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PREFACE 

 

The thesis gives an overview of a study that compared anthropogenically disturbed soils 

(mechanically as well as chemically) with undisturbed soil, especially form a viewpoint of soil 

ecological risk assessment. It covers laboratory and fieldwork on standard test organisms for soil 

ecotoxicological assessment and exploratory work on soil animal species more typical for South 

African soil conditions. It is written in such a way that each chapter can be read as a separate 

study, and as a consequence some parts had to be repeated.  

 

Chapter 1 presents a general background and introduction to the topic of soil ecotoxicological 

risk assessment of natural cultured (arable) and reworked mining soils and the aspects described 

in the following chapters. The detailed version of materials and methods used is given in chapter 

2, and shortened versions of materials and methods can be found in the rest of the chapters where 

needed. Soil layering and soil formation is presented in chapter 3. Chapter 4 presents the effects 

of the soils investigated on the test species Eisenia andrei and Enchytraeus doerjesi. The 

possibility of utilizing South African species as bioindicators was assessed in chapter 5. Chapters 

3, 4 and 5 should be seen as stand-alone sections. Finally, chapter 6 presents conclusions for all 

work done, answering questions raised in chapter 1, as well as giving suggestions for future 

studies. All work contained in the thesis is that of the author, unless stated otherwise. 
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ABSTRACT 

 

South Africa produces large amounts of solid mine waste, covering vast areas of land in the form 

of tailings dam facilities (TDF). Tailings material contains high levels of elements which poses 

potential risk for the environment and human health due to their potential toxic character. 

Agricultural practices such as tilling and chemical additions can also cause leaching of 

potentially harmful toxins into the surrounding environment. Both these soils are disturbed on a 

physical level, influencing the soil structure, chemical composition and soil biota present.  

 

This study analyzed in a comparative manner the chemical and physical properties of soils 

collected from gold mine tailings, agricultural areas and natural areas, and the consequences for 

soil life. Soil samples for the different land use types were taken in duplicate from the KwaZulu-

Natal and North West provinces in South Africa. Topsoil layer formation was analyzed for all 

sites by sampling at depths of 0-5cm, 5-15cm and 15-25cm. Soil element content was assessed 

by means of metal indices. The physical and chemical characteristics of the soil were further 

analyzed by life cycle parameters of the oligochaete species Eisenia andrei and Enchytraeus 

doerjesi in gold mine tailings and agricultural soils. Ants were collected from all the land use 

types for species identification and analysis of element content.  

 

Soil layering regarding the vertical distribution of elements was observed in concentrations 

analyzed for the different land use types. Mining sites, especially in KwaZulu-Natal, indicated a 

decrease in element concentrations with increased depth. The opposite tendency was observed 

for the agricultural and natural soils, indicating increased concentrations with increased depth. 
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Analysis of the elements indicated high levels of pollution in the mining sites which according to 

the metal indices were Co, Cd, and Ni. It was determined that tailings material from KwaZulu-

Natal was more polluted than the tailings material from the mine in North West province, 

according to soil indices. Tailings material from both mining sites resulted in negative impacts 

on E. andrei and E. doerjesi, based on growth, hatching success, mortality and reproduction rate. 

A unique approach was taken during this study by exposing cocoons of E. andrei to soil samples. 

The negative effects of the mining samples on test species could be a result of the low organic 

matter, poor structure and high element content of the mining waste, compared to the agricultural 

and natural soil. Species numbers of ants were higher on the tailings material than agricultural 

and natural soils. Element analysis of ants collected, indicated high accumulation of elements 

such as Fe, Al, Cr, Cd, Pb, Cu and Zn in total body element content of one or more species, 

reflecting the combination of elements found in the different land use types. Accumulation levels 

were highest in Pheidole sp. compared to other species investigated. Ants are potential indicators 

of soil pollutants within a South African context. Risk assessment is necessary for analyzed soils 

to determine steps for sustainable re-use. A key system with regards to soil pollutant analyses 

should be incorporated in government policy for protection of South African soil. 

 

Keywords: Metals, mining, agriculture, bioindicators, earthworms, ants. 
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CHAPTER 1 

 

SOIL ECOLOGICAL RISKS OF SELECTED SOUTH AFRICAN MINING AND 

AGRICULTURAL SOILS – AN OVERVIEW 

 

General introduction 

 

It is well known that humans are constantly manipulating their immediate surroundings 

for their survival and daily needs, resulting in elevated pollution levels in the 

environment. Metals and other pollutants all over the world are being introduced into the 

environment at a constant rate. One of the major contributors to the pollution problem is 

the mining industry and even though it is essential for the economy, it creates risk to the 

environment and to human health. South Africa is well known for its rich variety of 

natural resources and mining has been a great economic source for the country for over 

100 years. One of the main concerns regarding mining is the production of large amounts 

of solid waste, covering vast areas of land in the form of tailings dam facilities (TDF) 

(Aucamp and van Schalkwyk, 2002). Tailings material contains high levels of elements 

which poses potential risk for the environment and human health (Weiersbye et al., 1999; 

Mamaca et al., 2005). From a societal point of view, the benefits of mining have to be 

weighed against the adverse effects it has on the environment and ultimately on human 

health. The potential risks have to be identified and benchmarks have to be set for 

pollutant concentrations. Due to relatively few studies of the effects of mining on soil 

mesofauna (Wahl et al., 2012) and on earthworms (Maboeta and Van Rensburg 2003; 
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Maboeta et al., 2008; Jubileus et al., 2013) in the country, this thesis focused on gold 

mining and agriculture in South Africa, increased elemental concentrations in the soil due 

to these practices and the potential effect it has on selected soil organisms. 

 

Soil 

 

Soil is vital for sustaining life on earth, along with other elements such as air and water 

(Van der Merwe and Vosloo, 1993). It serves as a growth medium for plants, provides a 

habitat for many vertebrates and invertebrates, provides a wide array of minerals, plays 

an important part in the hydrological cycle, and therefore ultimately sustains biological 

productivity (Aspetti et al., 2010). This would signify that soil is a very important 

resource for all life on earth. Unfortunately, the true value of soil and its properties have 

been overlooked and the protection of soil has received little attention in the past 

(Ashman and Puri, 2002). Studies involving environmental protection and benchmarking 

of soils have been done in some parts of the world and include the Netherlands 

(Crommentuijn et al., 1997; Swartjes and Walthaus, 2006), Europe (Rodrigues et al., 

2009), South Africa (Herselman et al., 2005) and the United States of America 

(Efroymson et al., 1997). Soil and water resources of these countries have been 

contaminated and misused due to mining deposits and agricultural practices, which have 

contributed to the overall degradation of the environment. According to Fey (2010), soils 

that have been profoundly affected by human disturbance can be divided into two groups: 

1. Anthrosols, which are soils formed or strongly modified through long-term human 

activities (mainly related to their agricultural use) and 2. Technosols, which are soils in 
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recent deposits of artificial origin or soils mixed with alien products. The latter typically 

refers to mine waste deposits, in which the soil’s physical and chemical properties 

undergo major changes. 

 

Soil contains numerous chemical elements necessary for the functioning of ecological 

processes within it, and ultimately in the environment. These elements need to be 

documented to enable scientists and policy makers to identify deficiencies and potentially 

polluted sites. Research of this nature has been conducted in some parts of the world. 

Studies in the Netherlands have resulted in an extensive overview of many different 

element concentrations and the effects they may have on the terrestrial and aquatic 

species, as well as on the processes within those environments (Crommentuijn et al., 

1997; Swartjes, 1999; Swartjes and Walthaus, 2006). Soil standards and risk of human 

exposure are also aspects of concern in the Netherlands (Wezenbeek, 2007). A similar 

survey was done utilizing existing data, which focused on the effects of the element 

concentrations in the soil on the soil community, and more specifically on soil 

invertebrates (Efroymson et al., 1997). Soil samples have been collected all over South 

Africa since the mid 1970’s to identify soil profiles and their mineral contents, and have 

been analyzed recently in order to identify baseline concentrations for several 

environmentally important trace elements (Herselman et al., 2005). This study has 

indicated that especially agricultural soils have insufficient levels of certain elements (Zn, 

Cu and Co), which also serve as micronutrients. The Department of Environmental 

Affairs have recently released a document containing soil screening values derived from 

other sources such as USEPA for soil contaminants which could potentially be harmful to 
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humans (Department of Environmental Affairs, 2010). These soil screening values are 

guidelines to protect basic human rights with regard to health and safety in work 

environments and for remediation of contaminated land (Department of Environmental 

Affairs, 2010). This is important information in the assessment of potentially polluted 

soils within a certain area, which may include industrial, agriculture and urban land use. 

These areas are under great anthropogenic influence and need proper investigation so that 

human and ecological risks can be identified and dealt with, especially with the high 

number of rural areas situated around mining and agricultural areas in South Africa.  

 

Mining 

 

Mining is responsible for a wide range of elements and other pollutants being deposited 

in the soil and water sources in the immediate area surrounding it. In 1989, it was 

estimated that ca. 19,300 km of streams and rivers, and ca. 72,000 ha of lakes and 

reservoirs worldwide had been seriously damaged by mine effluents, although the true 

scale of the environmental pollution caused by mine water discharges is difficult to assess 

accurately (Johnson and Hallberg, 2005). Understanding the entire mining process gives 

some indication to which elements might be present in the mining waste products being 

introduced into the immediate surroundings of the mine. Ore-bearing rock from gold 

mines is crushed and milled to a grain size of smaller than 0.5mm to allow gold 

extraction through metallurgical processes, including hydrometallurgy and/or 

pyrometallurgy, and the remaining residue is then deposited as tailings dams where the 

fluids are allowed to drain and/or evaporate (Aucamp and van Schalkwyk, 2002). 
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Potentially harmful contaminants are dispersed in the surrounding environment during 

the operational period of the mine, and will linger for decades after its closure. Acute 

impacts of mining include catastrophes in which dams containing mine waste fail, 

releasing tons of waste material into the surrounding environment many kilometres from 

the source, such as the Merriespruit tailings dam disaster in 1994 (www.news24.com, 

1994) and the Buffalo Creek flood in 1972 which released 500,000m3 of waste material 

(www.buffalocreekflood.org, 2013). In Spain, a tailings dam burst at the Los Frailes mine 

in 1998, releasing between 4 and 5 million cubic metres of mine tailings 

(www.theguardian.com, 2013). Hungary suffered a similar disaster in 2010 releasing 

more than 600,000m3 of tailings material into the surrounding environment 

(news.nationalgeographic.com, 2010). 

 

The release of these elements due to wind and water erosion and leaching, can lead to 

negative effects, which can ultimately be observed in the fauna and flora in the area. 

Leaching may result in bioaccumulation and biomagnification processes being set in 

motion, while erosion causes the dispersal of the elements in the surrounding 

environment through transport of soil particles. Aside from the large amounts of solid 

mine waste being deposited, one of the main concerns is the formation of acidic effluents 

arising from these materials. Acid mine drainage has become one of the main focus 

points of many studies and is considered as one of the serious problems facing the mining 

industry (Akcil and Koldas, 2006). Such effluents typically pose an additional risk to the 

environment as they contain elevated concentrations of elements and metalloids of which 

arsenic is generally of greatest concern (Johnson and Hallberg, 2005). Due to the 



22 
 

effluents’ low pH, low organic matter and the uniform particle size of the tailings 

material, a higher bioavailability of these elements might be expected in the areas in and 

directly surrounding the mining deposits. 

 

Since the discovery of seemingly unlimited gold resources in South Africa in 1886, 

mining has played a central role in the country’s economic, political and social 

environment (Adler et al., 2007). South Africa is rich in mineral resources and is one of 

the leading raw material exporters in the world, e.g. gold, diamonds and platinum 

(Chamber of Mines South Africa, 2003). Despite the economic advantages and the 

solution to the poverty problem by means of jobs provided by the industry, the extent of 

the mining industry in the country poses environmental and human risks with regards to 

waste material produced and dumped on tailings dams.  

 

Mines and quarries account for more than 175,000 ha land cover in South Africa 

(Fairbanks et al., 2000). In 1996 alone, 377 million tons of waste material was produced, 

accounting for 81% of the total in South Africa (Rosner and Van Schalkwyk, 2000). 

Since mining in South Africa commenced in 1886, a total of about 6 billion tons of 

tailings has been produced (Winde and Van der Walt, 2004). The tailings material is the 

main source of pollution for the surrounding soils and groundwater and their role is 

accentuated by the fact that most of the approximately 270 gold mine tailings dams are 

situated in urban areas or on agricultural land (Aucamp and van Schalkwyk, 2002). Gold 

and uranium tailings of the Witwatersrand reef area in South Africa contain high 
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concentrations of certain elements and radionuclides (including Fe, Ni, Cr, As, Y, Au, Pb, 

Th, Ra and U) (Weiersbye et al., 1999).  

 

The metals and metalloids produced therefore may come into direct contact with crops 

through wind erosion, drinking water through leaching and water runoff and ultimately 

may be taken up through consumption by people living in close proximity to tailings 

dams. These elements may cause negative effects including cancer development 

(Mamaca et al., 2005; Zhao et al., 2014). These observations have been the incentive for 

the development of ecological and human risk assessment procedures by scientists for use 

in the industry. These risk assessments are necessary for human health and the production 

of food free from contaminants. 

 

Agriculture and healthy food production 

 

The need for the production of food is becoming an increasing concern, due to the 

growing human population and the increased need for healthy and uncontaminated food 

for which agricultural practices have to expand. It is estimated that agricultural lands 

comprise 50% of all usable land worldwide and that pesticide usage has increased by 

854% from 1961 to 1999 (Reinecke and Reinecke, 2007). According to Fairbanks et al., 

(2000) a total land cover of 11 million ha in South Africa is being used for agricultural 

purposes, whether permanent or temporary. More effective methods of farming to 

increase the yield per hectare of agricultural area include the use of agrochemicals, and its 

use has resulted in the accumulation of pollutants such as metals in agricultural soils as 
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well as water sources (Zhao and Pei, 2012). It has been determined that metals carried by 

runoff can accumulate in earthworms, shrews and freshwater decapods, particularly 

freshwater crabs (Reinecke et al., 2003). These metals would then typically be found in 

the sediments of water bodies. Besides the effects of these contaminants on the water 

environment, it can also have a direct effect on the soil and its properties. This occurs 

when contaminated sediment is applied to improve soil properties. The use of untreated 

industrial and domestic solids can lead to the accumulation of metals and/or organic 

pollutants in the soil (Shen et al., 2005). Pollutant activities can have implications for the 

quality of agricultural soils, including phytotoxicity at high concentrations and the 

transfer of elements to the human diet from crop uptake or soil ingestion by grazing 

livestock (Mico et al., 2006; McLaughlin et al., 2011). Non-target pesticide poisoning has 

been identified as the cause of fish kills, reproductive failure in birds and illness in 

humans (Arias-Estevez et al., 2008). There is also great concern due to the carcinogenic 

properties of metals such as Ni, As and Cr and would implicate that there is a growing 

need for a policy concerning the protection of South African soils, both from an 

environmental and an anthropogenic point of view which at present does not exist 

(Eijsackers et al., 2006). 

 

Protected natural areas 

 

Next to the production of food, mankind has a responsibility for the protection of natural 

resources and the environment in general. For this reason people have realized the 

importance of identifying and declaring conservation areas. These protected areas have 
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been set aside to conserve natural areas and the fauna and flora of specific biomes for 

future generations. Many organizations have since been established to govern these areas 

by means of laws concerning sustainable resource management. These include 

international and national organizations such as the International Union for Conservation 

of Nature, South African National Biodiversity Institute, South African National Parks 

and Convention on International Trade in Endangered Species. Worldwide, a total land 

area of 13,328,979,000ha (10.8% of total land area) and a total of 122,104,000ha (6.2% 

of total land area) of South Africa has been declared as protected (www.iucn.org, 2003). 

 

As a general rule, it is accepted that protected areas such as nature reserves represent 

areas that are generally less affected by anthropogenic factors such as industries or 

urbanization when compared to urban or industrial areas. The Dutch national soil policy 

states that nature is supposed to be ‘natural’ and ‘not contaminated’ (Boekhold, 2008). 

This would implicate that the soil in these areas are not polluted by metals, and only 

contain naturally occurring elements at natural levels which serve as micronutrients that 

are available for uptake by plants and certain soil mesofauna species. Theoretically, 

sampling in protected areas might give a good indication of elements occurring naturally 

within the soil and also of the concentration of each. By establishing these reference 

values, other soil samples taken from potentially polluted areas can theoretically be 

compared to soils within these protected areas. Given these protected areas, a policy has 

to be set in place wherein the economic benefits of ecotourism and other aspects are 

weighed against the negative health and environmental impacts.  
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Risk assessments 

 

It is well known that metal pollutants can be hazardous to human health and therefore 

pose a potential risk. Risk can be defined as a function of the probability and magnitude 

of adverse impacts (Posthuma et al., 2008). Risk assessments involve calculation of risk 

(e.g. ecological, health) in affected areas and provide valuable information regarding 

feasible rehabilitation options (Komnitsas and Modis, 2006; Lahr and Kooistra, 2010). In 

the Netherlands, soil screening values have been derived to assess the quality of the soil 

and groundwater. These values are the desired concentrations (Target Value) reflecting 

concentrations of natural or non-polluted areas and the high risk concentrations 

(Intervention Value) normally associated with a pollution source such as mines, with the 

Intermediate Value being the numerical average between the Target and Intervention 

Values (Swartjes and Walthaus, 2006; Posthuma et al., 2008).  

