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Abstract 

The large number of cases of groundwater po llut ion at landfills and the substantial resources 

spent on remediation suggests that landfill leachate is a significant source of pollutants, 

especially when considering different kinds o f contaminants in land fi ll leachates. The long­

term effect o f the geological barrier beneath municipal-waste landfills is a critical issue for 

soil and groundwater protection. Soil to plant transfer of trace metals is the major pathway of 

human exposure to metal contaminations. Therefore, the present study was conducted to 

determine trace metal levels such as arsenic (As), cadmium (Cd), chromium (Cr), copper 

(Cu), manganese (Mn), lead (Pb), mercury (Hg), nickel (Ni), selenium (Se), cobalt (Co) and 

zinc (Zn) in soil and plant samples collected from four major dumpsites in Thabo 

Mofutsanyane District, Eastern Free State in South Africa. Samples (soi l and plants) were 

collected from Harrismith, Qwaqwa and Bethlehem from two different landfills. Soi l samples 

were co llected at a depth o f 0- 15 cm from each part and pooled to form a composite sample. 

Plant samples were pulled from the soil together with their roots using an ager. Four acid 

digest techniques (HCl, HN03, HC l04 and HF) were used and inductively coupled plasma 

optical emiss ion spectrometry (IC P-OES) determined the concentrations of heavy meta ls. 

During the fo ur seasons (spring, summer, autumn and winter), the concentration of Zn was 

higher in summer with value o f 3076.56± 12.02 compared to winter 1733.5 1 ±39.33. The 

concentration of Pb was within the threshold except in Qwaqwa and Beth lehem site A with 

va lues of 3 15 .79±30.26 and 230.82±35.24. Cd concentration fluctuates during the seasons but 

the highest value of 6. 15±0.06 was recorded during winter. The level o f Mn in a ll dumpsites 

was very unstable and above the standard permissible limit. The conunon plants identified in 

the dumpsites are Cosmos species, Eragrostis p/a11a, Elusine indica, and were all found to 

conta in high level o f heavy metals. Princ ipa l Corre lat ion Analysis (PCA) analysis showed 

that Qwaqwa and Harrismith had the hi ghest load of heavy metals and the dendrogram 

ix 



confinned the similarity in metal distributions in the dumpsites. This study highlights 

environmental implications of heavy and trace metals in all dumpsites studied . There was no 

significant difference in the concentration of metals within and outside the dumpsites which 

confinns metals can be distributed above I 0 m range. All the trace metals analysed in this 

study had higher concentrations above the pennitted limits set by USEPA and WHO. This 

study revealed the levels and impacts o f heavy metal concentratio ns on the dumpsites, as well 

as the risks they may pose to near or far surro undings and its attendant health implications. 
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CHAPTER ONE 

INTRODUCTION AND LITERATURE REVIEW 

The earth's crust consist of natural trace metals which are known to be essential fo r growth 

and development o f humans, animals and plants (Cabral et al. , 2015). Recent studies have 

shown that prolong exposure to heavy meta ls such as arsenic (As), cadmium (Cd), chrom ium 

(Cr), copper (Cu), lead (Pb), mercury (Hg), nickel (Ni), selenium (Se), cobal t (Co), 

manganese (Mn) and zinc (Zn) can have negative effects on both humans and plants, even at 

low concentra tions (Gebrekidan et al., 2013; Di Giuseppe et al. , 201 4; Capra et al., 20 14; 

E ij sackers et al., 20 14; Wu et al., 20 15). Heavy metals a re dangerous due to their persis tence 

and tox ic nature in the environment (Prechthai et al., 2008b). Metal contaminations of land as 

a result of wastes generated from different industries may have deleterious effects on soil 

qua lity and anthropogenic activi ties thereby increasing the rate of accumulation o f heavy 

metals in the soil (Desaules, 20 12; Cabral et al., 20 15). 

The term municipal solid waste (MSW) describes the stream of solid waste generated by 

househo lds, commercia l establishments, industries and institutions (Prechtha i et al. , 2008a). 

As the final MSW disposal method, landfill is a widely accepted technology, especially in 

developing countries (Long et al., 20 11 ). Over many decades and to this present period , 

countries around the globe still use landfills to dispose majority of waste materials (Zhang et 

al., 20 14). For example, the United Sta tes Environmental Protection Agency (USEPA) 

reported that, approximate ly 50% or 128.3 million tons of the MSW generated is buried in 

landfills and in China, more than 90% of the MSW is disposed by landfi ll (USEPA, 2002) . 

However, treatment of MSW by landfill has been and is still connected with risk of pollution 

(Long et al. , 20 11 ). Due to industrialization and associated increase of so lid waste generated 
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every year, developed countries have made a priori ty to develop strategies and po licies that 

reduce land contamination and built landfills which minimize land pollution (Li et al. , 20 14). 

The large number of cases of groundwater pollution from land fills suggests that landfill 

leachates is a significant source of pollutants (He et al., 2006). When considering different 

kinds of contaminants in landfill leachates, it makes it more dynamic and also challenging to 

assess and evaluate the danger it possess to surrounding environments (Kiddee et al., 20 14 ). 

Landfills are heterogeneous environments consisting of many waste materials which a re 

made o f o r co ntains heavy metal s. These include household dust, batteries, disposable 

household materials ( e.g bottle tops), plastics, paints and inks, body care products, medicines 

and household pesticides (Ali el al .. 20 14). Municipal so lid waste (MSW) is an extremely 

heterogeneous material independent o f its geometry, particle size o r chemical composition 

(Flyhammar, 1997). At the time o f deposition, the waste might contain substances such as 

organic matters or materials which are not stable near the surface environment. During 

stabili zation of these chemical compounds, biological mediated substances are o ften released 

from the waste as either gas or dissolved compounds in contaminated water (leachates) 

(Flyhammar, 1997). Therefore, knowledge of degradation processes inside the landfills is key 

to the unde rstanding and controlling environmental impacts (Zhang el al., 20 14). 

The behav iour o f open dumpsite can be quite challenging compared to a closed one and it is 

not easy to predict the degradation processes due to the heterogeneity nature (Ward et al. , 

2005). The reactivity of open dumpsites will also be influenced by factors such as 

precipitation, temperature and light which a ffect aerobic and anaerobic processes that 

eventua lly a ffect the rate o f solid waste degrada tion (Stutter et al., 20 15). Under anaerobic 

condition, the metals that are bound to carbonate, organic compound and sulphide are more 

sta ble and retained in the landfill itself, whereas the metals bound to Fe a nd Mn oxide a re 

unstable (Flyhammar, 1997). This is in contras t with the case of an open dumpsite, which is 
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exposed to the atmospheric condition and undergoes different bio logical and chemical 

reactions due to oxygen diffusion (Kiddee et al., 20 14). 

In a high redox condition, the binding o f metals to Mn and Fe oxide increases, whereas 

binding to carbonate, organic compound and sulphide tend to decrease. With more possibi lity 

o f oxygen diffusion through the upper layer o f dumpsite and with suffic ient mo isture content, 

the degradation rate and the acid buffer capacity o f the dumpsite is highly influenced. Under 

this condition there is a drop in alka linity, pH and sulphide oxidation, where heavy meta ls are 

easily available and released (Prechtha i et al. , 2008a). According to Masi et al. (20 14 ), old 

open dumpsites without any sort of protection fo r reducing emissions, are a huge source of 

local pollution due to the leaching o f hazardous substances. These sites, although no longer 

used, still represent an important source o f environmental risk, mainly for the presence o f 

micro-pollutants, such as heavy metals. These sites can cause po llution of groundwater and 

surface wate r due to leaching and runoff. The estimation of to tal concentration of an organic 

chemical in the so il is underestimated by the fact that MSW have a higher affinity to bind to 

heavy meta ls (Northcott and Jones, 2000). Recent studies have shown that many chemicals 

fo rm persis tent and permanently bound residues in soil (Smith, 2009; Long et al. , 2011 ; Di 

Giuseppe et al., 20 14; Li et al., 20 14). This has an effect on the long-tem1 partitioning 

behav iour, bioavailability and tox icity of organic compounds in the soil and sediments (Ward 

et al. , 2005) . The binding capacity o f heavy metals (MBC) to the solid waste undermines the 

estimation of tota l concentration in soil, which is also influenced by adsorption and sorption 

of heavy and trace metals (Ward et al., 2005). The most significant process in heavy meta l 

retardation in soil is the adsorption of these reactive substances. In other words, adsorpti ve 

bonding primaril y controls the mobility and leaching danger in soils (Zupancic et al. , 2009) . 

Several s tudies have shown that the sorption o f heavy me tals varies strongly in soi ls, as a 
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result of varia tion in soil pH, clay content, ox ide content and soil organic carbon content (Yu 

et al., 2014; Barbieri et al., 2014; Li et al., 20 15). 

Prechthai et al. (2008b) reported tha t the effects o f heavy meta ls were found to vary with the 

conditions prevailing in the dumpsites and its binding forms. In the case o f close dumpsites, 

during anaerobic condition, the me tals that a re bound to carbonate, organic compound and 

sulphide are more stable and retained in the landfill itself, whereas the metals bound to iron 

(Fe) and manganese (Mn) ox ide are unstable. This is in contrast with the case o f an open 

dumpsite. The open dumpsite being exposed to the atmospheric conditio n undergoes d ifferent 

effects due to oxygen diffusion. With more possibili ty of oxygen diffusion through the upper 

layer o f dumpsite and with suffic ient mo isture content, the degradation rate and the acid 

buffer capac ity o f the dumpsite is highly influenced (Kiddee et al., 20 14). Under this 

condition, there is a drop in alkalinity, pH and sulphide ox idation, where heavy metals are 

easily available and released. These heavy metals from the surface layer of dumpsite, c reeps 

into the bottom layer of the dumpsite where anaerobic condition prevai ls. Under this 

condition, the heavy meta ls are immobilize and retained in the solid waste again (Ward et al., 

2005). This is confirmed from the observed high concentration of heavy metal at deeper layer 

of landfills (Li et al., 20 15). Whi le most literature studies, routinely report leachate 

concentrations of heavy metals in low mg/l range (Zhang et al., 2008; Barbieri et al., 2014; 

Eij sackers et al., 2014), these leached concentrations are only a frac tion of the meta l 

associated with the waste solids (Ward et al., 2005). According to Li et al. (20 15), chemical 

and phys ical affinity o f metal ions and the various waste materials may reduce their 

leachability under typica l landfi ll conditions. The mobility of these metal species may be 

increased over time as the waste becomes more ac idic and as ox idizing conditions dominates. 

An inc rease in pH also elevates the level of certain heavy metals and increases the level o f 

leachates (S mith, 2009). 
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Chemical reactions such as photolysis, hydrolysis, ox idation, cations exchange capac ity and 

reaction with mineral surfaces; biotic losses inc luding bioaccumulation, transfonnation and 

mineralisation by so il and sediment microbial populations; and binding to environmental 

so lids, all these make organic chemica ls in dumpsites to be more unpredictable (Northcott 

and Jones, 2000). Total concentrations o f heavy metals in solution have not been shown to 

correlate with the ir toxicity or bioavailability and no consensus exists among researchers for 

identifying o r quantifying specific tox ic species. Site-specific conditions are critical for the 

fonnation o f metal complexes with inorganic or organic ligands (Ward et al., 2005). Bolan et 

al. (20 14) reported that there is a possibility of overestimating and, or underestimating the 

total concentration of compounds in the soil and sediment when conducting environmental 

assessments. This includes the term ·bioavailability fractions' which is considered as the 

fraction of the total contaminant in the interstitial water and so il particles that is available to 

the receptor organism (Vig et al., 2003). In a related report, Remon et al. (20 13) described 

' bioavailability' as a complex term , in which both dynamic processes and species specific 

interactions a re involved. It is s trongly associated to the organism under evaluation, the type 

of exposure and the chemical speciation of the metals (Ben Salem et al., 2014). However, the 

term ·bioava ilable· itself is vague and can be mis leading. In the context of so il chemical 

fractionati on, the term ' bioavailable fraction· deviates from the IUPAC recommended 

tennino logy, as ' fractionation· re ferring to the c lassification of an analyte or group of 

analytes accordingly to phys ical or chemical properties (Marig6mez et al., 2004). Marig6mez 

et al. (2004) pointed out that some authors differentiated between ·externa l bioavailability' o r 

' bioaccess ibility', which largely depends on the ability o f metals to be d issolved and released 

from media or food and ·internal bioavailability" whi ch re flects the ab ili ty to be absorbed by 

the organism, reach ta rget tissues and exert toxicologica l effects. The availability of heavy 

metals for plant uptake is often described as phytoavailability (Meers el al., 2007). 
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When determining the total content and bioavailability o f heavy metals in soil, some of 

researchers use biological indicators such as plants and organisms to conduct experimental 

studies (Meers et al., 2007; Boshoff et al., 2014; Ben Salem et al., 20 14; Sakho et al., 2015). 

The use of plants as accumulation indicators has been well explored. Several species are 

considered as good bio-indicators of soil contamination such as the White poplar 

Populusalba Linnaeus, Scots Pine Pinus sylvestris. the perennial rye grass loli111n p ere1111eor 

the Red clover Trifo/ium pratense, which are considered as native plants to the environment 

(Boshoff et al. , 20 14). The advantage o f using common and native growing plants such as 

nettle and grass to model and predict soil and plant metal concentrations is that they are 

known to survive and reproduce under environmenta l stress (Vystavna et al., 20 15). They a re 

exposed only for a specific period o f time (i.e. plant growth season) to available pollutants 

and they are present in most ecosystems which makes comparisons among a broad range of 

sites (even across continents) possible (Boshoff et al .. 20 14). Field responses of plants are 

complex because o f many factors: toxic ity of metals is mediated by texture and so il status 

and by synergistic behaviour of different chemicals (Kulizhskiy et al .. 2014). The 

absence/presence of certain plants to a particular polluted environment will g ive an indication 

of the state of contamination of the soil, even before the experiment (King et al., 2006). Plant 

characteristics re levant to field behaviour therefore encompass morphological and 

a rchitectural responses to meta l distributions where many issues play a role, including the 

distance of roots from the areas containing high meta l concentrations. An important question 

is how to study these processes at a small sca le using an easy, cheap, replicable and reliable 

technique (Bochicchio et al., 20 15). 

In view of the potentia l tox ici ty, persistent nature and cumulative behaviour as well as the 

consumption of vegetables and fruits, there is a need to test and analyse food items to ensure 

that the levels of these contaminants meet the agreed internatio nal requirements. Regular 
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survey and monitoring programmes o f the concentration o f heavy meta ls in food products 

have been carried out fo r decades in most developed countries (Gebrekidan et al. , 20 13; 

Capra et al., 20 14) . The heavy meta ls concentratio n in MSW compared to other solid fuels 

such as biomass and coal is relatively hi gh and in addition to that, variations in heavy metal 

concentrations in MSW are large, a lso within each fraction of MSW (Serum et al. , 2003). 

Hence, selective soil and plant extraction procedures are very cruc ial when quanti fying heavy 

metal content and conducting risk assessments on the environment (Malandrino et al. , 20 11 ). 

Water soluble metal ions can easily be mobilised and may be considered as highly 

· bioavailable' and to assess the readily available metal fractions under field condit ions, 

co llection and analysis of pure water has therefore become an important aspect of man 

environmental monitoring programs (Remon et al., 20 13). In addition, Chapman et al. (20 13) 

concluded tha t pore water testing and analyses can be effective tools provided their 

limita tions are we ll understood by researchers and managers. 

Currently, there exists a gap between legis lation and practise of environmental protection in 

SA (Eij sackers et al., 2014). The large amounts of heavy metals in munic ipal solid waste 

(MSW) totally dominate the outflow fro m cities (Backnas et al., 2012). Soil contamination is 

man-made and it is site-specific, local, regional and global environmenta l problem and its 

assessment (Desaules, 20 12). The mobility and bioavailability of heavy metals in the 

environment depends not only on their total concentration but also on their association with 

the solid phase to which they are bound (Acosta et al. , 20 11 ). The risks posed by 

mobilization of heavy metals strongly depend on the pathways that the toxic metals follow. 

These can be subd ivided in so il- plant and soil-water pathways (Meers et al., 2007). In the 

first case, an important risk is generated by the entrance of the meta ls into the trophic chain 

fo llowed by subsequent dispersion associated with the local fauna . In the second case, metal 

mobiliza tion through disso lution in runoff or li xiviation water poses a direct risk o f 
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groundwater contamination (Meers et al., 2007). In depth understanding of the contamination 

charac teristics o f heavy metals in so ils and identifying the environmental exposure risks not 

o nly are the basic pre-conditions for so il pollution prevention and control, but also provide 

important information for making dec isions for remediation of contaminated soils (Chen et 

al. , 20 13). 

Heavy e lements such as Pb, Zn, Cd, Hg and Cr generally referred to as metals and metalloids 

have densities greater than 5 g/cm3 (Bolan et al., 2014). Metalloids such as arsenic (As) o ften 

fall into the heavy metal category due to similarities in chemical properties and 

environmental behaviour (Chen et al., 20 15). Organic chemicals are different in their nature 

and tum to react differently whenever they are either mixed with each other or come in 

contact with o ther solvents or solids (Bo lan et al., 2014). Once heavy metals are released 

from the soil , they persist fo r a long time and they are not easily removed (Wu et al. , 20 15). 

This kind o f pollution not only degrades the quality of the atmosphere, water bodies and food 

crops, but also threatens the health and well-being of animals and humans by way of the food 

chain (Ward et al., 2005). 

