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ABSTRACT

Mercury has been used for many centuries in the production of consumer products such as thermometers, electrical switches,
fluorescent light bulbs, batteries, biocides and pesticides, cosmetics and dental amalgam filling, among others. After use,
these mercury-containing consumer products form part of the municipal solid waste (MSW). As a result of an unseparated
solid waste collection system, mercury-containing wastes tend to end up in landfills where mercury and other pollutants can
leach out of products into landfill leachates. The present study, therefore, was conducted with the aim of determining the total
mercury (THg) concentrations in leachate and sediment samples collected from 4 selected landfill sites (3 sites in Gauteng
Province – Soshanguve, Hatherly, Onderstepoort and 1 site in Limpopo Province – Thohoyandou). Groundwater samples
were collected from the monitoring boreholes at the four selected landfill sites in the summer and winter periods. An acid
digestion method was employed for sample preparation and this was followed by analysis using cold vapour atomic absorption
spectrophotometry (CVAAS). The concentration range of total mercury in the Thohoyandou leachate, sediment and
groundwater samples was 0.12–2.07 µg/L, 0.03–0.48 µg/g and 0.09–2.12 µg/L, respectively. In Soshanguve, the concentration
range of total mercury in leachate, sediment and groundwater samples was 0.10–1.20 µg/L, 0.04–0.62 µg/g and nd –1.66 µg/L
respectively, Hatherly concentration range was 0.42–1.31 µg/L and 0.06–0.78 µg/g in leachate and sediment, respectively and
in Onderstepoort the concentration range was 0.12–2.41 µg/L, 0.03–0.50 µg/g and 0.05–2.44 µg/L, in leachate, sediment and
groundwater, respectively. The findings from this study suggest that there is a likelihood of groundwater pollution by mercury
from landfill leachate seepage, particularly for landfills that are not lined with a geomembrane.
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waste materials may contain toxic metals which may eventually
leach out of the disposed items, thus causing detrimental effects
to the environment.
Mercury (Hg) is an element which is considered to be a
global toxic pollutant because it persists and bio-accumulates
in the environment (USEPA, 1997; Pacyna et al., 2006; Feng
and Qiu, 2008; Zhang et al., 2008). Mercury is also known to
cause health problems such as tremor in facial muscles, eyelids
and limbs, delusions, memory loss and neurocognitive disorder
(Clarkson and Mangos, 2006). In foetuses, exposure to mercury
inhibits mental and motor development, leading to poor
intelligence (Ekino et al., 2007; Eto, 2000; Duruibe et al., 2007;
Oliver-Verbel et al., 2008). The first health effects of mercury on
human health were documented in the early 1950s and 1960s
following a well-known incident of mercury poisoning which
took place in Minamata, Japan, where fish contaminated with
mercury were consumed by the local residents (Harada, 1995).
Consequently, the Minamata Convention on Mercury was
initiated by the United Nations through the United Nations
Environment Programme (UNEP) (Malehase et al., 2016).
Due to its unique characteristics, mercury has been used
for many centuries in the production of consumer products
such as thermometers, electrical switches, fluorescent light
bulbs, batteries, biocides and pesticides, cosmetics, dental
amalgam filling and others (Pacyna et al., 2003). After use,
these mercury-containing products form part of the municipal
solid waste (MSW) that is collected and disposed of into
landfills where mercury and other pollutants could be leached
into landfill leachates. Consequently, mercury may become
an important constituent of the resulting leachate which is
often characterized by high loads of dissolved organic matter,
inorganic macro-components, metals and other xenobiotic
organic compounds (Christensen et al., 1994 and Christensen
et al., 2001). Usually, leachate accumulates at the bottom of
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The rapid rise in economic and population growth, and
industrial development coupled with urbanization, has
resulted in a continuous increase in the generation of
municipal solid waste (MSW) in most countries including
South Africa (Gwebu, 2003; Ayuba et al., 2013; Ramaiah
et al., 2017; Naveen et al., 2017; Renou et al., 2008; DEA.,
2012a). Factors such as the population of a country, lifestyle
changes, food habits, improved standards of living, enhanced
industrial and commercial activities, cultural traditions of the
inhabitants, and climate may influence the composition and
quantity of municipal solid waste generated in most countries
(Singh et al., 2008). Municipal solid waste mainly comprises
general and hazardous waste in the form of biodegradable
waste, paper, plastic, glass, metal, textile and leather (Cheng
and Hu, 2010; Slack et al., 2004, Machado et al., 2009). The
disposal of municipal solid waste contributes to the emerging
environmental pollution problem worldwide (Demirbas et
al., 2016). Sanitary landfilling is known to be the simplest and
cheapest primary method for disposal of municipal solid wastes
where large quantities of leachate are produced (Jhamnani
and Singh 2009; Longe and Balogun 2010; Kumar et al., 2016).
According to the Department of Environmental Affairs (DEA,
2012), over 90% of all South Africa’s waste is disposed of at
landfill sites despite the implemented waste management
strategies such as recycling. Furthermore, the National Waste
Information Baseline Report (NWIBR) estimated that South
Africa generated approximately 108 tons of waste in 2011 with
98 million tons being landfilled. Incidentally, some of these
*