 

Legislation in the Netherlands has also shifted its focus in 2008 from soil clean-up and 

the redevelopment of contaminated sites to the use and reuse of contaminated (relocated) 

soils (Boekhold, 2008). In this new decree, which forms part of the soil protection act, a 

balance is sought between prevention of spreading of contamination as a result of 

relocation of contaminated soil on the one hand, and reducing waste by maximally 

reusing contaminated soils on the other hand (Boekhold, 2008). The legislation eases 

identification of risks and therefore ultimately influences decisions being made based on 

soil use and reuse.  
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Risk therefore is the balance between adverse and beneficial impacts. Human health is 

widely recognised as the major protection target in the risk-based assessment of soil 

quality and the management of contaminated sites in Europe (Swartjes and Cornelis, 

2011). The last five decades have seen the utilization of risk assessment to protect human 

health by linking exposure to effects (Eijsackers, et al. 2006). One of the main difficulties 

regarding risk assessments in soil environments is the fact that impacts vary depending on 

the land use, soil type, climatic conditions, population characteristics and contaminant 

contact or ingestion rate. Different impacts are anticipated in agricultural soils and in 

soils present in industrial or residential areas (Komnitsas and Modis, 2006). Different 

land use types should even have different limit values like in the United States of 

America (Efroymson et al., 1997) and Dutch (Crommentuijn et al., 1997) legislation. 

 

There are two major types of risk assessments as noted by Jensen et al., (2006). The first 

is undertaken prior to the release of a new substance, such as pesticides, to determine if it 

is safe to use in the natural environment. The second type of Ecological Risk Assessment 

(ERA) is a description of the changes, which are observed in populations or ecosystems 

at sites that have become polluted, and can therefore also be referred to as an impact 

assessment. 

 

Many well-defined methods exist for executing an ERA, all of which have a common 

ultimate goal: the rational reform of policy making (Demidova and Cherp, 2005). Often 

from an ecological perspective, the species sensitivity distribution (SSD) model is used to 

determine target and intervention values for contaminants (Posthuma et al., 2002). This is 
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based on the available ecotoxicological data providing the statistical range in effect levels 

of a single contaminant on growth, reproduction or survival of single species (Faber and 

Van Wensem, 2012). Biomarkers have also been utilized in the past for the assessment of 

risk in certain soil environments (Svendsen et al., 1996; Asensio et al., 2013). Biomarkers 

are quantifiable changes in biochemical, physiological or behavioural states within cells, 

tissues or whole individuals as a result of exposure to anthropogenic stressors (Saunders 

et al., 2011). Risk assessments on terrestrial ecosystems were developed somewhat later 

than aquatic risk assessments, due to the heterogeneity of terrestrial pollution and the 

difficulty to define in comparison to freshwater ecosystems (Jensen et al., 2006). 

Terrestrial risk assessments are therefore seen as underdeveloped compared to the aquatic 

risk assessments, creating the need for further investigation. 

 

Bioindicators and environmental factors 

 

Before starting an ERA, one must decide whether a bioindicator will be used. If so, 

suitable and representative species need to be selected. In a general ecological sense, 

bioindicators are organelles, organisms or groups of organisms suited to determine 

qualitatively or quantitatively the state of the environment. In the narrower sense of the 

term the designation frequently refers to the organismic indication of anthropogenic 

environmental stressors (Heinck and Kowarik, 2010). These bioindicators can therefore 

be associated with one or more physical and chemical factors such as pollution levels, 

temperature ranges and moisture availability. Organisms used for bioindication reflect the 

state of the environment and are suitable for indicating disturbances in the soil related to 
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pollution because of their occurrence, absence or presence, frequency, distribution, 

reactions and response change under certain environmental conditions (Vargha et al., 

2002). Focusing on mining areas means that soil pollution is one of the most prevalent 

effects present in that area. In mining deposits and the surrounding area, the most 

important group of soil animals occurring are the mesofauna. From a toxicological point 

of view bioindicators need to be tolerant to low levels of pollutants, have measurable 

responses, and responses need to be reproducible (Paoletti and Bressan, 1996), for which 

reason, certain taxa of the soil mesofauna may be utilized to act as bioindicators, which 

might produce a good model for the risk assessment that needs to be done. 

 

When mesofauna is directly extracted from soil samples taken, environmental conditions 

may vary and will not be constant, as would be the case with in vitro testing in a 

laboratory. Therefore, external environmental factors have to be taken into account 

(Posthuma et al., 2002) including soil moisture, soil texture, organic matter in the soil, 

plant cover, soil temperature, chemical composition of the soil and also the occurrence of 

ecological interactions. Although these factors complicate the interpretation of the data 

due to weather changes, it plays an important role in our understanding of the ecological 

significance of the reactions observed in the soil community. This is especially relevant 

for the wide range of South African conditions, due to temperature fluctuations, humidity 

ranges and rainfall patterns (Mucina and Rutherford, 2006). These factors influence 

topsoil formation and ultimately determine the species composition of the area. 

Moreover, toxicant persistence in the soil can be affected by various physical and 

chemical soil characteristics, such as organic matter content, moisture, temperature, pH 
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and total soil metal content (Van Vliet and De Goede, 2008). The soil itself is an 

important, if not the most important basis for terrestrial life. To better understand the 

functioning of the soil ecosystem, the physical, chemical and biological properties of the 

soil must be considered interlinked and interdependent (Haynes and Graham, 2004).  

 

Bioindicator species 

 

Earthworms are among the major components of soil biomass and play an important role 

in maintaining the structure and fertility of soil by processes like drainage, aeration, and 

incorporation and degradation of organic matter (Peijnenburg et al., 1999). For this 

reason, earthworms have been widely used for testing metal pollution levels and other 

parameters (Maboeta et al., 2003; Van Gestel et al., 2009, Nannoni et al., 2014). Species 

that have been successfully utilized for bioindicators in the past are Eisenia fetida 

(Maboeta and Van Rensburg, 2003) and Eisenia andrei (Peijnenburg et al., 1999). 

Studies indicate that reduced tilling in agricultural areas has yielded positive effects on 

earthworm and mesofauna populations (Lapied et al., 2009). Earthworms consume large 

amounts of plant remains and soil and thereby influence soil structure and organic matter 

(OM) dynamics, which are important soil quality indicators (Jongmans et al., 2003).   

 

Soil organisms, especially earthworms, react quickly to natural and anthropogenic 

stressors, and could therefore be used as early warning indicators (Peres et al., 2011). 

Exposure of Eisenia fetida to metals such as Cd and Pb severely affects the weight of the 

juveniles, prolonged the time to sexual maturation (at the highest concentrations, 
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earthworms did not reach sexual maturity at all), and reduced cocoon production 

(Zaltauskaite and Sodiene, 2014). These stressors are measurable with physical, chemical 

and/or bioindicator methods, creating a wide range of assessment tools for stakeholders 

and policy implications. Earthworms therefore have a proven track record with regards to 

preventative testing, and can be compared to responses in other soil organisms with 

regards to the soil quality. One such organism is Enchytraeus doerjesi (Oligochaeta, 

Annelida) (Westheide and Graefe, 1992). Although E. doerjesi is a fairly newly described 

species, it has been used as an alternative test species in ecotoxicological bioassays 

(Kramarz et al., 2005; Owojori et al., 2009). It is a fairly small organism with a mean 

body length of ≈ 5.3 mm and has a high reproductive rate (Westheide and Graefe, 1992).  

 

Both the above-mentioned species are not native to South Africa, and may not be ideal 

test species for the conditions of the country’s soil. For this reason, it was decided to 

investigate ants as a possible bioindicator for South African conditions. One study in the 

Karoo of South Africa recorded forty-five ant species of five sub-families (Lindsey and 

Skinner, 2001). They have been investigated abroad in areas contaminated with elements 

such as Al, Cu, Cd, Ni, Zn, As, Pb and Hg (Eeva et al., 2004; Sorvari et al., 2007; Grzes, 

2009; Del Toro et al., 2010; Grzes, 2010; Sorvari and Eeva, 2010). These studies have 

indicated that in many cases ants accumulate elements in their bodies making them good 

bioindicators. 
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Benchmarking and soil quality standards 

 

Benchmarks are the highest concentrations of specific substances that do not have a 

negative effect on the environment and serve as the main guidelines for policy makers 

regarding ecological and human health (Swartjes and Walthaus, 2006). One of the main 

problems is that only a small number of countries have quantified these benchmarks and 

the results were published to enable scientists to compare soil pollutants to those values. 

Maximum permissible concentrations (MPC) indicate the maximum concentration of 

elements, which are allowed in the soil under conditions in the Netherlands and were 

calculated using standard soil containing 10% organic matter and 25% clay 

(Crommentuijn et al., 1997).  

 

Ideally, soil quality standards (SQS) represent relevant limits for metals and organic 

compounds in soils that ensure the production of crops that meet food quality standards 

(FQS) set by World Health Organization (WHO) or individual countries (Romkens et al., 

2011). Soil quality can be defined as the ability of soils to deliver ecosystem services in a 

sustainable way (Peres et al., 2011). Two multi-functional risk-based standards (Target 

Values and Intervention Values) have been developed in the framework of the Dutch Soil 

Protection Act for the assessment of soil and groundwater quality. According to these 

standards, Target Values or benchmark values are based on potential risks to ecosystems 

and Intervention values are based on potential risks to humans and to ecosystems 

(Swartjes and Walthaus, 2006). Soil pollutant concentrations have been established for 

the Netherlands (Crommentuijn et al., 1997) and studies regarding soil pollutants have 
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also been done in the US (Efroymson et al., 1997), Europe (Rodrigues, 2009) and South 

Africa (Herselman et al., 2005). Soil quality has also been addressed in the new decree on 

soil quality in the Netherlands. It is based on a national as well as local approach and has 

four classes based on the concentration of contaminants in the (sometimes relocated) soil 

(Boekhold, 2008): 

1. Soil fit for use in all situations 

2. Soil fit for residential and industrial areas 

3. Soil fit for use in industrial areas 

4. Soil not fit for any use or relocation and must be remediated.  

 

Motivation for study 

 

South Africa has rich variety of natural resources and mining has been a great economic 

source for the country for over 100 years. One of the main concerns regarding mining is 

the production of large amounts of solid waste, covering vast areas of land in the form of 

tailings dam facilities (TDF). Since mining in South Africa commenced in 1886, a total 

of about 6 billion tons of tailings has been produced (Winde and Van der Walt, 2004), 

posing an array of environmental and human health risks. Studies regarding 

anthropogenic soils such as mining soil in South Africa are few and far between, 

indicating the need for this study.  

 

According to Fairbanks et al., (2000) a total land cover of 11 million ha in South Africa is 

being used for agricultural purposes which poses further risks, due to the use of large 
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quantities of agrochemicals. These potential risks have to be identified and incorporated 

into South African legislation. Due to relatively few studies of the effects of mining on 

soil mesofauna (Wahl et al., 2012) and on earthworms (Maboeta and Van Rensburg 2003; 

Maboeta et al., 2008; Jubileus et al., 2013) in the country, this thesis focuses on gold 

mining and agriculture in South Africa, increased elemental concentrations in the soil due 

to these practices and the potential effect it has on selected soil organisms. Although 

studies involving soil parameters have been performed in a South African context, no 

such in depth assessment of soil chemical and physical characteristics have been carried 

out in a comparative manner between different land use types of different geographic 

regions. Very few investigations have been carried out analyzing the physical and 

mechanical changes such as the reworking of soil, particle distribution and vertical 

layering, in combination with the chemical changes associated with soil disturbances.  

 

Studies combining laboratory and field studies with ‘standard’ test organisms such as E. 

andrei in this case, have not been extensively researched in a South African context, 

giving rise to the need for this study. Life cycle parameters of the test organisms utilized 

for this study have been carried out in a comparative manner. In the case of the test 

species E. andrei, cocoons were exposed to the soil samples instead of the more common 

practice of utilizing young earthworms, an aspect unique to this study. By including 

cocoons in the study, the effects of toxicants are tested on the full life cycle. Although a 

commonly known test species (E. andrei) was used in this study, one of the objectives 

was to possibly identify a more suitable and more ecologically relevant bioindicator for 

South African conditions. This explores the relevance of these standard test organisms 
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with the soil biota that are locally the most important from a point of view of numbers of 

organisms and the activities of these organisms. 

 

Although there is not one clear and specific method for the derivation of soil quality 

standards, one of the objectives was to determine the extent and levels of contaminants in 

South African soils. Other countries have done similar studies and the results were 

published to enable scientists to compare soil pollutants to those values. Soil quality 

standards therefore act as guidelines for certain pollutant concentrations. This will aid 

policy makers and ultimately development of models for human risk development. These 

guidelines should be basic in its design, such as a flow chart or scheme, explaining 

processes regarding identification of polluted soil in a step-by-step manner. South 

African conditions and indigenous species should be included regarding bioindicators. 

 

 

General aim and specific objectives  

 

The aim of this study was to assess the ecological risks regarding soils being utilized for 

different land use types, by performing chemical and physical analysis of the soils in 

question and by utilizing bioassays.  

 

Objectives included characterizing the topsoil from mining, agricultural and nature 

reserve areas from two different geographic regions. This was achieved by determining 

the layer formation within the topsoil, and subsequently comparing these physical and 
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chemical properties within each land use type. Further objectives included comparative 

life cycle parameters of the oligochaete species Eisenia andrei and Enchytraeus doerjesi 

in gold mine tailings and agricultural soils. This was achieved by measuring various 

endpoints of both species during the bioassays. Endpoints for Eisenia andrei included 

cocoon hatching success, survival, and growth. Endpoints for Enchytraeus doerjesi 

included survival and reproduction. Ants as potential candidates for indicators of soil 

pollution from a South African perspective were also investigated by comparing element 

concentrations in ant body tissues with concentrations of soils from different land use 

types. 

 

The ultimate aim is to be able to properly assess the biological quality of mining soils 

especially with regards to restoration, with the intention to make these soils suitable for 

human use (such as grazing) but also for restoration to natural areas. 
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CHAPTER 2 

 

GENERAL DESCRIPTION OF SITES, SAMPLING, MATERIALS AND 

METHODS 

 

Site description and soil sampling 

 

 

Figure 1. South African provincial map indicating the two geographic regions from 

which all soil samples and ants were collected namely North West province and 

KwaZulu-Natal province (www.home.global.co.za, 2012). 
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Soil samples were collected from two gold mines, one situated in the North West 

province and the other in the KwaZulu-Natal province in South Africa 

(Figure 1, Table 1). These samples were collected from the upper surface of the 

investigated tailings dams (Figure 2).  

 

   

Figure 2. Left: Mine tailings disposal facility of gold mine in KwaZulu-Natal. Right: 

Mine tailings material from the top of the tailings disposal facility at the gold mine in 

KwaZulu-Natal.  

 

Soil samples were also taken in the same province and vegetation type as the two 

mines, at sites being utilized for agriculture (Figure 1, Table 1). Sites in the 

KwaZulu-Natal area were typified by sugar cane crops, while those in the North West 

area were typified maize crops (Figure 3).  
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Figure 3. Left: Sampling area in KwaZulu-Natal utilized for agricultural purposes 

which indicates evidence of tilling. Right: The same field later in the season with 

sugar cane crops. 

 

A third set of soil samples were collected at presumably unpolluted locations close to 

the mining and agricultural sites (Figure 1, Table 1) namely Faan Meintjies nature 

reserve (North West province) and Ithala nature reserve (KwaZulu-Natal province), to 

determine natural soil composition (Figure 4).  

 

   

Figure 4. Left: Sampling area within nature reserve in KwaZulu-Natal. Right: Soil 

sample taken from the nature reserve. 
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All of the above-mentioned samples were collected from two different geographical 

regions, namely the North West province and the northern parts of KwaZulu-Natal to 

compare different soil types (Figure 1, Table 1). Samples were collected on a once-off 

basis in summer for the layering part of the study (Table 1) and once-off in the 

summer for exposure tests. These two regions were selected based on the two 

different methods of soil formation. Sites in the North West province were located in 

the Klerksdorp Thornveld which is a warm-temperate, summer rainfall region with an 

annual rainfall of 533 mm, high summer temperatures and frequent frost in winter 

(Mucina and Rutherford, 2006). Soils from this area are classified as brown to reddish 

brown Ferruginous Lateritic soils (eusoils.jrc.ec.europa.eu, 2013). The sites in 

KwaZulu-Natal were located in Zululand Lowveld bioregion which is generally a 

frost free area with an annual rainfall of 500-900 mm in summer, and occasional rains 

in winter (Mucina and Rutherford, 2006). Soils from this area are classified as Brown 

Lowveld soils, falling under the Unleached Subtropical soils (eusoils.jrc.ec.europa.eu, 

2013). Soil types mentioned above would include soils from nature reserves and the 

original soils at the agricultural sites before agricultural practices were implemented. 

KwaZulu-Natal with its high rainfall and tropical climate produces large quantities of 

organic matter compared to the dryer areas of the North West province, where soil 

formation resulting from weathered rock is more prevalent. This would also in theory 

produce soil with a low pH in KwaZulu-Natal due to high organic matter content and 

a higher pH in the North West province as a result of a high mineral content. Soil 

samples were analyzed to determine the physical and chemical soil characteristics 

such as element concentrations, pH, soil texture and organic material present in the 

soil. 

 



51 
 

Layers within the soil were analyzed to determine at what depth it would be necessary 

to sample in these areas in the future. Ultimately the goal of this part of the study was 

to assess if there was any layer formation on a chemical or physical level of the 

topsoil at these selected sites, and if so, to what extent? In order for this to be 

accomplished, sampling was done at 0-5cm, 5-15cm and 15-25cm depths, which were 

labelled a, b and c respectively (Table 1). Three heterogeneous sites were chosen at 

each of the different land use types. At each of these sites a soil sample of ±1 kg each 

was taken from the different layers of soil mentioned above (Table 1).  

