Nigeria. World Journal of Applied Science and Technology, 3(1), 162—-177.

2. EssienJ.P., Inam E.D., lkpe D.I., Udofia G.E., Benson N.U. (2019). Ecotoxicological status and risk
assessment of heavy metals in municipal solid wastes dumpsite impacted soil in Nigeria, Environmental
Nanotechnology, Monitoring & Management, 11, https://doi.org/10.1016/j.enmm.2019.100215.

3. Oman C.B., Junestedt C. (2008). Chemical characterization of landfill leachates— 400 parameters and
compounds. Waste Manag., 28, 1876—1891. hitps://doi.org/10.1016/j.wasman.2007.06.018 PMID:
17869498

4. Stefanakis A., Akratos C.S., Tsihrintzis V.A. (2014). Treatment of Special Wastewaters in VFCWs, Edi-
tor(s): Stefanakis A., Akratos C.S., Tsihrintzis V.A., Vertical Flow Constructed Wetlands, Elsevier,
145-164, https://doi.org/10.1016/B978-0-12-404612-2.00007-6.

5. Chinade A.U., Umar S., Osinubi K. (2017) Effect of municipal solid waste leachate on the strength of
compacted tropical soil for landfill liner, International Research Journal of Engineering and Technology,
4 (6), 3248-3253.

6. Mojiri A., Lou Z2.Y., Wang H., Ahmad Z., Tajuddin R.M., Abu Amr S.S., et al. (2017). Concentrated land-
fill leachate treatment with a combined system including electro-ozonation and composite adsorbent
augmented sequencing batch reactor process. Process Saf. Environ. Protect., 111, 253-262, https://
doi.org/10.1016/j.psep.2017.07.013.

7. Ganijian E., Peyravi M., Ghoreyshi A.A., Jahanshahi M., Khalili S., Rad A.S. (2018). Effects of perlite
and caustic soda on microorganism activities of leachate in a sequence batch reactor. Environ. Tech-
nol., 39 (18), 23212334, https://doi.org/10.1080/09593330.2017.1354923 PMID: 28697646

8. Jagaba A.H., Kutty S.R.M., Lawal |.M., Abubakar S., Hassan I., Zubairu |., et al (2021). Sequencing
batch reactor technology for landfill leachate treatment: A state-of-the-art review, Journal of Environ-
mental Management, 282, 111946, https://doi.org/10.1016/j.jenvman.2021.111946 PMID: 33486234

9. LuoH., ZengY.,ChengY., HeD., Pan X. (2020). Recent advances in municipal landfill leachate: a
review focusing on its characteristics, treatment, and toxicity assessment, Science of the Total Environ-
ment, 703, 135468, https://doi.org/10.1016/j.scitotenv.2019.135468.

10. Donnelly J. A. Scarpino P. V. and Tabor M. W. (1988). Clostridia Presence in Hazardous Waste contain-
ing Experimental Landfills. In: Hazardous Waste Detection, Control, Treatment, part B. (Ed.) et. By
Abbon R.. Elsevier Science Publishers B. V. Amsterdam, Netherlands Pp. 1073—-1086.

PLOS ONE | https://doi.org/10.1371/journal.pone.0263279  February 3, 2022 14/18


https://doi.org/10.1016/j.enmm.2019.100215
https://doi.org/10.1016/j.wasman.2007.06.018
http://www.ncbi.nlm.nih.gov/pubmed/17869498
https://doi.org/10.1016/B978-0-12-404612-2.00007-6
https://doi.org/10.1016/j.psep.2017.07.013
https://doi.org/10.1016/j.psep.2017.07.013
https://doi.org/10.1080/09593330.2017.1354923
http://www.ncbi.nlm.nih.gov/pubmed/28697646
https://doi.org/10.1016/j.jenvman.2021.111946
http://www.ncbi.nlm.nih.gov/pubmed/33486234
https://doi.org/10.1016/j.scitotenv.2019.135468
https://doi.org/10.1371/journal.pone.0263279

PLOS ONE

Heavy metals in landfill leachates and impacted freshwater ecosystem

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

Tchobanoglous G., Theisen H. and Vigil S. (1993). Integrated Solid Waste Management. Engineering
Principles and Management Issues. New York: McGraw Hill International Edition. Pp. xxi— 978.