the landfill and seeps into the collection ponds within the site.
Sometimes, some of the leachate may percolate through the soil
to contaminate the groundwater, particularly in an unlined
landfill (Mor et al., 2006). Advection and diffusion are also
transport processes responsible for contaminant mixing and
movement of leachate into groundwater (De Soto et al., 2012).
Globally, a number of studies where infiltration of
landfill leachate has been implicated as a potential source of
groundwater pollution have been documented (Abu-Rukah
and Al-Kofahi, 2001; Arneth et al., 1989; Christensen et al.,
1998; Flyhammar, 1995; Looser et al., 1999; Rapti-Caputo
and Vaccaro, 2006; Saarela, 2003). However, these studies
barely listed mercury as part of the contaminants that pollute
groundwater. In South Africa, the levels of mercury in different
environmental media have been studied (Malehase et al., 2016;
Williams et al., 2011 and Oosthuizen et al., 2010). However,
there is limited information on the possible contamination of
groundwater with mercury from landfill leachate, particularly
in South Africa. Furthermore, South Africa is a water-scarce
country (Blignaut and Van Heerden, 2009) and, as a result,
many people tend to rely on borehole water as a source of
drinking water. In these instances, there is a high possibility
of groundwater contamination with mercury, particularly
where the landfill site is not lined with geomembrane
material. The present study, therefore, aims at determining the
concentrations of total mercury in leachate from landfill sites
as well as in the groundwater samples from monitoring wells
within the investigated landfill sites.

MATERIALS AND METHODS
Study area
Gauteng Province is the most urbanized, industrialized and
highly populated province in South Africa with the cities of
Pretoria and Johannesburg being the two major cities located
within the province. The city of Pretoria is located approx.
y 50 km north of Johannesburg. The city has a humid subtropical climate with moderately warm days and lies within
a series of valleys and hills, with the Magaliesberg mountain
range within the northern part of the city, 1 370 m amsl. The
summer period is between October and April, while winter
occurs between June and August. The average range of rainfall
and temperature for summer and winter are: 3 mm of rainfall
in July and 154 mm of rainfall in January, and 3°C–19°C in July
and 16°C–27°C in January, with most of the rain occurring in
the summer months.
Limpopo is considered to be a developing province, and
is located in the most northerly part of South Africa with
Polokwane as its administrative capital. Thohoyandou,
however, is one of the small towns located within the province,
in the far northern part of Limpopo in the Venda region, and
is mostly surrounded by rural communities. It falls within the
tropical belt of South Africa. Thohoyandou receives rainfall of
about 752 mm per year and the peak of precipitation usually
occurs during the mid-summer (January) period. The average
range of rainfall and temperature in summer and winter is
between 4 mm and 22°C in July and 154 mm and 30.3°C in
January, respectively. Figure 1 shows the location of the selected
landfill sites (Soshanguve, Hatherly, Onderstepoort and
Thohoyandou) within Gauteng Province (top left) and Limpopo
Province (top right). Samples were collected from July to
August 2016 (winter) and in January 2017 (summer).
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Figure 1
Location of the selected landfall sites within (top left insert) Gauteng
Province and Limpopo Province (top right insert)