In developed countries, efforts have been made to evalua te the implication of trace and heavy 

meta ls as well as MSW management on humans, plants and the environment that comes from 

open landfi lls. There is a pauc ity of in formatio n on heavy metals bioavailability in soil and 

the impact open dumpsites in South Africa. Therefore, the present study was conducted to 

detennine the various concentrations of trace and heavy metal (As, Cd, Cr, Cu, Mn, Pb, Hg, 

i, Se and Zn) in soil samples co llected from four major dumpsites in Thabo Mofutsanyane 

Dis trict, Eastern Free State during different seasons o f the year . Since so il to plant trans fer o f 

trace metals is the major pathway of human exposure to metal contamination. 
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CHAPTER2 

OBJECTIVE OF THE STUDY 

2.1. Statement of the problem 

Recent industrialisation and increase in population have increased the accumulation of heavy 

metals in the so il environment (Nazeer el al., 20 14). As the final municipality so lid waste 

(MSW) di sposal method, landfill is a widely accepted technology, especially in developing 

countries. The large number of cases of groundwater pollution at landfills suggests that 

landfill leacha te is a significant source of pollutants, espec ially when considering different 

kinds o f contaminants in landfill leachates. Heavy metals are dangerous because of their 

persistence and tox ic nature. Heavy meta ls can be transferred to the ecosystem components 

such as underground water or crops and ultimately affecting human health through water 

supply and food web (Marig6mez et al., 2004 ). Other heavy metals can persis t in the a ir fo r a 

long time and that can lead to inhalation of these metals, thus leading to health problems (Net 

et al .. 20 15). 

South African (SA) so ils, like those in the rest of the world, have become increasingly 

deteriorated due to anthro pogenic activities (Lion and O lowoyo, 20 13). South Africa being a 

developing country, many industries that produce different products need the space in the 

environments to discharge their wastes, therefore creating dump sites. In South Africa, the 

scenario is worse in urban so ils due to the recent dramatic industrialization and urbanization 

activities to meet up the demands of increasing population. Elevated concentrations o f 

potentia lly toxic elements in the urban so ils indicate that the urban residents are exposed to 

contam inated soils (Wei et al., 20 l 0). Illega l dumping o f waste is a major problem in South 

Africa, especially around the Free State province. This is followed by unauthorised landfi ll s 

with the majority located within res identia l areas and poor protective structures of dumpsites. 
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Infants and toddlers are particularly vulnerable to trace metal exposure and poisoning due to 

the maximal brain growth and differentiatio n o f children at early ages (Wu et al .. 20 15). 

Moreover, trace element adsorptions from the digestion system and haemoglobin sensitivity 

to trace elements are much higher in children compared to adults (Bdour et al., 2007). These 

problems are particu larly worrisome in Free State province, due to large population in close 

proximity to industrial and other urbanized activities as well as open landfills. Over the last 

few decades, a s ignificant number of studies have addressed the contamination of so ils with 

trace elements in several countries (Adeniyi, 1996; Flyhammar, 1997; Ward et al., 2005; 

Zhang et al. , 2008), to our knowledge, no such study has yet been conducted in the Free State 

province, South Africa. Therefo re, this is the first study investigating the scenario of trace 

element contamination in soils of residential urbanized area in Free State province. T he study 

determined the concentrations of trace elements in soils and plants from four major open 

dumpsites of Thabo Mofutsanyane District, South Africa and to evaluate possible ecological, 

environmenta l and health impact of trace meta ls from landfi lls. 

2.2 Objectives 

2.2. I . General objective 

The overall objective of this study is to quantify tox ic contaminants of four major dumpsites 

of Thabo Mofutsanyane district and Eastern Free State in South Africa using soil and plant as 

test samples. 

2.2.2. Specific objectives 

• Determine the major toxic contaminants such as heavy and trace metals during 

d ifferent seasons. 

• To determine the level of heavy metal contaminations in plant species and soil and to 

identify various p lant species in the dumpsites. 
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• To compare the level o f contaminants such as As, Cd, Co, Cu, Mn, Pb etc in the fo ur 

dumpsites. 

• To determine whether these plant species can be considered as biological indicators 

to monitor the changes in the environment. 
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3. 1. Study area 

CHAPTER3 

MATERIALS AND METHODS 

Maluti-A-Phofung (MAP) local municipa lity is situated in the Free State Province of South 

Africa. It is s ituated w ithin the boundaries of the Thabo Mofutsanyana District Municipality 

in the Eastern Free State. It was estab lished in terms of the prov inc ial Gazette No. 14 o f 28 

February 2000 issued in terms of Section 21 of the Local Government Notice and Municipal 

Demarcation Act o.27 of 1998. MA P is a local munic ipality FS 194 and was established on 

the 51
h Decem ber 200 I . MAP is made up of four former transitional local council (TLC) 

Local Authorities which are Qwaqwa Rura l, Phuthaditj haba, Harrismith and Keste ll . Figure I 

below shows the locali ty o f MAP. The municipa lity comprises of 35 wards and covers 

approximate ly 4 ,42 1 km2 in extent. Phuthad itjhaba is the urban centre o f Qwaqwa and serves 

as the administra tive head office o f MA P municipa lity. Surrounding Phuthaditjhaba a re rural 

villages of Qwaqwa established on triba l land administered by Department of Land Affairs. 

Harrismith is a service centre for the surrounding rural areas and a trad ing belt serving the 

passing 3 highway which links the Gauteng a nd KwaZulu-Natal prov inces. Harrismith is 

surrounded by Tshiame located 12 km to the west and lntabazwe, which is located 1.5 km to 

the no rth . The town is an economic hub fo r people liv ing in Tshiame, lntabazwe and 

Qwaqwa. Kestell is a service centre fo r the surrounding agricultural oriented rura l area with 

T lholo ng as the township . Kestell is s ituated a long the N5 road that links Harrisrnith with 

Bethlehem. The rura l areas o f Maluti-A-Pho fung comprise commercia l farms and major 

nature conservation centres such as Qwaqwa National Park, Platberg, Sterkfonte in Dam and 

Ma luti Mountain Range. 

The area is not only a tourist attraction destination, but also makes a big contribution in 

generating gross agricultural income fo r the who le o f the Province and is a lso highly regarded 
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for its beef produc tion. In comparison with the demographic compos ition of the rest of the 

Thabo Mofutsanyana District, MAP municipality has the highest population density with the 

3rd highest population density in the Free State. Maluti-A-Phofun g Local Municipality 

(MAP) is a Category B municipality located in the eastern part of the Free State Province. 

MAP forms part o f a scenic tapestry, which changes dramatically with each season, the 

beauty and tranquillity of which is palpable and almost overwhelming, which has as its rock­

bed the famous Maluti Mountains, from which the Municipality is named. Majes tic 

mountains with sandstone cliffs, fertile valleys of crops that stretch as far as the eye can see, 

fields of Cosmos and the golden yellow hues of Sunflowers, are just a few o f the enchanting 

sights that make this region unique. Battle sites and memorials left over from bygone wars, 

anc ient foss il footprints from a prehistoric era, a wealth of art and craft and renowned resorts 

make this part o f the region a destination to explore. The municipality is made up o f three 

major towns, namely: Hanismith, Kestell and Qwaqwa/Phuthaditj haba. Dihlabeng Local 

Municipality is an administrative area in the Thabo Mofutsanyana District of the Free State in 

South. It was established under Sectio n 12 of the Loca l Government Struc tures Act, 11 7 of 

1998, a fter the first general local government elections o f 51
h December 2000 which heralded 

the final phase o f local government reform as envisaged in 1994 at the onset of the process o f 

democratisation. The Municipali ty is a category B as defined in the Local Government 

Structures Act and shares executive and legislative authority with the category C municipality 

within whose area it fall s i.e. Thabo Mofutsanyane District Municipali ty. The type is that of a 

Collective Executive System combined with a Ward Pa rticipatory System. 

The Dihlabeng Local Municipa lity is s ituated within the boundaries o f the Thabo 

Mofutsanyana District Municipal ity in the Eas tern Free State. The geographical area is 

7550.49 10 km2
. The Munic ipality consists o f the towns Bethlehem (includ ing Bohlokong & 
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Bakenpark), C la rence (incl. Kgubetswana), Fouri esburg (inc l. Mashaeng), Paul Roux (inc l. 

Fateng-Tse- tsho) and Rosendal (including Mautse). 
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Figure 1: Map of South Africa with the shaded areas indicating the locations of interest for the study. T he sta r indicates the study sites 

(Source: Google Map) 
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3.2. Description of dumpsites 

Four major munic ipal solid waste dumpsites, two from Bethlehem, one each from Harrismith 

and Qwaqwa around the Eastern Free State, Thabo Mofutsanyane District, South Africa were 

considered fo r the two dumpsites in Bethlehem, one is located near the Bohlokong residentia l 

(township) areas (28° 53 ' 57" S and 28° 57'' 66" E) and is currently being in operation for 2 

years, while the other one is located in the suburbs area called Panorama (29° 43' 67" S and 

28° 37' 43" E). The o ther two landfi lls are from Harrismith, tabazwe Township (28° 54' 57'' 

and 29° 46' 39" E) and Qwaqwa. Letsha Le-Maduke (28° 45' 67" S and 28° 34' 67" E) and 

they a re both currently active. 

3.3. Soil, plant sampling and characterization 

A random sampling technique fo r collection of so il samples was used. Soil samples were 

co llected inside the dumpsite, not more than 15 m apart and outside the dumpsites, not more 

than 15 meters away from the dumpsites. Soil samples from four different locations inside 

and outside the dumpsites, ten meters apart, were collected and each mixed to be the 

representative of the inside and outside o f the dumpsite. The soil was scooped at 0-25 cm 

depth using an auger. Collection of so il samples was repeated during four different seasons 

(spring, summer, autumn and wi nter) of the year (20 14 and 2015) to represent the dry and 

wet seasons 

plant samples of Panicwn maximum (green panic), Eragrostis plana (South A fri can 

lovegrass), Cosmos and Ele11si11e i11dica (Indian goose grass, wiregrass, crow foot grass) were 

co llected inside the dumpsite, not more than 15 m apart and outside the dumpsites, not more 

than 15 meters away from the dumpsites. Plant samples were identified by Dr. Erwin Siebern 

fro m the University of the Free State (Qwaqwa campus) herbarium. Plant samples fro m four 

d ifferent locations inside and outside the dumpsites, ten meters apart, were co llected and each 

mixed to be the representative of the inside and outside of the dumpsite. Plant samples were 
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a lso pulled from the soil together with their roots at the depth of 0- J 5cm with an auger. Plants 

were collected inside and outside the dumpsites ten meters apart. Collection of plant samples 

was repeated during four different seasons (spring, summer, autumn and winter) of the year 

(2014 and 2015) to represent the dry and wet seasons. 

3.4. Metal concentration of soil and plant samples 

Soi l samples were dried for four weeks at room temperature, ground and sieved with a 500 

mm sieve element in order to achieve uni fo rm sized particles. The ground soil samples were 

analysed for trace metal concentrations using the four acid digest techniques (HCl, HN03, 

HC l0 4 and HF) as described by Pastor and Hernandez, (20 12) where the acids were added to 

5.0 g o f soil and the resulting solution made to volume. Complete digestion of the samp les 

was performed at 200 °C for 6 h. After that, the samples were di luted to I 0 mL with Milli -Q 

water. Digestion of samples was carried out in duplicates with six blanks for each series. 

Analyses o f both the soil sample extracts were carried out using an inductively coupled 

plasma optical emission spectrometry (lCP-OES) (Agilent Technologies 7500c, Tokyo, 

Japan), according to the method of He et al., (2006). 

Plant samples were also collected from the same sites where soils were collected. At harvest, 

plants were mixed into shoots and roots properly washed with deionized water to remove a ll 

vis ible soil particles. Plant samples were first dried at 70 °C for 24 h. H 0 3: HCI04 = 7: I 

(Trace Select, Fluka, Germany). Digestion of plant samples was performed to determine total 

metal concentratio n using a method of Ali et al., (20 14). Four millili tres o f a 7: I mixture of 

HN03:HCI04 was added to approximate ly 0.3 g of plant material and le ft in a closed PFA 

vial for 24 h (Savillex, 0275R, USA). Complete digestion of the samp les was performed at 

200 °C fo r 6 h. After that, the samples were diluted to I 0 mL with Milli-Q water. Digestion 

of samples was carried out in duplicates with six blanks for each series. Analyses of both the 

plant sample extracts were carried out using an inductively coupled plasma optical emission 
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spectrometry ( ICP-OES) (Agilent Techno logies 7500c, Tokyo, Japan) , according to the 

method o f He et al., (2006). Figure 2 shows acid digestion of soil samples after 24 h and 

filtration o f the extracts using Whitman No. I filter paper. All extractions and analyses were 

carried o ut in the Agricultural Research Council, Institute for Soil, Climate and Water 

Analysis, Pretoria, SA. 

In order to determine the pH, catio n exchange capacity (CEC), clay percentage, traces 

minerals and trace elements. The so il pH was measured with a solid/l iquid ratio of I :20 (w/v) 

after the so lutio ns had been allowed to equi librate fo r 48 h. The metal elements in soil 

samples were analysed by digesting method using the HNOi H20 2 hot block d igestion 

procedure (USEPA, 2002), fo llowed by the me tal determination in so lution using inductively 

coupled plasma method (IC P-AES, ICAP 6000 Radial, Thermo, U.K.). The water-extractable 

cation and anion concentrations were determined by diluting the samples with disti lled water. 

After agitation for 24 h a t room temperature, the suspensions were filtered through 0.45-µm 

membrane filters. The water soluble cations in the filtrate were measured by ICP-AES and 

the water soluble anions were analysed using an ion chromatograph (HIC-SP/ HIC-NS, 

Shimadzu, Japan). Figure 3 shows tes ting of the so il pH, clay percentage, total carbon and 

extract ana lysatio n using ICP-AES chemical analysis fo llowed USEPA approved QA/QC 

plan with a blank, a duplicate and a spike every 20 sample. All extractions and ana lyses were 

carried o ut at the Agricultural Research Council, Small Grain Institute, Bethlehem, South 

Africa. 

3.5. Statistical analysis 

The community ana lysis package; the Princ ipal Component Analysis (PCA) technique was 

applied to determine the correlation between the heavy metals and the sites. Descriptive 

s tatistics of metals and soil properties were performed applying the Excel for Windows 

software package. Ana lysis of variances (ANOV A) tests to determine the sta tis tical 
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significance of the observed differences among various amounts of metal released for each 

dumpsite concentration. Correlation matrix and PCA were used to evaluate the effect of soi l 

properties on the percentage of released metals. Yarimax rotation was applied because it 

minimizes the number of variables with a high loading on each component and facil itates the 

interpretation of results. Using the cluster analysis, this technique clusters variables into 

groups such that variables belonging to one group are highly correlated with one another. 

Statistical analysis was carried out using SPSS 20.0 fo r Windows (Ravisankar et al., 20 15). 

Differences in the concentrations of trace metals from the sites were determined using either 

the Student t-test or the analysis of variance. A Mann-Whitney U-test was used to furt~er test 

fo r the significant difference of contaminants concentrations between the inside and outside 

of each of the three dump sites. 
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Figure 2: Acid digestion of soil samples after 24 h and filtration of the extracts using 

Whitman No. I filter paper. 

Figure 3 : Testing of the soil pH, clay percentage ,total carbon and extract analsation 

using ICP-AES 
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4. RESULTS 

4.1. Heavy metals in soils 

The variations in concentrations o f heavy metals in soil from four dumpsites are as 

shown in Table 4 .1. The active s ite (the s ite that is currently operational), while the inactive 

s ite (the site chat is no longer operating). From the study, the values of Zinc (Zn) from the soil 

samples during the dry season (autumn) were observed co be fluctua ting within and outside 

the dumpsices. The values o f Zn content within the dump sites of Harrismith, Qwaqwa, 

Bethlehem active site (site A) and Bethlehem inactive s ite (site B) were 33.50±0.07, 

105.03±24.4 1. 144.99± 10.61 and1 09.98±2.88 mg/kg, respecti vely. When compared with the 

outside o f the dumpsites, the results o f Zn concentration from Harrismith, Qwaqwa, 

Bethlehem acti ve s ite and Bethlehem inacti ve s ite were 46.52±0.22. 8 1.40±28.05. 45.93±6.09 

and 147.88± I 1.59 mg/kg, respectively (Table 4.1 ). The highest concentration of Zn from the 

dumpsites was between Bethlehem site B within and outside the dumpsite. The second 

co llection o f samples during the dry season (winter), the Zn content both within and o utside 

the dumpsites under study changed drastically (Table 4 .2). It was observed that during the 

winter period, Zn concentrations were elevated . Similar trends o f fluctuations of Zn 

concentration was also observed during the wet season. During the wet season (spring), Zn 

co ncentration inside the dumpsites fro m Harrismith, Qwaqwa, Bethlehem site A and site B 

was 53.11±3.99, 56.28±2.54, 171.35±4.1 7 and 36.89±2.73 mg/kg, respectively. The outside 

o f the dumpsites from Harrismith, Qwaqwa, Bethlehem site A and site B, the concentration 

o f Zn was 34.39± 1.79, 85.93± 1.34. 52.8 1±2.93 and 49.66± 1.85 mg/kg, respectively. During 

the second collection of samples in the wet season (summer), it was observed tha t Zn 

concentration was increasing. Th is increase was observed during the dry season. Most heavy 

meta ls slightly increased during the wet season. Zn concentration inside the dumpsites from 
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Harrismith, Qwaqwa, Bethlehem site A and s ite B was 125 .7±5.23, 52.87±3.91 , 82.26± 1.02 

and 3 1.26±4.15 mg/kg, respectively. The outside of the dumpsites from Hanismith, Qwaqwa, 

Bethlehem site A and site B, the Zn content was 56.23± 17.12, 92.1 I ±0.83 , 88.8±41.02 and 

3076.5± 12.02 mg/kg, respectively. Comparing the fo ur seasons (autumn, winter, spring and 

summer), the Zn concentration was higher in winter than during dry season and wet season, 

except in Bethlehem site B outside the dumpsite, during the summer season where it had 

much elevated concentration of 3076.56± 12.02 mg/kg (Table 4.4). 