Michalska J., Gren ., Zur J., Wasilkowski D., Mrozik A. (2019). Impact of the biological cotreatment of
the kalina pond leachate on laboratory sequencing batch reactor operation and activated sludge quality.
Water, 11 (8), https://doi.org/10.3390/w11081528 PMID: 31583125

Nartey V.K., Hayford E.K., Ametsi S.K. (2012). Assessment of the impact of solid waste dumpsites on
some surface water systems in the Accra metropolitan area, Ghana. J. Water Resour. Protect., 04,
605-615.

Salem Z., Hamouri K., Djemaa R., Allia K. (2008). Evaluation of landfill leachate pollution and treatment.
Desalination 220, 108—114.

Khattabi H., Aleya L. (2007). The dynamics of macroinvertebrate assemblages in response to environ-
mental change in four basins of the Etueffont landfill leachate (Belfort, France). Water, Air, Soil Pollut.,
185, 63-77.

Clinskis E and Zaloksnis D. (1996) Solid Waste Management in the City of Riga, Latria: Objectives and
Strategies. Ambio. 25:103-107.

Benson N.U., Udosen E.D., Essien J.P., Anake W.U., Adedapo A.E., Akintokun O.A,, et al (2017a).
Geochemical fractionation and ecological risks assessment of benthic sediment-bound heavy metals
from coastal ecosystems off the Equatorial Atlantic Ocean, International Journal of Sediment Research,
32 (3), 410-420, http://dx.doi.org/10.1016/j.ijsrc.2017.07.007.

Benson N.U., Anake W.U., Essien J.P., Enyong P.A. & Olajire A.A. (2017b) Distribution and risk
assessment of trace metals in Leptodius exarata, surface water and sediments from Douglas Creek,
Qua Iboe estuary, Journal of Taibah University for Science, 11(3), 434—449, http://dx.doi.org/10.1016/j.
jtusci.2016.08.004.

Fudala-Ksiazek S., Luczkiewicz A., Fitobor K., Olanczuk-Neyman K. (2014). Nitrogen removal via the
nitrite pathway during wastewater co-treatment with ammonia-rich landfill leachates in a sequencing
batch reactor. Environ. Sci. Pollut. Control Ser., 21 (12), 7307—-7318, https://doi.org/10.1007/s11356-
014-2641-1.

Essien J.P., Benson N.U. and Antai S.P. (2008). Seasonal dynamics of physicochemical properties and
heavy metal burdens in Mangrove sediments and surface water of the brackish Qua Iboe Estuary, Nige-
ria. Toxicological and Environmental Chemistry. 90(2), 259-273. https://doi.org/10.1080/
02772240701550497.

PanH., Yang Y., LvQ., Amp T.V. (2015). Research on environment pollution and prevention of heavy
metals in electronic wastes. Environ. Sci. Manag., 40, 57-60.

Robinson H. D. (1983). Problems of Leachate from Domestic Waste tips in Analysis for Environmental
Protection. Annual Proceedings 20.

Hussein M., Yoneda K., Mohd-Zaki Z., Amir A., Othman N. (2021). Heavy metals in leachate, impacted
soils and natural soils of different landfills in Malaysia: An alarming threat, Chemosphere, 267, 128874,
https://doi.org/10.1016/j.chemosphere.2020.128874 PMID: 33199110

Deng M., Kuo D.T.F., Wu Q., Zhang Y., Liu X., Liu S., et al (2018). Organophosphorus flame retardants
and heavy metals in municipal landfill leachate treatment system in Guangzhou, China. Environ. Pollut.,
236, 137—145, https://doi.org/10.1016/j.envpol.2018.01.042 PMID: 29414334

Na Talang R.P., Sirivithayapakorn S. (2021). Environmental and financial assessments of open burn-
ing, open dumping and integrated municipal solid waste disposal schemes among different income
groups, Journal of Cleaner Production, 312, 127761, https://doi.org/10.1016/j.jclepro.2021.127761.