Materials and chemical reagents
All glassware used was thoroughly washed with liquid
detergent and subsequently soaked overnight in 10% nitric acid,
rinsed 3 times with de-ionised water and dried in an oven at
± 95°C. All reagents used during the experiments were supplied
by Sigma-Aldrich (Germany), and were certified as mercury
free. Throughout the experiments, acids such as hydrochloric
acid 37%, nitric acid 70%, and sulphuric acid 95–98% were used
for sample digestion. Potassium permanganate ≥ 99%, low in
Hg, was used to oxidize the mercury. Potassium persulphate
≥ 99%, sodium chloride ≥ 99% and hydroxylamine sulphate
99% were used to further the sample digestion process.
To reduce mercury to elemental mercury during analysis,
aqueous tin chloride dihydrate prepared from tin (ll) chloride
dihydrate was used. Ultra-pure water was prepared in the
laboratory using an SG Series Compact apparatus, purchased
from Evoqua water technologies (United Kingdom), and was
used throughout the experiment. Standard solutions for AAS
measurements supplied by FLUKA Analytical (Switzerland)
and MERCK (Germany) were used for instrument calibration.
Sample collection
Table 1 shows the detailed description and general information
for the four selected landfill sites. Leachate, sediment and
groundwater samples were collected in triplicate from the
four selected sites (Soshanguve, Hatherly, Onderstepoort and
Thohoyandou) into thoroughly acid-washed Teflon plastic
TABLE 1
Detailed description and general information on selected
landfill sites
Site name

Landfill age
(years)

Type of
geomembrane
liner

Size
(km2) *

Soshanguve

18

No liner

0.392

Hatherly

15

No liner

0.960
0.518

Onderstepoort

16

No liner

Thohoyandou

15

No liner

*Source: (Sibiya et al., 2017) Adapted from general waste minimization
plan for Gauteng
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containers. A grab sampling method was used to collect leachate
samples from the leachate ponds and sediment samples were
collected by scooping at 0–5 cm below the surface of the leachate
pool at the same point where the leachate samples were collected.
Groundwater samples were collected from the monitoring
boreholes at 25 m depth within the selected landfill sites.
The samples were labelled and covered immediately after
sample collection, kept in cooler bags (ice chests) and
transported to the laboratory where they were kept at −4°C
in a refrigerator until further analysis. The landfill sites were
selected considering the fact that Gauteng Province is the most
developed, highly populated and industrialized province in
South Africa, while Limpopo Province is a developing area and
mostly comprised of rural communities. Other parameters,
such as age of the landfill, size, waste type and lining of landfill
were also considered during selection of the landfill sites. The
composition of waste that was collected from the different
landfills differs depending on the income level of people and
the geographic location of the municipality (DEA, 2012).
The waste residues in the Pretoria landfills comprised 32%
greens, 46% household, 14% builder’s rubble and 8% industrial
wastes (DEA, 2012). According to Ogola et al. (2011), the
average composition of household waste generated per week in
Thohoyandou includes 6% garden, 18% plastic, 20% paper, 34%
food waste and 11% glass.
Sample preparation
Sediment samples were air-dried at room temperature for a week
and homogenized prior to extraction. Leachate and groundwater
samples from the selected landfill sites were unfiltered. For the
determination of total mercury in the leachate and groundwater
samples, the acid digestion method procedures as outlined in
USEPA Method 245.1 and USEPA Method 7471B (O’Dell et al.,
1994; US EPA, 2007) were employed, respectively. About 1 g of
homogenized sediment sample was weighed and transferred into
a 250 mL sample bottle. Working under a fume hood and treating
each sample individually, 10 mL of ultra-pure water was added
followed by the addition of aqua regia 3:1. The sample bottles were
then closed tightly to avoid loss of mercury vapour and heated in
a water-bath for 2 min at 95 ± 5°C. After allowing the mixture to
cool down, 50 mL of ultra-pure water was added, followed by the
addition of freshly prepared potassium permanganate solution.
In order to allow complete oxidation of the samples, the sample
was allowed to stand for 15 min, and it was further heated for
30 min. After cooling, 6 mL of sodium-chloride hydroxylamine
hydrochloride was added to remove excess potassium
permanganate and the samples were filled to the mark, 250 mL,
and analysed. For leachate and groundwater samples; 100 mL of
the sample was used, and the procedure as outlined above was
carried out with the addition of 8 mL of potassium persulphate
and the samples were heated for 3 h at ± 95°C.