 

Table 1. Layout of site selection, locations and sampling depths 0-5cm (a), 5-15cm 

(b) and 15-25cm (c). 

Province Land use type Location Site Depth 

KwaZulu-Natal 
Province 

    1 a, b, c 
Gold mine tailings S27 25.873 2 a, b, c 

  E31 15.906 3 a, b, c 
    4 a, b, c 

Agriculture S27 23.043 5 a, b, c 

  E31 36.495 6 a, b, c 
    7 a, b, c 

Nature reserve S27 32.688 8 a, b, c 

  E31 22.205 9 a, b, c 

North West province  

    10 a, b, c 
Gold mine tailings S26 54.451 11 a, b, c 

  E26 46.294 12 a, b, c 
    13 a, b, c 

Agriculture S26 45.289 14 a, b, c 

  E26 45.75 15 a, b, c 
    16 a, b, c 

Nature reserve S26 44.200 17 a, b, c 

  E26 42.301 18 a, b, c 

 

 

Soil samples were analyzed by means of methods modified from Thi Vu et al. (2004) 

and Wayland and Crossley (2006). All laboratory glassware was soaked in aqua regia 

and rinsed with deionized water. For the preparation of calibration solutions, the 
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internal standard solution and the most dilute sample solutions were prepared in 

disposable, metal-free polyethylene tubes. Samples were digested in a mixture of 

HNO3 (60%) suprapure and HCl (40%) suprapure (Merck). Hereafter the samples 

were diluted to 100ml, using 18 Mohm MilliQ (Millipore) water. Samples were 

introduced into the ICP-MS system (Agilent 7500c) by means of a Cetac ASX-510 

auto sampler and peristaltic pump of the ICP-MS. The operating conditions and 

components are summarized in Table 2. For the external calibration of the 

quantification, a 1% HNO3 blank as well as five diluted standard solutions in 

1% HNO3 was used. The instrument was operated with the parameters given in 

Table 2. To prevent interference, the oxides (156/140) were tuned to 0.32% and the 

doubly charged (70/140) to 2%.  

 

Table 2. Sample introduction system of the ICP-MS (Agilent 7500c) with shield torch 

system. 

 
RF power 1530 W 
Sample depth 9.0 mm 
Carrier gas flow  1.14 L/min 
Spray chamber temperature 2 °C 
Nebuliser V-grove PFA 

100ml/min 
Sample and Skimmer Cones Nickel 
Torch Quartz 
Spray chamber Double-pass 
Short Term Stability (RSD) (20min) 1ppb Co, Y, Tl ≤ 2% 

 

The sand, silt and clay content for each sample, was determined by means of the 

hydrometer-method (ASTM, 1961). One hundred grams of each soil sample was 

weighed off and sifted through a 2mm sieve. Fifty grams of the sifted soil was placed 

into a 500ml container, soaked with distilled water and 10ml hydrogen peroxide was 

carefully added. After leaving the suspension for ten minutes, it was stirred well and 
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heated for four hours. The suspension was then cooled and 125ml Calgon, which 

contains sodium hexametaphosphate, was added and stirred well. A 53µm sieve was 

then placed into a funnel, which was set up to drain into a 1000ml sedimentation 

cylinder. Suspensions were transferred into the funnel and washed with running water 

and a small brush until water runs clear. Not more than 1000ml of water should be 

used to complete this process. The fraction of soil left in the funnel was then placed 

into a glass beaker and dried in an oven and sifted through a 53µm sieve. Sifted 

fractions were then weighed. The 1000ml suspension in the cylinder was shaken and 

the first reading was taken after exactly 40 seconds and the second reading was taken 

7 hours later. Particle size distribution was determined by sifting the dried fraction 

through an electrical sieve using a 2000, 1000, 500, 100 and 53µm sieve respectively 

for three minutes each time. 

 

The process of determining the organic carbon content in the soil samples was carried 

out by means of the Walkley Black method (Walkley, 1935). Soil samples were dried, 

ground and sifted through a 0.35mm sieve. 1 gram of soil (0.5g if the soil has a dark 

color, which would indicate a high carbon content) was weighed off and placed in an 

Erlenmeyer flask. A blank mixture without soil was also made. 20ml potassium 

dichromate (K2Cr2O7) of 0.167 mol/l was added and mixed and then 20ml 

concentrated sulphuric acid was added and mixed again. The flask was gently stirred 

until the reagents and the soil sample had mixed completely. After cooling the flask 

for 30 minutes, 150ml de-ionized water was added and mixed. 10ml concentrated 

ortho-phosphoric acid was added and once again mixed. 1ml barium diphenileamine 

sulphonate indicator was added and mixed. The mixture was titrated with iron (II) 
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ammoniumsulphate [Fe(NH4)2(SO4)2] of 0.5mol/l solution. The carbon content 

(Nelson and Sommers, 1982) in the soil for each sample was determined as follows:  

 

Where M = Concentration Fe(NH4)2(SO4)2 in mol/l and f  = 1.3 
 

For the next part of the study, an additional set of soil samples were collected from the 

same sites as mentioned above, with the exclusion of taking soil samples in layers. 

These soil samples were then analyzed using chemical and physical methods. Test 

organisms were then exposed to these soil samples to determine the effect of the soil 

properties measured. 

 

Soil samples 

 

For the remaining part of the study, soil samples were collected in triplicate from the 

above-mentioned six sites in the North West and KwaZulu-Natal Provinces of South 

Africa to determine differences in soil properties between the geographic areas. In 

each province, soil samples were collected from a gold mine tailings disposal facility, 

an agricultural land and a reference site situated in the nearest nature reserve 

(Figure 1, Table 1). Collection was carried out during summer months after some 

rainfall in both provinces. Soil characteristics such as particle size distribution, pH 
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and carbon content of the soil at each site were also determined by means of methods 

mentioned above.  

 

Using the protocol of Katz and Jennis (1983), the concentration of 56 elements 

including Cu, Fe, Ni, Pb and Zn were quantified with an Agilent 7500c Inductively 

Coupled Plasma Mass-Spectrometer (ICP-MS). For certain elements benchmark 

values have been calculated, and for this study these few elements were analyzed 

using background concentrations from the Netherlands (VROM, 2000) and South 

Africa (Herselman et al., 2005) to determine the Igeo (Geoaccumulation index) 

(Muller, 1969; Malkoc et al., 2010; Luo et al., 2012), the PI (pollution index) and the 

IPI (integrated pollution index). The value of Igeo was originally used with bottom 

sediments in U.S. EPA, method 3051 and was adapted for classification of soil 

contamination (Malkoc et al., 2010) and specifically metal pollution (Cukrov et al., 

2011; Kabir et al., 2011; Liu et al., 2011; Yu, 2011, Meza-Montenegro et al., 2012). 

The PI is defined as the ratio of the metal concentration in the study to the geometric 

means of background concentration (BC) of the corresponding metal (Chen et al., 

2005). The integrated pollution index (IPI) is defined as the mean value of the PI of an 

element and classifies sites as having a low level of pollution (IPI ≤ 1) to a high level 

of pollution (IPI > 2) (Chen et al., 2005) and has been utilized in assessment of metal 

pollution (Khuzestani and Souri, 2013). The Igeo and PI were calculated using the 

following equations: 
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Where Cn is the measured metal concentration, Bn is the geochemical background 

value of the element in the samples, and the constant 1.5 allows us to analyze natural 

fluctuations in the content of a given substance in the environment caused by very 

small anthropogenic influences (Malkoc et al., 2010; Liu et al., 2013). 

 

Additional information regarding pesticides and herbicides used on agricultural sites 

were also collected from land owners. The soil samples were dried at 45oC for 48h, 

finely ground, sieved with a 2mm sieve and moistened with distilled water to a water 

holding capacity of 60%. The moistened soils were then left to stabilize for 48h at 

21 ± 1 oC. For both test species to be used (an earthworm and enchytraeid species) a 

laboratory substrate was prepared consisting of 100% horse manure and incubated in 

the same manner. 

 

Experimental organisms 

 

The two experimental species used in the present study were the recommended 

earthworm species for standard laboratory testing Eisenia andrei (Oligochaeta, 

Annelida) (OECD, 2004) and the enchytraeid species Enchytraeus doerjesi 

(Oligochaeta, Annelida) (Westheide and Graefe, 1992). Although E. doerjesi is a 

fairly newly described species, it has been used as an alternative test species in 

ecotoxicological bioassays (Kramarz et al., 2005; Owojori et al., 2009). It is a fairly 

small organism with a mean body length of ≈ 5.3 mm and has a high reproductive rate 

(Westheide and Graefe, 1992). Both these species were cultured in the laboratory at 
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21 ± 1 oC. Eisenia andrei was kept in an organic compost substrate and fed adequate 

quantities of moistened horse manure every 7 days. Enchytraeus doerjesi was kept in 

artificial soil, to which dry, powdered oatmeal was added every 7 days. 

 

Test procedures 

 

Eisenia andrei 

 

Ten E. andrei cocoons, collected from laboratory breeding cultures, were exposed to 

250g of mine tailing soil, agricultural soil, natural soil and the control in plastic 

containers (12 cm x 6 cm) with perforated lids. As a new approach, cocoons were 

used in this test as opposed to young or adult worms, to include hatching success and 

survival rate of hatchlings. Tests were carried out in triplicate (n = 30) and incubated 

in a climate control chamber (21 ± 1 oC, 60 % air humidity). Once in the soil, the 

cocoons were given a 23-day hatching window (Venter and Reinecke, 1988) and a 

further 17-day growth period (to allow worms to be of suitable sizes for handling and 

weighing) before monitoring of growth started. Growth and mortality were assessed 

every third day for 9 weeks. Growth was determined by rinsing each earthworm with 

distilled water, and then drying and weighing each individual. After the 23-day period 

to allow hatching, hatchlings were fed with 5g of moist horse manure every 7 days 

during the 17-day growth period.  Afterwards, 5g of moist horse manure per 10 

worms were placed in each container weekly during next 9 weeks to determine 

growth. 
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Enchytraeus doerjesi 

 

Ten adult E. doerjesi specimens were exposed to 20g of each soil and to the manure in 

small plastic containers (5.5 cm x 3 cm) with perforated lids and kept in the 

abovementioned conditions for 14 days. Exposures were carried out in quadruplicates 

(n = 40). Worms were fed weekly with 10 mg dry ground oatmeal. At the end of the 

exposure period, E. doerjesi specimens were stained with Bengal red following the 

protocol of Römbke and Moser (2002). This was achieved by transferring the soil of 

each replicate into a shallow container and adding 5 ml ethanol to each container in 

order to fix the worms. The container was then filled with distilled water up to a level 

of 1-2 cm. A few drops (200-300µl) of Bengalred (1% solution in ethanol) were then 

added and mixed carefully. After 12 hours the enchytraeids were completely stained 

and were then counted using a headlamp, and noted for each replicate. The number of 

both juveniles and surviving adults in the exposure containers were subsequently 

determined.  

 

Ant sampling 

 

In addition to the above, it was decided that more data was needed to determine the 

direct effect of the different land use types on the organisms occupying that particular 

niche. Ants were collected by placing three spatially heterogeneous pitfall traps in a 

triangular formation at each of the land use types for each province (3 traps x 6 

different locations), bringing the total to eighteen pitfall traps. Pitfall traps consisted 

of round plastic jars (350ml volume, 12cm high and 6cm diameter) and were placed 

approximately ten meters apart at each site (Figure 5). Pitfall traps were filled three 
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quarters full with 75% alcohol and were collected after five days. Ants were sorted 

after being removed from the traps and identified at least to genus level. All ants 

belonging to a single species or genus were pooled for each land use type and 

analyzed to determine element content. 

 

        

Figure 5. Pitfall traps (photo taken at Mine 1) set out at all sites for different land use 

types for KwaZulu-Natal and North West provinces for ant collection, adding up to a 

total of eighteen pitfall traps.  

 

 

Chemical analysis 

 

Collected ants were taken from alcohol and washed thoroughly with distilled water to 

remove excess material and impurities that may have adhered and placed in new 

alcohol before being analyzed. Analyses were performed on each species to determine 

what the total concentration for each element was for each site within every species 

collected. The EPA 3050 method of analysis was utilized for ant samples. Ants were 

weighed to 2g wet mass, digested with 15ml Nitric acid (HNO3) 65% and then 

analyzed for metal content utilizing ICP-MS. The earthworm species E. andrei was 
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also exposed to the soils collected from Mine 2 and their element content determined 

at the end of the experiment. This was achieved by digestion with 1ml HNO3. 

 

Utilizing certain species such as earthworms have been well documented, but other 

organisms have yet to be explored in this field, including ants. These earthworm life 

cycle parameters were therefore compared to the results of the element analysis of the 

ants. This decision is rather controversial, but since investigating the possibility of 

using ants as bioindicators in disturbed areas is a relatively new concept, it was 

carried out to see how they compare to known bioindicators.  

 

Statistical Analysis 

 

The software package SigmaStat® version 3.1 was used to analyze the data. For each 

of the endpoint assessed One-way ANOVA or Kruskal-Wallis tests, depending on 

whether the data were parametric or nonparametric respectively, were performed 

across groups. The level of statistical significance was P < 0.05. 
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CHAPTER 3 

 

CHARACTERISING THE TOPSOIL FROM MINING, AGRICULTURAL 

AND NATURE RESERVE AREAS – CHEMICAL AND PHYSICAL 

CHARACTERISTICS  

 

Introduction 

 

Soil is an essential commodity for the entire world and therefore it must be conserved 

for future generations. It holds great value regarding aspects such as biodiversity, food 

production and is of great economic importance. In order to be effectively conserved 

and managed, its composition, structure and functioning must be understood. The 

different properties of soil are determined by five state factors, the soil forming 

factors: parent material, topography, climate, biota (including man), and time (Van 

Breemen, 2004). These factors contribute to the formation of the top layer of the soil, 

or the topsoil, which generally forms the upper part of the humus-rich A-horizon. This 

topsoil layer regulates many of the active processes of soil and consists of three 

components namely the mineral component resulting from breakdown of parent 

material, organic matter modified from plant material, and the biota or living 

component within the soil (Van Breemen, 2004). 

 

Topsoil can be compromised in a number of different ways, including housing, 

agriculture and industrial activities. For this study, three general land use types were 

selected for investigation, viz. mining, agriculture and soils within a protected natural 

area as a control. Since mining processes started in South Africa in 1886 (Adler et al., 

2007), mining areas account for more than 175,000 ha land cover in South Africa 

(Fairbanks et al., 2000) and has since produced 6 billion tons of tailings material 
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(Winde and Van der Walt, 2004). The tailings material consists of heavily extracted 

and reworked soil material and is deposited in large areas called tailings dam facilities 

(TDF). The processes of mineral extraction from ore, causes major chemical and 

physical changes of the waste material produced. This means that the material being 

deposited has lost most of its texture and structure because of its changed particle 

distribution and low carbon content. Due to its heavily “abused” state, mining 

material can be seen as Technosols, which are soils in recent deposits of artificial 

origin or soils mixed with alien products (Fey, 2010). Tailings dams are constructed to 

contain solid waste material produced by the mining process, but the structure and 

texture of the mining material gives rise to wind and water erosion and leaching, 

ultimately leading to dispersal of metals in the surrounding environment (Wahl et al., 

2012). Elements within the tailings material can remain there for long periods of time 

and the dispersal of such elements through erosion and leaching should be prevented, 

or at least be reduced to an acceptable level. These levels need to be low enough to 

minimize the consequences for human risk.  

 

Land cultivation for agricultural purposes changes the structure and texture of soil. 

Tillage intensity was determined to be the primary anthropogenic factor degrading 

soil quality (Karlen et al., 2013). Tilling cause certain physical and ecological changes 

in the upper layers of the soil (Emmerling, 2000) which in turn affects soil fauna 

abundance and diversity (Van Capelle et al., 2012). A decrease in carbon content in 

the soils and the constant mixing of the soil by tilling practices, make these soils 

susceptible to wind and water erosion (Karlen et al., 2013). The effect of chemicals 

such as pesticides, herbicides and fertilisers should also be considered. The addition 

of these chemicals can cause certain pollutants such as Cu to accumulate in different 
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levels of soil, thus creating potentially polluted layers within the soil. Soils used for 

agricultural purposes therefore undergo constant modification through long-term 

human activity and has been described as Anthrosols (Fey, 2010). These Anthrosols 

and the Technosols mentioned above are collectively known as Anthropic soils (Fey, 

2010), referring to soils that have been profoundly affected by human disturbance.   

 

The aim of this part of the study was to investigate the differences between soils from 

mining, agriculture and protected natural areas, with the latter serving as a control. 

This was carried out in terms of selected metal element concentrations, organic matter 

content and soil particle distribution. Further, to compare the different topsoil layers 

(0-5cm, 5-15cm and 15-25cm) up to 25cm. Analyses gave an indication of the topsoil 

layer’s characteristics of the different sites and aided in the comparison of the soils of 

different land use types. The topsoil is an important part of soil ecology, as it forms 

the basis of soil mesofauna habitat (Aspetti et al., 2010), which is the main reason for 

focusing on the top 25cm soil layer. Heavily reworked soil can have poor structure, 

leading to low biodiversity. Soils with good structure may not be adequate, as high 

pollutant concentrations at certain depths within the topsoil may have negative 

impacts on soil fauna occupying that specific soil depth (Wahl et al., 2012).  
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Materials and methods 

 

Soil samples were collected from two gold mines, one situated in the North West 

province and the other in the KwaZulu-Natal province in South Africa. These samples 

were collected from the top 25cm or most recently deposited material of the tailings 

dam. Soil samples were also taken in the same general area as the two mines, at sites 

being utilized for agriculture. Sites in the KwaZulu-Natal area were typified by sugar 

cane crops, while those in the North West area had maize crops. A third set of soil 

samples was collected at presumably unpolluted locations close to the mining and 

agricultural sites such as a nature reserve with open grassland vegetation, to determine 

natural soil composition. All of the above-mentioned samples were collected on a 

once-off basis during summer from two different geographical regions, namely the 

North West province and the northern parts of KwaZulu-Natal to compare different 

soil types (Table 1). Soil samples were analyzed to determine the physical and 

chemical soil characteristics such as element concentrations, carbon content, pH and 

soil texture. 