Lemieux P.M., Lutes C.C., Santoianni D.A. (2004). Emissions of organic air toxics from open burning: a
comprehensive review. Prog. Energy Combust. Sci., 30, 1-32, https://doi.org/10.1016/j.pecs.2003.08.
001.

Gujre N., Mitra S., Soni A., Agnihotri R., Rangan L., Rene E.R., et al. (2021a). Speciation, contamina-
tion, ecological and human health risks assessment of heavy metals in soils dumped with municipal
solid wastes. Chemosphere 262, 128013.

Gujre N., Rangan L., Mitra S. (2021b). Occurrence, geochemical fraction, ecological and health risk
assessment of cadmium, copper and nickel in soils contaminated with municipal solid wastes. Chemo-
sphere 271, 129573, https://doi.org/10.1016/j.chemosphere.2021.129573.

Trabelsi l., Salah S., Ounaeis F. (2013). Coupling short-time sequencing batch reactor and coagulation-
settling process for co-treatment of landfill leachate with raw municipal wastewater. Arabian Journal of
Geosciences, 6 (6), 2071-2079, https://doi.org/10.1007/s12517-011-0464-7.

Agamuthu P., Fauziah S.H. (2010). Heavy metal pollution in landfill environment: A Malaysian case
study. ICBBE 2010, 14, https://doi.org/10.1109/ICBBE.2010.5516886. 2010 4th International Confer-
ence on Bioinformatics and Biomedical Engineering.

PLOS ONE | https://doi.org/10.1371/journal.pone.0263279  February 3, 2022 15/18


https://doi.org/10.3390/w11081528
http://www.ncbi.nlm.nih.gov/pubmed/31583125
http://dx.doi.org/10.1016/j.ijsrc.2017.07.007
http://dx.doi.org/10.1016/j.jtusci.2016.08.004
http://dx.doi.org/10.1016/j.jtusci.2016.08.004
https://doi.org/10.1007/s11356-014-2641-1
https://doi.org/10.1007/s11356-014-2641-1
https://doi.org/10.1080/02772240701550497
https://doi.org/10.1080/02772240701550497
https://doi.org/10.1016/j.chemosphere.2020.128874
http://www.ncbi.nlm.nih.gov/pubmed/33199110
https://doi.org/10.1016/j.envpol.2018.01.042
http://www.ncbi.nlm.nih.gov/pubmed/29414334
https://doi.org/10.1016/j.jclepro.2021.127761
https://doi.org/10.1016/j.pecs.2003.08.001
https://doi.org/10.1016/j.pecs.2003.08.001
https://doi.org/10.1016/j.chemosphere.2021.129573
https://doi.org/10.1007/s12517-011-0464-7
https://doi.org/10.1109/ICBBE.2010.5516886
https://doi.org/10.1371/journal.pone.0263279

PLOS ONE

Heavy metals in landfill leachates and impacted freshwater ecosystem

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

Wang Q., Ko J.H., Liu F., Xu Q. (2021). Leaching characteristics of heavy metals in MSW and bottom
ash co-disposal landfills, Journal of Hazardous Materials, 416, 126042, https://doi.org/10.1016/j.
jhazmat.2021.126042 PMID: 34492889

Budi S., Suliasih B.A., Othman M.S., Heng L.Y., Surif S. (2016). Toxicity identification evaluation of
landfill leachate using fish, prawn and seed plant. Waste Manag., 55, 231-237. https://doi.org/10.1016/
j.wasman.2015.09.022 PMID: 26459190

Buaisha M., Balku S., Yaman S.O. (2020). Heavy Metal Removal Investigation in Conventional Acti-
vated Sludge Systems. Civil Engineering Journal, 6(3), https://doi.org/10.28991/cej-2020-03091484.