Instrumental analysis
For the analysis of mercury in the leachate, sediment and
groundwater samples, 6 mL of aqueous tin chloride dihydrate
was added to the samples to reduce the mercury to elemental
mercury. The samples were analysed using cold vapour atomic
absorption spectroscopy (CVAAS). The mercury vapour unit
(MVU-A1) system was mounted on the atomic absorption
spectrometer, Shimadzu AA-7000 (Japan).
Quality assurance
For method validation, certified reference material for mercury
in stream sediment, CRM NCS DC 73312-73312 containing
0.072 ± 0.009 μg Hg/g manufactured by the China National
Analysis Centre for Iron and steel (Beijing China), purchased
from Industrial Analytical (Pty), South Africa, was used. An
average recovery of 94% was obtained. Adequate care was taken
to avoid loss of mercury during sample digestion. To avoid
carryover during analysis, ultra-pure water and reagent blanks
were analysed in between sample analyses.
Data analysis
All samples were prepared and analysed in triplicate and
afterwards the mean and standard deviation were calculated.
Statistical analysis was performed using Microsoft Excel 2016.

RESULTS
Table 2 shows the mean concentrations of total mercury (THg)
in the leachate, sediment and groundwater samples from
the four selected landfill sites (Thohoyandou, Soshanguve,
Hatherly and Onderstepoort) during winter and summer. The
mean concentrations and standard deviations presented are
the results of triplicate extraction and analysis of each sample.
The concentration range of total mercury in the Thohoyandou
leachate, sediment and groundwater samples were 0.12–2.07
µg/L, 0.03–0.48 µg/g and 0.09–2.12 µg/L, respectively, and in
Soshanguve, Hatherly and Onderstepoort the concentration
ranged from 0.10–1.20 µg/L, 0.04–0.62 µg/g and nd–1.66 µg/L,
0.42–1.31 µg/L and 0.06–0.78 µg/g and 0.12–2.41 µg/L, and
0.03–0.50 µg/g and 0.05–2.44 µg/L (groundwater samples were
not accessible in Hatherly landfill site), respectively.

DISCUSSION
Total mercury concentrations in leachate, sediment and
groundwater samples
The mean concentrations of total mercury obtained in
leachate, sediment and groundwater samples were higher

TABLE 2
Mean concentrations of total mercury in leachate, sediment and groundwater ± SD (standard deviation)
Landfill ID

Leachate (µg/L)

Sediment (µg/g)