 

Soil samples collected from various depths were analyzed to determine the 

characteristics of the different soil layers, and so at what depth it would be necessary 

to sample in these areas in the future. In order for this to be accomplished, sampling 

was done at 0-5cm, 5-15cm and 15-25cm depths, which were labelled a, b and c 

respectively (Table 1). Three sites were chosen at each of the different land use types 

and at each site a soil sample was taken from the different layers of soil mentioned 

above. Apparatus utilized for this task included a small spade, measuring tape and a 

global positioning system (GPS). Sites were selected in a triangular formation, with 
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distances between samples measuring roughly ten metres. Samples were kept at a 

temperature of ±22°C at all times using cooler bags.  

 

Table 1. Layout of site selection, location and sampling depths. 

Province Land use type Location Site Depth 

KwaZulu-Natal 
Province 

    1 a, b, c 
Gold mine tailings S27 25.873 2 a, b, c 

  E31 15.906 3 a, b, c 
    4 a, b, c 

Agriculture S27 23.043 5 a, b, c 
  E31 36.495 6 a, b, c 
    7 a, b, c 

Nature reserve S27 32.688 8 a, b, c 
  E31 22.205 9 a, b, c 

North West 
province  

    10 a, b, c 
Gold mine tailings S26 54.451 11 a, b, c 

  E26 46.294 12 a, b, c 
    13 a, b, c 

Agriculture S26 45.289 14 a, b, c 
  E26 45.75 15 a, b, c 
    16 a, b, c 

Nature reserve S26 44.200 17 a, b, c 
  E26 42.301 18 a, b, c 

 

Soil samples were analyzed by means of methods modified from Thi Vu et al. (2004) 

and Wayland and Crossley (2006). The sand, silt and clay content for each sample, 

was determined by means of the hydrometer-method (ASTM, 1961). The process of 

determining the organic carbon content in the soil samples was done by means of the 

Walkley Black method (Walkley, 1935). Analysis of the soil was compared using the 

Sigmastat statistical software program. See chapter 2 for full materials and methods 

utilized. 
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Results 

 

Soil analysis was carried out on certain ecologically important elements, as these 

elements have been linked to soil pollution. The analyses of the different depths at 

which samples were taken (0-5cm, 5-15cm and 15-25cm, which were numbered a, b 

and c respectively) were compared to determine if the vertical distribution of the 

element concentration was uniform at each site (Table 2). According to the results, 

there were some statistical differences (p < 0.05) in the soil element content between 

the different depths of soil taken from each site. The data presented in Table 2 

indicated that for the mine in KwaZulu-Natal, many of the elements indicated a 

decrease in concentration with increase in depth. Some element concentrations in the 

agricultural sites indicated an opposite pattern, with the highest concentrations in the 

deeper layer. The same element distributions were seen in the natural soils taken from 

nature reserves. Samples from land use types in the North West province indicated 

similar vertical distribution patterns as the land use types in KwaZulu-Natal, although 

with smaller differences between depths. The difference in leaching rate can be 

attributed to the higher rainfall in KwaZulu-Natal than in the North West province. 
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Table 2. Element analysis of seven trace elements (Mean ± SD) for all soil samples taken from different land use types (mg/kg). Sample depths: 

a = 0-5cm, b = 5-15cm, c = 15-25cm. 

Province Land use 
Soil 

depth 
Cr Ni Cu Zn Cd Pb Co 

    a 7.58±1.52 38.3±15.2 3.66±1.18 0.95±0.23 0.21±0 0.03±0.01 15.75±12.79 

  Gold mine b 7.16±0.80 30.8±8.03 2.86±0.78 1.17±0.15 0.21±0 0.04±0.0152 4.86±2.59 

    c 7.16±1.52 27.3±2.75 2.93±0.92 0.99±0.44 0.21±0 0.06±0.03 3.16±0.94 

    a 12.91±3.31 50±5 8±2.17 6.7±5.49 0.21±0 0.73±0.61 0.75±0.4 

KwaZulu-Natal Agriculture b 29.58±11.34 66.6±14.22 18±8.36 25.91±10.25 0.21±0 2.98±1.10 2.22±1.11 

    c 35±6.61 74.1±10.10 21.41±5.78 32.5±7.5 0.21±0 3.91±1.010 2.63±0.68 

    a 8.08±0.5 25±0 2.83±0.14 1.41±0.25 0.21±0 0.153±0.04 0.63±0.05 

  Nat. reserve b 14.25±2.84 43.3±8.01 6±1.39 4.5±1.15 0.21±0 0.41±0.12 1.71±0.69 

    c 21.75±9.55 68.3±31.66 9.75±5.24 8.66±6.00 0.21±0 0.77±0.44 3.03±1.76 

    a 2.60±0.82 1.41±0.28 8.66±4.30 2.17±0.72 0.28±0 0±0 23.1±29.91 

  Gold mine b 2.4±0.17 1.34±0.49 7.16±2.74 2.5±0.25 0.28±0 0±0 4.27±3.04 

    c 2.91±0.38 1.36±0.33 6.33±2.13 1.53±0.74 0.28±0 0±0 3.48±2.61 

    a 4.03±2.25 2.38±2.28 4.41±1.23 3.16±1.38 0.28±0 0±0 0.26±0.27 

North West Agriculture b 4.58±2.18 2.00±1.76 4.08±1.38 2.96±2.18 0.28±0 0±0 0.16±0.08 

    c 3.58±1.46 1.95±1.23 3.83±0.95 3.01±1.28 0.28±0 0±0 0.17±0.12 

    a 2.91±0.52 0.59±0.22 2.68±0.35 1.64±0.62 0.28±0 0±0 0.11±0.04 

  Nat. reserve b 3.5±0.66 1.14±0.01 3±0.5 1.32±0.64 0.28±0 0±0 0.12±0.01 

    c 4.33±1.28 1.78±0.43 2.74±0.26 1.57±0.30 0.28±0 0±0 0.24±0.10 
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Table 3. Particle distribution, carbon content and pH (Mean ± SD) of soils for all 

sites.  

Province Land use pH C >2mm Sand Silt Clay 

   
(%) (%) 

(% < 
2mm)   

Gold mine 8.08±0.10 0.01±0.00 0.00±0.00 24.76±8.38 56.53±8.53 18.67±1.76 
KwaZulu-
Natal 

Agriculture 7.41±0.24 1.19±0.17 5.43±7.34 67.27±4.30 11.70±1.18 21.03±4.25 

  Nat. reserve 6.18±0.23 5.31±0.17 2.13±0.81 19.47±2.15 51.57±0.15 29.00±1.99 

Gold mine 6.13±0.73 0.05±0.01 0.00±0.00 75.1±9.99 17.96±6.78 6.97±3.23 

North West Agriculture 5.23±0.05 0.49±0.06 0.40±0.10 83.46±0.20 5.07±0.06 11.46±0.15 

  Nat. reserve 5.93±0.42 0.71±0.04 6.17±1.69 86.10±1.40 6.63±1.33 7.27±0.10 

 

 

The particle size distribution, carbon content and pH of the different soil samples at 

each site is presented in Table 3. The pH of the gold mining samples from KwaZulu-

Natal are higher than the agricultural and natural soil samples in the vicinity of the 

mine. The pH of the North West mining sites are also higher than the soil samples 

taken from agricultural and natural soils in the vicinity of that mine. Carbon content in 

the mining material of both mines is notably lower, almost non-existent, than in the 

agricultural and natural soils. Natural soils from KwaZulu-Natal contained the highest 

carbon content. Soils of the KwaZulu-Natal area generally had a lower pH for all 

three land use types and more organic carbon present, with the natural soils of the 

KwaZulu-Natal area having the highest percentage. Carbon content at both mines was 

considerably lower than the rest of the sites. Mining material in the KwaZulu-Natal 

area consisted mostly of silt, while the mining material in the North West area was 

typified by a higher sand content according to the hydrometer-method (ASTM, 1961). 

Both geographic areas had sandy soils utilized for agriculture, and even the natural 

soils in the North West area had a high sand content. To summarize, the soil samples 

from both mines consisted of a very uniform, sandy material, devoid of organic 
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material compared to the natural soils in that area. Agricultural sites consisted mainly 

of sand, but did have some carbon content present.  
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Discussion 

 

The topsoil is an important part of soil ecology, as it forms the basis of soil mesofauna 

habitat where breakdown of organic material mainly occurs, which is the main reason 

for focusing on the top 25cm soil layer. Heavily reworked soil like TDF can have 

poor structure, leading to low biodiversity. Soils with good structure may also be 

inadequate, as high pollutant concentrations at certain depths within the topsoil may 

have negative impacts on soil fauna occupying that specific soil depth (Wahl et al., 

2012). Mining deposits consists of large amounts of chemically and physically 

reworked material, called Technosols (Fey, 2010). As can be seen from the results, the 

tailings material was dominated by a sand fraction. The sand or silt has a relatively 

uniform consistency due to the low percentage of particles larger than 2mm caused by 

the grinding process of the mining ore. This should be taken into account when 

deciding on the rehabilitation planning of the mining material. Mining material 

contained low levels of carbon, compared to the agricultural and especially the natural 

soils, due to the use of metal extraction fluids. The elements within the material have 

reduced organic sorption sites and can therefore reach the environment through 

various dispersal routes, such as leaching and erosion (Du et al., 2014). This will play 

a role in the exposure to humans as well as in the development potential and rate of 

soil fauna colonization after restoration has been done on tailings dams. 

 

Concentrations of selected elements revealed that soil layering is present at mining 

sites (Table 2). Mining sites in KwaZulu-Natal indicated the greatest concentration 

differences between layers. The upper layer contained higher concentrations for Cr, 

Ni and Co, and could be due to the way in which tailings material is deposited on the 
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tailings disposal facility. Mining material is dumped on top of the older material and 

left to dry out. The top layer of the mining material therefore has the youngest 

material and would explain the high concentration of some elements in the top layer. 

Pollution levels, along with the poor structure of the material due to compaction, 

halters the successful colonization of these sites by soil biota by reducing growth and 

reproduction (Maboeta et al., 2002; Maboeta et al., 2003). The concentration of the 

elements in the top layer can cause increased pollutant dispersal in the surrounding 

area through processes such as wind and water erosion, ultimately leading to 

increased risk for the environment and ultimately leads to increased human risk.  

 

In agricultural areas, tilling 30cm or deeper will cause the mixing of the top layers of 

soil (Emmerling, 2000), resulting in a uniform structure and chemical composition. 

Tilling practices for both agricultural areas were similar, and could therefore be 

eliminated as explanation for differences between soils from these areas. Soils from 

agricultural areas had a sandy consistency, creating a well-drained type of soil, which 

can give rise to leaching of potential elements present in the soils. The carbon content 

of the agricultural soils was higher than in the mining soils, but still contained a lower 

percentage than the natural soils. This could once again be due to agricultural 

practices such as tilling which causes aeration of the soil and hence a stimulated 

organic matter degradation. In the case of depletion of organic material in agricultural 

soils, addition of aged organic material would serve three main purposes:  

 

1. Increasing the organic material will improve the soil structure and soil processes 

2. Improved soil quality will lead to higher species diversity and abundance 

3. Good soil quality will ultimately decrease the need for fertilizers and pesticides.  
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Layering was observed in the agricultural site of KwaZulu-Natal. In these sites, the 

concentration of Cr, Ni, Cu, Zn and Pb increased with depth. This could be due to the 

solubility of some of the elements related to the high rainfall and higher water 

infiltration due to tilling, as well as the neutral pH of the soil. Natural soils also 

indicated this tendency, but less than agricultural soils. This was probably due to the 

higher carbon content in the natural soils, and therefore had better structure than 

agricultural soils. The possibility for leaching of elements in this case can lead to 

contamination of streams and rivers in the area, once again increasing risk of human 

exposure through the ingestion pathway.  

 

Soils from the nature reserves contained relatively low concentrations of elements. 

Most of these naturally occurring elements also serve as micronutrients for the fauna 

and flora. These soils, specifically in the KwaZulu-Natal area, were typified by a high 

carbon content and good texture, giving it efficient binding properties and well 

developed structure. Good soil structure is needed for the successful colonization of 

soil organisms (Van Breemen, 2004) and should ultimately be one of the goals in 

restoration processes.  

 

The above-mentioned patterns in layering concerning element concentrations were 

also observed in the soil samples collected from the sites in the North West province, 

although to a lesser extent. This could be due to the more sandy consistency and 

overall lower carbon content of these sites compared to the soils from KwaZulu-Natal. 

This indicates that soils in the North West province was typified by less vertical 

differences with regards to element distribution in the soil layers than sites in the 
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KwaZulu-Natal province and that the latter indicated more tendencies towards 

layering based on chemical analysis. 
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Conclusion 

 

Mining material has a uniform structure, and samples from the two mines could 

therefore be compared to each other. As previously mentioned, Technosols and 

Anthrosols can collectively be called Anthropic soils, formed by human disturbances 

such as mining and agriculture. This type of soil has lost some of its structure and 

binding factors due to being heavily reworked in one way or another. Being classified 

as Anthropic soils, means that mining and agricultural soils can theoretically be 

compared to each other. All of the soils sampled contained similar physical and 

chemical constituents and only varied based on percentage and concentration of each. 

Comparison of the soil samples collected from natural areas in the vicinity of the mine 

and crops in the area are therefore plausible. These comparisons indicated that the 

soils from these two land use types are degraded based on chemical and physical 

properties. The differences in layered composition of mining and agricultural soils 

versus natural soils make it complicated to compare the soil fauna of these soils 

directly. Soil layering can be seen in some of the element concentrations analyzed for 

some sites. Mining sites, especially in KwaZulu-Natal, indicated a decrease in 

element concentrations with increased depth. The opposite tendency can be seen for 

the agricultural and natural soils, once again to a lesser extent in the North West 

province and revealed layering of the soil due to element concentrations which 

increased with increased depth.  

 

It was established that layering of the topsoil based on different soil characteristics, 

depends on the type of soil and the state of the soil in question. Taking only physical 

or only chemical aspects into consideration would lead to possible misinterpretation 
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and ultimately less than adequate rehabilitation of topsoil layers. Adequate 

assessments therefore need to be carried out with regards to topsoil before any action 

is taken. Every land use type will fall into a certain range of soil characteristics. 

Therefore, although no specific “recipe” can be given with regards to a certain land 

use type, a certain range of soil characteristics would provide a starting point for any 

investigation into the topsoil quality. 

 

Knowledge of such a range of soil characteristics could be useful later on where 

human risk assessments need to be carried out. This will be necessary as no such 

policy has been set up from a South African perspective. From these human risk 

assessments comes more effective ways of rehabilitation of disturbed areas. 

Restoration of mines plays an important role during mine closure, and must be 

performed in such a way, that the affected area can be utilized and topsoil formation 

can be improved to ultimately provide a natural habitat for soil life.   
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CHAPTER 4 

 

COMPARATIVE LIFE CYCLE PARAMETERS OF THE OLIGOCHAETE 

SPECIES EISENIA ANDREI AND ENCHYTRAEUS DOERJESI IN GOLD 

MINE TAILINGS AND AGRICULTURAL SOILS  

 

Introduction 

 

South Africa is regarded as one of the countries with the highest number of mine 

tailings disposal sites (Munshower 1994; Tordoff et al., 2000). More than 80% of 

solid wastes produced in South Africa are generated by the mining industry 

(Engineering News, 1997; CSIR Briefing Note, 2009). The country has long been the 

leading gold producer in the world (Mathews, 2008).  

 

It is estimated that for every ton of gold produced, 200 000 tons of waste are 

generated (AngloGold Ashanti, 2004). This comes at a considerable ecological cost as 

elements such as Al, Co, Cu, Fe, Pb, Mn, Ni, U and Zn have been reported to occur in 

variable amounts in local gold mine tailings and surrounding ecosystems (Weiersbye 

et al., 1999; Rösner and van Schalkwyk, 2000; Aucamp and van Schalkwyk, 2003; 

Tutu et al., 2008). The combination of elements found in tailings will largely depend 

on extraction methods used. In South Africa, as in many parts of the world, tailings 

dams have been known to be responsible for air, soil and water pollution (Nriagu et 

al., 1996; Rösner and van Schalkwyk, 2000; Aucamp and van Schalkwyk, 2003; 

Winde and van der Walt, 2004; Winde, 2006; Adler et al., 2007; Tutu et al., 2008). 

Elements such as Cu, Cr and Ni are typically associated with platinum mine tailings 
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and can be present in high concentrations (Wahl et al., 2012). The impact of some of 

the elements mentioned above are problem elements and can be assessed using 

background concentrations from the Netherlands (VROM, 2000) and South Africa 

(Herselman et al., 2005) to determine the Igeo (Muller, 1969; Malkoc et al., 2010; 

Luo et al., 2012), the PI (pollution index) and the IPI (integrated pollution index). The 

value of Igeo was originally used with bottom sediments in U.S. EPA, method 3051 

and was adapted for classification of soil contamination (Malkoc et al., 2010). The PI 

is defined as the ratio of the metal concentration in the study to the geometric means 

of background concentration (BC) of the corresponding metal (Chen et al., 2005). The 

integrated pollution index (IPI) is defined as the mean value of the PI of an element 

and classifies sites as having a low level of pollution (IPI ≤ 1) to a high level of 

pollution (IPI > 2) (Chen et al., 2005). 