Gajski G., Orescanin V., Garaj-Vrhovac V. (2012). Chemical composition and genotoxicity assessment
of sanitary landfill leachate from Rovinj, Croatia. Ecotoxicol. Environ. Saf., 78, 253-259. https://doi.org/
10.1016/j.ecoenv.2011.11.032 PMID: 22177983

Toufexi E., Tsarpali V., Efthimiou I., Vidali M.S., Vlastos D., Dailianis S. (2013). Environmental and
human risk assessment of landfill leachate: an integrated approach with the use of cytotoxic and geno-
toxic stress indices in mussel and human cells. J. Hazard. Mater., 260, 593-601. https://doi.org/10.
1016/j.jhazmat.2013.05.054 PMID: 23811380

Wittsiepe J., Feldt T., Till H., Burchard G., Wilhelm M., Fobil J.N. (2017). Pilot study on the internal expo-
sure to heavy metals of informal-level electronic waste workers in Agbogbloshie, Accra, Ghana. Envi-
ron. Sci. Pollut. Res., 1-11. https://doi.org/10.1007/s11356-016-8002-5 PMID: 27858271

Nagajyoti P.C., Lee K.D., Sreekanth T.V.M. (2010). Heavy metals, occurrence and toxicity for plants: a
review. Environ. Chem. Lett., 8, 199-216.

Hopenhayn C., Bush H., Bingcang A and Hertz-Picciotto |. (2006). Association between Arsenic Expo-
sure from Drinking water and Anaemia during pregnancy. International Journal of Occupational and
Environmental Medicine. 48: 635-643.

Milton A., Cooke J. A and Johnson M. S. (2003). Accumulation of Lead, Zinc, and Cadmium in a wild
population of Clethnononys glareolus from an Abandoned Lead mine. Archives of Environmental Con-
tamination and Toxicology. 44,405—-411. https://doi.org/10.1007/s00244-002-2014-5 PMID: 12712302

Chen C.W.,Kao C. M., Chen C. F. and Dong C.D. (2007) Distribution and Accumulation of heavy metals
in the sediments of Kaohsiung Habor, Taiwan. Chemosphere. 66:1431-1440. htps://doi.org/10.1016/].
chemosphere.2006.09.030 PMID: 17113128

AliM.M.L., AliM.M.L., Islam M.S., Rahman M.Z. (2016). Preliminary assessment of heavy metals in
water and sediment of Karnaphuli River, Bangladesh. Environmental Nanotechnology, Monitoring &
Management, 5, 27-35, https://doi.org/10.1016/j.enmm.2016.01.002.

Sadeghi Poor Sheijany M., Shariati F., Yaghmaeian Mahabadi N. et al. (2020). Evaluation of heavy
metal contamination and ecological risk of soil adjacent to Saravan municipal solid waste disposal site,
Rasht, Iran. Environ Monit Assess 192, 757. https://doi.org/10.1007/s10661-020-08716-1 PMID:
33184716

Nyika J. M., Onyari E. K., Dinka M. O., & Mishra S. B. (2019). Heavy metal pollution and mobility in soils
within a landfill vicinity: a South African case study. Oriental Journal of Chemistry, 35(4), 1286—1296.
https://doi.org/https%3A//doi.org/10.13005/0jc/350406

Soleimannejad Z., Abdolzadeh A., & Sadeghipour H. R. (2016). Heavy metal concentrations in indus-
trial area soils and landfill site, Ghaemshahar, Iran. Journal of Mazandaran University of Medical Sci-
ences, 26(136), 196—201.