Winter

Summer

Winter

Thohoyandou

2.07 ± 0.28

0.12 ± 0.02

0.48 ± 0.02

Soshanguve

1.20 ± 0.27

0.10 ± 0.01

Hatherly

1.31 ± 0.51

Onderstepoort

2.41 ± 0.35

Summer

Groundwater (µg/L)
Winter

Summer

0.03 ± 0.01

2.12 ± 0.28

0.09 ± 0.01

0.62 ± 0.61

0.04 ± 0.01

1.66 ± 1.18

0.42 ± 0.01

0.78 ± 0.53

0.06 ± 0.02

0.12 ± 0.01

0.50 ± 0.18

0.03 ± 0.01

NA
2.44 ± 0.47

nd
NA
0.05 ± 0.01

nd: not detected; NA-not analysed (groundwater samples were not accessible at the Hatherly landfill site).
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in winter than in summer. Several factors, including the
age of the landfill, (Kjeldsen et al., 2002), the composition
of the waste materials disposed into the landfill, and the
prevailing climatic conditions of a particular area, are
known to influence the composition and the chemistry of
landfill leachate. Lindberg et al. (2001) stated that chemical
and biological processes which normally take place in the
landfilled waste layers can lead to the formation of inorganic
and organic mercury. As a result, mercury emission from
landfills occurs in various ways which include via landfill
gas (LFG), and as part of the air or surface exchange across
the land cover (Lindberg and Price, 1999). In this study, the
measured concentrations of the total mercury in the leachate,
sediment and groundwater samples in winter and summer
are likely to have been affected by any of these factors. For
instance, the intensity of precipitation is known to have a
strong influence on leachate composition because rainwater
infiltration into the landfill leachate can dilute chemical
components contained in the landfill leachate (Vadillo et
al., 1999). In the landfill sites investigated in both Gauteng
and Limpopo Provinces, winter and summer seasons are
characterized by low and high precipitation, respectively.
This may explain the higher and lower concentrations of total
mercury obtained during winter and summer in the leachate,
sediment and groundwater samples.
Furthermore, the activities of waste scavengers were
noticeable at all of the sampling sites, where they often
undertake on-site waste sorting for recycling purposes.
It is, therefore, possible that the low concentrations of
total mercury determined in the leachate, sediment and
groundwater samples from these sites may have been
influenced by these practices. The Onderstepoort landfill site
exhibited the highest mean concentration of total mercury,
2.41 µg/L, in the leachate samples during winter. This suggests
that more mercury-bearing waste may have been dumped
into this site compared to the Thohoyandou, Soshanguve
and Hatherly landfill sites. Although the Thohoyandou
landfill site is situated in a developing province (Limpopo),
and is mostly surrounded by rural communities, in winter
much higher concentrations of total mercury were detected
in the leachate (2.07 µg/L) and groundwater (2.12 µg/L)
samples from Thohoyandou compared to those from the
Soshanguve and Hatherly landfill sites, which are situated
in a highly populated and industrialized part of the country
(Gauteng Province). The observed concentration profiles in
the investigated matrixes may reflect the consumption or
usage patterns of mercury-containing products in these areas.
Additionally, the observed pattern may be an indication of
the ratio of waste items containing mercury to the overall
waste materials disposed of into a particular landfill. It is,
therefore, expected that landfills situated in areas with low
population densities may contain high levels of mercury and
other contaminants because of the relatively lower quantities
of overall waste materials being received. Furthermore, the
Limpopo Province is richly endowed with geothermal springs
which are natural sources of mercury. In a study conducted
by Olivier et al. (2011), the concentrations of total mercury
determined from Siloam and Tshipise springs were 0.53 and
0.33 µg/L, respectively. The natural occurrence of mercury
in groundwater is another important factor that needs to
be considered, which may have contributed to the relatively
higher concentrations of total mercury detected in the
groundwater samples from the Thohoyandou landfill site.
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The concentrations of total mercury in sediment samples
obtained in winter were low compared to summer samples.
According to Barringer and Szabo (2006), the sorption of
mercury to iron hydroxides in soils is its major mechanism for
attenuation but the presence of sulphide can reduce dissolved
iron(II) hydroxides, thereby facilitating the release of the
sorbed mercury thus leading to groundwater contamination.
This might have influenced the leaching of mercury from
sediment into groundwater, thereby polluting groundwater.
The mean concentrations of total mercury in the groundwater
samples in Thohoyandou, Soshanguve and Onderstepoort
landfill sites during winter exceeded the WHO, NL, USEPA
and SA maximum limits for mercury in drinking water, of
1.00 µg/L and 2.00 µg/L, respectively (Table 3). Mercury in all
its forms is toxic to human health. Health problems such as
tremors, delusions, memory loss and neurocognitive disorder
manifest in exposed individuals (Clarkson and Mangos,
2006). People living in the surrounding areas of Thohoyandou,
Soshanguve and Onderstepoort landfill sites may be susceptible
to the toxic effect of mercury through the consumption of
contaminated water.
The effect of pH on mercury
The pH of landfill leachate is one of the factors that can
influence the toxicity, bioavailability and mobility of mercury
in landfill leachate. The pH values that were determined in
leachate samples from Thohoyandou, Soshanguve, Hatherley
and Onderstepoort landfill sites during winter were 7.8, 8.3,
8.4 and 8.7, respectively, and 7.9, 8.4, 6.7 and 7.2 during the
summer season, respectively. Higher leachate pH normally
increases the concentration of negatively charged hydroxyl
ions (OH-), which might attract and retain divalent mercury
(Xu et al., 2014). However, low leachate pH is characterised
by high positively charged hydrogen (H+) ions which play
a direct role in several reactions. According to Mahapatra
et al. (2011), dissolved material in landfill leachate can shift
the pH of neutral water either to the acidic or the alkaline
side. At a pH that is greater than 7, a greater load of dissolved
substances is expected to occur in leachate, including metals.
The alkaline nature of landfill leachate is an indicator of
the mature stage of the landfill site (Jorstad et al., 2004).
The alkaline pH determined in Thohoyandou, Soshanguve,
Hatherley and Onderstepoort leachate samples may have
influenced the determined concentrations of total mercury in
the present study.
TABLE 3
Maximum limit concentrations of mercury in drinking water
compared to concentrations obtained in the present study
Organisation