 

Similar to the mining industry, the agricultural sector in South Africa has been 

identified as a major contributor of potentially harmful chemicals in the environment 

(Maboeta et al., 2002; Maboeta et al., 2003; Maboeta et al., 2004). The effects of such 

chemicals on human health and non-target aquatic and soil organisms have been 

investigated locally e.g. amongst farm workers (Dalvie and London, 2006) and on 

earthworms (Reinecke and Reinecke, 2007a; 2007b) and investigations on Guillain-

Barre Syndrome in rural populations (London et al., 2004). The use of element based 

pesticides has been linked to increasing metal contents in agricultural soils and their 

potential effects on soil organisms such as earthworms have been established 

(Vermeulen et al., 2001; Maboeta et al., 2002 ; Reinecke et al., 2002a; 2002b Maboeta 

et al., 2003; Maboeta et al., 2004). Based on these facts, it would seem that 

agricultural soils in some areas could constitute a similar or perhaps greater threat to 
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human and environmental health than tailings disposal facilities, due to more 

exposure pathways and greater surface area usage with regards to agriculture. 

However, comparative studies of the ecological implications of mining and 

agriculture on the local scale are scarce. The toxicological consequences of mining 

effluents and tailings on certain aquatic and terrestrial species have been assessed 

(Wepener et al., 1992; Gerhardt, 1998; Maboeta et al., 2008) and research is actively 

on-going.  

 

The aim of this study was to assess the ecotoxicity of agricultural and mining soils. 

Specific objectives included the chemical and physical analysis of the soils collected. 

Further, to assess the ecotoxicity of the soils two test organisms, Eisenia andrei and 

Enchytraeus doerjesi, were exposed to the different soils collected and compared to 

each other. This was done by comparing life cycle parameters to element 

concentrations and soil indices. Endpoints for Eisenia andrei included cocoon 

hatching success, survival, and growth. Endpoints for Enchytraeus doerjesi included 

survival and reproduction. Standardized tests regarding Eisenia andrei stipulates the 

use of juvenile or adult specimens introduced into test soils, where after reproductive 

success is assessed. In this study, the cocoons of Eisenia andrei were collected from 

the breeding colony and exposed to test soils, making this study the first of its kind in 

South Africa. By including cocoons in the study, the effects of toxicants are tested on 

the full life cycle of Eisenia andrei. 
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Materials and methods 

 

Soil samples 

 

Eighteen soil samples were collected from a total of six sites in the North West and 

KwaZulu-Natal provinces of South Africa to determine differences in soil properties 

between the geographic areas. In each province, soil samples were collected from a 

gold mine tailings disposal facility, an agricultural land and a reference site situated in 

the nearest nature reserve. At each of these six sites, three sub-samples of ±1 kg each 

were collected, bringing the total sample number to eighteen. Sites location, concise 

information and soil characteristics are provided in Table 1. 

 

Using the protocol of Katz and Jennis (1983), the concentration of 56 elements 

including Cu, Fe, Ni, Pb and Zn were quantified with an Agilent 7500c Inductive 

coupled plasma mass-spectrometer (ICP-MS). For certain elements benchmark values 

have been calculated, and for this study these few elements were analyzed using 

background concentrations from the Netherlands (VROM, 2000) and South Africa 

(Herselman et al., 2005) to determine the Igeo (Muller, 1969; Malkoc et al., 2010; 

Luo et al., 2012), the PI (pollution index) and the IPI (integrated pollution index) 

(Table 3). The Igeo and PI were calculated using the following equations: 
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Where Cn is the measured element concentration, Bn is the geochemical background 

value of the element in the samples, and the constant 1.5 allows us to analyze natural 

fluctuations in the content of a given substance in the environment caused by very 

small anthropogenic influences (Malkoc et al., 2010). 

 

Additional information regarding pesticides and herbicides used on agricultural sites 

were also collected from land owners. The soil samples were dried at 45oC for 48h, 

finely ground, sieved with a 2mm sieve and moistened with distilled water to a water 

holding capacity of 60%. The moistened soils were then left to stabilize for 48h at 

21 ± 1 oC. For both test species to be used (an earthworm and enchytraeid species) a 

laboratory substrate was prepared consisting of 100% horse manure and incubated in 

the same manner. 

 

Experimental organisms 

 

The two experimental species used in the present study were the recommended 

earthworm species for standard laboratory testing E. andrei (OECD, 2004) and the 

enchytraeid species E. doerjesi (Westheide and Graefe, 1992). Although E. doerjesi is 

a fairly new described species, it has been used as an alternative test species in 

ecotoxicological bioassays (Kramarz et al., 2005; Owojori et al., 2009). It is a fairly 

small organism with a mean body length of ≈ 5.3 mm and has a high reproductive 

rate, completing its full life cycle in 15 days (Westheide and Graefe, 1992). 
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Test procedures 

 

Eisenia andrei 

 

Ten E. andrei cocoons, collected from laboratory breeding cultures, were exposed to 

250g of mine tailing soil, agricultural soil, natural soil and to horse manure in plastic 

containers (12 cm x 6 cm) with perforated lids. As a new approach, cocoons were 

used in this test as opposed to young or adult worms, to include hatching success and 

survival rate of hatchlings. Tests were carried out in triplicate and incubated in a 

climate control chamber (21 ± 1 oC, 60 % air humidity). Once in the soil, the cocoons 

were given a 23-day hatching window (Venter and Reinecke, 1988) and a further 

17-day growth period (to allow worms to be of suitable sizes for handling and 

weighing) before monitoring of growth started. Growth and mortality were assessed 

every third day for 9 weeks. Growth was determined by weighing each individual, 

after rinsing with distilled water and drying. After the 23-day period to allow 

hatching, hatchlings were fed with 5g of moist horse manure every 7 days during the 

17-day growth period.  Afterwards, 5g of moist horse manure per 10 worms were 

placed in each container weekly during the next 9 weeks to determine growth. 

 

Enchytraeus doerjesi 

 

Ten adult E. doerjesi specimens were exposed to 20g of each soil and to the manure in 

small plastic containers (5.5 cm x 3 cm) with perforated lids and kept in the 

abovementioned conditions for 14 days. Exposures were carried out in quadruplicates. 

Worms were fed weekly with 10 mg dry ground oatmeal. At the end of the exposure 
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period, E. doerjesi specimens were stained with Bengal red following the protocol of 

Römbke and Moser (2002). The number of both juveniles and surviving adults in the 

exposure containers were subsequently determined.  

 

Statistical Analysis 

 

The software package SigmaStat® was used to analyze the data. For each of the 

endpoint assessed, One-way ANOVA or Kruskal-Wallis tests, depending on whether 

the data were parametric or nonparametric respectively, were performed across 

groups. The level of statistical significance was P < 0.05. 
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Results 

 

Element analysis 

 

The basic layout of the sites is provided in Table 1. It gives the locations of the sites in 

the different geographic regions, as well as the land use, particle size distribution, pH 

and carbon content of the soil at each site. Soils in the KwaZulu-Natal province were 

typified by higher pH values, and higher clay and carbon contents than the soils in the 

North West province, except for the organic contents in both mine tailings which were 

not statistically different from each other (p > 0.05) (Table 1). Table 2 represents the 

elements that were analyzed for the different land use types.  

 

The proportions (%) of the elements per site are represented in Figure 1. The profiles 

were site specific, although elements such as Na, Mg, and K were present in fair 

amounts in all soil samples compared to other elements present. Mg was the most 

abundant element in samples taken at Mine 1 contributing for 60% of the number 

assessed. In tailings material from Mine 2, Ca with a proportion > 70%, was the most 

abundant element.  
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Table 1. Location, particle size distribution (%), percentage carbon and pH (Mean ± SD) of soil samples collected from mine tailings, 

agricultural areas and natural reference sites for KwaZulu-Natal and North West province. 

Province Location Land use Code % >2mm Sand Silt Clay % C pH 

KwaZulu-
Natal 

S27 25.873 
E31 15.906 

Gold Mine 1 0±0 24.79±8.36 56.55±8.51 18.66±1.78 0.01±0 8.08±0.1 

S27 23.043 
E31 36.495 

Sugar cane Agri 1 5.44±7.32 67.24±4.31 11.73±1.17 21.03±4.27 1.18±0.17 7.41±0.24 

S27 32.688 
E31 22.205 

Nature reserve Ref 1 2.12±0.85 19.48±2.14 51.54±0.17 28.98±2.01 5.31±0.17 6.18±0.23 

North 
West 

S26 54.451 
E26 46.294 

Gold Mine 2 0.01±0.01 75.1±10.0 17.95±6.76 6.94±3.24 0.05±0.01 6.13±0.73 

S26 45.289 
E26 45.75 

Maize Agri 2 0.4±0.07 83.49±0.18 5.06±0.06 11.45±0.13 0.49±0.06 5.23±0.05 

S26 44.200 
E26 42.301 

Nature reserve Ref 2 6.15±1.7 86.1±1.38 6.64±1.32 7.26±0.1 0.71±0.04 5.93±0.42 
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In terms of elemental concentrations, however, tailings collected from Mine 1 contained 

higher concentrations of Na, Mg, Ca and K than all the other sites (Table 2, Fig. 2). 

Tailings samples from Mine 2 followed with a Ca concentration higher than the 

cumulative concentrations of the elements in each of the remaining sites (Table 2, Fig. 2). 

Agri 2 was found to be the site with the lowest concentration of elements in the soil. It 

was determined that all pesticides and herbicides (of which the names will not be 

mentioned due to irrelevancy) used in soils from both Agri 1 and Agri 2, were assumed to 

have no effect on test organisms, based on their degradation time (Nel et al., 2002; 

Department of Agriculture, 2004; Tomlin, 2009). All laboratory studies involving test 

species were carried out after all agricultural chemical products had reached their 

complete breakdown or had become inactive. 
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Table 2. Mean element concentrations (mg/kg ± SD) in soil samples collected at the selected gold mine tailings, agricultural and 

reference sites.  

     

 Mine 1 Mine 2 Agri 1 Agri 2 Ref 1 Ref 2 

B 48.33 ± 3.82 5.16 ± 0.95 6.66 ± 0.52 4.91 ± 0.29 7.5 ± 0.87 4.91 ± 0.52 

Na 90000 ± 9013.88 2800 ± 1808.31 1933.33 ± 518.61 54.16 ± 3.82 218.33 ± 28.43 53.33 ± 10.10 

Mg 189166.67 ± 37941.84 5500 ± 2633.91 716.66 ± 57.74 225 ± 43.30 466.66 ± 158.29 115 ± 45.89 

Al 4.75 ± 0.87 19 ± 22.52 2850 ± 1480.71 43.5 ± 35.52 6583.33 ± 3556.10 1150 ± 319.18 

Si 127.5 ± 6.61 12 ± 0.90 31.33 ± 11.79 9.66 ± 0.38 47.41 ± 19.98 16.25 ± 2.29 

K 9833.33 ± 1282.90 450 ± 156.12 358.33 ± 87.80 533.33 ± 162.66 425 ± 163.94 800 ± 288.31 

Ca 24750 ± 250 30000 ± 00 525 ± 66.14 230.83 ± 56.25 350 ±90.14 88.33 ± 35.47 

Ti 0.014 ± 00 0 0.41 ± 0.25 0.01 ± 0.01 1.22 ± 0.54 0.55 ± 0.11 

V 0.22 ± 0.01 0.028 ± 00 1.71 ± 0.86 0.040 ± 0.01 4.55 ± 2.12 1.25 ± 0.06 

Mn 18.08 ± 16.18 1725 ± 933.07 5.43 ± 4.23 47.33 ± 36.26 13.16 ± 5.26 9.08 ± 2.38 

Fe 254. 16 ± 39.71 180 ± 6.61 983.33 ± 627.66 18.66 ± 5.88 2366.66 ± 1125.09 691.66 ± 38.19 

As 21.16 ±5.76 0.46 ± 0.04 0.09 ± 0.02 0.03 ± 00 0.19 ± 0.08 0.3 ± 0.03 

Se 3.16 ± 0.95 0.5 ± 0.11 0.27 ± 0.03 0.19 ± 0.01 0.26 ± 0.05 0.20 ± 0.03 

Br 13.41 ± 3.26 1.38 ± 0.63 2.03 ± 0.31 1.00 ± 0.38 0.97 ± 0.28 0.63 ± 0.14 

Rb 1.79 ± 1.20 0.09 ± 0.03 0.44 ± 0.22 0.23 ± 0.03 0.61 ± 0.33 0.51 ± 0.15 

Sr 54.16 ± 5.77 14.91 ± 1.01 1.31 ± 0.11 0.54 ± 0.02 0.88 ± 0.26 0.18 ± 0.08 

Ba 2.35 ± 0.13 2.25 ± 0.30 6.16 ± 2.13 2.9 ± 0.96 6.16 ± 2.60 2.15 ± 0.52 
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Figure 3. Stacked columns representing the cumulative concentration of selected 

elements present at the selected gold mine tailings, agricultural and reference sites. 

 

Analysis was carried out on seven environmentally important trace elements (Pb, Cd, Zn, 

Cu, Ni, Co, Cr) (Herselman et al., 2005) of which some are commonly found in tailings 

material to determine which of them had high pollution levels according to the Igeo 

(Muller, 1969; Malkoc et al., 2010; Luo et al., 2012), the PI (pollution index) or the IPI 

(integrated pollution index). This analysis indicated high pollution levels of Co for both 

mines (3.38 and 12.87) in terms of the VROM standards (Table 3). Sites with a PI of > 3 

are considered as having high levels of pollution. At Mine 2 the PI and Igeo indicated 

that Ni levels were high due to PI > 3 and 2 < Igeo ≤ 3. Pollution levels for Cd (1< PI ≤ 3) 

and Zn (1< PI ≤ 3) were also high. This analysis also indicated that Mine 2 had the 

highest IPI levels of all the sites. None of the other sites were characterized by high levels 

of pollution, according to the analysis in Table 3. The above mentioned data is visually 

presented in Figure 3. 
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Table 3. Environmental status of investigated sites based on geoaccumulation index 

(Igeo), pollution index (PI) and integrated pollution index (IPI) utilizing South African 

(Herselman et al., 2005) and Dutch standards (VROM, 2000). 

  Mine 1 Agri 1 Ref 1 Mine 2 Agri 2 Ref 2 
Cr Igeo-SA -3.86 -5.75 -4.40 -7.88 -7.98 -5.68 
 Igeo-VROM -4.18 -6.07 -4.73 -8.20 -8.30 -6.00 
 PI-VROM 0.08 0.02 0.06 0.01 0 0.02 
  PI-SA 0.10 0.03 0.07 0.01 0.01 0.03 
Cu Igeo-SA -4.58 -5.74 -5.11 -4.58 -7.85 -6.01 
 Igeo-VROM -3.11 -4.27 -3.64 -3.11 -6.38 -4.53 
 PI-VROM 0.17 0.08 0.12 0.17 0.02 0.06 
 PI-SA 0.06 0.03 0.04 0.06 0.01 0.02 
Ni Igeo-SA -4.20 -5.14 -2.01 1.93 -6.48 -5.03 
 Igeo-VROM -3.68 -4.62 -1.50 2.44 -5.96 -4.52 
 PI-VROM 0.12 0.06 0.53 8.14 0.02 0.07 
  PI-SA 0.08 0.04 0.37 5.70 0.02 0.05 
Cd Igeo-SA -4.74 -8.06 -8.06 -1.30 -8.06 -8.06 
 Igeo-VROM -3.42 -6.74 -6.74 0.02 -6.74 -6.74 
 PI-VROM 0.14 0.01 0.01 1.52 0.01 0.01 
 PI-SA 0.06 0.01 0.01 0.61 0.01 0.01 
Co Igeo-SA 0.02 -6.16 -4.60 1.95 -6.84 -7.26 
 Igeo-VROM 1.17 -5.00 -3.45 3.10 -5.68 -6.11 
 PI-VROM 3.38 0.05 0.14 12.87 0.03 0.02 
  PI-SA 1.52 0.02 0.06 5.79 0.01 0.01 
Pb Igeo-SA -8.79 -8.66 -8.68 -9.89 -11.81 -8.80 
 Igeo-VROM -9.40 -9.26 -9.28 -10.50 -12.42 -9.40 
 PI-VROM 0 0 0 0 0 0 
 PI-SA 0 0 0 0 0 0 
Zn Igeo-SA -4.88 -5.88 -5.66 0.50 -6.56 -2.68 
 Igeo-VROM -4.48 -5.48 -5.25 0.90 -6.16 -2.28 
 PI-VROM 0.07 0.03 0.04 2.80 0.02 0.31 
  PI-SA 0.05 0.03 0.03 2.12 0.02 0.23 
 IPI SA 0.27 0.02 0.08 2.04 0.01 0.05 
  IPI VROM 0.57 0.04 0.13 3.64 0.02 0.07 
 

Igeo ≤0 unpolluted environment 

0< Igeo ≤1 unpolluted to moderately 

polluted 

1< Igeo ≤2 moderately polluted 

PI ≤ 1 low level of pollution 

1< PI ≤ 3 intermediate level of 

pollution 

PI > 3 high level of pollution 

IPI ≤ 1 low level of pollution 

1< IPI ≤ 2 intermediate level of 

pollution 

IPI > 2 high level of pollution 
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2< Igeo ≤3 moderately to strongly 

polluted 

3< Igeo ≤4 strongly polluted 

4< Igeo ≤5 strongly to extremely 

polluted, and 

Igeo >5 extremely polluted 

  

 

Test experiments with E. andrei 

 

Table 4. Mean number of hatchlings (± SD) of E. andrei after cocoon exposure to 

selected mine tailings, agricultural and reference soils. 