In addition, lead (Pb) and cadmium (Cd) had similar results with Zn in a ll the sites during 

different season. During the dry season (autumn), Pb concentration from Hanismith, 

Qwaqwa, Bethlehem site A and site B within the dumpsites was 13.49±0.37, 12.60±0.24, 

20.82±3.94 and 16.0 I ±0.1 4 mg/kg, respectively. The outside o f the dumpi ng sites fro m 

Harrismith, Qwaqwa, Bethlehem s ite A and s ite B. Pb concentration was 14.93± 1.32, 

15.45±5.62, 13 .44±0.89 and 24.25±2.30 mg/kg, respectively. Similar to Zn concentration, 

during the second co llection of samples in the dry season (winter), Pb concentra tion changed 

drastically with elevated concentrations values from Qwaqwa dumpsite both inside and 

outside and Bethlehem site A (inside) dumpsite o f 118.44±4.5 1, 3 15.79±30.26 and 

230.82±35.24 mg/kg, respective ly (Table 4.2). It was observed that in Harrismith dumpsite 

(ins ide), there was a significant decrease in Pb concentration with the va lue o f 0.17±0.02 

mg/kg (Table 4 .2). During the wet season ( 14 November 2014), Pb concentration fro m 

Harrism ith, Qwaqwa, Beth lehem site A and site B with in the dumpsitcs was 14.44±0.43. 

12 .04±0.23, 22 .21 ±0.50 and 9.5± I 0.72 mg/kg, respectively. In compari son with Pb 

co ncentration outside of the dumpsites from Harrismith, Qwaqwa, Bethlehem site A and s ite 

B was 11 .86±0.61. 12.06±0. 13. 18.35±0.30 and 9. 15±0.32 mg/kg. re pective ly (Table 4.3). 

During the spring and summer seasons, it was observed that the values o f Pb concentration 
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from the dumpsites, both inside and outside were not significantly different, except tn 

Bethlehem site B which was 76.13±4.57 mg/kg. 

Cadmium (Cd) fluctuation in soil from the dumpsites in Harri smith, Qwaqwa, Bethlehem site 

A and site B was also s imilar to Zn and Pb fluctuation. During the dry season (autumn), Cd 

concentration was found to be in the range of 0.04±0.004-0.28±0.29 mg/kg. Th is is be low the 

maximum permissible limit set by the SEPA and WHO, including the regiona l guidelines 

from SA agricultural soils (Table 4 .1 and Appendix 3). On the second collection of samples, 

during the dry season (winter), the Cd concentration changed drastically from the same 

dumpsites now rangi ng from 2.82±0.56-6.15±0.06 mg/kg (Table 4.2). The drastic increase 

was s imilar to the concentrations observed for Zn and Pb during wi nter season. It is 

noteworthy that during the spring and summer season, Cd concentration showed values 

below the thresho ld ranging from 0.05±0.008-0.43±0.06 mg/kg, except in Bethlehem s ite B 

(outside) dumpsite, the concentration was 2.54±0. 15 mg/kg (Table 4.3 and 4.4). This was 

also s imilar to Zn and Pb (Table 4.3 and 4.4). 

High values o f Manganese (Mn) were observed from a ll the dumpsites during the autumn and 

winter seasons. Mn concentra tion during the autumn from Harrismith, Qwaqwa, Bethlehem 

site A and s ite B inside the dumpsites was 3 19.89±3 1.48, 405.01 ±405.7, 494.68±35.92 and 

256.73±32.81 mg/kg, respectively. On the outs ide of the dumpsites from Harrismith, 

Qwaqwa, Bethlehem site A and s ite B, Mn concentration was 298.69±32.10, 1181.76± 1.87, 

598.74±97.90 and 58 1.42±49.5 1 mg/kg, respectively. During the second col lection of sample 

in the dry season (winter), the Mn values remained higher during winter season, Mn 

concentration inside the dumpsites from Harrismith, Qwaqwa, Bethlehem site A and site B 

was 669.20± 11 5. 18, 5 1 1.24±32.23, 470.49±5.17 and525.46±28.9 l mg/kg, respectively. On 

the outside o f the dumping s ites form Harrismith, Qwaqwa, Bethlehem site A and site B, Mn 
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concentration was 592.0 1±7.18, 696.13±44.46, 799.46±84.50 and 420.49±3 13.32 mg/kg, 

respectively. When the dry season was compared to the wet season, a drastical decrease in 

concentration of Mn was observed (Table 4.3). During the spring season, Mn concentration 

inside the dumpsites from Harri smith, Qwaqwa, Bethlehem site A and site B was 57.69±3.00, 

78.94±4.10, 56.51 ±2.10 and 318.75± 13.22 mg/kg. respectively. On the outside of the 

dumpsites from Harrismith, Qwaqwa, Bethlehem site A and site B during the spring season, 

Mn concentration in so il was 64.25±4.18, I 02. 1±0.57, 85.57±36 and 238.95±0.64 mg/kg, 

respectively. The concentration remained relatively low during the second collection of 

samples in wet season. During the summer season, Mn concentration inside the dumpsites 

from Harrismith, Qwaqwa. Bethlehem site A and site B was 59.78±4.55, 100. 12± 1.53. 

78.15± 10.95 and 11 6.0± 1.70 mg/kg, respectively. On the outside of the dumpsites from 

Harrismith, Qwaqwa, Bethlehem site A and site B. Mn concentrat ion was 62.48±4.84, 

82.56±0.46. 78.78±0. 15 and 197.79± 19 1.64 mg/kg, respectively. 
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Table 4 .1: Concentration {mg/kg) of heavy metals in soils found in four major dumpsites in Thabo Mofutsanyane District, Eastern Free State, 
co llected during the autumn season (15 April 20 14) 

No. uf Sample site Cr Mn Co Ni Cu Zn As Cd Hg Pb Al % 
sites 
I : A H; W 9.76±0.16 3 19.89±3 1.48 7.27±0.3 1 11 .88±0.62 8.0 1±0.13 33.50±0.07 4 .20±0. 15 0.10±0.01 0.05±0.005 13.49±0.37 0.007 

B H:O 12.77±0.79 298.69±32.10 6.77±0.95 15.95±0.52 8.79±0.25 46.52±0.22 3.38±0.43 0.23±0.1 1 0.05±0.007 14.93± 1.32 0.025 

2: A Q: W 44 .87 1:20.68 405.0 I :r405.7 7.54±0.06 19.46± 16.34 42.72±27.54 I 05.03±24.41 2.12±0.13 0. 17±0.04 0.05±0.0 1 12.60±0.24 0.0 19 

B Q:O 11 9.06± 1.24 11 8 1.76± 1.87 3 1.20±0.34 35. 14± 1.49 62.27±0.33 8 1.40±28.05 4.45± 1.52 0. 14±0.0 1 0.05±0. 19 15.45±5.62 0.236 

3: A B: A: W 22.72±7.68 494.68±35.92 5.95±0.06 13.70±0.34 14.41±0.5 1 144.99± 10.6 1 4 .04±0. 12 0 .28±0.29 0. 12±0. 13 20.82±3.94 0.028 

B B: A : O 16. 12±0.50 598.74±97.9 7.97±1.1 0 2 1.12±0.56 11 .07±0 .1 8 45.93±6.09 3.05±0.26 0.04±0.004 0.05±0.0 1 13.44±0.89 0 .009 

4 : A B: I: W 28.27±0.91 256.73±32.8 1 3.82±0. 12 8.94± 1. 12 17.58±0.7 1 109.98±2.88 2.51 ±0. 13 0.27±0.0l 0.08±0.02 16.01±0. 14 0.036 

B B: I: 0 60. 16±4.73 58 1.42±49.5 1 8.69±0. 19 20.25± 1.13 16.97±0.89 147.88± 11 .59 5.35±0.37 0.20±0.009 0.09±0.06 24.25±2.30 0 .039 
H: W; Harrismi th: Within, H: O; Harrismith: Outer, Q: W; Qwaqwa: within, Q: O; Qwaqwa: outer, B: A: W; Bethlehem: Active: Within, B: A: 
O; Bethlehem: Active: outer, B: I: W; Bethlehem : Inacti ve: Within, B: I: O; Bethlehem: inactive: Within 
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Table 4.2: Concentration (mg/kg) of heavy metals in soils found in four major dumpsites in Thabo Mofutsanyane District, Eastern Free State, 

co lkckd during the winter season (1 5 July 20 14) 

No. Sample Cr Mn Co Ni Cu Zn As Cd Hg Pb Al % 
of sites 
sites 
l : A H; W 46.964±6.55 669.201- 11 5. 18 6.38± 1. 15 18.82±2.04 37.03± 17.3 1 657.85±84.47 6.8 1±0.84 1.28±0. 13 0.09±0.007 0. 17±0.02 0.023 

8 H:O 56.87± 1.96 592.0L!..7. 18 9.53±0.5 1 33.83±0.15 17.72±0.59 57.44±0.90 5.24±0.47 0.37:t:0.20 0 .06±0.04 15.68±0.68 0.009 

2: A Q: W 84.13± 1.56 5 11.24132.23 13.73±0.30 37.28±0.33 6 1.42±3.09 1055 .82± 130.79 2.78±0.16 1.62±0.12 0 .07±0.05 11 8.44±4.5 1 0.029 

R Q:O 11 3.46± 10.37 696. 131-44.46 13.39±0.08 35.14±0.62 75.04±0. 12 1733.5 1±39.33 2.74±0.02 6.15±0.06 0.03±0.006 3 15.79±30.26 0.032 

3: A B: A: W 7 1.49±0.93 470.491:5. 17 7.08±0.06 37.25±8.54 2 18.89± 1.33 777 .5 1±62.79 5.24± 1.20 2.82±0.56 0.06±0.004 230.82±35.24 0.0 11 

B B:A:O 20.65±5.65 799.46.184.50 7.74±0.35 27.42± 1.28 11 .68±0.03 57 .3 1± 1.50 6.09±0.23 O. I ?:t:0.02 0.03.i0.03 19.5 1±0.11 0.0 15 

4: A B: l: W 51.48:1:9 .41 525.461-28.9 1 23.58±9. 18 17.07±0.28 15.09±0.88 30 1.29±27.37 2.7 1±0.23 0.34±0.07 0.08±0.03 26.67±0.34 0.0 13 

B B: 1: 0 38.20:r9.33 420.49±3 13.32 20.73± 16.94 14.02±7.45 35.2.i27.25 18 1.58±74.5 1 2.35±0.45 0.2 1±0.06 0.32±0.40 19.47±6.45 0 .0 12 

H: W; Harrismith: Within, H: O; Harrismith: Outer, Q: W; Qwaqwa: within, Q: O; Qwaqwa: outer, B: A: W; Bethlehem: Acti ve: Within, B: A: 

O; Beth lehem: Acti ve: outer, B: I: W; Bethlehem: Inactive: Within, B: I: O; Bethlehem: Inactive: Within 
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Table 4.3: Concentration (mg/kg) of heavy metals in soils found in fo ur major dumpsites in Thabo Mofutsanyane District, Eastern Free State, 

collected during the spring season (15 November 20 14) 

No. o f' Sample site Cr Mn Co Ni Cu Zn As Cd Hg Pb 
si tes 
l :A I-I : W 63.69±5 .40 57.69±3.00 <0 .0001 ±0 36.37±0.27 29.6±0 .10 53 .1 1±3.99 4.87±0.29 0.07±0.0007 0.02±0.008 14.44±0.43 

B H :O 20.52±0.27 64.25±4. 18 1.1 3± 1.60 14.76±0.82 14.92±0. 10 34.39±1.78 3.44±0.2 0.05±0.008 <0.000 1±0 11.86±0.61 

2: A Q :W 86.42±3 .1 0 78.94±4. 10 22.48±0.65 41.47±0.89 46.25± 1.26 56.28±2.54 1.98±0.12 0. 11±0.002 <0 .000 1±0 12.04±0.23 

13 Q: O 15 1.1 ± 1.70 102. 1±0.57 5.96±6.52 56.99±0.96 61.46± 1.96 85.93± 1.34 2.08±0.23 0.13±0.001 0.02±0.002 12.06±0. 13 

3: A BA:W 47. 1± 6.62 56.5 1±2. 10 1.58±2.32 20.03±0.59 37.92±2.76 17 1.35±4.17 4.07±0.20 0.43±0.06 0.62±0.88 22 .21 ±0.50 

B B : A :O 58.01 ±2.08 85.47±5.36 16.66±0.8 1 26.46±2.05 30.9 1± 1.22 52.81±2.93 5 .76±0.03 0.06±0.002 <0.0001±0 18.35±0.30 

4: A B : I: W 39.74± 1. 13 3 18.75± 13.22 6.86±0.38 12.87±0.77 13.8±0.77 36.89±2.73 1.63±0. 17 0 .07±0.00 1 <0.0001±0 9.5± 10.72 

B B: I: 0 45.14±20.07 238.95±0.64 6.37±0.26 8.04±0.30 13.75±0.64 49.66±1.85 1.8±0.87 0.08±0.0007 <0.000 1±0 9. 15±0.32 

H: W ; Harri smi th: Within, H: O; Harrismith : O uter, Q : W; Qwaqwa: with in, Q: O ; Qwaqwa: outer, B: A: W; Bethlehem: Active: Within, B: A: 

O; Bethlehem: Acti ve: outer, B: I: W ; Bethlehem: Inactive: Within, B: I: O; Bethlehem: Inactive: Within 
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T able 4.4: Concentration (mg/kg) of heavy meta ls in soil s fo und in fo ur maj or dumpsites in Thabo Mofutsanyane District, Eastern Free State, 

collected d uring the summer season ( 15 February 2015) 

No. of Sample site Cr Mn Co Ni Cu Zn As Cd Hg Pb 
Si ll:S 

I : A lI :W 34.94±1.60 59.78±4.55 <0.000 1±0 22.12±1.20 54.89±38.1 1 125.7±5.23 3.77±0.36 0.36±0.02 0.97± 1.37 17.83±0. 16 

f3 H: O 18.32±1.46 62.48±4.84 0.09±0.08 16.03±1.37 175.61±22. 12 56.23± 17.12 1.75±0.0 1 0.08±0.007 0.03±0.04 30.23± 13.97 

2: A Q:W 147.8±18.95 I 00. 12± 1.53 10.52±0.34 40.49±3.13 48± 1.50 52.87±3.9 1 1.42±0.05 0.09±0.005 2.42±0.06 11.16± 1.00 

B Q:O 83.07±0.67 82.56±0.46 20.93±0.23 31.69± 1.36 5 1.45±0.80 92.1 1±0.83 1.78±0. 13 0.3±0.005 0.04±0.04 11.53±0.42 

3: A B:A:W 62.28±2.38 78. 15± 10.95 8.03± 11 .35 24.15± 12.04 33.95±0.32 82.26±1.02 2.49±0.20 0. 18±0.002 0.08±0 13.93±0. 18 

B B:A:O 4 1.84±5.8 1 78.78±0.15 7. 1±3.27 26.68±3.30 39.5±0.74 88.8±41.02 3.56±0.69 0.12±0.0 1 <0.0001±0 15.06±0.46 

4: A B: l: W 88.07±7.22 11 6± 1.70 16.06± 18.84 26.81 ±2.22 37.86±2.33 3 1.26±4.15 1.44±0.4 1 0.07±0.008 <0.0001±0 13.3±0.58 

13 B: 1: 0 50.78±1.03 197.79±191.64 18.75±4.86 17.81±0.33 76.9±3.25 3076.5± 12.02 2.54±0. 15 2.54±0.04 0.03±0.02 76.13±4.57 

1-1 : W ; Harr ism ith: W ithin, H : O; Harrismith: Outer, Q: W ; Qwaqwa: within, Q: O; Qwaqwa: outer, B: A: W ; Bethlehem: Acti ve: Wi thin, B : A: 

O ; Bethlehem: Active: outer, B : I: W ; Bethlehem: Inactive: Within, B : I: O; Bethlehem : Inacti ve: W ithin 
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4.2. Heavy metals in plants 

During the dry season, plant samples were analysed for Zn, Mg, Mn and Cu (Table 4.5 and 

Table 4 .6). From the study, Zn values varied across different dumpsites. During the autumn 

season, from Harrismith, Qwaqwa, Bethlehem site A and site B inside the dumpsite, Zn 

concentratio n in plant samples was 46.2± 1.98, 11 2.0±2. 12, 86.2±5.94 and 127.0±0.7 1 mg/kg, 

respectively. When determining the level outside o f the same dumpsites from Qwaqwa, 

Bethlehem site A and site B, Zn concentration was 62.2±5.52, 57.7±2.47 and 95.7±7.64 

mg/kg, respectively. Harrismith outside the dumpsite had no plants due to the small swamp 

and overgrazing (Table 4.5). Du ring the winter season, only Bethlehem site A and site B were 

sampled. Zn concentration from Bethlehem site A and site B was 7 1.6±3.28 and 73.0± 1.88 

mg/kg, respectively. When determining the level outside o f the dumpsites from Bethlehem 

site A and site B, Zn concentration was 40.4±0.57 and 26.9± 1.06 mg/kg, respective ly. 