WHO

Maximum
limit
concentrations

1*

Unit

µg/L

Present Study (µg/L)
Winter

Summer

2.12 ± 0.28

0.09 ± 0.01

USEPA

2

µg/L

1.66 ± 1.18

nd

SA

1*

µg/L

2.44 ± 0.47

0.05 ± 0.01

*Source: Adapted from SA drinking water standard under the
microscope. Data from World
Health Organisation, European Union, Netherlands, United State
Environmental Protection Agency and South Africa (Mamba et al., 2008)
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Comparison with other studies
The concentrations of total mercury in the leachate, sediment
and groundwater samples obtained in the present study
were compared to concentrations obtained in other studies
(Table 4). The concentrations of total mercury in the leachate
samples obtained in the present study were in the same range
as those reported by Schoeman et al, (2003), which ranged from
0.2–0.3 µg/L. It is possible that factors similar to those reported
in the present study may have influenced the measured
mercury levels in the study. In another study, conducted
by Tshibalo (2017), the concentration of total mercury in
the leachate samples from the Onderstepoort landfill was
15.0 µg/L, which is significantly higher than those found in the
present study. This can be attributed to the different sampling
points for leachate samples for both studies. Other studies
conducted in China by Li et al. (2005) and Tang et al. (2003)
gave concentrations of total mercury in leachate samples of up
to 0.08 µg/L and 0.1–1.016 µg/L, respectively. Concentrations of
total mercury in leachate from the China studies were within
the same range as the concentrations determined in the present
study. In the USA, Aucott (2006) reported a concentration of
total mercury in leachate of 7.15 µg/L. This is higher compared
to the concentrations determined in the current study.
According to USEPA, about 54% of municipal solid
waste in the USA was landfilled (EPA, 2010a). Considering
that the USA is a more developed country, landfills are
likely to be constructed with geomembrane liners and
with a good leachate drainage system, which may yield a
leachate with high mercury concentrations in the drainage
system to be treated accordingly. This may explain the
higher concentration of total mercury determined in the
USA study compared to the current study. Furthermore, the
occurrence of mercury-containing products may be higher
TABLE 4
Mean concentrations of total mercury in other studies
compared to the present study
Matrixes