 Number of hatchlings/cocoon Mean number of hatchlings (± SD)  
Manure 2.40 24.00±1.00 
Mine1 0.03 0.33±0.58 
Agri1 2.60 26.00±6.56 
Ref1 2.30 23.00±1.73 
Mine2 1.47 14.67±0.58 
Agri2 2.23 22.33±1.15 
Ref2 2.17 21.67±2.89 
 

Cocoon hatching success 

 

The assessment of the hatching success of the cocoons exposed to the different soils 

revealed that hatchling numbers were statistically lower in both mine tailings when 

compared to the other soils (p < 0.05) except for Ref2 in which the number of hatchlings 

did not differ statistically (p > 0.05) to the number found in Mine 2. Results indicated that 

hatching success was statistically lower (p < 0.05) in Mine 1 than Mine 2 (Fig. 4). The 
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sites did statistically differ (p < 0.05) from each other as can be seen in the following 

representation: Manure = Agri 1+ 2 = Ref 1 > Ref 2 > Mine 2 > Mine 1. 

 

 

Figure 4. Mean number of hatchlings (± SD) of E. andrei after cocoon exposure to 

selected mine tailings, agricultural and reference soils. Different letters above the bars 

indicate statistical difference between the groups.  

 

Survival 

 

The number of surviving worms at the end of the exposure period indicated that the 

worms hatching in both mine tailings material had the lowest survival rates (p < 0.05; 

Fig. 5) compared to all other soils. None of the hatchlings in tailings material from Mine 
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1 survived the first week after hatching while the manure, Ref1 and Agri2 had 100% 

survival rates and Agri1 had 97.53% and Ref2 had 96.67%. Both mining sites differed 

statistically (p < 0.05) from other sites as can be seen in the following: Manure = Agri 1 

+2 = Ref 1 + 2 > Mine 1 + 2. 

 

 

Figure 5. Percentage of surviving E. andrei earthworms (± SD) after cocoon hatching in 

selected mine tailings, agricultural and reference soils. Different letters above the bars 

indicate statistical difference between the groups. 

 

Growth  

 

Because of the 100% mortality of the newly hatched worms exposed to tailings material 

from Mine 1, this group was not included in the growth analysis. The assessment of 
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growth indicated no statistical differences (p > 0.05) between worms from the manure 

substrate, agricultural and reference soils. In these soils, the worms linearly gained 

weight from day 1 of the weighing to the end of the experimental period. The worms that 

hatched in tailings material from Mine 2 however, indicated no weight gain (even a slight 

but steady decrease in total biomass) during the experimental period. Overall, these 

worms were statistically smaller than the worms in all the other soils (p < 0.05; Fig. 6). 

The growth of E. andrei can be represented as Manure = Agri 1+2 = Ref 1+2 > Mine 2. 
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Figure 6. Growth of E. andrei exposed to selected mine tailings, agricultural and 

reference soils. Growth was assessed for 9 weeks, starting 40 days after cocoon exposure 

to the different soils.  Mine 1 could not be included in this analysis because of 100% 

earthworm hatchling mortality. 
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Test experiments with E. doerjesi 

 

Survival  

 

E. doerjesi specimens exposed to the manure substrate and tailings material from Mine 2 

was typified by the lowest survival rate of all the exposures (p < 0.05). There was no 

statistical difference in survival between the other groups. 100% survival was recorded in 

the Ref 2 substrate (Fig. 7). The differences in the survival of the adults between sites can 

be represented by Agri 1 + 2 = Ref 1 + 2 = Mine 1 > Mine 2 = Manure. 

 

 

Figure 7. Mean number of surviving adults (± SD) of E. doerjesi after exposure to the 

selected mine tailings, agricultural and reference soils for 14 days. Different letters above 

the bars indicate statistical difference between the groups. 
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Reproduction 

 

No E. doerjesi reproduction, measured by the number of juveniles at the end of the 

experimental period, was recorded in samples from both mining sites. In the agricultural 

and reference soils and manure substrate there was no statistical difference (p > 0.05) 

(Fig. 8). The number of juveniles in each soil type can be represented by Agri 1 + 2 = Ref 

1 + 2 = Manure > Mine 1 + 2. 

 

 

Figure 8. Juvenile numbers (± SD) of E. doerjesi after exposure to selected mine tailings, 

agricultural and reference soils for 14 days. Different letters indicate statistical difference 

between the groups. 
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Discussion 

 

Samples collected at Mine 2 consisted of high sand content and very low clay content, 

while tailings material from Mine 1 consisted of higher silt content and high clay content. 

This would indicate a higher water infiltration rate due to its porous nature, higher 

possibility for leaching of elements from the topsoil and ultimately a slightly better niche 

for soil mesofauna colonization (Wahl et al., 2012) in the tailings material of Mine 2. 

This is however debatable considering the finely ground, uniform structure of the tailings 

material and could be less than ideal for larger soil fauna. The high clay content in Mine 

1 compared to the clay content in Mine 2, can also give the tailings material a higher 

water holding capacity and lower infiltration rate. For all land use types, higher clay 

content is evident for KwaZulu-Natal, and a higher sand content for the North West 

province. This indicates that a basic composition of the soil with regard to particle size 

distribution remains constant within each geographic area, regardless the activity or soil 

use.   

 

Levels of pH for the mines are higher than in other soil sites in the same geographic area 

(Table 1). The pH of soils collected from KwaZulu-Natal is also higher than soils 

collected from the North West province. The alkaline pH recorded in samples collected at 

Mine 1 might be the result of considerable quantities of alkali (Na, K) and alkaline earth 

metals (Ca, Mg) that are known to be associated with alkaline soils (McBride, 1994). 

This may also be a result of CaCO3 formation due to the high Ca content, which is used 

to increase the pH of soils (Dick et al., 2000). In general, the pH of the samples collected 
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from the carbon-rich soils of KwaZulu-Natal was higher than soils collected from the 

North West province. Soils in a high rainfall area with high carbon content should in 

theory have a lower pH, especially compared to the soils collected from the North West 

province. A possible explanation for the low pH of the North West province might be 

found in the sandy consistency of the soil and possibly the pH of the rainwater, as acidic 

precipitation may occur in areas of high pollution and contributes to leaching and 

availability of contaminants in the soil (Du et al., 2014).  

 

Carbon content in both mine tailings samples was not statistically different (p > 0.05) 

from each other. This can be expected due to the mining process itself. Ore is extracted 

from deep underground and would contain very little, if any, carbon content. It is also 

deposited on tailings dams, resulting in a newly formed soil still needing colonization by 

plants and animals, which in turn would generate organic matter. This would explain why 

the level of carbon content was so much less in the mine tailings than other sites. Carbon 

content was higher in the agricultural and reference sites of KwaZulu-Natal than in the 

North West province.  

 

Increased levels of pH, clay and organic contents are associated with decreased element 

bioavailability, thus decreased toxicity of metals to soil organisms (Crommentuijn et al., 

1997; Van Gestel and Hoogerwerf, 2001; Sivakumar and Subbhuraam, 2005; Ownby et 

al., 2005; Ávila et al., 2009; Owojori et al., 2010). In the light of this information, Mine 1 

(with a higher clay content and pH value) would have perhaps been less deleterious to the 
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experimental organisms than Mine 2. This was not the case however, as there was a 

100% mortality rate for E. doerjesi in soil from Mine 1.  

 

After element analysis was done on the soil samples, seven environmentally important 

trace elements (Herselman et al., 2005) were chosen according to existing data and 

compared to the background concentrations (Table 3). According to these IPI, both 

mines’ tailings material indicated high pollution levels, although Mine 2 had a higher IPI 

than Mine 1. Specific elements indicating high levels of pollution were Co for both mines 

and Ni, Cd and Zn for Mine 2. Despite the high pollution levels according to these 

indices, elemental concentrations of all soils tested were still below the recently 

introduced benchmark values proposed for commercial and/or industrial soils by the 

South African government (Department of Environmental Affairs, 2013). The high levels 

of pollutants according to the soil indices, along with the high concentrations of the total 

measured elements in tailings from Mine 1 could be the cause of soils from mining sites 

being more harmful to E. andrei and E. doerjesi than the soils from the other land use 

types (Fig. 2). 

 

The survival of E. doerjesi was surprisingly high in Mine 1 (> 85%) and low in the 

manure substrate (Fig. 7). This finding contrasted with E. andrei which suffered 100% 

mortality in material from Mine 1 and 100% survival in the manure substrate (Fig. 5). 

This 100% mortality rate could be attributed to the bioavailability of elements present in 

the sample from Mine 1. E. andrei yielded interesting results in the exposure to tailings 

material from Mine 2, where a negative growth curve was observed, despite the same 
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amount of food given as the other groups. Because of the comparative nature of this 

study, it was decided to expose E. doerjesi to all of the soil samples collected for this 

study, as well as the manure. High survival of E. doerjesi in tailings material from Mine 1 

may have been caused by either pH value or intrinsic differences in metal detoxification 

mechanisms between enchytraeids and lumbricids. Enchytraeus buchholzi, for instance, 

has been reported to possess a gene encoding a cysteine rich non-metallothionein protein 

associated with the alleviation of metal toxicity (Willuhn et al., 1994, Willuhn et al., 

1996a, 1996b). Such a protein, to our knowledge, has not been reported in lumbricids 

whose analogous means of defense are metallothioneins (Suzuki et al., 1980; Yamamura 

et al., 1981; Morgan et al., 1989; Klerks and Bartholomew, 1991). It is, however, not 

known whether this particular trait of E. buchholzi is common to all enchytraeids. 

Another reason for low mortality in E. doerjesi in tailings from Mine 1 could be selective 

ingestion of metal contaminated soil particles due to the organisms’ small size. Both mine 

tailings were particularly rich in essential trace elements such as Mg, Mn, K, Ca and Na 

(Fig. 1). The proportion of these elements in Mine 1 could have been less deleterious for 

E. doerjesi which performed better in Mine 1 than in Mine 2, with the latter having 

considerably lower concentrations of these elements. According to the high IPI of Mine 2 

for the elements assessed in Table 3, the high concentration of Ni, Cd, Co and Zn could 

be an explanation for the negative impact on E. doerjesi in Mine 2. The results further 

suggest that pure manure is not an ideal substrate for the sustenance of enchytraeids 

which, as opposed to E. andrei (whose preferred niche are organic matter rich compost), 

are true soil oligochaetes (Römbke and Moser, 2002). Nevertheless, results indicate that 

reproduction in both E. andrei and E. doerjesi was negatively influenced by both mines’ 
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tailings (Figs. 4 and 8). Results suggested that the element content of the soils was the 

main parameter affecting the endpoints assessed in both species, although other factors 

such as pH, organic matter and particle size distribution may also have played a role. 

 

The effects of the agricultural and reference soils on all the endpoints assessed did not 

statistically differ (p > 0.05) and were comparable to the values observed in the manure. 

Agri 1 was particularly rich in Na (1933.33 ± 518.61 mg/kg) and Al (2850 ± 1480.71 

mg/kg) and Ref 1 typified the highest Al content (6583.33 ± 3556.10 mg/kg) of all the 

sites (Table 2). Aluminum is part of the clay mineral structure and is released when soils 

are digested. It could therefore be expected that these soils would have the highest Al 

concentrations. These high concentrations, however, did not seem to significantly affect 

the endpoints assessed. 
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Conclusion 

 

This study involving the analysis of soil from different land use types indicated a clear 

distinction between the soils from the two different geographic regions, both on a 

physical and a chemical level. Based on the results, it was determined that soils from 

KwaZulu-Natal province, were typified by higher clay content, pH values and carbon 

content than the soils in the North West province for each specific land use type. The 

only exception was the carbon content of the two mines that did not differ statistically (p 

> 0.05). These three physical parameters are very important in the assessment of element 

availability in the soil due to the metal-sorbing qualities (Römkens et al., 2011) and 

should therefore be included in ecotoxicological studies.  

 

The element analysis performed for this study was thoroughly investigated. This analysis 

indicated high concentrations of the elements Ca, Mg, Na and K. Some of the element 

concentrations were further analyzed by determining their Igeo, PI and IPI. High levels of 

pollution were observed for Co at both mining sites and Ni, Cd and Zn for Mine 2, 

according to these indices. The IPI indicated that tailings material from Mine 2 contained 

the highest levels of pollution.  

 

To further assess the soil properties the two test organisms, Eisenia andrei and 

Enchytraeus doerjesi, were exposed to the soil samples collected. Unique to this study, is 

the exposure of Eisenia andrei cocoons to test soils, as opposed to juvenile or adult 

worms. Utilizing cocoons for the exposure assesses the exposure of the contaminants on 
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the whole life cycle of the earthworms. In both test species, mine tailings had a negative 

effect on the reproduction rate. The exposure to collected tailings from Mine 1 had a 

greater effect on Eisenia andrei, while tailings from Mine 2 had the greatest effect on 

Enchytraeus doerjesi based on number of surviving juveniles. Eisenia andrei had a 100% 

mortality rate in tailings from Mine 1, but some survivors were observed in tailings from 

Mine 2. A point worth noting is the fact that the surviving Eisenia andrei in the tailings 

from Mine 2 treatment yielded no growth, and a negative growth curve was observed. It 

can be concluded that the element content of the soils was one of the main parameters 

affecting the endpoints assessed in both test species. 

 

To conclude, mining samples had the highest element concentrations, and affected both 

Enchytraeus doerjesi and Eisenia andrei negatively. Soils from agriculture and nature 

reserves did not have significant effects on the test species. Soils from both mining sites 

had negative impacts on cocoon hatching success, survival and growth of Eisenia andrei. 

Mining soils also had negative effects on survival and reproduction of Enchytraeus 

doerjesi. The data indicated that life cycle parameters of both species were affected by 

high concentrations of elements in mining soil samples and these species are therefore 

comparable as indicators of soil pollution. 
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CHAPTER 5 

 

ANTS AS POTENTIAL INDICATORS OF SOIL POLLUTION IN SOUTH 

AFRICA  

 

Introduction 

 

When analysing soil ecosystems, it is important to include both biotic and abiotic soil 

components, as these are co-dependent on each other. This holds especially true in the top 

layers of the soil where soil fauna are most prominent and actively contribute to soil 

formation. Earthworms are ecosystem engineers which consume large amounts of 

organic and inorganic materials and thereby influence soil structure and organic matter 

dynamics (Jongmans et al., 2003). There are also other species, i.e. termites and ants, 

responsible for the same functional processes. Earthworms, termites and ants form the 

main groups of soil engineers, and the structures created by these organisms modify 

living conditions for other smaller and less mobile soil organisms such as Collembola, 

Nematoda, Protozoa, Fungi and Bacteria (Mora et al., 2005). Ants, earthworms and 

termites are also known as bioturbators, due to their potential to move large quantities of 

soil material (Richards, 2009; Frouz et al., 2013).  

 

Soil organisms are known to respond to multiple impacts on soil and to react quickly to 

natural and anthropogenic stresses and can therefore be used as early warning indicators 

(Peres et al., 2011). A well-known species group utilized in studies involving assessment 
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of element toxicity in soil are earthworms, more specifically the Eisenia species, a group 

of standard species for ecotoxicity tests (Peijnenburg et al., 1999; Van Gestel and 

Hoogerwerf, 2001; Reinecke et al., 2002; Maboeta et al., 2004; Ownby et al., 2005; 

Maboeta et al., 2008). 

 

Earthworms have been extensively investigated for their use as bioindicators. Other 

mesofaunal species also have been used to determine disturbance within soil 

environments (Santos et al., 2010; Bedano et al., 2011), mostly focusing on the anthropic 

effects of soil contamination, such as mining activities. In particular, oribatid mite 

communities have been extensively investigated at mining sites in the Northern 

hemisphere, in particular oribatid mite communities on post-industrial dumps (Skubala, 

1997a; Skubala, 1997b; Skubala, 2002a; Skubala, 2002b) and other sites contaminated 

with elements (Skubala and Kafel, 2004). Recently studies have focused on mesofauna as 

bioindicators at platinum mines in South Africa, which included a wide array of mite 

species (Wahl et al., 2012). Mite species are commonly found in the southern 

hemisphere, but they are difficult to identify without the help of a specialist in the field, 

and have not been studied so far.  

 

Ants have a very wide distribution and are easier to identify than mites, due to their larger 

size. One study in the Karoo of South Africa recorded forty-five ant species of five sub-

families (Lindsey and Skinner, 2001). They have been investigated abroad in areas 

contaminated with elements such as Al, Cu, Cd, Ni, Zn, As, Pb and Hg (Eeva et al., 2004; 

Sorvari et al., 2007; Grzes, 2009; Del Toro et al., 2010; Grzes, 2010; Sorvari and 
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Eeva, 2010). These studies have indicated that in many cases ants accumulate elements in 

their bodies making them good bioindicators.  

 

Very little is known about mesofauna population dynamics on mine tailings. Only a few 

studies have been done in South Africa in which soil mesofauna was utilized as 

bioindicators in platinum mine tailings material (Maboeta and Van Rensburg, 2003; 

Rossouw et al., 2005; Maboeta et al., 2008; Wahl et al., 2012; Jubileus et al., 2013). 

Another bioturbator species Macrotermes natalensis is the most common and widespread 

of all termite species in South Africa and disperses new colonies over great distances 

annually by flight (Mitchell, 2007; Mitchell 2008). This species will inevitably colonise 

areas near tailings dams, and can therefore be utilized in pollutant studies. Whether they 

are able to survive in chemically and physically reworked mine tailings, is yet to be 

established.  