Harrismith and Qwaqwa were not sampled due to the fires around the landfi lls and 

unavailabil ity of plant sam ples (Table 4 .6). During the spring and summer seasons, plant 

sam pled were analysed for Mg, Al, Mn, Zn, Cu, Cr, Pb, Co, Cd and Se. During the spring 

season, Zn concentrations fro m Harrismith, Qwaqwa, Bethlehem site A and site B inside the 

dumping sites was 89±6.33, 129.7± 10.3, 13 1.2± 1.63 and 134.6±4.36 mg/kg, respectively. To 

the outside o f the dumpsites from Harrismith, Qwaqwa and Bethl ehem site A and site B, Zn 

concentration in plants was 7 1.2± 1.85 , 57.8±0.03, 36.9±2.4 1 and 62. 1 ±4.25 mg/kg, 

respectively (Table 4. 7). Zn concentration during autumn, winter and spring from randomly 

samp led sites and unidentified plant samples from the dumpsites under the s tudy showed no 

signi ficant differences o f heavy metal concentrations in tissues. 

T he plant samples were tested for lead (Pb) concentration during the spring season. Plant 

samples inside the dumpsites from Harrismith, Qwaqwa, and Bethlehem site A and site B 
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was 3. 1±0.30. 2.4±0.00, 8. 1±0.30 and 2.6±0.30 mg/kg, respectively. On the outside o f the 

dumpsites from Harrismith, Bethlehem site A and site B, Pb concentration in plants was 

3.3±0. 70, 0.4±0. 10 and 1.8±0.50 mg/kg, respectively. The concentration for Pb outside the 

Qwaqwa dumpsite was not detected. It is interesting to note tha t the concentrate on of Cd was 

relatively low during the spring seaso n. Cd concentrations during the spring period inside the 

dumpsites from Harrismith, Qwaqwa, Bethlehem site A and site B was 0.2±0.003, 0.2±0.002, 

0.2±0.00 I and 0.1 ±0.00 mg/kg, respecti vely. The outside of the dumpsites from Harrismith, 

Qwawqa, Be thlehem site A and site B, Cd concentration was 0.5±0.60, 0. 1±0.003. 0.8±0.10 

and 0.3±0.002 mg/kg. respectively (Table 4.7). During the spring season, Mn concentrations 

in plant samples were elevated fro m most dumpsites, except in Harrismith outside the 

dumpsite, where it decreased when compared with winter season. The concentration of Mn 

inside the dumpsites from Harrismith, Qwaqwa, Beth lehem site A and site B was 114.6±7.82. 

98.8± 10.1 3. 379.7± 13.39 and 156.4±7.47 mg/kg, respectively. On the inside of the dumpsites 

from Harrismith, Qwaqwa, Bethlehem site A and site B, Mn content was 137± 11 .88, 

53.4±0.61 , 36.9±5.54 and 187.2±20.29 mg/kg, respectively. 

Table 4.8 shows the plant samples identified from various dumpsites. Similar to the soil 

samples, Zn, Pb and Cd showed a similar trend across a ll the dumpsites. There was a 

dramatic change in the concentration of these metals during the summer season. From 

Harrismith inside the dumpsite, Cosmos species, showed values for Zn, Pb and Cd to be 

122.4±5.0, 5.6±0.33 and 0.2±0.12 mg/kg, respectively. The outside of the Harrismith 

dumpsite, the concentration of Zn, Pb and Cd to the Cosmos species was 52.8±2.0, 4.8±0.10 

and 0.04±0.00 mg/kg, respective ly. From Qwaqwa dumpsite (inside), the concentration of 

Zn, Pb and Cd in Eleusine indica was 50.8±3.0, 1.3±0.23 and 0.1 ±0.00 mg/kg. respective ly. 

The concertation of Zn, Pb and Cd in Eragrostis p/ana, outside the dumpsite was 41. 7±0.5, 

1.4±0. 14 and 0.1 ±0.00 mg/kg, respectively. Beth lehem site A inside the dumpsite, Eragrostis 
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pla11a showed Zn, Pb and Cd concentration to be 104± 11.7, 10.6±0.81 and 0.2±0.00 mg/kg, 

respectively. The Cosmos outside the dumpsite from Bethlehem site A, concentration of 

75 .0±2.3 , 3.8±0. 12 and 0.4±0.00 mg/kg was observed for Zn, Pb and Cd, respective ly. The 

Cosmos species in Bethlehem site B inside the dumpsite, showed the concentratio n o f Zn, Pb 

and Cd to be 123.0±6.5 , 4.5±0.0 I and 0.6±0.00 mg/kg, 

On the outside of the dumpsites Bethlehem site B, the content o f Zn, Pb and Cd in Cosmos 

species was 66.0±26.6. 3.0±0.0 I and 0. 1±0.00 mg/kg, respectively. This was the trend 

observed from different dumpsites. High Mn values were a lso observed in plants across all 

the dumpsites. Fluctuation of concentrations o f heavy metals in plant samples between the 

seasons showed some simila rities with fluctuation o f soil concentration between seasons. 

Another interesting o bservation between the uptake of heavy metals by plants and the 

concentra tion o f heavy metals in soil was tha t both so il and plant had high Mn values during 

winter season. 
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Tab le 4.5: Concentration of heavy metals in plants fo und in four major dumpsites in Thabo Mofutsanyane District, Eastern Free State (mg/kg), 

collected during the autumn season (1 5 April 20 14) 

No. of Sample sites Tot. C % Mg (mg/kg) Mn (mg/kg) Zn (mg/kg) Cu (mg/kg) 

sites 

l :A H:B 32.2 352±0.08 197±0.19 46.2±1.98 14.6±0.49 

2 : A Q:O 32.2 548±0.07 416±21.21 62.2±5.52 33. 1±0.99 

B Q:W 39.5 477±0.06 171±4.95 11 2±2.1 2 16. l ±0.57 

3: A B:A:W 34.4 167±0.02 11 6± 10.61 86.2±5.94 19.2±0.64 

B B:A:O 42.1 173±0.02 77.4±4.95 57.7±2.47 6.46±0.69 

4 : A B: I: W 34.0 238±0.02 190±7.78 127±0.71 29.0±0. 14 

B B: I: 0 29.8 388±0.09 2 19± 17.68 95.7±7.64 23.3±0.28 

H: B; Hanismi th: between, Q: W; Qwaqwa: within, Q: O; Qwaqwa: outer, B: A: W; Bethlehem: Active: Within, B: A: O; Bethlehem: Active: 
outer, B: I: W; Bethlehem: Inactive: Within, B: 1: O; Bethlehem: Inactive: Within 
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Table 4 .6: Concentrations (mg/kg) of heavy metals in plants found in four major dumpsites in Thabo Mofutsanyanc District, Eastern Free State, 

co llected during the wi nter season ( 15 July 2014) 

No. of s ite Sample sites Tot. C % Mg (mg/kg) Mn (mg/kg) Zn (mg/kg) Cu (mg/kg) 

l :A B:A:W 19.6 327±4.95 280± 1.41 71.6±0.50 42.8±0.85 

B B:A:O 42.2 113±2.83 68.3± 1.70 40.4±0.57 6.08±0.70 

2: A B: l:W 26. 1 283±2.83 48 .0±2.12 73.0± 1.4 1 16.5±0.36 

B B: I: 0 8.34 137±4.49 104±2.12 26.9±1.06 22.6±0.29 

B: A: W; Bethlehem: Active: Within, B: A: O ; Bethlehem: Active: outer, B: 1: W ; Bethlehem: Inactive: Within, B: I: O; Bethlehem: Inactive: 
W ithin 
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Table 4 . 7: Concentration (mg/kg) of heavy metals in plants found in fou r major dumpsites in Thabo Mofutsanyane District, Eastern Free State, 
col lcctecl during the spring season ( 15 November 20 15) 

No. of Sample 
M g Al Mn Zn Cu Cr Pb Co Cd Se 

s ilcs s ite 

I : /\ IT ; W 4666±0.007 392 1±28.28 114.6±7.82 89±6.33 26.5±2.83 7. l:r0.20 3. 1±0.30 2.2±0. 10 0.2±0.0037 2.9±0.10 

B H:O 1398:±-0.005 4958.L I 039.50 I 37:l I l.88 71.2.r 1.85 19.8± 1.36 4.9±0.10 3.3±0.70 1.6±0.10 0.5±0.60 ND 

2: /\ Q: W 7730±0.020 35431 547.34 98.8± 10. 13 129.7± 10.3 24.2± 1.72 ND 2.4±0.0008 2.8±0. 10 0.2±0.0028 ND 

13 Q:O 1536.L0.002 1388±93 .79 53.4±0.61 57 .8±0.93 11 .3±0.28 4.±.0. 10 ND I .9.L0.009 0.1±0.003 1 ND 

3: A B: A:W 3388.L0 .004 13571743 .57 379.7± 13.39 13 1.2.L 1.63 34± 1.26 4 .5±0.70 8. 1±0.30 5.3J:0.50 0.2±0.00 14 ND 

l3 B: A : O 141 9i 0 .0 12 1029.i 13 1.20 36.9±5.54 36.9.L2.4 I 9.6± 1. 14 6 1:0.20 0.4±0.10 0.4±0. 10 0.8±0. 10 1.9±0.10 

4: A B: I: W 3202±0.0 17 -1935..r- 2 16.37 I 56.4:r 7.4 7 134.6±4.36 22.8± 1.40 34.7±0.60 2.6±0.30 2±0.0045 0. 1±0.0007 1.6±.0.20 

B B: 1: 0 3534±0.034 29451:241 .12 187.2±20.29 62. I :l4 .25 13±0.99 13.6±0.40 1.8±0.50 1.1±0.00 0.3±0.00 19 3. 1±0.20 

H: W; Harrismith: Within, H: O; Harrismith: Outer, Q: W; Qwaqwa: with in, Q: O; Qwaqwa: outer, B: A: W; Bethlehem: Active: Within, B: A: 
O ; Bethlehem: Active: outer, B: I: W; Bethlehem: Inactive: Within, B: I: O; Bethlehem: Inactive: Within, ND: not detected 
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Table 4.8: Concentration {mg/kg) of heavy metals in plants found in four major dumpsites in Thabo Mofutsanyane District, Eastern Free State, 
collected dwing the summer season ( 15 February 20 15) 

Sample Mg Al Mn Zn Cu Cr Pb Co Cd Se 
site 
11: w P(lnic11m maximum 3222±0.012 8459±937.8 153.7± 12.5 11 7.1±9.6 19.1±2.7 10.9±0.7 5.7±0.32 1.9±0.11 0.2±0.00 4.6±0.30 

Cosmos 2859±0.007 12503±7 15.9 405.9± 12.4 122.4±5.0 20.5± 1.5 12.8±0.3 5.6±0.33 3.6±0.00 0.2±0.12 3.7±0.44 

H: O Co.rnws 93 10±0.00 1 4544±458.6 122.0±0.50 52.8±2.0 8.5±0.5 10.0±0.6 4.8±0. 10 2.3±0.00 0.04±0.00 4.0±0.72 

Ele11sine imlica 2349±0.0 11 2757±422.4 11 0.0±16.2 67.4±5.4 10.0±0.8 4.4±0.7 2.2±0.00 0.9±0. 10 0.2±0.00 2.9±0.20 

Q:W Unidentified (daisy) 4043±0.036 144 10±4130.5 307.3±67.0 73.6±5.2 23.9±4.4 31.5± 16.3 3.7± 1.6 1 6.0±0.10 0. 1±0.00 6.4±2.36 

E/e11sine indica 3205±0.0 13 3134±435.8 109.2±9.5 50.8±3.0 12.0± 1.3 7.7±0.1 1.3±0.23 1.8±0.1 1 0.1 ±0.00 2.8±0. 10 

Q:O Emgrostis plana 400 1±0.0 l l 4230±95.5 108.8±5.7 41 .7±0.5 14.3±0.4 11.1±0.2 1.4±0.14 2.8±0.00 0.1 ±0.00 4.0±0.00 

Cosmos 6428±0.025 8238±874.7 234.7±35.2 83.5± 10.2 22.4±3.1 22.9±0.7 3.2±0.23 5.6±0.20 0.4±0.20 4.8±0.26 
I3 A: W Eragrostis p/ana 2584±0.023 15020±2600.8 327.2±42.3 104.8± 11.7 18.2±1.9 17.2±0.0 10.6±0.8 1 5.1 ±0.22 0.2±0.00 4.4±0.00 

Unidentified (daisy) 4861±0.0 17 14233±505.6 221.5± 14.8 132.8±2.2 21.2± 1.5 17.9±0.3 5. 1±0.34 3.0±0.10 0.7±0.00 5.0±0.13 
B:A: O Cosmos 4452±0.120 3689±361.0 97.5±3.4 75.0±2.3 15.7±0. I 10.9±0.4 3.8±0.12 1.8±0.10 0.4±0.00 4.4±0.56 

I lericrusi 11111 4422±0.007 5709±5 15.3 101 .8±9.5 90.5±4.5 15.3±0.4 13.5±0.2 3.7± 1.30 2.4±0. 11 0.2±0.10 2.6±0.50 
B: l: W Unidentified (daisy) 3614±0.006 I 932±213.9 70.6±4.6 135.5±5.4 26.9±0.3 4.4±0.0 0.7±0.30 1.0±0. 10 0.5±0.10 2.8±0.29 

Cosmos 3975±0.032 1054± 154.6 54.9±3.7 123.0±6.5 15.8±1.0 2.3±0. 1 4.5±0.01 0.7±0.00 0.6±0.00 2.8±0.42 
B: I: 0 Unidentified (daisy) 5238±0.009 I 0464± 1306.5 344.3±21.4 97.5±21.4 21.5± 1.8 15.9±0.4 4.5±0.12 4.0±0.00 0. 1±0.00 4.5±0.30 

Cosmos 6 130±0.030 6380±540.8 170.0± 14.5 66.0±26.6 19.0±1.0 12.7±0.2 3.0±0.01 2.3±0.10 0.1±0.00 4.7±0.20 

H: W; Harrismith: Within, H: O; Harrismi th: Outer, Q: W; Qwaqwa: within, Q: O; Qwaqwa: outer, B: A: W; Bethlehem: Active: Within, B: A: 
O; Bethlehem: Active: outer, B: I: W; Bethlehem: Inactive: Within, B: I: O; Bethlehem: Inactive: Within 
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4.3. Trace metal and physiochemical analysis of the four major dump site 

Table 4.9 shows the clay percentage (clay %) and the organic carbon percentage for 

soil samples coll ected from four major dumpsites in Thabo Mofutsanyane District, Eastern 

Free State, during the dry and wet season. During the dry season, the percentage of clay from 

Harrismith, Qwaqwa, Bethlehem site A and site B dumpsites ranged from 16-66, 28-46, 22-

56 and 22-24%, respectively. During the wet season, the percentage of clay from Harrismith, 

Qwaqwa, Bethlehem site A and site B dumpsites ranged fro m 22-46, 30-54, 24-36 and 18-

32%, respectively. The organic carbon during the dry season from Harrismith, Qwaqwa, 

Bethlehem site A and site B dumpsite was 0.30-3.30, 0.9 1-3.13 , 0.49-6.74 and 1.68-2.66%, 

respectively. During the wet season, the organic carbon percentage from Harrismith, 

Qwaqwa, Bethlehem site A and site B range from 0. 11 - 1.73, 0.73-2.04, 0.60-2.56 and 0.90-

3.0 1 %, respectively. The hydrogen ion concentration (pH) inside the dumpsites from 

Harrismith, Bethlehem site A and site B and Qwaqwa was 7.4, 7.2, 6.3 and 6.6, respectively. 

On the outside of the same dumpsites, the pH was 8. 1, 7.4, 7.2 and 4.6, respectively (Table 

4. l 0). All the dumpsites under study showed no acid sa turation, except in Qwaqwa outside 

the dumping site with 3.70%. The cation exchangeable capacity (CEC) inside the dumpsites 

fo rm Harrismith, Bethlehem site A and site Band Qwaqwa ranged to 20.87, 19.6 1, 10.20 and 

28.95 cmol,ki 1
, respectively. The outside of the dumpsites from Harrismith, Bethlehem site 

and site B and Qwaqwa, the CEC was 13.69, 18.33, 27.81 and 26.93 cmol,kg-1
, respectively. 

High values of potassium (K), calcium (Ca) and Magnesium (Mg) were observed across all 

the dumpsites which ranged from 194.4- 11 30.3, 11 38-4516 and 279.9- 1033. 1 mg/kg, 

respectively. Sodium (Na) showed fluctuations of concentration across the dumpsites. 

Harrismith, Bethlehem site A and site B and Qwaqwa dumpsites (inside), Na concentration 

was 163.7, 145.3, 54.4 and 485.8 mg/kg, respectively. On the outside of the same dumpsites, 
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Na concentration was 405.3, 109.5, 47.9 and 115.2 mg/kg, respectively (Table 4.6). 