THg concentrations

Leachate

0.20–0.30 µg/L

References

Schoeman et al., 2003

Leachate

15.0 µg/L

Tshibalo, 2017

Leachate

0.08 µg/L

Li et al., 2005

Leachate

0.10–1.02 µg/L

Li et al., 2005

Leachate

7.15 µg/L

Aucott, 2006

Leachate

1.70–8.30 µg/L

Esakku et al., 2003

Leachate

0.01–0.03 µg/L

Øygard et al., 2004

Leachate

1.20–2.41 µg/L

Present study, winter

Leachate

0.10–0.42 µg/L

Present study, summer

Sediment

0.29–0.76 µg/g

Machado et al., 2002

Sediment

0.19–6.53 µg/g

Cheng and Hu, 2011

Sediment

314 µg/g

Tshibalo, 2017

Sediment

0.48–0.78 µg/g

Present study, winter

Sediment

0.00–0.06 µg/g

Present study, summer

Groundwater

1.00–32.0 µg/L

Samadder et al., 2017

Groundwater

2.00–5.00 µg/L

Tshibalo, 2017

Groundwater

1.06–2.44 µg/L

Present study, winter

Groundwater

nd–0.09 µg/L

Present study, summer
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in USA landfill sites compared to South Africa due to high
industrialisation in the United States compared to South
Africa. According to Esakku et al. (2003), the concentrations
of total mercury in 7 leachate samples from selected landfill
sites in India ranged from 1.70–8.30 µg/L. Only two of
the samples from the study had higher concentrations of
total mercury than those from the present study. The solid
waste management practices in India are mostly based on
open dumping with poorly constructed drainage systems,
if any. As a result, the leachate generated in the landfills
from India may be of low quality compared to the landfills
that are constructed with drainage systems. Such factors
might have influenced the determined concentrations in
the present study since the landfills in the present study
are mainly open dumping. In western Norway, Øygard et
al. (2004) determined the concentrations of total mercury
from 4 landfill site leachate samples, which ranged from
0.01–0.03 µg/L. The occurrence of mercury-containing
products in western Norway landfills may be lower and thus
the reported low concentrations. The concentrations of total
mercury in landfill sediment samples have been determined
by other researchers as well. Studies conducted in a Brazil
landfill gave concentrations of total mercury in sediment
samples of 0.76 µg/g, 0.29 µg/g and 0.36 µg/g (Machado et al.,
2002). In another study conducted in China, Cheng and Hu,
(2011) reported mercury concentrations of 0.19–6.53 µg/g
in landfill sediment samples and in South Africa, Tshibalo
(2017) reported 314 µg/g concentration of total mercury in
sediment samples from the Onderstepoort landfill site. The
concentrations obtained by these three researchers were
higher compared to the concentrations obtained in the
current study. Samadder et al. (2017) reported the levels of
total mercury from 15 landfill borehole water samples and
the measured concentrations ranged from 1.00–32.0 µg/L,
which are more than an order of magnitude higher than those
reported in the present study. The high concentrations of
total mercury obtained in Samadder’s study can be attributed
to the high population density and possibly socio-cultural
practices in India, which may have resulted in the higher
generation of mercury-containing wastes. Tshibalo (2017)
reported a total mercury concentration of 2.00–5.00 µg/L in
two borehole water samples from the Onderstepoort landfill
site, which may be attributed to different sampling points and
different seasons of sampling.

CONCLUSIONS
The present study shows the occurrence and concentrations of
total mercury in landfill leachate, sediment and groundwater
samples from selected landfill sites in winter and summer
seasons. The concentrations of total mercury were notably higher
in winter compared to summer concentrations in all analysed
samples, possibly due to the dilution effects caused by the
high precipitation in summer. It can be concluded that landfill
leachate is capable of contaminating groundwater, especially
where the landfills are not lined with a geomembrane material.
Though the Thohoyandou landfill site is located in a developing
province, the measured concentrations of total mercury were
relatively higher compared to the concentrations determined
at landfills situated within the Gauteng Province. Considering
the fact that the measured concentrations of total mercury
in groundwater samples exceeded the specified maximum
guideline limit established by most regulatory agencies for
drinking water during winter, it is likely that people living in the
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surrounding areas of the Thohoyandou landfill site, in particular,
and who depend on groundwater for their livelihood, may be
prone to the deleterious effects of mercury.
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