 

Both platinum and gold mining use the same basic ore crushing method prior to 

extraction of the minerals. Ore is heavily reworked and modified, placing both mining 

waste materials into the Technosols category, which are soils in recent deposits of 

artificial origin or soils mixed with alien products (Fey, 2010). Platinum and gold mine 

tailings are therefore comparable based on physical point of view. For this study it was 

decided to investigate the element composition and physical characteristics of gold mine 

tailings, along with soils from agricultural and natural areas. 
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Elements such as Cr, Cu, Ni, Cd, Pb and Zn are problem elements and can be assessed 

using background concentrations from the Netherlands (VROM, 2000) and South Africa 

(Herselman et al., 2005) to determine the Igeo (Muller, 1969; Malkoc et al., 2010; Luo et 

al., 2012), the PI (pollution index) and the IPI (integrated pollution index). The value of 

Igeo was originally used with bottom sediments in U.S. EPA, method 3051 and was 

adapted for classification of soil contamination (Malkoc et al., 2010). The PI is defined as 

the ratio of the metal concentration in the study to the geometric means of background 

concentration (BC) of the corresponding metal (Chen et al., 2005). The integrated 

pollution index (IPI) is defined as the mean value of the PI of an element and classifies 

sites as having a low level of pollution (IPI ≤ 1) to a high level of pollution (IPI > 2) 

(Chen et al., 2005). 

 

One of the aims of this study was to investigate if surface active ants can be utilized as 

bioindicators of metal pollution in South African soils, especially mining soils and waste 

materials. The objectives not only included collection and chemical analysis of ants and 

soil samples for different land uses viz mining, agriculture and protected areas, but also to 

compare body element concentrations in the ants, as well as differences between different 

ant species.  
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Materials and methods 

 

Sampling 

 

For this study, eighteen soil samples were collected on a once-off basis in the summer 

from a total of six sites in the North West and KwaZulu-Natal provinces of South Africa 

to determine differences in soil properties between the geographic areas. In each 

province, soil samples were collected from a gold mine tailings disposal facility, an 

agricultural land and a reference site situated in the nearest nature reserve. At each of 

these six sites, three sub-samples of ±1 kg each were collected, adding up to eighteen 

samples. In addition to the soil, ants were also sampled from the same sites. It must be 

stated that this part of the work was started at a late phase, and is therefore limited 

regarding ant data. The research is however exploratory and has to be repeated in a 

statistically proper setup. 

 

 Surface-dwelling ants were collected on a once-off basis during summer by placing 

pitfall traps in a triangular formation at each of the land use types for each province (3 

traps x 6 different locations). Pitfall traps consisted of round plastic jars (350ml volume, 

12cm high and 6cm diameter) and were placed approximately ten meters apart at each 

site during the summer rainfall period. The period of sampling for both provinces 

included light rain in the week prior to sampling. The vegetation and rainfall for these 

areas are discussed in chapter 2. Pitfall traps were filled three quarters full with 75% 

alcohol and were collected after five days. Ants were sorted after being removed from the 
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traps and identified at least to genus level. All ants belonging to a single species or genus 

were pooled for each land use type and analyzed for element content. 

 

Chemical analysis 

 

Collected ants were taken from alcohol and washed thoroughly with distilled water, to 

remove excess material and impurities that may have adhered, and placed in new alcohol, 

before being analyzed. Analyses were performed on each species to determine the 

element concentration. The EPA 3050 method of analysis was utilized for ant samples. 

Ants were weighed to 2g, digested with 15ml HNO3 and then analyzed for element 

content. The earthworm species E. andrei was also exposed to the tailings material 

collected from Mine 2 and their element content determined at the end of the experiment. 

This was achieved by digestion with 1ml HNO3. 

 

Using the protocol of Katz and Jennis (1983), the concentration of 28 elements including 

Cu, Fe, Ni, Pb and Zn were quantified with an Agilent 7500c Inductive coupled plasma 

mass-spectrometer (ICP-MS). For certain elements benchmark values have been 

established, and for this study these few elements were analyzed using background 

concentrations from the Netherlands (VROM, 2000) and South Africa (Herselman et al., 

2005) to determine the Igeo (Muller, 1969; Malkoc et al., 2010; Luo et al., 2012), the PI 

(pollution index) and the IPI (integrated pollution index) (Table 2). The Igeo and PI were 

calculated using the following equations: 
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Where Cn is the measured metal concentration, Bn is the geochemical background value 

of the element in the samples, and the constant 1.5 allows us to analyze natural 

fluctuations in the content of a given substance in the environment caused by very small 

anthropogenic influences (Malkoc et al., 2010). 
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Results 

 

The results of the chemical analysis of the soil and ants are presented in Table 1. 

 

Table 1. Mean concentrations for soil analysis, and concentrations of the same elements 

within ant species found at each land use type (mg/kg). 

 Kwa-Zulu Natal 

  Mine 1 Agri 1 Ref 1 

              

  Soil Camponotus sp Anaplolepis Soil Myrmicaria Soil Camponotus sp 

  analysis (Rufoglaucus custodiens analysis natalensis analysis (Rufoglaucus 

   group) minor         group) minor 

                

Be 0.13 0.38 0.06 0.07 0.02 0.08 0.01 

B 48.33 111.20 15.24 6.67 3.80 7.50 1.52 

Na 90000.00 469.70 80.17 1933.33 18.19 218.33 12.38 

Mg 189166.67 59.86 112.00 716.67 77.85 466.67 91.39 

Al 4.75 39.09 16.29 2850.00 10.73 6583.33 33.78 

K 9833.33 1401.00 406.70 358.33 161.70 425.00 6522.00 

Ca 24750.00 1791.00 472.40 525.00 259.00 350.00 187.40 

Ti 0.01 7.94 1.66 0.41 0.95 1.23 2.37 

V 0.22 7.23 1.25 1.72 0.39 4.56 0.50 

Cr 8.25 36.16 6.29 2.23 1.40 5.67 1.05 

Fe 254.17 340.20 187.70 983.33 45.50 2366.67 154.40 

Co 30.42 0.57 0.19 0.42 0.08 1.23 0.18 

Ni 4.08 11.03 1.81 2.13 0.40 18.58 0.20 

Cu 6.25 12.50 3.78 2.80 1.00 4.33 1.41 

Zn 9.42 37.41 44.14 4.72 10.22 5.50 12.87 

As 21.17 14.09 14.82 0.09 0.16 0.19 0.11 

Se 3.17 4.77 0.69 0.27 0.28 0.26 0.11 

Mo 0.19 2.17 0.41 0.02 0.12 0.02 0.06 

Pd 0.01 6.36 1.03 0.00 0.61 0.00 0.16 

Ag 0.01 0.67 0.34 0.00 0.08 0.00 0.07 

Cd 0.11 0.36 0.09 0.01 0.03 0.01 0.01 

Ba 2.35 45.38 8.22 6.17 2.25 6.17 2.31 

Pt 0.04 4.68 0.01 0.00 0.04 0.00 0.50 

Au 0.10 4.37 0.73 0.01 0.34 0.01 0.10 

Hg 0.02 0.00 0.00 0.00 0.00 0.00 0.00 

Tl 0.13 0.73 0.12 0.02 0.02 0.03 0.01 

Pb 0.19 22.58 3.74 0.21 0.83 0.21 0.42 

U 0.05 2.28 0.39 0.01 0.09 0.02 0.05 
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 Northwest Province 

 Mine 2 Agri 2 Ref 2 

              

 Soil Anaplolepis Pheidole Camponotus sp Tetramorium Soil Anaplolepis Soil Anaplolepis 

 analysis custodiens sp (Maculatus sericeiventre analysis steingroeveri analysis custodiens 

     group)          

                    

Be 0.02 0.02 1.66 0.29 0.19 0.01 0.03 0.02 0.01 

B 5.17 10.20 939.70 119.90 70.12 4.92 8.44 4.92 3.37 

Na 2800.00 18.67 2145.00 374.00 225.70 54.17 30.48 53.33 18.83 

Mg 5500.00 42.33 265.00 41.35 29.25 225.00 201.90 115.00 100.40 

Al 19.00 8.17 177.60 31.62 24.58 43.50 14.37 1150.00 18.44 

K 450.00 245.80 8861.00 3022.00 723.40 533.33 1206.00 800.00 783.80 

Ca 30000.00 258.70 7272.00 1339.00 787.90 230.83 279.80 88.33 155.30 

Ti 0.00 0.69 36.11 6.10 4.67 0.01 1.57 0.55 1.01 

V 0.03 0.33 32.72 5.13 3.60 0.04 0.51 1.26 0.35 

Cr 0.51 1.30 146.60 23.94 16.90 0.48 2.29 2.34 1.81 

Fe 180.00 70.29 656.20 152.00 141.70 18.67 100.70 691.67 118.90 

Co 115.83 0.16 2.33 0.57 0.32 0.26 0.11 0.20 0.50 

Ni 285.00 0.38 48.81 8.50 5.55 0.84 0.67 2.29 0.33 

Cu 6.25 1.39 53.09 16.81 7.83 0.65 1.50 2.33 1.64 

Zn 391.67 23.22 243.10 54.97 26.55 2.94 22.02 43.23 17.11 

As 0.47 0.46 9.55 1.83 1.38 0.03 0.18 0.30 0.12 

Se 0.50 0.27 22.46 4.30 2.51 0.19 0.35 0.21 0.20 

Mo 0.02 0.36 15.85 2.08 1.23 0.01 0.16 0.03 0.10 

Pd 0.01 0.31 32.18 4.85 3.06 0.00 0.40 0.00 0.24 

Ag 0.00 0.08 14.40 0.70 3.26 0.00 0.12 0.00 0.11 

Cd 1.22 0.08 1.74 0.37 0.19 0.01 0.07 0.01 0.02 

Ba 2.25 2.91 209.40 30.95 22.02 2.90 4.53 2.16 3.40 

Pt 0.00 0.00 0.02 0.04 0.02 0.01 0.00 0.00 0.01 

Au 0.00 0.25 21.84 3.46 2.32 0.00 0.30 0.00 0.28 

Hg 0.00 0.00 0.55 0.01 0.00 0.00 0.00 0.00 0.00 

Tl 0.03 0.02 3.58 0.65 0.42 0.02 0.04 0.02 0.02 

Pb 0.09 0.79 100.90 17.41 11.37 0.02 1.39 0.19 0.66 

U 15.69 0.62 12.53 2.68 1.70 0.04 0.15 0.07 0.07 

 

 

The chemical contents of each analyzed element for the soils at both mining sites and the 

ant species that were collected at those sites are represented in Table 1. Mining sites had 

higher ant diversity than the other sites. The sampled areas at Mine 1 yielded two species 
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and the sites at Mine 2 four species, compared to agricultural and reference sites, which 

only yielded one species each (Table 1). 

 

The ants collected from sites at both mining areas contained higher concentrations of 

elements such as Cr, Cu, Ni, Cd, Pb and Zn, compared to sites utilized for agriculture and 

natural soils. Ants collected from agricultural areas contained lower concentrations of the 

elements Al, Fe, Co and Cu in their bodies than ants collected from reference sites. In 

general, ants from Mine 2 were typified by higher concentrations of elements analyzed 

than any other site, including ants from Mine 1. The two elements indicating the highest 

concentrations are K and Ca. Some element concentrations were higher in ants from Ref 

2 than some concentrations in ant bodies from Mine 2. The high level of elemental salt 

concentrations in the body content of ants collected from mining sites coincides with 

analysis done for the mining material analysis (Table 1).   

 

The Camponotus sp. contained the highest concentrations of elements for the KwaZulu-

Natal area. Another Camponotus sp. was found at sampling areas at Mine 2 and yielded 

similar elemental tissue concentrations as sites at Mine 1. The species yielding the 

highest concentrations was Pheidole sp., which in the case of Cr and Pb indicated 

accumulation of up to a hundred times the concentration of other ant species collected 

from the reference sites.  

 

In both mining sites, Anaplolepis custodiens was collected, enabling comparison between 

the two sites. This species was also collected from the natural soils (Ref 2). Interestingly 
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Fe and Cr concentrations of Ref 2 soils were higher than Mine 2, but still lower than 

Mine 1. Anaplolepis custodiens was present at Mine 1, Mine 2 and Ref 2, and indicated 

similar element accumulation concentrations for all three sites. Comparison of 

Camponotus sp. for KwaZulu-Natal indicated much higher concentration levels for Mine 

1 than the reference site. The concentrations for Camponotus species tested for both 

mines indicated high accumulation levels, with Mine 1 once again having higher 

concentrations for most elements tested. Similarities in element accumulation levels were 

observed for Camponotus sp. (Rufuglaucus group) minor in Mine 1 and Ref 1 of 

KwaZulu-Natal. However, element body concentrations were higher in Mine 1 when 

compared to soil concentration levels, suggesting long term exposure and accumulation 

to higher concentrations than in reference soils. 

 

In addition to the full range of elements analyzed in Table 1, analysis was done on seven 

environmentally important trace elements (Herselman et al., 2005), some of them 

common for tailings material, to determine which of them had high pollution levels 

according to the Igeo (Muller, 1969; Malkoc et al., 2010; Luo et al., 2012), the PI 

(pollution index) or the IPI (integrated pollution index). 

 

 

 

 

 

 



132 
 

Table 2. Environmental status of investigated sites based on geoaccumulation index 

(Igeo), pollution index (PI) and integrated pollution index (IPI) utilizing South African 

(Herselman et al., 2005) and Dutch standards (VROM, 2000). 

  Mine 1 Agri 1 Ref 1 Mine 2 Agri 2 Ref 2 
Cr Igeo-SA -3.86 -5.75 -4.40 -7.88 -7.98 -5.68 
 Igeo-VROM -4.18 -6.07 -4.73 -8.20 -8.30 -6.00 
 PI-VROM 0.08 0.02 0.06 0.01 0 0.02 
  PI-SA 0.10 0.03 0.07 0.01 0.01 0.03 
Cu Igeo-SA -4.58 -5.74 -5.11 -4.58 -7.85 -6.01 
 Igeo-VROM -3.11 -4.27 -3.64 -3.11 -6.38 -4.53 
 PI-VROM 0.17 0.08 0.12 0.17 0.02 0.06 
 PI-SA 0.06 0.03 0.04 0.06 0.01 0.02 
Ni Igeo-SA -4.20 -5.14 -2.01 1.93 -6.48 -5.03 
 Igeo-VROM -3.68 -4.62 -1.50 2.44 -5.96 -4.52 
 PI-VROM 0.12 0.06 0.53 8.14 0.02 0.07 
  PI-SA 0.08 0.04 0.37 5.70 0.02 0.05 
Cd Igeo-SA -4.74 -8.06 -8.06 -1.30 -8.06 -8.06 
 Igeo-VROM -3.42 -6.74 -6.74 0.02 -6.74 -6.74 
 PI-VROM 0.14 0.01 0.01 1.52 0.01 0.01 
 PI-SA 0.06 0.01 0.01 0.61 0.01 0.01 
Co Igeo-SA 0.02 -6.16 -4.60 1.95 -6.84 -7.26 
 Igeo-VROM 1.17 -5.00 -3.45 3.10 -5.68 -6.11 
 PI-VROM 3.38 0.05 0.14 12.87 0.03 0.02 
  PI-SA 1.52 0.02 0.06 5.79 0.01 0.01 
Pb Igeo-SA -8.79 -8.66 -8.68 -9.89 -11.81 -8.80 
 Igeo-VROM -9.40 -9.26 -9.28 -10.50 -12.42 -9.40 
 PI-VROM 0 0 0 0 0 0 
 PI-SA 0 0 0 0 0 0 
Zn Igeo-SA -4.88 -5.88 -5.66 0.50 -6.56 -2.68 
 Igeo-VROM -4.48 -5.48 -5.25 0.90 -6.16 -2.28 
 PI-VROM 0.07 0.03 0.04 2.80 0.02 0.31 
  PI-SA 0.05 0.03 0.03 2.12 0.02 0.23 
 IPI SA 0.27 0.02 0.08 2.04 0.01 0.05 
  IPI VROM 0.57 0.04 0.13 3.64 0.02 0.07 

Igeo ≤0 unpolluted environment 

0< Igeo ≤1 unpolluted to 

moderately polluted 

1< Igeo ≤2 moderately polluted 

2< Igeo ≤3 moderately to strongly 

polluted 

PI ≤ 1 low level of pollution 

1< PI ≤ 3 intermediate level of 

pollution 

PI > 3 high level of pollution 

 

IPI ≤ 1 low level of pollution 

1< IPI ≤ 2 intermediate level of 

pollution 

IPI > 2 high level of pollution 
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3< Igeo ≤4 strongly polluted 

4<I Igeo ≤5 strongly to extremely 

polluted, and 

Igeo >5 extremely polluted 

 

This analysis indicated high pollution levels of Co for both mining sites (3.38 and 12.87) 

in terms of the VROM standards (Table 2). This in the light of sites with a PI of > 3 

considered as having high levels of pollution based on soils from different areas in the 

Netherlands. At Mine 2 the PI and Igeo indicated that Ni levels were high due to PI > 3 

and 2< Igeo ≤ 3. Pollution levels for Cd (1< PI ≤ 3) and Zn (1< PI ≤ 3) were also high. The 

highest levels of pollution were observed for Co and Ni. This analysis also indicated that 

Mine 2 had the highest IPI levels of all the sites. None of the other sites had high levels of 

pollution for these specific elements, according to the analysis in Table 2. All of the 

elements analyzed in this manner (Table 2) also indicated some degree of 

bioaccumulation in one or more of the ant species analyzed. This is especially true for the 

Pheidole sp in Mine 2, which contained high accumulation of Cr, Cu, Cd and Pb in body 

tissues.  