Phosphorus (P) and Zinc (Zn) concentrations were not abundant in soil across a ll the 

dumpsites under study (Table 4.10). 
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Table 4 .9: Physiochemical analysis of soil samples collected from four major dumpsites in Thabo Mo futsanyane district, Eastern Free State, 

Sampled during the dry and wet season 

Dry season (15 May & I 5 July 2014) Wet season ( I 5 November & 15 February 20 I 5) 
Sample s ites Clay Hydrome % Organic Carbon % Clay llydrome % Organic Carbon % 

11 ; w 16 12 3.30 2.26 46 32 0.59 1.73 

11: 0 24 66 0.78 0.30 32 22 0.1 I 0.64 

Q: W 28 46 0.9 1 1.04 30 54 0.73 1.63 

Q:O 46 16 1.48 3.13 46 32 1.96 2.04 

B:A:W 22 NT 2.77 6.74 24 36 2.56 2.30 

B:A:O 44 56 0 .49 0.50 36 30 0.60 0.68 

B: I:W 22 NT 1.97 1.68 22 32 0.90 I. II 

B : I : 0 24 14 2.66 1.95 18 18 1.60 3.01 
H: W; Harri smi th : Within, H: O ; Hanismith: Outer, Q: W; Qwaqwa: within, Q : O; Qwaqwa: outer, B: A: W ; Bethlehem: Acti ve: Within, B: A: 

O; Bethlehem: Acti ve: outer, B: I: W ; Bethlehem: Inactive: Within, B: I: O; Bethlehem: Inactive: Withi n, NT: not tested 
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Table 4 .10: Mineral contents of the fou r major dump sites within the Thabo Mofutsanyane District , Eastern Free State 

No . o f Sample p[[ p K Ca Mg Na EA 
sit es Si tes (KC Q (mg/kg) (mg/kg) (mg/kg) (mg/kg) (m&kg) 

H: W 7.4 51.2 446.0 3345 279.9 I 63.7 0.00 

2 11 : 0 8. I 17.1 I 130.3 11 38 408.0 405.3 0 .00 

3 B:A:W 7.2 30.3 495 .6 2945 364.4 145.3 0.00 

4 B:A:O 7.4 2.4 349. 1 26 19 472 .3 109.5 0.00 

5 B: I: W 6.3 78 .0 360.2 1525 I 72 .9 54.4 0 .00 

6 B: I : 0 7.2 13.5 435.4 45 16 477. I 47.9 0 .00 

7 Q:W 6.6 13.8 459.2 3547 967.4 485.8 0.00 

8 Q:O 4.6 1.7 194.4 3294 1033.1 115.2 1.00 

AS: Acid saturati on, CEC: Cation exchangeable capacity (calculated), ():Results as a % of CEC 

Extraction methods 
P- bray l 
Cat ions- NI-L;OAc 

As Ca/Mg 
% 
0.00 7.29 

0.00 1.70 

0.00 4 .93 

0.00 3 .38 

0.00 5.38 

0.00 5.77 

0.00 2.24 

3.70 1.95 

(Ca+Mg)/k CEC Zn 
cmol ,kg-1 (HCQ 

16.67 20.87 13.86 

3.12 13.69 3.34 

13.97 19.6 1 I 3.47 

19.00 18.33 0.9 1 

9.8 1 10.20 10.75 

23 .79 27.8 1 10.0 1 

21 .85 28.95 0.67 

50. 14 26.93 3.43 

H : W; Harrismith: Within, H: O; H arrismith: Outer, Q: W; Qwaqwa: within, Q: O ; Qwaqwa: outer, B: A: W; Bethlehem: Active: Within, B: A: 
O; Bethlehem: Active: o uter, B: I: W; Bethlehem: Inactive: Within, B: I: O; Bethlehem: Inactive: Within 
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Figure 4: Multivariate statistical analysis of heavy metal concentration in soils using the PCA during the dry season ( 15 April 2014). The graph 
shows the sample sites and the heavy metal s. The arrows represent the strength of correlation between the heavy metals and sample sites. 

Harr: W; Harrismith: Within , Harr: O; Harri smith: Outer, QW A: W ; Qwaqwa: w ithin, QW A: O; Qwaqwa: outer, BTLM: A: W ; Bethlehem: 
Active: Within , BTLM: A: O ; Bethlehem: Active: outer, BTLM: IN: W ; Bethlehem: lnacti ve: Within, BTLM: IN: O; Bethlehem: Inactive: 
Within 
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Figure 5: Multivari ate statistical analysis of heavy metal concentration in so ils using the PCA during the dry season ( 15 July 20 14 ). The graph 
shows the sample sites and the heavy metal s. The arrows represent the strength of correlation between the heavy metals and sample sites. 

Harr: W ; Harrismith: Within, Harr: O ; Harrismith: Outer, QW A: W ; Qwaqwa: within , QW A: O ; Qwaqwa: outer, BTLM: A: W; Bethlehem: 
Active: Within, BTLM: A: O; Beth lehem: Acti ve: outer, BTLM: IN : W ; Bethlehem: Inacti ve: Within, BTLM: JN: O; Bethlehem: Inactive: 
Within 
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Figure 6: Multivariate stati stical analysis o f heavy metal concentration in soils using the PCA during the wet season (1 5 November 2014). The 
graph shows the sample s ites and the heavy metals. The arrows represent the strength of correlation between the heavy metals and sample sites. 

Harr: W ; Harrismith: Within , Harr: O ; Harrismith: Outer, QW A: W; Qwaqwa: w ithin, QW A: O; Qwaqwa: outer, BTLM : A: W ; Bethlehem: 
Active: Within, BTLM: A: O ; Bethlehe m: Acti ve: outer, BT LM : LN: W ; Bethlehem: Inactive: W ithin , BTLM: IN: O; Beth lehem: Inactive: 
Within 
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Figure 7 : Multi vari ate statistical analys is o f heavy metal concentration in soils using the PCA during the wet season (1 5 February 20 15). The 
graph shows the sample s ites and the heavy metals . The arrows represent the strength o f corre lati on between the heavy metals and sample sites. 

Harr: W ; Harrismith: Within , Harr: O; Harrismith: Outer, QW A: W ; Qwaqwa: within , QW A: O ; Qwaqwa: oute r, BTLM: A: W; Bethlehem: 
Acti ve: Within , BTLM: A: O ; Bethlehem: Active: outer, BTLM: IN: W ; Bethlehem: Inacti ve: Within, BTLM: IN : O; Bethlehem: Inactive: 

Within 
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Figure 8: Multivariate statistical analysis of heavy metal concentration in plants using the PCA during the dry season ( 15 April 2014). The 
graph shows the sample s ites and the heavy metals. The arrows represent the strength of correlation between the heavy metals and sample sites. 

Harr: W ; Harrismith: Within , Harr: O; Harrismith: Outer, QW A: W ; Qwaqwa: within, QWA: O ; Qwaqwa: outer, BTLM: A: W; Bethlehem: 

Acti ve: Within, BTLM: A: 0; Bethlehem: Active: outer, BTLM: IN: W ; Bethlehem: Inactive: Within, BTLM: IN: O; Bethlehem: Inacti ve: 
Within 
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Figure 9: Multivari ate statistical analys is of heavy metal concentration in plants using the PCA during the wet season (15 July 2014). The graph 
shows the sample sites and the heavy metals. The arrows represent the strength o f corre lation between the heavy metals and sample sites. 

Harr: W ; Harrismith: Within , Harr: O ; Harrismith: Outer, QW A: W ; Qwaqwa: within , QW A: O ; Qwaqwa: outer, BTLM: A: W ; Bethlehem: 
Active: Within, BTLM: A: O; Bethlehe m: Acti ve: outer, BTLM: JN: W ; Bethlehem: Inactive: Within, BTLM: lN: O; Bethlehem: Inacti ve: 
Within 
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Figure 10: Multivariate stati stical analysis o f heavy metal concentration in plants using the PCA during the wet season (15 November 20 14) . 
The graph shows the sample sites and the heavy metals . The arrows represent the strength o f corre lation between the heavy metals and sample 
sites. 

Harr: W ; Harrismith: Wi thin , Harr: O; Harrismith: Outer, QW A: W ; Qwaqwa: within , QW A: O; Qwaqwa: outer, BTLM: A: W ; Bethlehem: 
Acti ve: Within , BTLM: A: O; Bethlehe m: Acti ve: outer, BTLM: IN: W ; Bethlehem: Inacti ve: Within , BTLM: IN: O; Bethlehem: Inacti ve: 
Within 
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Figure 11: Dcndrogram obtained by hierarchica l clustering analysis of soils sampled sites during the autumn season ( 15 April 20 14). 

Haff : W; Harrismith: Within, Harr: O; Haffi smith: Outer, QWA: W; Qwaqwa: within, QWA: O; Qwaqwa: outer, BTLM: A: W; Bethlehem: 
Active: Within, BTLM: A: O ; Bethlehem: Active: outer, BTLM: lN: W; Bethlehem: Inactive: Within, BTLM: IN : O; Bethlehem: Inactive: 

Within 
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Figure 12: Dcndrogram obtained by hierarchical clustering anal ysis of soil sampled sites during the winter season ( 15 Jul y 20 14). 

r : W ; Harrismith: Within, Harr: O; Harrismith: Outer, QWA: W; Qwaqwa: within, QWA: O; Qwaqwa: outer, BTLM: A: W; Bethlehem: 

Acti ve: Within, BTLM: A: O ; Bethlehem: Active: outer, BTLM: IN: W; Bethlehem : Inactive: Within, BTLM: IN: O; Bethlehem: Inactive: 

Within 
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Figure 13: Dendrot,rram obtained by hierarchical clustering analysis of so il s sampled sites during the spring season (15 November 2014). 

Harr: W; Harri smith: Within, Harr: O; Harrismith: Outer, QWA: W; Qwaqwa: within, QWA: O; Qwaqwa: outer, BTLM: A: W; Bethlehem: 
Active: Within, BTLM: A: O; Bethlehem: Active: outer, BTLM : IN: W; Bethlehem: inactive: Within, BTLM: IN: O; Bethlehem: Inactive: 
Within 
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· 14: Dendrogram obtained by hierarchical clustering analysis of soil s sampled sites during the summer season ( 15 February 2015) 

Harr: W; Harri smith: Within, Harr: O; Harrismith : Outer, QWA: W; Qwaqwa: within, QWA: O; Qwaqwa: outer, BTLM: A: W; Bethlehem: 
Active: Within, BTLM: A : O; Bethlehem: Active: outer, BTLM: IN: W; Bethlehem: Inactive: Within, BTLM: IN: O; Bethlehem: inactive: 
Within 
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Figure 15: Dendrogram obtained by hierarchical clustering anal ysis of plants sampled sites during the autumn season ( 15 April 2014) 

Harr: W ; Harrismith : Within, Harr: O ; Harrismith: Outer, QWA: W ; Qwaqwa: within, QWA: O ; Qwaqwa: outer, BTLM: A: W; Bethl ehem: 
.\ ..:tiH: Wi thi n, BTLM: A: O ; Bethlehem : Active : outer, BTLM: IN: W; Bethlehem: Inacti ve: Within, BTLM: IN : O; Bethlehem: Inacti ve: 
With in 
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Figure 16: Dendrograrn obtained by hierarchical clustering analysis of plants sampled sites during the winter season ( 15 July 20 14) 

BTLM: /\: W; Bethlehem: Acti ve: Within, BTLM: A: O; Bethlehem: Active: outer, BTLM: IN : W ; Bethlehem: Inactive: Within, BTLM: IN: O; 
Bethlehem: Inacti ve : Within 
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Figure 17: Dendrogram obtained by hierarchical clustering analysis of plants sampled sites during the spring season ( 15 November 20 14) 

Harr: W; Harrismith: Within, Harr: O; Harrismith: Outer, QWA: W; Qwaqwa: within, QWA: O; Qwaqwa: outer, BTLM: A: W; Bethlehem: 
Acti ve: Within, BTLM: A: O; Bethlehem: Active: outer, BTLM: IN: W; Bethlehem: inactive: Within, BTLM: IN: O; Bethlehem: Inactive: 
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Figure 18: Dendrogram obtained by hierarchical clusteri ng analysis of asociation of heavy metals durring elevated concentration. 
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4.4. Heavy metal identification in soil and plants based on PCA 

Principal component analysis (PCA) technique was applied to infer the hypothetical source of 

heavy metals (natural or anthropogenic). PCA was performed by varimax rotation. Varimax 

rotation was employed because orthogonal rotation minimizes the number of variables with a 

high loading on each component and therefore fac ilitates the interpretation of PCA results. 

This technique clusters variables into groups such that variables belonging to one group are 

highly correlated with one another. The results of the PCA of heavy metal contents in soil for 

dry and wet season are shown in Figure 4 to Figure 7. Qwaqwa dumpsite had a significant 

correlation with loading of heavy metals during autumn and winter collection fo llowed by 

Harrismith which had a selected number of heavy metal (Mn, As and Cu) loading from its 

dumpsite (Figure 4 and Figure 5). During the spring season, the PCA showed more heavy 

metal loading in Bethlehem site A inside the dumpsite, followed by Qwaqwa outside the 

dumpsite. During the summer season, the PCA plot showed more heavy metal loading in 

Qwaqwa (inside) the dumping site fo llowed by the Bethlehem site B both inside and outside 

the dumpsite (Figure 7). 

The study revealed heavy metal loading in plant samples during autumn and this was 

more pronounced in Qwaqwa (inside) dumpsite, followed by Bethlehem site B inside the 

dumpsite. During the winter season, heavy metals loading were more pronounced in 

Bethlehem site A inside the dumpsite. Heavy metals distribution or loading in the dumpsites 

changed drastically during the spring season. The high levels of heavy metal distributions 

observed in this study showed thatBethlehem site A (inside) had the highest metal 

concentrations in plants, fo llowed by Qwaqwa (inside), Harrismith (inside) and Bethlehem 

site B (inside), respectively (Figure I 0). 
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4.5. Correlation matrix 

The inter-element re lationship in soil matrix prov ides in fo rmation on heavy metal sources 

and pathways in the geo-environment (Chandrasekaran et al .. 20 15). Correlation between the 

heavy meta ls and dumpsites agreed w ith results obtained by PCA and corre lation matrix from 

this study. Correlation matrix was useful in co nfirming the correlation between heavy meta ls 

loading and dumps ites. The positive correlation confirmed that heavy meta l loading is 

associated w ith the dumpsites, while the negative correlation means that metal loading is no t 

assoc iated w ith various dumpsites. To a ll the sites, recorded va lues were more than p= 0.05 

and that leads to the conclus ion that a test fai led to reveal a sta tistical difference. During 

autumn season, a paired samples t-test fai led to reveal a statistical difference between the 

ins ide and outside of the Harrismith, Q waqwa, Bethlehe m site A and site B dumps ites, wi th (t 

( 10) = 0.002. p = .998, a = .05), (t ( I 0) = 1.1 59. p = .2.74. a = .05), (t ( I 0) = 0.028, p = .978. 

a = .05) and (t ( 10) = 1.324, p = .2 15. a = .05), respective ly (Appendix 7). This suggests that 

heavy meta l concentrations o r levels might be due to same sources. When the heavy meta l 

concentra tions were elevated, there was no sta tistical difference between the inside and 

outs ide o f the dumps ites from Harrismith, Qwaqwa, Bethlehem site A and site B dumps ites, 

w ith (t ( I 0) = 1.09 1. p = .30 I. a = .05), (t ( 10) = 1.62 1. p = . 136, a = .05), (t ( 10) = 1.032. p = 

.326. a = .05) and (t ( 10) = 1.5 16. p = . 1.60. a = .05). respectively (appendix 8) . W hen 

compared with the wet season, no no ticeable changes in d ifferences between the inside and 

outside were seen. During the spring season, a paired samples t-test fa iled to reveal a 

statistical di fference between the inside and outside of the Hanismith, Qwaqwa, Bethlehem 

site A and site B dumpsites, with (t (9) = 1.978, p = .079, a = .05), (t ( 10) = 1.843, p = .098, a 

= .05), (t (9) = .523. p = .6 13. a = .05) and (t (9) = .8 14, p = .43 7. a = .05). respectively 

{Appendix 9). The same trend continued to the summer season, where a paired samples t-test 
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failed to reveal a statistical difference between the inside and outside of the Harrismith, 

Qwaqwa, Bethlehem site A and site B dumpsites, w ith (t (9) = .344, p = .739, a = .05), (t (9) 

= .479, p = .643, a = .05), (t (9) = .172, p = .867, a = .05) and (t (9) = 1.052, p = .320, a = 

.05), respectively (appendix 10). 

The plants followed the same trend during the autumn, winter and spring season. 

Autumn plant samples varied among the dumpsites but a paired samples t-test fai led to reveal 

a statis tically reliable difference between the inside and outside of the Harrismith, Qwaqwa, 

Bethlehem site A and site B dumpsites, with (t (9) = l.978, p = .079, a = .05), (t (9) = 1.843, 

p = .098, a = .05). (t (9) = .523, p = .6 13, a = .05) and (t (9) = .814, p = .43 7, a = .05) , 

respectively (Appendix not shown). During the winter season, a paired samples t-test also 

failed with confident to reveal a statistical difference between the inside and outside 

Bethlehem site A and site B dumpsites, with (t (4) =. l. 240, p = .283, a = .05) and (t (4) = 

.023, p = .983, a = .05), respectively, (Appendix 12). This was also observe during the spring 

season, a paired samples t-test fail ed to reveal a statistical difference between the inside and 

outside of the Harrismith, Qwaqwa, Bethlehem site A and site B dumpsites, with (t (9) = 

.633, p = .543, a = .05), (t (9) = .1.344, p = .2 12, a = .05), (t (9) = .1 .435. p = . 1.85, a = .05) 

and (t (9) = .845, p = .420, a = .05), respectively (appendix 13). 

4. 6. Cluster analysis 

Cluster analysis (CA), clusters variables into groups such that highly related variables belong 

to one group. Based on information assessed from principal component analysis, hierarchical 

cluster analys is was performed. Four main clusters were distinguished in the dendrogram 

obtained from the CA perfo rmed on the analysed parameters with Ward 's method and the 

squared Eucl idean distance as a similarity measure. T he summary of the cluster analysis for 

soil samples dur ing the dry and wet season is shown in figures 11 to 15. During the dry 
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season, two distinct clusters can be observed from the CA. Harrismith dumpsite showed 

similarity from the inside to the outside of the dumpsite. This suggested that concentration 

level of metals were similar inside and outside during this period. Bethlehem site A inside the 

dumpsite and Bethlehem site B outside the dumpsites were also similar during this period. 

Qwaqwa outside the dumpsite showed to be the divergent site observed from the clusters. 