Fonge B. A., Nkoleka E. N., Asong F. Z., Ajonina S. A., & Che V. B. (2017). Heavy metal contamination
in soils from a municipal landfill, surrounded by banana plantation in the eastern flank of Mount Camer-
oon. African Journal of Biotechnology, 16(25), 1391—1399. https://doi.org/https%3A//doi.org/10.5897/
ajb2016.15777

Popek E. P., (2003). Sampling and Analysis of Environmental Pollutants: A Complete Study. USA Aca-
demic Press. P. 356.

Binning K. and Baird D. (2001). Survey of heavy metals in the sediments of the Swartkops River Estu-
ary, Port Elizabeth, South Africa. Water. 27(4), 461-466.

Hakanson K. (1980). An ecological risk index for aquatic pollution control. A sedimentological approach.
Water Research. 14, 975-1001.

Cheng Z. Man Y. B.; Nie X. P. and Wong M. H. (2013). Tropic Relationships and Health risk Assess-
ment of trace metals in the aquaculture pond ecosystem of Pearl River Delta. Chemosphere 90, 2143—
2148.

HouD., He J., LuC., RenL., Fan Q., Wang J. et al (2013). Distribution characteristics and potential eco-
logical risk assessment of heavy metals (Cn, Pb, Zn, Cd) in water and sediments from Lake Dalinower,
China. Ecotoxicology and Environmental Safety, 93:135-144. https://doi.org/10.1016/j.ecoenv.2013.
03.012 PMID: 23602414

PLOS ONE | https://doi.org/10.1371/journal.pone.0263279  February 3, 2022 16/18


https://doi.org/10.1016/j.jhazmat.2021.126042
https://doi.org/10.1016/j.jhazmat.2021.126042
http://www.ncbi.nlm.nih.gov/pubmed/34492889
https://doi.org/10.1016/j.wasman.2015.09.022
https://doi.org/10.1016/j.wasman.2015.09.022
http://www.ncbi.nlm.nih.gov/pubmed/26459190
https://doi.org/10.28991/cej-2020-03091484
https://doi.org/10.1016/j.ecoenv.2011.11.032
https://doi.org/10.1016/j.ecoenv.2011.11.032
http://www.ncbi.nlm.nih.gov/pubmed/22177983
https://doi.org/10.1016/j.jhazmat.2013.05.054
https://doi.org/10.1016/j.jhazmat.2013.05.054
http://www.ncbi.nlm.nih.gov/pubmed/23811380
https://doi.org/10.1007/s11356-016-8002-5
http://www.ncbi.nlm.nih.gov/pubmed/27858271
https://doi.org/10.1007/s00244-002-2014-5
http://www.ncbi.nlm.nih.gov/pubmed/12712302
https://doi.org/10.1016/j.chemosphere.2006.09.030
https://doi.org/10.1016/j.chemosphere.2006.09.030
http://www.ncbi.nlm.nih.gov/pubmed/17113128
https://doi.org/10.1016/j.enmm.2016.01.002
https://doi.org/10.1007/s10661-020-08716-1
http://www.ncbi.nlm.nih.gov/pubmed/33184716
https://doi.org/https%3A//doi.org/10.13005/ojc/350406
https://doi.org/https%3A//doi.org/10.5897/ajb2016.15777
https://doi.org/https%3A//doi.org/10.5897/ajb2016.15777
https://doi.org/10.1016/j.ecoenv.2013.03.012
https://doi.org/10.1016/j.ecoenv.2013.03.012
http://www.ncbi.nlm.nih.gov/pubmed/23602414
https://doi.org/10.1371/journal.pone.0263279

PLOS ONE

Heavy metals in landfill leachates and impacted freshwater ecosystem

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

LiG., Liu G., Zhou G., Chou C. L., Zheng L. and Wang J. (2012). Spatial distribution and multiple
sources of heavy metals in Chaohu Lake, Ahhui, China. Environmental Monitoring and Assessment.
184, 2763-2773. https://doi.org/10.1007/s10661-011-2149-9 PMID: 21701891

Tomlinson D. C., Wilson J. G., Harris C. R. and Jeffrey D. W. (1980). Problems in the Assessment of
heavy Metals in estuaries and the formation pollution index. Helgoland Marine Research. 33, 566-575.