This suggests that levels were much different from the other dumpsites. This is confirmed by 

PCA that shows strong heavy metal loading in Qwaqwa outside the dumpsite during the 

autumn season (Figure 4). In winter during an increase of metal concentration in soils, 

Qwaqwa and Bethlehem site A inside both sites was simila r. The other cluster was between 

Harrismith and Bethlehem site A inside both sites. During the winter period, Bethlehem site 

B was similar both inside and outside the dumpsite. Qwaqwa outside the dumpsite was the 

only divergent fo llowed by Harrismith inside the dumpsite. During the spring only two 

clusters were closely similar. Harrismith inside and Bethlehem site A outside the dumpsite 

were similar and Bethlehem site B both inside and outside were similar. Also in summer 

Bethlehem site A was similar both inside and outside the dumpsite and Qwaqwa inside and 

Bethlehem site B inside were also similar during this period. Bethlehem site B outside the 

dumpsite was the more divergent site. 

For plant samples, the cluster analysis for dry season is shown in figure 15 and figure 

16 and only the spring season is shown in figure 17 for the wet season. Cluster analysis was 

conducted to identify heavy metals associated with each other and possible the sources during 

the elevated season and are illustrated with the dendrogram of Figure 18. During autumn 

season, two clusters we observed. Cluster I have Qwaqwa outside the dumpsite and 

Bethlehem site B inside the dumpsite, while cluster II Bethlehem site A inside and outside the 

dumpsite (Figure 15). In winter season, Bethlehem site A outside the dumpsite and 

Bethlehem site B inside the dumpsite formed a cluster. During the spring season, three 
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clusters were observed. Clusters I, Harrismith inside the dumpsite and Bethlehem site B 

outside the dumpsite. Cluster II, Harrismith outside the dumpsite and Bethlehem site B inside 

the dumpsite. Cluster III, Qwaqwa outside the dumpsite and Bethlehem site A inside the 

dumpsite. 
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CHAPTERS 

DISCUSSION 

From the study, the concentrations of heavy metals such as ,arsenic (As), cadmium (Cd), 

chromium (Cr), copper (Cu), manganese (Mn), lead (Pb), mercury (Hg), nickel (Ni), 

selenium (Se), cobalt (Co) and zinc (Zn) of the soil samples from four major dumpsites in 

Thabo Mofutsanyane district and Eastern Free State province in South Africa were in the 

order, Mn> Zn> Cr> Cu> Ni> Pb> Co> As> Cd> Hg, with the ranges of 298.69-11 8 1, 32.50-

1055.82, 20.65-151.65, l l.07-61.46, 8.04.-56.99, 0.17-315, <0.001-1 6.66, 2.12-6.09, 0.05-

6.15 and <0.001-0.32 mg/kg, respectively. Similar values from dumpsites with MSW have 

been extensively documented by (Ward et al., 2005; Pastor and Hernandez, 2012; Wu et al., 

2015). From the study, it was observed that the hydrogen in concentration (pH) of all the 

landfills ranged from 6.3-8.1 , except in Qwaqwa ten metres outside the landfill which was 

4.6. Soil pH is the foundation of understanding soil chemistry and nutrient reaction. It should 

be the first consideration when evaluating a soil test (Xu et al., 2016) (Table 4.6). Ali et al. 

(2014) conducted similar study on open dumping of municipal solid waste and its hazardous 

impacts on soil and vegetation diversity at waste dumping sites of Islamabad city and 

obtained pH ranges of 8.3-9.1 at disposal sites. This is higher than the range obtained on the 

current s tudy and the difference in pH may be due to different environmental conditions and 

the materials at the dumpsite. 

Soil organic matter is also an important soil property affecting trace metal availability, as it 

can either decrease or increase soil metal mobility (Yu et al., 20 14). The moisture and 

organic carbon contents are considered as the essential factor influencing the metal stability 

in landfill. Therefore, determination of moisture content and organic carbon in the waste from 

dumpsite is necessary (Xu et al., 2016). From this study, the organic carbon percentage 

ranged from 0.30-6.74 % during the dry season. There was a decrease in the percentage of the 
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organic carbon during the wet season, with the range o f 0. 11-3 .0 I%. These values were 

below the range reported by Prechthai et al. (2008a) o f 8.9-28. 1 %, during the study o n 

quality assessment of mined MSW from an open dumpsite for recycl ing. The low availabi li ty 

o f organic carbon can be explained by the high clay content (mostly >50%) of these soils and 

soil acidification during the oxidation period prior to the co llection of these soil (Yuan et al., 

20 15). 

The presence of certa in heavy metals such as Mn and iro n (Fe) may also influence the 

mobility and bioavai lability of other metals like Zn, Pb and Cd (Mukwaturi and Lin, 20 15). 

Heavy meta ls in munic ipal solid waste (MSW) fluctuate in d ifferent seasons. For example, 

during the rai ny season, heavy metals might become immobile as a result of hydrolysis 

processes (Mukwaturi and Lin, 20 15). The mobility and bioavailability o f heavy metals in the 

environment depends not only on the ir total concentration but also on their association with 

the solid phase to which they are bound (Prechthai et al., 2008b). These associations are 

governed by a range of different physical and chemical processes such as: sorption/ 

desorption and precipitation/dissolution conditions (Ward et al., 2005). 

In relation to Zn, it was observed that there was a fluctuation in concentration values in the 

soil samples in respect o f seasons (Table 4.1 , 4.2, 4.3 and 4.4). Zinc is an essential trace 

element fo r humans, animals and higher plants (Ben Salem et al., 20 14). Zinc is eas ily 

adsorbed by clay and organic components and accumulates in most soils in the top horizon. 

Soils with a high adso rption capaci ty render the Zn less available for plant uptake. The 

mobility of Zn increases when the soi l pH decreases (Chapman et al. , 20 13). Most Zn is 

added during industrial activities, such as mining, coal, waste combustion and steel 

processing. During the dry season (autumn), Zn concentration in all dumpsites was found to 

be within the range of 33.50±0.07-147.88± 11.59 mg/kg. The results o f the study is 

comparable to 86-120 mg/kg reported by Achiba et al. (20 10), during the study of 
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accumulation and fractionation of trace metals in a Tunisian calcareous soil amended with 

farmyard manure and municipal solid waste compost. However, it was observed that the 

concentration of Zn fluctuated from one site to another especially during the spring season. 

Interestingly, the maximum permissible limit set by SEPA and WHO for Zn is 150 and 300 

mg/kg (Thibier and Yallat, 2014) (Appendix 6). Surprisingly, it was only Qwaqwa outside 

the dumpsite which had values above the permissible levels of 1733.51±39.33 mg/kg. The 

high levels of Zn concentration in this dumpsite might be due to the low pH level which was 

4.6. Zn availability often increases under acidic soil conditions and decrease as pH increases; 

however this effect is not universal (Prechthai et al., 2008b). During the winter season, all the 

dumpsites (inside), Zn was found to be within the range of 301.29±27.37-1055.82±130.79 

mg/kg. At the pH of 7.0, Pastor and Hernandez, (2012), reported low values which ranged 

from 25-68 mg/kg when determining heavy metals, salts and organic residues in old solid 

urban waste landfills and surface waters in their discharge areas. Similar values of 1040 

mg/kg were reported by He et al. (2006), when assessing in situ distributions and 

characteristics of heavy metals in full-scale landfill layers. The values are above the 

acceptable limit set by SEPA and WHO. It was also noticed that during the spring and 

summer season, the concentra tion of Zn decreased. This fluctuation in values of Zn from this 

study might also be influenced by the different of seasons and temperatures in soil. During 

the dry season (Table 4.1 & 4.2), Zn concentration was elevated, while in the wet season 

there was a decrease in the to tal concentration (Table 4.3 & 4.4). It is possible that processes 

such as hydrolysis may reduce the mobility of Zn under wet conditions (Mukwaturi and Lin, 

2015). 

The decrease continued during the summer season, Zn concentration was found to be in the 

range of 31.26±4. 15-17 1.35±4.17 mg/kg in all the landfills, except in Bethlehem site B 

outside the dumpsite, which was 3076.5± 12.02 mg/kg; way above the threshold. This highest 
59 



concentration might be due to organic matter or cation exchange capacity (CEC). Organic 

matter is a source of Zn and the organic compounds in organic matter can chelate inorganic 

sources of Zn and increase their avai lability (Xu et al. , 2016). 

[n plants, Zn is one of the essential micronutrients required for optimum crop growth. 

Plants take up zinc in its divalent form (Shahbazi et al., 20 16). At this time it still remains 

unclear whether this uptake is facili tated as diffusion through membranes specific for Zn ion 

or whether it is mediated by specific transporters (Ali et al., 2014). 

From the present study, Zn concentration varies from plant to plant rather than season to 

season. During the dry season (autumn and winter), Zn concentration to all dumpsites ranged 

from 40.4-127 mg/kg, while in wet season (spring and summer), Zn concentration in all 

dumpsites ranged from 4 l . l-135.5 mg/kg. These ranges are lower than those documented by 

(Del Rio-Celestino et al. , 2006; Ali et al., 2014) which ranged from 153.2-1 253.2 mg/kg and 

196.99-632.48 mg/kg, respectively. Del Rfo-Celestinoet al. (2006), discovered that 

Chenopodium album, which is a fast-growing weedy annual plant in the genus Chenopodium, 

accumulate Zn up to > 1000 mg/kg, which wasreferred to as a hyperaccumulator. It is difficult 

to determine the uptake of Zn by plants because the process can be facilitated or interfered by 

other heavy metals (Kisko et al. , 20 15). Presence of calcium carbonate decreases the 

availability of Zn due to higher soil pH. The poor Zn availability in alkal ine calcareous soils 

is precisely due to the forma tion of Zn carbonate (Liu et al., 2001). High levels of soil 

phosphorus are also commonly responsible fo r Zn deficiency (Kisko et al., 20 15). Presence 

of excess amount of copper can also reduce zinc availability because the absorption of both 

cations is through the same mechanism, which causes interference in the uptake (Adeniyi, 

1996). 
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Manganese (Mn) is one of the most abundant metals in so ils, where it occurs as oxides and 

hydroxides, and it cycles through its various oxidation states (Cabral et al., 2015). Manganese 

occurs principally as pyrolusite (Mn02) and to a lesser extent as rhodochrosite (MnC0 3). 

From the study, Mn in all the sample sites during autumn and winter was fo und to be within 

the range of 256. 73- 1181 . 76 mg/kg (Table 4.1 , 4.2 and Appendix 6). The value of Mn during 

winter was above maximum permissible limit set by WHO, which is 320 mg/kg. In Qwawqa 

outside the dumpsite, the value of Mn was 11 81. 76 mg/kg above the permissible limit {Table 

4.1 ). The value of Mn from Qwaqwa dumpsite was found to be lower than that in a similar 

study by Ben Salem et al. (2014), where values of 2877 and 2040 mg/kg were obtained 

during summer and winter seasons. It clearly shows that the concentration of Mn varies with 

the seasons, especially during spring and summer. The values obtained during these seasons 

were found to be below the standard permissible limit (Table 4.3 & 4.4). Perhaps, the high 

values observed during the winter season might probably be as a result of high oxidation or 

the waste materials consisting of mainly ores and disinfectants (Ben Salem et al.. 2014). 

Moreover, the maximum permissible limit of Mn in plants according to WHO is 200 

mg/kg (Appendix 6). The concentration of Mn in plants during the dry season was between 

48.0-1 97 mg/kg which was far below the permissible level. Surprisingly, in Qwaqwa within 

and Bethlehem site A within and Bethlehem site B outside the dumpsites, the values obtained 

were 416, 215 and 280 mg/kg, which are above the permissible levels. The high level of Mn 

obtained from these dumpsites could be attributed to the high ion concentration of 4.6. At pH 

below 5.0, Mn can become available to plants and may results in accumulation and become 

toxic to plants and possible humans (Masi et al., 20 14). Similar values of 46.3-442 mg/kg 

were also reported by Dziubanek et al. (20 15), when they determined the contaminatio n of 

food crops grown on soils with e levated heavy metals content in Silesia, Poland. During the 

spring season, Mn concentrations in plants from all the sample sites ranged from 36.9-1 87 
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mg/kg, except in Bethlehem site A inside the dumpsite which was 379 mg/kg (Table 4.7). In 

Hanismith inside the dumpsite during summer, the Cosmos spp. showed Mn concentration of 

405.9 mg/kg. This was the highest concentration of Mn in all the plants investigated from the 

dumpsites under study (Table 4.8). The high values of Mn concentrations in different 

medicinal plants using five medicinal species (Bidens tripartite L. , Leonurus cardiac L., 

Marrubium vulgare L., Melissa officinali., L. and Origanum heracleoticwn L.) from 

contaminated dumpsites were reported by Zheljazkov et al. (2008). The values ranged from 

690.8-841.4 mg/kg, which was above the concentrations obtained in this study. High amounts 

of other nutrients and heavy metals such as copper (Cu), iron (Fe), nickel (Ni), and zinc (Zn) 

in soils may inhibit Mn uptake by plants and induce Mn deficiency (Zheljazkov et al., 2008). 

Lead (Pb) is a toxic metal and high doses of Pb can damage the nervous system, kidneys, and 

bones and can even be lethal (Li et al., 2015). Continuous low level exposure to Pb can 

accumulate in the body and cause damages to vital organs (Chapman et al. , 20 13). 

Individuals may be exposed to lead through several sources, such as the use of lead-glazed 

pottery, s tained glass working, and target practice in poorly ventilated indoor firing ranges 

(Xu et al., 2013 ). During the dry season, Pb in most sites was found to be within the range of 

12.49-26.67 mg/kg which is below the permissible limits set by SEPA (85mg/kg) and WHO 

(35 mg/kg), except in Qwaqwa (inside and outside the dumpsite) and Bethlehem site A 

(inside the dumpsite) with values of 118.44, 315. 79 and 230.82 mg/kg, respectively which are 

above the permissible limit (Table 4.1& 4.2). Masi et al. (20 14), reported similar values of 

261.0-36 mg/kg when assessing the possible reuse of MSW coming from landfill mining of 

old open dumpsites. The study was conducted during summer period (June and July 2009) in 

old closed dumpsite of Lavello (Basilicata Region-Southern Ita ly). Pb is pH dependent and its 

mobi lity is increased by lower pH (Di Giuseppe et al., 20 14). Lead can also mobilize from 

soil when lead-bearing so il particles run off due to surface waters during heavy rains.This 
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might explain higher values in Qwaqwa outside the dumpsite (Table 4.2). Subsequently, the 

concentration of Pb during the wet season was fo und to be within the acceptable limit and the 

range was between 9. 15-76. 13 mg/kg. The decrease might be due to immobilization under 

wet conditions (Mukwaturi and Lin, 20 15). 

Plants growing from four dumpsites accumulated unequal amounts of Pb (Table 4.7 

and 4.8). The highest Pb concentrations were found in plants from Bethlehem site A inside 

the dumpsite during the spring and summer season which was 8. 1 and 10.6 mg/kg, 

respectively. These two values are considered as being above the maximum permissible limit 

in plant set by WHO, which is 5.5 mg/kg (Table 4. 7, 4.8 and Appendix 6). Results from this 

study demonstrated that al though all five species accumulated lead, they exhibited differential 

ability to take up lead from solid media (e.g., perlite/vermiculite) and to transport and 

concentrate lead in their shoots. Similar results were reported by Nabulo et al. (2006). Using 

Brassica oleraceae (wild cabbage), observed that plants can take up to 30 mg/kg of Pb from 

the soil. 

Cadmium (Cd) is highly toxic metal not known to have any beneficial effects for plants and 

animals (Smith, 2009). Cadmium is a naturall y occurring metall ic element found in soil, 

water and plants and it is more mobile in aquatic environment than other heavy metals (Vig et 

al., 2003 ). Many Cadmium compounds are also believed to be carcinogenic (Li et al. , 20 15). 

Cadmium enters the body via the gastrointestinal tract when eating food products grown on 

contaminated soils. Smokers may receive a considerable part of their cadmium intake by 

inhaling cigarette smoke. The adverse physiological effects commonly encountered due to 

high cadmium exposure include depressed growth rate, anaemia, hypertension, damage to 

renal tubules and poor mineralization of bones (Di Giuseppe et al., 20 14). The result of the 

study during the dry season shows that Cd was found in all the sites and the concentration 

63 



values ranged between 0.04-0.28 mg/kg. Thesevalues are below the maximum permissible 

limit set by the SEPA and WHO, including the regional guidelines from SA agricultural soil, 

which is 0.8, 1.5 and 2 mg/kg, respectively (Table 4 .2 and Appendix 3). It was only in 

Qwaqwa outside the landfi ll and in Bethlehem site B inside the dumpsite that Cd 

concentration was 6. 15 and 2.82 mg/kg, respectively. These concentrations are above the 

permissible limit set by WHO and USEPA (Appendix 6). Similar results are also reported by 

(Masi et al., 20 14; Ben Salem et al., 2014 and Ravisankar et al., 20 15). The increase of Cd 

concentratio n from Qwaqwa outside the dumpsite and Bethlehem site B inside the dumpsite 

might be the result of the pH level, which was 4.6 and 6.3 (Table 4.1 0), respectively. Cd 

becomes readily available under acidic soil conditions (Nabulo et al., 2006). During the wet 

season, Cd shows va lues below the threshold ranging from 0.05-0.43 mg/kg, expect 

Bethlehem abandon s ites outs ide the landfi ll with 2.54 mg/kg. Under wet conditions most 

heavy metals tends to immobilize (Mukwaturi and Lin, 20 15). 

Cadmium (Cd) is a trace e lement with unknown essentia l functions fo r plants. Cd is, 

however, readily absorbed by plant roots and translocated to above-ground parts (Nabulo et 

al., 2006). Cadmium concentrations (dry weight-based) are typically higher in the plant 

leaves than in fru its or storage organs (Ali et al., 20 14). Plants showed different 

concentrations of Cd in their tissues, this might be due the immobilization of Cd under wet 

conditions or as the results of Zn and Pb which can interfere with the uptake of Cd by plants 

(Mukwaturi and Lin, 20 15). In all the dumpsites under study, Cd concentration in plants 

during the wet season ranged from 0. 1-0.8 mg/kg. 

The highest concentratio ns o f Cd to all the sites under study in plants were 24, 25 and 

36 mg/kg. The values are lower than those reported in the review study of Ullah et al. (20 15). 
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The uptake of Cd by plant increases proportionally to increasing soi l Cd, when soil contains 

substantial concentration of Cd2+ salts (Masi et al., 20 14). 

Chromium (Cr) is naturally abundant in the environment and found in varying concentrations 

in air, soil, water and biological matter (Kumpiene et al., 2008). It is one o f the less common 

elements and does not occur naturally in e lemental form, but only in compounds. Chromium 

is mined as a primary ore product in the form o f the mineral chromite, FeCr204. The result of 

Cr concentration during the dry season (autumn) in all the sample s ites was fo und to be in the 

ranged o f 9. 76-60. 16 mg/kg. The regional permissible limit for Cr in South Africa and the 

United State of America is 80 and 1500 mg/kg, respectively (Appendix 3). In Qwaqwa 

outside the dumping s ite, Cr was 1I9.06 mg/kg. The value exceeds the maximum permissible 

limit set by SEPA and WHO which is 50 mg/kg. [n table 4.2, the concentratio ns of chromium 

in the soil were in the range of 20.65-84.13 mg/kg. According to the regional maximum 

guidelines o f SA and USA the standard limit is (80 mg/kg), while the SEPA and WHO limit 

is 100 mg/kg (Appendix 6). The only site where the concentration of Cr was found to be 

above the permissible limit with a concentration value of 11 3.46 mg/kg was in Qwaqwa 

outside the dumpsite . Similar findings were observed on the work o f Ali et al. (20 14). There 

were no major changes in concentration levels of Cr during the spring season. C r 

concentrations ranged from 20.52-86.42 mg/kg below the max imum permissible limits. 

Interestingly, in Qwaqwa outside the dumpsite, similar to autumn and winter, Cr was 151.1 

mg/kg. The same trend was seen during the summer season, where all the dumpsites, Cr 

concentrations ranged from 28.32-88.07 mg/kg . The values are within the acceptable 

maximum permissible limits. Notably, in Qwaqwa inside the dumpsite, Cr was 147.8 mg/kg. 

The value is above the pennissible limit. The higher values of Cr observed in Qwaqwa may 

be as a result o f lower pH. Chromium mobility is decreased by adsorption to clays and oxide 
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minerals below pH 5 and low solubility above pH 5 due to the formation of Cr(OHh(s) 

(Esmaeili et al., 20 14). 

Chromium compounds are highly toxic to plants and are detrimental to their growth 

and deve lopment. Although some crops are not affected by low Cr concentration (Hajar et 

al. , 20 14). Cr is tox ic to most higher plants at 100 µMkg- 1
/ dry weight (Dube et al. , 2003). 

During the spring season, Cr concentration in plants ranged from 4.0-34. 7 mg/kg, while in 

summer it ranged from 2.3-3 1.5 mg/kg. The highest concentration of Cr was obtained in 

Qwaqwa inside the dumpsite . Recent studies (Dube et al. , 2003; Zupancic et al. , 2009; 

UdDin et al. , 20 15) a lso reported s imilar findings. All the concentrations observed in plants 

were above the maximum permissible limit set by USEPA and WHO, which is 1.30 and 1.5 

mg/kg, respectively. The pathway o f Cr(Vl) transport is an active mechanism involv ing 

carriers of essential anio ns such as sulphate (Harborne, 1977). Fe, S and P are known also to 

compe te with Cr for carrier binding (Dube et al. , 2003). 

Copper (Cu) is the third most used meta l in the world (Karim et al. , 2014). Copper is an 

essentia l micronutrient required in the growth of both plants and animals. In humans, it helps 

in the production of blood haemoglobin (Bou Kheir et al., 20 14). In plants, Cu is especially 

importan t in seed production, d isease resistance, and regulation of water. Copper is indeed 

essentia l, but in high doses it can cause anaemia, liver and kidney damage and s tomach and 

intestinal irritation (Gebrekidan et al.. 201 3 ). C u's interaction w ith the environment is 

complex, research shows that most Cu introduced into the environment rapidly becomes 

stable and results in a form which does not pose a risk to the environment. In fact, unlike 

some man-made materials, Cu is not magnifi ed in the body or bio-accumulated in the food 

cha in. In the soil, Cu strongly complexes to the organic implying that onl y a small fraction of 

copper will be found in solution as ionic copper, Cu(II). The result of Cu during the dry 
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season in all s ites was found to be in the range of 8.0 1-37.03 mg/kg. The permissible limit of 

Cu is not yet clear. Environmental protection agencies have not established a safe limit for Cu 

in the environment. According to the current information this fa ll s within the maximum 

permissible limit set by SEPA and WHO, which is 50 and 40 mg/kg (Wenclawiak, 2009). In 

Qwaqwa outside the dumpsite, value of Cu was 62.27 mg/kg (Table 4.1) . It is noteworthy 

that this va lue is still within the tolerance range. Table 4.2 shows s imilar results, Cu being 

above the permissible limits in Qwaqwa dumpsite (inside and outside) and Bethlehem site B 

inside the dumpsite, having values ranging from 6 1.42, 75.04 and 218.89 mg/kg, 

respectively. Higher concentrations in these dumpsites may be attributed to lower pH level. 

The solubil ity of Cu is drastically increased at pH 5.5, whic h is rather close to the idea l 

farm land pH of 6.0-6.5 (Kumpiene et al., 2008). The mobility of Cu is related to the pH o f 

the soil ; the lower the pH, the more mobile the Cu will be (Di Giuseppe et al. , 20 14). The 

values from this study are higher than 9.46 µgg·' reported by Ali et al. (20 14). High levels of 

Cu in Bethlehem site A within might be the result of the pH which is 7.2. The mobility and 

bioavailability o f Cu depends largely on the pH level and less on the organic matter and so il 

texture (Glatstein and Francisca, 20 15). Similar trends are seen during the wet season. Cu is 

only higher from the s ites that have the acidic or s lightly acidic conditions (Table 4.3 & 4.4). 

The abundance of Cu observed in this study revealed tha t the dumpsites under study were 

acidic and that the binding capacity o f Cu to so lid waste (SW) is weak, leading to easy 

leaching. 

In plants, Cu concentration to all the plants ranged from 6 .46-34.0 mg/kg. Metal 

concentrations in plants vary with plant species (Anjos et al., 20 12). Under normal growing 

conditions, plants can potentially accumulate certain metal ions at an higher magnitude 

greater than the surrounding medium (UdDin et al., 20 15). Cu in plants from the dumpsites 

during the dry and wet season ranged from 6.46-34.0 mg/kg. All the dumpsites had Cu 
67 



concentration above 10 mg/kg, except in Bethlehem site A which was 6.46 and 6.08 mg/kg 

during the dry season. During the spring season, Cu concentration in Bethlehem site A 

outside the dumpsite was 9.60 mg/kg. The Cosmos species during the summer season, 

Harrismith dumpsite (outside) also accumulated low amounts of Cu, which was 8.5 mg/kg. 

The permissible limit set by USEPA and WHO in plants is 10 mg/kg. The combination of 

elevated so il pH and hi gh organic matter in the study site may have played a role in the 

limited plant availability of heavy metals in the so il, resulting in low plant uptake of these 

metals (Yoon et al .. 2006). The lower uptake o f Cu by plants both inside and outside the 

dumpsites in this study gave an indication that ten meters away from the dumpsite soil 

conditio ns are not different from the inside. However, no significant correlations were found 

between metal concentra tions and soil pH. Plant roots appear to absorb Zn and Cu by the 

same mechanism. This causes interference in the uptake of one when the other is in excess in 

the root zone (Prechthai et al. , 2008a). 

Mercury (Hg) belongs to same group of the periodic table with Zn and Cd. Hg is usua lly 

recovered as a by-product o f ore processing (Smith, 2009). Coal combustion is a major 

source o f Hg contamination. Releases from manometers at pressure measuring stations a long 

gas/oil pipelines also contribute to Hg contamination. After release to the environment, Hg 

usually exists in mercuric (Hg2+), mercurous (Hg2 2+), elementa l (Hg0
) , or alkylated fo rm 

(methyl/ethyl mercury) (Sul tana et al. , 2015). Mercury is most toxic in its alkylated forms 

which are soluble in water and volatile in air (Sultana et al., 20 15). Mercury is associated 

with kidney damage (Chen et al., 20 15). During the dry season, Hg in all the s ites was found 

to be in the range of0.08-0 .32 mg/kg. These values are below the maximum permissible limit 

set by WHO, which is 0.8 mg/kg. The concentration level of Hg during the wet season did 

not change. It was only in Qwaqwa inside the dumpsite where Hg was 2.54 mg/kg. The 

value is lower than those reported by Pant et al. (20 11) of 31.78-1 29.8 mg/kg. This study has 
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shown that many industrial companies around the Eastern Free State don' t process or dispose 

things from the dumpsites associated with Hg. 

Arsenate (As) and other anionic fonns of arsenic behave as chelates and can prec ipitate when 

metal cations are present (Martin et al., 20 15). Metal arsenate complexes are stable only 

under certain conditions. Arsenic mobility increases as pH increases (Kumpiene et al., 2008). 

Many As compounds adsorb strongly to soils, therefore, they are transported on ly over short 

distances in groundwater and surface water (Ahemad et al. , 2014). Arsenic is associated with 

skin damage, increased risk of cancer, and problems with circula tory system (Higashidani et 

al., 2014). The results from this study during the dry season (autumn and winter), showed 

that As range between 2.12-6.8 1 mg/kg (Table 4 . 1 & 4.2). In spring and summer, As was 

even lower ranging between 1.42-5.76 mg/kg. There were no notable differences of 

concentrations of As between the inside and the outside of the dumpsites. However, during 

the wet eason As values was observed to be lower both inside and outside the dumpsites 

indica ting possible leaching of As into dipper layers and thus a ffecting the ground water. 

There is not much information on the health and environmental effects o f As in the literature. 

Prolonged exposure to As may however have negative effects on health of humans and 

animals (Martin et al., 20 15). 

Cobalt is essential for the proper functioning o f all body cells, particularly those involved in 

the bone marrow, the nervous system, and the gastro-intestinal system. It is also essential for 

the fo rmation of red blood cells as well as for a normal growth rate in children (Pourret et al., 

2015). Although it is essential, the body requires only a minute quantity o f this element and 

therefore true dietary deficiency in humans is rare and mainly associated with strict 

vegetarian diets (Pourret et al., 2015). Toxicity is not common but may lead to cardiovascular 

effects, bronchial symptoms, emphysema and fibrosis. Coba lt is mainly present in horizons 
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rich in organic matter and clays and it is immobile in alkaline conditions, but leaches through 

the soil profile under ac id conditions (Smith, 2009). Cobalt concentrations in soils are also 

related to the clay content and organic materia l. The maximum permissible limit o f Co is still 

not clear. According to the SA ( 199 1 and 1997) regional guidelines for maximum permissible 

trace element concentrations in agricultural soil, the permissible maximum limit of Co is 20 

mg/kg (Appendix3). ln all the sites during the dry season Co had values below the 

permissible limit. Interestingly, Qwaqwa outside the dumpsite and Bethlehem site B inside 

the dumpsite, Co was 31 .20 and 23.58 mg/kg. Statistical assessment of heavy meta l pollution 

in sediments of east coast of Tamilnadu using Energy Dispersive X-ray Fluorescence 

Spectroscopy (EDXRF) by Ravisankar et al. (20 15) reported similar values which ranged 

between 23.9-44.0 mg/kg. During the wet season, Co in all the dumpsite was within the 

threshold set by d ifferent environmental protection agencies. Co is considered as being highly 

immobile especia lly under alkaline and water conditions (Martin et al., 201 5). Observable 

enough, during the four di fferent seasons, Co is higher in Qwaqwa dumpsite which is having 

a pH 4.6 and lesser to the other sites which are more or less alkaline. Plant uptake o f Co is a 

function o f the Co concentration in the soil solution and it is readily taken up. Although only 

a few plant spec ies accumulate significant cobalt levels to cause severe phytotoxic ity. Lron 

and manganese oxides are known to have an affinity for selective Co adsorption (Grzybek et 

al., 20 15). Tested during the wet season, Co in plants ranged from 0.4-6.0 mg/kg (Tab le 4. 7 

and 4.8). 

Nickel (N i) is an element that occurs in the environment only at very low levels and is 

essentia l in small doses, but it can be dangerous when the maximum tolerable amounts are 

exceeded. It is highest in soils with high clay content (Cabral et al., 20 15). It is a phytotoxic 

e lement with no essentia l role in plant metabo lism and when present in soluble form, it is 

readily absorbed by plant roots (Gebrekidan et al., 20 13). Nickel is not known to accumulate 
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in plants or animals and as a result i has not been found to bio-magnify in the food chain 

(Eijsackers et al. , 2014). The most common adverse health effect of nickel in humans is an 

allergic reaction when articles containing it are in direct contact with the skin, when it is 

ingested with food and water, or inhaled in dus t. Further contact with it will produce a 

negative reaction to human sensitive to nickel. The most common reaction is a skin rash at 

the s ite of contact. Less frequently, allergic people have asthma attacks following exposure to 

nickel (Gebrekidan et al., 20 13 ). From the current study, N i during the dry season in a ll the 

sample s ites was found to be in the range of 8.94-37.28 mg/kg. The values were below the 

maximum permissible limit set by SEPA, WHO and SA regional maximum guidelines, which 

are 40, 50 and 50 mg/kg, respectively. Similar trends were observed during the dry season. N i 

was in the range of 8.04-56.99 mg/kg, which is considered as being in the acceptable limits 

according to most environmental protectio n agencies. Like the Co, N i is a lso influenced by 

the pH and alkaline conditio ns. In acidic conditions i becomes mobile and readily available 

and in alkaline conditions it becomes immobile (Ben Salem et al., 20 14). Qwaqwa dumpsite 

had high Ni values than all the dumpsites under the current study. There was no constant 

pattern o f Mn values across the dumpsites under study. Masi et al. (20 14), assessed the 

possible reuse of MSW coming from landfill mining of old open dumpsites reported values of 

up to 205.5 mg/kg. The high values were expected due to the mining waste. Ben Salem et al. 

(20 14) on seasonal variation o f heavy metals in water, sediment and roach tissues in a landfill 

draining system pond (Etueffont, France) reported 45.6 1 mg/kg for summer and 38.73 mg/kg 

fo r autumn. The data for i concentration in plants was not avai lable. 

The concentrations of trace meta ls, such as calcium (Ca), magnesium (Mg) , potassium 

(K), phosphorus (P) and zinc (Zn) in so il o f four majo r dumpsites in Thabo Mofutsanyane 

District, Eastern Free State, South Africa decreased in the fo llowing order, Ca> Mg> K> a> 

P> Zn, respective ly (Table 4.6). In the case of Mg in table 4 .6, higher values might be the 
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results of organic matter or cation exchange capacity rather than the pH. According to Xu et 

al. (2016), low so il pH decreases Mg availability and high so il pH increases availability. This 

statement contradic ts the findings from Qwaqwa outside the dumpsite, where the pH was 4.6 

and the value for Mg is l 033. l mg/kg, higher than all the s ites (Table 4.6). This observation 

is also in contrast with other works done by (Ravisankar et al. , 20 15; Chai et al., 20 15). Pan 

el al. (20 15), discovered that most of Mg concentrations are the resul ts of withered bed rock 

materia ls and suspended soil sediment. Mg concentratio ns due to withe ring and other sources 

is a lso documented by Ma et al. (20 15). Unlike sulphide mine s ites where heavy metals are 

easily mobilized under acidic conditions. The pH of heavy metal contaminated sites resulting 

from other industrial processes is predominantly c ircumneutral, or less acidic, under which 

most o f heavy metals tend to be retained in soil s. Mobilization of heavy metals from such 

contaminated sites may or may not take place, depending on specific environmental 

conditions, and it is likely that release of heavy meta ls from contam inated soils, if any, is 

limited to certain periods o f time when environmental conditions become favourable. This 

complex ity makes it difficult to predict environmenta l risks from heavy metals based on their 

total amounts contained in the contaminated so ils (Pastor and Hernandez, 20 12). Carbon 

exchange capacity (CEC) is also another important factor in the heavy metal adsorption. As 

reported by most soil testing laboratories, the CEC is a ca lculated value that is an estimate of 

the soils ability to attract, retain, and exchange cation elements. It is reported in mill 

equiva lents per 100 grams of so il (meq/IOOg) (Yu et al., 20 14). T he soil is made up of many 

important components such as clay being the most s ignificant and organic matter, while a 

small percentage of most so il is a lso important for several othe r reasons. Soils that have a 

large number of negative charges on their surface, thus they attract cation e lements and 

contribute to a higher CEC. At the same time, they also repel anion nutrients ("like" charges) 

(Sakho et al.. 20 15). Larger CEC values indicate that a soil has a greater capacity to ho ld 

72 



cations whi le low CEC values show that the so ils ho ld fewer nutrients, and wi ll likely be 

subj ect to leaching of mobile "anion" nutrients (Halvorson et al., 20 11 ). rn case o f Mg in this 

study, low CEC soils hold Jess Mg, while high CEC soils can ho ld abundant Mg. High values 

of Mg recorded in this study correlate with those documented by Li et al. (2013 ). The latter 

study indicated that as time goes on, changes in hydraulic characteristics can directly affect 

the barrier perfomrnnce of compacted clay and an inc rease in the hydraulic conductivity o f 

the impermeable layer can lead to leachate leakage in landfills. From the study, CEC values 

ranged from I 0.20-28.95 cmo l,kg-1
• These values are relatively high and this might be the 

reason for the fluctuation o f other trace metals. The other possibility may be the results of 

trace metals which a ffect the mobility and bioavailability o f other trace metals. For example, 

high va lues of Ca and K may directly decrease the mobility and bioavailability o f Mg in soil 

(Liu et al., 200 I). The results fo r Ca, Mg, K, P and Zn are summarized in Table 4 .6. 