Muller G. (1981). The heavy metal pollution of the sediments of Neckars and its tributary: a stocktaking.
Chemiker-Zeitung, 105, 157—164.

Abrahim G. M. S. and Parker R. J. (2008). Assessment of heavy metal enrichment factors and the
degree of contamination in marine sediments from Tamaki Estuary, Auckland, New Zealand. Environ-
mental Monitoring and Assessment. 136:227-238. https://doi.org/10.1007/s10661-007-9678-2 PMID:
17370131

Ekett S.1, Benson N.U. (2019). Assessing Pb levels and pollution risks in Lagos lagoon core sediments,
J. Phys.: Conf. Ser., 1299, 012078, https://doi.org/10.1088/1742-6596/1299/1/012078.

Nemerow N. L. (1985) Stream, Lake, Estuary and Ocean Pollution. Van Nostrand Reinhold Publishing
Co., New York. Pp. 699.

Wu Q,, LeungJ. Y. S. and Geng X. (2015). Heavy metal contamination of soil and water in the vicinity of
an abandoned e-waste recycling site: implications for dissemination of heavy metals. Sci. Total Envi-
rons: (506-507). 217-225. https://doi.org/10.1016/j.scitotenv.2014.10.121 PMID: 25460954

Benson N. U., Asuquo F. E., Williams A. B., Essien J. P. Ekong C. I., Akpabio O. et al (2016). Source
Evaluation and Trace metal contamination in benthic Sediments from Equatorial Ecosystems using Mul-
tivariate Statistical Techniques. PLOS ONE, 11(6): e015648 5., https://doi.org/10.1371/journal.pone.
0156485 PMID: 27257934

Yang X., Yuan X., Zhang A., Mao Y., Li Q., Zong H., et al (2015). Spatial distribution and sources of
heavy metals and petroleum hydrocarbons in the sand flats of Shuargtaizi Estuary, Bohai sea of China.
Marine Pollution Bulletin 95:503-512. https://doi.org/10.1016/j.marpolbul.2015.02.042 PMID:
25792121

United States Environmental Protection Agency (USEPA). (1989). Risk Assessment Guidance for
Superfund. Human Health Evaluation Mammal (part A) [R] VOL. 1 Office of Emergency and Remedial
Response; Washington, DC ([EPA/540/1-89/002]).

United States Environmental Protection Agency (USEPA). (2001). Supplemental guidance for develop-
ing soil screening levels for superfund sites [R]. Office of solid waste and emergency response. Wash-
ington, DC. ((OSWER 9335 4-24]).

United States Environmental Protection Agency (USEPA). (2000). Risk-based concentration table Phil-
adelphia PA: United States Environmental Protection Agency, Washington, DC.

Benson N.U., Adedapo A.E., Fred-Ahmadu O.H., Williams A.B., Udosen E.D., Ayejuyo O.0., et al
(2018). New ecological risk indices for evaluating heavy metals contamination in aquatic sediment: A
case study of the Gulf of Guinea, Regional Studies in Marine Science, 18, 44-56, https://doi.org/https%
3A//doi.org/10.1016/j.rsma.2018.01.004

Turekian K. K. and Wedepohl K. H. (1961). Distribution of the Elements in some major units of the
Earth’s crust. Bull. Geol. Soc. America 72(2): 175-192, https://doi.org/10.1130/0016-7606(1961)72
[175:DOTEIS]2.0.CO;2.

Xu G, LiudJ., Pei S., Gao M., Hu G., Kong X. (2015). Sediment properties and trace metal pollution
assessment in surface sediments of the Laizhou Bay, China. Environ. Sci. Pollut. Res. Int., 22, 11634—
11647, https://doi.org/10.1007/s11356-015-4393-y PMID: 25847442

Zhang P.,HuR.J., Zhu L.H., Wang P., Yin D.X., Zhang L.J. (2017). Distributions and contamination
assessment of heavy metals in the surface sediments of western Laizhou Bay: implications for the
sources and influencing factors. Mar. Pollut. Bull., 119, 429-438. https://doi.org/10.1016/j.marpolbul.
2017.03.046 PMID: 28365020

HuB.,, LiJ., Zhao J., Yang J., Bai F., Dou Y. (2013). Heavy metal in surface sediments of the Liaodong
Bay, Bohai Sea: distribution, contamination, and sources. Environ. Monit. Assess., 185, 5071-5083,
https://doi.org/10.1007/s10661-012-2926-0 PMID: 23064895

Muller G. (1979). Heavy metals in the sediments of the Rhine—-Changes Society. 1971. Umsch Wiss
Tech. 79, 778-783.

Abrahim G.M.S. (2005). Holocene sediments of Tamaki Estuary: characterization and impact of recent
human activity on an urban estuary in Auckland, New Zealand (PhD Thesis), University of Auckland,
Auckland, New Zealand (2005), p. 361. PMID: 16269597

Robinson T. (2017). Removal of toxic metals during biological treatment of landfill leachates. Waste
Manag., 63, 299-309. https://doi.org/10.1016/j.wasman.2016.12.032 PMID: 28094156

PLOS ONE | https://doi.org/10.1371/journal.pone.0263279  February 3, 2022 17/18


https://doi.org/10.1007/s10661-011-2149-9
http://www.ncbi.nlm.nih.gov/pubmed/21701891
https://doi.org/10.1007/s10661-007-9678-2
http://www.ncbi.nlm.nih.gov/pubmed/17370131
https://doi.org/10.1088/1742-6596/1299/1/012078
https://doi.org/10.1016/j.scitotenv.2014.10.121
http://www.ncbi.nlm.nih.gov/pubmed/25460954
https://doi.org/10.1371/journal.pone.0156485
https://doi.org/10.1371/journal.pone.0156485
http://www.ncbi.nlm.nih.gov/pubmed/27257934
https://doi.org/10.1016/j.marpolbul.2015.02.042
http://www.ncbi.nlm.nih.gov/pubmed/25792121
https://doi.org/https%3A//doi.org/10.1016/j.rsma.2018.01.004
https://doi.org/https%3A//doi.org/10.1016/j.rsma.2018.01.004
https://doi.org/10.1130/0016-7606(1961)72[175:DOTEIS]2.0.CO;2
https://doi.org/10.1130/0016-7606(1961)72[175:DOTEIS]2.0.CO;2
https://doi.org/10.1007/s11356-015-4393-y
http://www.ncbi.nlm.nih.gov/pubmed/25847442
https://doi.org/10.1016/j.marpolbul.2017.03.046
https://doi.org/10.1016/j.marpolbul.2017.03.046
http://www.ncbi.nlm.nih.gov/pubmed/28365020
https://doi.org/10.1007/s10661-012-2926-0
http://www.ncbi.nlm.nih.gov/pubmed/23064895
http://www.ncbi.nlm.nih.gov/pubmed/16269597
https://doi.org/10.1016/j.wasman.2016.12.032
http://www.ncbi.nlm.nih.gov/pubmed/28094156
https://doi.org/10.1371/journal.pone.0263279

PLOS ONE

Heavy metals in landfill leachates and impacted freshwater ecosystem

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Atta M., Yaacob W.Z.W. & Jaafar O.B. (2015). The potential impact of leachate-contaminated ground-
water of an ex-landfill site at Taman Beringin Kuala Lumpur, Malaysia. Environ. Earth Sci., 73, 3913—
3923, https://doi.org/https%3A//doi.org/10.1007/s12665-014-3675-x

Sanchez-Chardi A., Nadal J. (2007). Bioaccumulation of metals and effects of a landfill in small mam-
mals. Part I. The greater white-toothed shrew, Crocidura russula. Chemosphere, 68, 703-711. https://
doi.org/10.1016/j.chemosphere.2007.01.042 PMID: 17367842