Cluster analysis o f four dumpsites was conducted to identi fy heavy metals associated with 

dumpsites and are illustrated with the dendrogram of Figure 11-17. The c lusters are grouped 

and changed according to the s imilarity in levels of heavy metal concentrations and changes 

as the seasons change. This might be due to seasona l variations which affect the mobility of 

other heavy meta ls (Ben Salem et al .. 20 14). The changes observed in the group are 

summarized in (Figure I 1- 17). C luster analysis was conducted to identify heavy metals 

assoc iated with each other and possible the sources during the elevated season and are 

illustrated with the dendrogram of Figure 18. The elements were hierarchically clustered 

based on the tota l metal concentratio ns in the sediments and two distinct clusters were 

identified. Group l contained Mn and Zn which may be geochemically associated in nature 

due to a heterogeneous source or they were extremely mobile during this period. Group II 

conta ined closely re lated Co, As, Cd, Hg, Al and i, these elements probably came fro m a 

common anthropogenic source or e levation of concentrations was due to chemical or phys ical 
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processes in soil. The heterogeneity nature of the MSW might be the source of association 

illustrated by the cluster analysis. Pb and Cu were closely clustered, that meant their elevated 

concentrations may be the results of anthropogenic processes. The results of cluster analysis 

(CA) were consistent with those of principal component analysis, which indicated that the 

trace elements were derived from the same source of origin. 

In addition, dumpsites may contain used electronic units which consist of unprocessed heavy 

metals that will eventually go into the soil as solution with time. Nevertheless, the 

accurateness of the lifetime distribution and product sales data are crucial to forecasting the 

velocity of the changes in material composition and plastic waste volumes. Furthermore, 

changes in the material utilized by Original Equipment Manufacturer Services (OEMS) have 

a significant influence on waste composition, whereas the point in time when these changes 

will influence the waste composition depends on the product li fetime distribution. Therefore, 

the reliability of forecasting waste composition should always be based on function of the 

lifetime distribution of the products (Peeters et al., 20 15). 

High concentrations of heavy metals observed in Qwaqwa dumpsites may be the result of 

many industries around the area dumping waste into the environment. In contrast to others 

dumpsites, they have relatively few number of companies and it can be assumed that 

deposition of household solid wastes are associated with high population in Qwaqwa. The 

age of the dumpsites may probably be another reason for high concentration of heavy metals, 

since it is the oldest dumpsites amongst the four dumpsites. It was also observed from the 

survey that in Qwaqwa waste materials were not categorically dumped, waste materials such 

as plastics, gasoline containers are dumped at the site and there is no alternate place for 

disposal of such waste. The soi ls are often dry around Qwaqwa with nutrients deficient and 

fas t-draining. Without any precipitation for a long time, the soil can remain acidic under the 
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elevated pH, thus leading to mobility of certain heavy metals in the soil (Pan et al .. 20 15). 

This was evident in this study at QwaQwa during winter season. 

The low values of certain heavy metals such as Hg observed from different dumpsites might 

be due to the absence of waste from companies that have been noted to produce Hg as by­

products. These include the absence of mining companies and heavy food process ing 

production companies. Dumpsites from the areas under study were fo und to dispose about 

75 percent of plastic wastes materials, followed by 15 percent of beverages containers. For 

instance, where high amounts of heavy metals were noticed in Bethlehem, this was attributed 

to companies discharging untreated waste into the dumpsites. The close association observed 

between Harrismith and Qwaqwa dumpsites might be due to similar waste materials 

discharged into the environment. The slight differences in Bethlehem dumpsites might be as 

a result of improved recycling of waste and proper monitoring of waste to be dumped at the 

site by various companies. 

75 



CHAPTER6 

CONCLUSION AND RECOMMENDATIONS 

Po llution of the environment is becoming a challenge to most developing countries such as 

South Africa. The uncontrolled disposal of waste (solid and liquid) into the environment has 

serious implication to the health of humans, animals and plants. Evaluating the level of heavy 

and trace meta ls co ncentration from different dumpsites has provided adequate infomrntion 

on the level of contamination in our environment. The study showed that As, Co, Cr, Cu, Mn, 

Ni, Pb and Zn are abundant in municipal waste sites. High concentrations of heavy metals 

from the dumpsites indicated high levels of soil contaminations. Heavy metals in plants 

collected from the dumpsites varied from plant to plant and also from site to site under 

different environmental conditions. From the current study, heavy metal concentrations in 

soil and plants from the dumpsites were not significantly different from that in the soil and 

plants ten mete rs away from it. The study has also shown that the heavy metal concentrations 

from the dumpsites may become evenly distributed in the soil within the dumpsites and 

surrounding soils. The question is how far can heavy metal leachates travel from the soil ? 

The Qwaqwa dumpsite had the highest concentrations of heavy metals both within and 

outside the dumpsites. Cr, Mn, Cd and Pb concentrations in Qwaqwa dumpsite were much 

higher than those o f other dumpsites, especially Pb concentration outside the dumpsite. Free 

State is a dry a rea, making it easy fo r heavy metals suspended on soil sediments to travel a 

long distance and in some cases of higher va lues outside the dumpsites than the inside may be 

due to erosion of such sediments from the dumpsites. The study has also shown that seasona l 

variation plays a big role in metal concentrations in so ils. Municipal solid waste management 

services in most of the countries come as a third priority in municipal commitments, after 
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water supply and sanitation. This is the case in South Africa. Open waste dumpsites under 

study are located in the res idential area and they are extremely under scrutiny due to the latest 

health inc idents and communities protesting against such disposal sites. However they are 

under pressure from their own legis la tion to move away from the current disposal practices of 

open dumping to sanitary land filling. Such a change is unlikely to occur in the nearest future 

due to limita tions on finance, shortage of technical resources and lack o f institutional 

arrangements. The main environmenta l problem associated with the di sposal s ites is the 

potential risk posed to the soil. S ince the waste was disposed d irectl y onto surface o f so il, a 

number of contaminants including heavy metals readily penetrate and eventua lly they 

contaminate the soil and affect vegetation diversity of the area. 

Recommendations 

~ Most studies have documented the estimated rate of degradatio n o f municipa l solid 

waste in sanitary closed dumpsites; no studies have documented it on open 

dumpsites. Hence, there is a need for the long term studies to understand the 

dynamics of MSW in open dumpsites if the land has to be rehabilitated in the near 

future. 

;.... In this study, heavy meta l concentrations or leachates were quantifi ed up to ten 

meters away fro m the dumpsite, where there was a positive corre lation between 

heavy meta l concentra tions in the dumpsites and soil outside the dumpsites, which 

suggested that they were from the same source. The study has revealed the 

possibilities of heavy metals traveling a long distance via underground water. This 

necessitates the need to increase the distance in order to find out the traveling 

d istance of leachates from the soil. 
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~ The outside o f Qwaqwa dumpsite had higher heavy metals concentrations than the 

inside. The author suggested that it might have been the result of the slope of which 

was nearly steep, thus contributing to fast travel of leachates in soil sediments. How 

big is the role of the s lope on the meta l traveling distance, which needs more 

investigation. 

~ And to assess the vegetation cover change, fo llowing environmental rehabi litation 
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Appendix I: Levels of heavy metals in soil used to guide clean-up and land use 

decis ions (mg/kg) 

US EPA NYS DEC 

Soil level requiring clean-up Unrestricted use* Residential use 

Copper (Cu) 270 270 

Cadmium (Cd) 70 0.43 0.86 

Chromium (Cr) 230 11 22 

Nickel ( i) 1600 72 140 

Lead (Pb) 400 200 400 

Zinc (Zn) 23 ,600 11 00 2200 

*Inc ludes agricu ltural use. 

Appendix 2: Ranges of concentration (mg/kg-1
) of trace elements in selected regions and in 

South Africa (Case study) 

Concentration ranges 
USA' Australia FloridaJ Belgium4 South Africa South Africa 

and New Total Available 
Zeal2 (EPA 3050) (EDTA) 

Cd 0 .04-0 .8 0 .04-2 0-0.33 0 .02-5.3 0.62-2.74 0 .89- 11 7 
Cr - 05-1 10 0.89-80.7 1.1 7-1 19 5.82-353 0 .87-4 .52 
Ni 4.1-56.8 2-400 1.7-48.5 0.3 -23 3.43- 159 0 .57-9.78 
Pb 4-23 <2-200 0.69-42.0 0 .0- 132 2.99-65.8 0.93-11.9 
Zn 8- 126 2- 180 0.89-29.6 6 .1-2.08 12.0- 115 0 .62-6.03 
Cu 38-94.9 1- 190 0.22-2 1.9 1.7-39 2.98- 11 7 0 .84-10.6 
Co - 2- 170 - 0 .03-7.7 1.51-68.5 0 .64-16.1 
I. Holmgren et al. ( 1993) - nitric acid digestion, agricultural soils without anthropogenic 

contamination, 5th and 95th %tile 

2 . Summers & Pech ( 1997) - nitric acid diges tion of topso il samples 

3. Ma et al. (1997) - EPA3052 microwave digestion method 

4 . Tack et al. ( 1997) - aqua regia digestion method 



Appendix 3: Regional guidelines for maximum permissible trace element concentrations in 

agricultural soil (mg/kg- 1
) 

South Africa South Africa Europe j USA 'I Australia & 
1991 1 19972 New Zealand 13 

Cd 2 2 1-3 20 3 
Cr 80 80 - 1500 50 
Ni 15 50 30-75 210 60 
Pb 56 6.6 50-300 150 300 
Zn 185 46.5 150-300 1400 200 
Cu 100 6 .6 50-140 750 60 
Co 20 20 - - -
1 Dept. Nat. Health & Pop. Dev. ( 199 1) 

2 WRC ( 1997) 

3 McLaughlin et al. (2000) 

4 US EPA, 1995 

Appendix 4: Derived statis tics and recommended limits for to tal element concentrations 

(EPA 3050 method). 

97.5th % tile Samples > Maximum Total Total maximum 
co ncentration Pennissible Limit (%) Investigation threshold level 
(mg kg -l) 1991 1997 level (T lL) (mg (TMT) (mg kg -1

) 

kg-I) 

Cd 2.7 1 1 2 3 
Cr 353 26 26 80 350 
Ni 159 62 20 50 150 
Pb 66 5 8 1 56 100 
Zn 115 < l 32 185 200 
Cu 11 7 3 85 100 120 
Co 69 18 18 - -

Appendix 5: Mobility potential of heavy metals in dumpsite 

Step Condition Mob ility 

Ion exchange Cd >Mn > Zn >Cu >Cr > Pb >N i 

2 Acid disso lution Mn>Cd > Zn > Pb >Ni > Cu >Cr 

3 Reduction reaction Mn> Zn > Pb >Cd >Cr > Ni >Cu 

4 Oxidation reaction Cu >Cr > i > Pb > Zn >Cd > Mn 

5 Insolubili ty Pb > i > Cr >Cd >Cu >Mn > Zn 



Appendix 6: Sta te environmental protection polices (SEPA) and world health organisation 

(WHO) recommended guidelines for maximum permissible limits for tota l element 
concentrations in soils and plants (mg/kg- 1

) . 

SEPA (soils) WHO (soils) SEPA (plants) WHO (plants) 
2008 2008 

Cd 0.8 1.50 0.02 0.3 
Cr 100 100 1.30 1.5 
Cu 50 40 10 10 
Ni 40 50 10 20 
Pb 85 32 2 5.0 
Zn 300 150 - 50 
Mn - 320 - 200 
As - - - 1.0 
Hg - 0.8 - -
Co - - -

Where target values are specified to indicate desirable maximum levels of elements m 

unpolluted soils. 

Intervention when remedial action is necessary. 

SOURCE: Denneman and Robberse 1990 15 and Ministry of Housing, Netherland 1994 16. 

***Source: WHO (1996) 17 

SOURCE: Ayers and Wetcot (1976) irrigation Water Quality Criteria 18. 



~ample sites 

Pair 1 

Pair 2 

Pair 3 

Pair4 

Appendix 7: S ummary paired-sample Test: fo r heavy metals to the soi l samples collected during the dry season ( IS April 20 14) 

Paired Sample Test 

Paired Differences 

95% Confidence Interval of the Difference 

Mean ~td. Deviation ptd. Error Mean flower Upper df 

Harrssmith: Within- Outer .00473 8.05113 Q.42751 5.40409 ~.41355 .002 10 

Qwaqwa: Within-Outer a t.05155 232 .02191 ~9 .95724 74.82290 Q36.92599 1.159 10 

Bethlehem: Active: Within-Outer .38173 45.61702 13.75405 30.26420 131.02766 .028 10 

Bethlehem: Inactive: Wit hin-Out er 138.27936 95 .90962 28.91784 26.15359 102.71232 1.324 10 

~ig. (2-tailed) ~orrelat ion 

.998 .999 

.274 .981 

.978 .977 

.215 .986 



AppendL~ 8: Summary of the paired->amplc T .. -st : for heavy metals to the soil samples collected duling the d1y season ( 15 July 20 14) 

Paired Sample Test 

!Paired Differences 

95% Confidence Interval of the Difference 

Sample sites Mean Std. Deviation IStd. Error Mean Lower '-lpper ~ kif ISig. (2-tailed) 

Pair 1 Harrssmith: Within- Outer 159.62345 181.18941 154.63066 62.10125 181.34816 1.091 10 .301 

Pair 2 Qwaqwa: Within-Outer 100.44118 205.54642 161.97458 37 .64678 1238.52914 1.621 10 .136 

Pair 3 Bethlehem: Active: Within-Outer 179.23509 254.58329 176.75975 91 .79629 1250.26647 1.032 10 .326 

Pair4 Bethlehem: Inact ive: Within-Out er 21.01827 45.97823 13.86296 9.87032 151.90687 1.516 10 .160 

orrelation 

.011 

.000 

.157 

.000 



Appendix 9: Summary of the pain::d-samplc Test : for h eavy metals to the soils sample collected during the wet season ( 15 ovember 20 14) 

Paired s amoles Test 

Paired Differences 

95% Confidence Interval of the Difference 

Samole sites Mean Std. Deviation Std. Error Mean Lower Uooer t df Sia. 12-tailedl orrelatlOO 

Pair 1 Harrssm1th: Within-Outer 9 45400 15.11369 4.77937 -1.35768 20 26568 1.978 9 .079 .807 

Pair2 Qwaqwa: Within-Outer 13 18600 22.62113 7.15343 -2.99618 29.36818 1 843 9 .098 .972 

Pair 3 Bethlehem:Act ive:Within Outer 6.73300 40.67797 12.86350 -22.36627 35 83227 523 9 613 .622 

Pair 4 Bethlehem: Inactive: Within-Outer 6.71700 26.10410 8.25484 -11.95675 25 39075 .814 9 .437 .994 



Appendix I 0 : Summary o f the paired -sample T est : for heavy meta ls to t he so i l samples collected during the wL'I season ( 15 February 20 15) 

Paired S T am oles est 

Paired Differences 

95% Confidence Interval of the Difference 

Sam p le sites Mean Std. Deviaoon Std. Error Mean Lower Uooer t di Sia. 12-tailedl 

Pair 1 Harrssm1th: W ithin-Outer 5.04900 56.41777 20 67859 -30 15628 38.37328 .421 9 854 

Pair 2 Qwaqwa: With in-Outer 3.94300 46.00495 11 22349 -16 65982 24.24592 .543 9 712 

Pair 3 Be1hlehem: Act ive: W ith in Ou ter .40600 2.45217 4 35658 -6 92496 5.23496 .234 9 934 

Pa1r 4 Bet hlehem: Inactive: W1th1n-Ou ter 31 8 89000 758 60001 302 13594 -388 85114 12236 58926 1 064 9 273 

A ppendix I I : Summary of the pa i red-sam p le T est : for heavy 1m:tals to the p lant samph:s collected during the dry season ( I 5July 20 14) 

Sam le sites 

Bethlehem:Active :Within Outer 

Bethlehem: Inactive: W it hin-Outer 

Mean 

51.44680 

38120 

Paired Sam les Test 

Paired Differences 

Std Deviation 

92.75725 

37.46042 

Std Error Mean 

41.48230 

1675281 

95% Confidence Interval of the Difference 

Lav.er u 

~3 .72654 166.62014 

~6 13206 46.89446 

1.240 

.023 

di 

4 

4 

Si 

.283 

.983 

:orrelat1on 

582 

.823 

969 

.042 

.789 

.476 



Appendix 12: Summary o f the paired-sample Test: fo r hc-.ivy metals to tht: plant samp les collected during the wet season ( 15 t ovembcr 20 14) 

Paired Samoles Test 

Paired Differences 

95°~ Confidence lnte<val of the Dttference 

Samole sites Mean Std De111a11on Std. Error Mean Lower Uooer t df S10. 12-tailedl Correlation 

Pair 1 Harrssm ith: Within-Outer 223 83000 1118.28597 353.63307 ·576.14359 1023.80359 .633 9 .543 .789 

Pair 2 Qwaqwa : W ith in-Outer 847 86000 1995 22806 630.94651 ·579.4401 7 2275.160 17 1.344 9 .212 .943 

Pair 3 Bethlehem: Active: W ith in- Outer 276.71000 609.73127 192.81396 -159.46547 712.88547 1.435 9 185 .958 

Pair 4 Bethlehem: Inactive: Within·Outer 173.06000 647 86626 204 87330 ·290 39560 636 51560 .845 9 420 943 