Kaschl A., Romheld V., Chen Y. (2002). The influence of soluble organic matter from municipal solid
waste compost on trace metal leaching in calcareous soils. Sci. Total Environ., 291, 45-57. https://doi.
org/10.1016/s0048-9697(01)01091-9 PMID: 12150442

Wachirawongsakorn P., Sangyoka S. (2013). Assessment of heavy metal distribution in soil and
groundwater surrounding municipal solid waste dumpsite in Nai Muang Sub-district Administrative
Organization, Amphur Phichai, Uttaradit. N.U. Sci. J., 10 (1), 18-29.

Vaverkova M.D., Adamcova D. (2018). Case study of landfill reclamation at Czech landfill site. Environ.
Eng. Manage. J., 17 (3), 641-648.

Adamcova D., Radziemska M., Ridoskova A., Bartoii S., Pelcova P., Elbl J., et al (2017). Environmental
assessment of the effects of a municipal landfill on the content and distribution of heavy metals in Tana-
cetum vulgare L. Chemosphere, 185, 1011-1018, https://doi.org/10.1016/j.chemosphere.2017.07.060
PMID: 28753902

Emenike C.U., Fauziah S.H., Agamuthu P. (2011). Characterization of active landfill leachate and asso-
ciated impacts on Edible fish (Orechromis mossambicus). Malays. J. Sci., 30 (2), 99—104.

Fud.,ZhaoC.,Luo Y., LiuC.,Kyzas G.Z., Luo Y., et al (2014). Heavy metals in surface sediments of
the Jialu River, China: their relations to environmental factors. J. Hazard Mater., 270, 112—-109, https://
doi.org/10.1016/j.jhazmat.2014.01.044 PMID: 24561322

Singare P.U., Trivedi P., Ravindra M.M. (2012). Sediment heavy metal contaminants in vasai creek of
Mumbai: pollution impacts. Am. J. Chem., https://doi.org/10.5923/j.chemistry.20120203.13.

Mohiuddin K.M., Otomo K., Ogawa Y. et al. (2012). Seasonal and spatial distribution of trace elements
in the water and sediments of the Tsurumi River in Japan. Environ Monit Assess 184, 265-279, https://
doi.org/10.1007/s10661-011-1966-1 PMID: 21404013

Vaverkova M.D., Elbl J., Koda E., Adamcova D., Bilgin A., Lukas V., et al (2020). Chemical composition
and hazardous effects of leachate from the active municipal solid waste landfill surrounded by farm-
lands. Sustainability, 12(11):4531. https://doi.org/10.3390/su12114531.

PLOS ONE | https://doi.org/10.1371/journal.pone.0263279  February 3, 2022 18/18


https://doi.org/https%3A//doi.org/10.1007/s12665-014-3675-x
https://doi.org/10.1016/j.chemosphere.2007.01.042
https://doi.org/10.1016/j.chemosphere.2007.01.042
http://www.ncbi.nlm.nih.gov/pubmed/17367842
https://doi.org/10.1016/s0048-9697%2801%2901091-9
https://doi.org/10.1016/s0048-9697%2801%2901091-9
http://www.ncbi.nlm.nih.gov/pubmed/12150442
https://doi.org/10.1016/j.chemosphere.2017.07.060
http://www.ncbi.nlm.nih.gov/pubmed/28753902
https://doi.org/10.1016/j.jhazmat.2014.01.044
https://doi.org/10.1016/j.jhazmat.2014.01.044
http://www.ncbi.nlm.nih.gov/pubmed/24561322
https://doi.org/10.5923/j.chemistry.20120203.13
https://doi.org/10.1007/s10661-011-1966-1
https://doi.org/10.1007/s10661-011-1966-1
http://www.ncbi.nlm.nih.gov/pubmed/21404013
https://doi.org/10.3390/su12114531
https://doi.org/10.1371/journal.pone.0263279