 

When compared to chemical analysis of the soil, all ant species indicated considerable 

bioaccumulation of certain elements analyzed, such as Fe, Al, Cr, Cu and Zn. However, 

all of the elements showed some degree of bioaccumulation in at least one of the ant 

species analyzed. Ants collected from the mining sites had the highest concentrations of 

elements based on the concentrations within their bodies.  
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Table 3. Mean (±SD) element concentrations in soil and earthworm bodies according to 

pollution indices. Also included are element concentrations in bodies of different ant 

species (mg/kg). All values given are for Mine 2 only. 

  Soil E. andrei 
Anaplolepis 
custodiens 

Pheidole 
sp 

Camponotus 
sp 

Tetramorium 
sericeiventre 

Cr 0.51±0.08 1.60±0.88 1.30 146.60 23.94 16.90 
Cu 6.25±6.71 10.25±3.25 1.39 53.09 16.81 7.83 
Ni 285±187.55 7.50±4.00 0.38 48.81 8.50 5.55 
Cd 1.22±0.74 1.30±0.48 0.08 1.74 0.37 0.19 
Co 115.83±88.61 15.50±5.00 0.16 2.33 0.57 0.32 
Pb 0.09±0.04 2.23±1.95 0.79 100.90 17.41 11.37 
Zn 391.67±378.93 72.25±19.75 23.22 243.10 54.97 26.55 

 

The element content for soil, earthworm bodies and ant bodies with regards to Mine 2 is 

presented in Table 3. The reason for incorporating this data only for Mine 2, is that 

analysis on earthworm body content was not part of the original research question, but 

has been investigated in a similar study at Mine 2. It is clear that the ant species, 

especially Pheidole sp, had accumulated higher levels of the selected elements (except 

Co) than the earthworms.  
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Discussion 

 

The ants’ body content contained the highest concentrations of elements for both the 

mining sites when compared to the agricultural and reference sites. These elements 

included Cr, Cu, Ni, Cd, Pb and Zn, and can have effects on some ant species such as 

smaller colony sizes and trade-offs in reproduction (Eeva et al., 2004), as well as 

decrease in aggression towards other ant colonies (Sorvari and Eeva, 2010). These were 

also amongst the elements for which an Igeo and PI was calculated, as represented in 

Table 2. Elevated pollution levels were detected for Ni, Cd and Zn, especially for Mine 2. 

These elevated pollution levels could explain the higher concentrations for these elements 

in the ants. In general the sites for Mine 2 contained the highest elemental concentrations 

in the mine tailings material and in the bodies of the ants. This is in contrast to the lower 

level of element accumulation in earthworm bodies analyzed for sampling sites at Mine 2 

(Table 3). The comparison of bioaccumulation between ants and earthworms clearly 

indicates a much higher element concentration than for the earthworms. Comparing these 

different types of organisms does have its limitations, but is presented here due to the 

limited species of mesofauna utilized as bioindicators in South Africa. 

 

For both mining sites the tissue analysis of Camponotus sp. yielded high concentrations 

of some elements, up to one hundred times that of the soil, indicating that this a possible 

indicator species for future studies involving polluted sites (Eeva et al., 2004). 

Accumulated concentrations indicated similar patterns for both mining sites, indicating 

some consistency in the accumulation of elements for this species, despite different soil 
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types with different binding capacities for chemical elements. This accumulation occurs 

mainly through their food source and may have negative impacts on some of the ant 

species in the long run, but could also signify a tolerance for high element concentrations 

in their environment during long term exposure. Despite their tolerance, they are sensitive 

and can reflect behavioral (Sorvari and Eeva, 2010) and reproductive changes (Eeva et 

al., 2004) with increased element concentrations. Based on the data, the most likely 

candidate for studies involving polluted soils would be Anaplolepis custodiens. This 

species was found in both geographic areas and appears tolerant to high element 

concentrations in the soils, solely based on the fact that it was found at both mines and in 

other land use types. It was found at both mining sites as well as the Ref 2 and indicated 

elevated levels of most elements. However, this species was not encountered in the 

agricultural sites. Anaplolepis custodiens was also found in a study involving ant 

diversity in the Karoo, confirming its wide distribution across the country (Lindsey and 

Skinner, 2001). In the North West province, the ant species typified by the highest 

elemental concentrations was the Pheidole sp. The apparent high tolerance for chemical 

contamination by an array of chemical elements makes this species a potential indicator 

of polluted areas, especially because it is likely to be present on and around gold mine 

tailings.  

 

The ant diversity was not assessed by means of a standard diversity index, and therefore 

the results on diversity are limited. However, higher ant species diversity was found at 

the mining sites compared to reference and agricultural sites. Graham et al. (2009) 

concluded that an intermediate disturbance increased spatial heterogeneity and therefore 
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increased species richness, which may explain why more species were found in the 

mining sites. Many ant species are quite resilient and are therefore able to colonize 

disturbed areas (Eeva et al., 2004; Grzes, 2010). Some species are known to be pioneer 

species, being some of the first species to colonize newly formed or highly disturbed 

areas, ultimately restoring soil quality and promoting soil formation (Hernandez-Ruiz and 

Castano-Meneses, 2006). Mining soils are physically not as disturbed as agricultural 

soils. The disturbance of the mine therefore seems to be more chemically based compared 

to the agricultural soil. Being considered as pioneer species, the higher number of ant 

species present in the mining soil when compared to the other land use types, might be an 

indicator that chemical disturbance outweighs the physical disturbance of the agricultural 

soils. The high species diversity of ants is another reason for this group to be selected as 

bioindicators under South African conditions, next to their wide distribution and relative 

ease to collect. Species diversity can also be a drawback, as this will most certainly delay 

identification processes in the long run, making the need for input from experts an 

unavoidable aspect of such studies (Cardoso et al., 2011). 

 

The spatial and temporal concentration of elements in ant nests due to transport of plant 

and animal remains, inevitably cause high accumulation ratios of pollutants (Rabitsch, 

1995). This implies that sampling at the nest site, gives an indication of the general 

elemental concentrations for the immediate foraging area surrounding the nest (Grzes, 

2010), and as such is in favor of using ant species for biomonitoring. The practical 

advantage is that ant nests provide ample specimens and sufficient biomass can be 

collected for further testing. Moreover, from studies of Grzes (2009; 2010) it is clear that 
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due to function diversity within ant nests, exposure of these functional groups to chemical 

elements will differ, and so will their body contents.  

 

Ants form part of the soil mesofaunal community, an aspect only recently being 

investigated for mining sites, in order to identify possible candidates for bioindicator 

species within a South African context (Wahl et al., 2012). Some ant species seem to 

have some tolerance for various elements such as Fe, Al, Cr, Cd, Pb, Cu and Zn given the 

high accumulation in their body tissue (Table 1). These characteristics all contribute to 

ants being successful candidates for bioindicator studies in disturbed areas regarding 

accumulation of metals in body tissue. However, this theory will have to be proven with 

more studies.  



139 
 

Conclusion 

 

Some ant species collected in disturbed areas indicated accumulation levels much higher 

than the surrounding soil environment, and seem to function in these hostile 

environments. Elements such as Fe, Al, Cr, Cd, Pb, Cu and Zn were accumulated in high 

concentrations within the ants, and some of these elements have been the focus of 

chemical investigations at disturbed sites, as well as in bioindicator studies. 

 

Some ant species are able to colonize disturbed areas such as mining deposits. Species 

inhabiting these areas are some of the main contributors of bioturbation and in turn, can 

give an indication of the state of the immediate environment at any given time. This is 

due to their extensive food gathering from the surrounding area.  

 

Ants are pioneer species and the higher ant species diversity at the mining sites than at 

agricultural and reference soils would indicate that chemical disturbance may have a 

greater effect on the environment than physical disturbance such as tilling. Species 

indicating potential for future studies are Camponotus sp., Anaplolepis custodiens, 

Pheidole sp. and Tetramorium sericeiventre. The Camponotus and Anaplolepis genus 

were collected from both sampling areas, and both of them were present in mining sites 

and in one other land use type. Pheidole sp. indicated higher accumulated concentrations 

of elements in body tissues than analyzed in body tissues of E. andrei. 
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Their distribution, resilience, ability to colonize highly disturbed areas, and their role as 

bioturbators in the soil environment makes them suitable candidates for studies focusing 

on disturbed areas, specifically in South African conditions. A species comparison will 

need to be done to conclude which species would suit different needs if they are to be 

utilized for bioindicators in the future. However, these studies can become complicated. 

Besides the obvious difficulty of correct identification, many ant species are carnivorous. 

This means that ants bioaccumulate certain elements in high concentrations through their 

food uptake. Although it may give an indication of the state of the soil community, it can 

also give varying information between ant species, as would be expected. Different prey 

items differ in various ways, including accumulation rate, dispersal rate, niche, etc. This 

means that two ant colonies of the same species and in the same area can differ based on 

element concentrations in body tissue. Ultimately, ants can be utilized as indicators of 

disturbed areas, but should be an additional analysis to well-known bioindicator species. 

 

Alternatively, there is another bioturbator which may be utilized as a bioindicator of 

disturbed areas. Termites show great potential for being a good indicator, due to their 

herbivorous nature and being able to move large quantities of soil from deep beneath the 

topsoil during construction of their nests (Meyer et al., 2003). This not only provides a 

reflection of the condition of the topsoil, but also a multi-layer effect of the rest of the soil 

profile. Another aspect of termites which needs to be taken into consideration is their 

ability to disperse over great distances at certain times of the year. This means that a new 

colony can be formed and over time would become a relatively accurate bioindicator of 

that area for a specific period, without the influence of chemical burdens from the sites 
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and/or colony they originated from. They share many characteristics with ants regarding 

utilization for bioindicators. Termites would (like all bioindicators) have its 

disadvantages for being utilized as bioindicators. In pollutant studies, one should not be 

searching for the perfect bioindicator, but rather the best bioindicator for the specific 

study. In conclusion, ants can be utilized as bioindicators in South Africa, but termites 

would in many cases be the better option for assessment of pollutants at a disturbed site.   
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CHAPTER 6 

 

GENERAL CONCLUSIONS AND RECOMMENDATIONS 

 

Studies regarding soil in South Africa 

 

Soil is one of the most underrated and understudied natural resources in South Africa. 

This is evident from just a quick scan of the literature and legislation of the country. 

From a global perspective soils are becoming an integrated part of studies regarding 

pollution and the environmental impacts of anthropogenic pollution. Many of these 

studies are focused on the experimental approach of risk assessments and the remediation 

of affected areas (Efroymson et al., 1997; Herselman et al., 2005; Swartjes and Walthaus, 

2006; Rodrigues et al., 2009). This approach requires extensive investigation of the soil 

structure and its chemical constituents, before any other actions can be taken. The texture 

and organic matter content of the soil is important for the soil processes, and for what 

organisms will be present, and will ultimately play a role in the general use of the soil.  

 

A study on soil should not only be on the soil as a substrate itself, but on soil as a 

biological system as well. Aspects such as mesofaunal inventory add to the understanding 

of the soil ecosystem and can be useful in risk assessments concerning ecological 

functions within the soil. This multi-facetted approach regarding contaminant studies has 

been utilized in the past with regards to mining soils and it was determined that tailings 

material containing Cu, Cr and Ni had the greatest influence on mesofauna populations 
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(Wahl et al., 2012). With this said, studies regarding soil and particularly mining areas in 

South Africa have focused mainly on earthworms as bioindicators of pollution. It is 

imperative that numerous studies need to be performed regarding the effect of 

anthropogenic pollutants on soil environments in South Africa, in order to identify 

alternative, faster and cheaper methods for pollutant assessments. Therefore, the aspects 

investigated along with the methods and indices utilized for this study are not only unique 

in its design, but also have the potential to break new ground for South Africa as 

developing country. 

 

Different soils and their protection 

 

Physical and chemical properties define the nature of the soil and ultimately play a role in 

the formation of the structure of the topsoil layer. In this specific study, the topsoil layer 

was the main area of investigation, especially of “newly formed” soils of treated mine ore 

material and soils treated for agricultural purposes. More specifically, the differences 

were studied in topsoil structure and chemical composition between soils of different 

areas and origins, soils that have been differently treated and managed, and soils of 

different ages such as recently deposited mining waste compared to the surrounding soils. 

To date, topsoil layering and topsoil formation have not been investigated from a South 

African perspective regarding the physical and chemical properties of the soil. In order to 

make conscious decisions about soil protection and conservation issues, these soils have 

to be analyzed and structurally compared. In addition the biological aspects have to be 

included to quantify the effects that soil chemical constituents have on the environment.  
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In this study, the soil properties of three different soils in two different areas were 

analyzed: non-disturbed natural soil, a similar soil but used for agriculture and a very 

young soil consisting of recently deposited mining soil waste, in both the KwaZulu-Natal 

and North West province. Analysis of agricultural soils indicated that frequent tilling 

contributes to the texture uniformity in the top soil layer between 5cm and 25cm. 

Elements analyzed for agricultural areas in KwaZulu-Natal indicated an increase in Cr, 

Cu, Ni, Zn and Pb concentrations with an increase in depth of soil sampled up to 25cm 

below the surface, but such an increase was not evident in the North West province which 

might be due to a higher sand content in agricultural soils from North West province. 

This indicates some degree of leaching and can in part be due to high sand and low 

carbon content of these soils.  

 

Increasing the time between tilling activities or reducing the depth of tilling, could 

promote a better topsoil structure and have positive effects on earthworm and mesofauna 

populations (Lapied et al., 2009, Karlen et al., 2013). In addition, tilling causes the 

vertical distribution of the elements in the topsoil layer, and can therefore reduce the 

effects of harmful elements on soil fauna. If layering is present, it can have negative 

impacts on soil mesofauna, reducing the breakdown rate of organic material and 

ultimately delaying topsoil formation processes for healthy soil structure. 

 

Soil element concentrations were compared to existing soil indices. These soil indices, 

combined with the specific set bioindicators, have never been utilized from a South 
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African perspective in a comparative soil pollutant study. The pollution index (PI) is 

defined as the ratio of the metal concentration in the study to the geometric means of 

background concentration (BC) of the corresponding metal (Chen et al., 2005). The 

integrated pollution index (IPI) is defined as the mean value of the PI of an element and 

classifies sites as having a low level of pollution (IPI ≤ 1) to a high level of pollution 

(IPI > 2) (Chen et al., 2005). From a South African perspective, these soil indices have 

not been utilized in a comparative study of two different geographic areas regarding 

different land use types and could therefore be an important factor for future soil health 

studies. These indices also provide supportive data for the species utilized as 

bioindicators in this study. 

 

According to the integrated pollution index (IPI) levels calculated for seven 

environmentally important trace elements (Herselman et al., 2005), agricultural soils 

were typified by low levels of pollution, even lower than soils from natural areas. These 

lower levels might indicate a deficiency for these elements (Herselman et al., 2005). The 

above chemical and physical aspects have to be taken into consideration in the 

sustainability of agricultural areas, similar to policies regarding use and sustainable re-use 

of contaminated soil in the Netherlands (Boekhold, 2008). The still growing human 

population should be taken into consideration in this context: i.e. can we afford to utilize 

agricultural areas for anything else than food production? Better management of these 

areas seems to be the most acceptable approach and could include altering tilling 

practices as mentioned above. The overall improvement of the structure of the topsoil and 

soil community health will lead to systematic rehabilitation of these physically disturbed 
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soils to an almost natural state. This can also be achieved by supplying necessary 

information regarding natural farming practices to farmers and rural farming 

communities.    

 

Mining soil also poses some risks with regards to physical and chemical properties, due 

to the heavy metal content and the poorly structured character at deposition of the 

reworked ore material. Layering of the mining soils was evident in the chemical analysis 

of the soil. Both mining areas indicated a decrease in element concentration with an 

increase in depth. This means the top 5cm of soil was typified by the highest element 

concentration and can be a result of the texture of the mining soil which in turn impaired 

leaching due to high levels of compaction on tailings dams. Soils from both mines were 

typified by very low carbon content and a very uniform texture throughout the layers 

sampled, when compared to the other soils analyzed. These factors all contributed to the 

poor structure of the mining soils and will complicate the process of recolonization of 

sensitive species of soil invertebrates, so prolonging the restoration of these mining areas. 

The pollution indices indicated that Mine 1 was typified by high levels of Co, while Mine 

2 contained high levels of Co, Cd and Ni. Mine 2 was typified by the highest IPI levels of 

all the sites. These elevated levels of pollution for some elements pose a potential risk 

with regards to exposure to the environment and ultimately to humans.  

 

Can deposited mine materials such as a large mine tailings dam be utilized for other 

purposes? If the answer is yes, there has to be a significant reduction regarding human 

risk and this reduction should include all exposure pathways. Human risk is widely 



155 
 

recognized as the major protection target in the risk-based assessment of soil quality and 

the management of contaminated sites in Europe (Swartjes and Cornelis, 2011). One of 

the major contributors regarding exposure routes is erosion through wind. Fine dust 

particles are carried away to surrounding areas where exposure to humans will be a 

consequence. Leaching of element contaminants will also occur during periods of rain. 

The leachate will reach water tables and private drinking water boreholes in the area, 

leading to human exposure. Human exposure can thirdly be increased by consumption of 

contaminated food, considering the high cultivation rates surrounding mining sites by low 

income occupants. 

 

The above generates a general question: Is a special risk assessment policy necessary for 

South African conditions? The answer to that question will directly affect the decision if 

new human settlement is possible for contaminated areas. If human settlement is possible 

in the vicinity of these tailings dams, there are a few aspects requiring further attention, 

such as the spatial planning and the mine’s management of the area, pre- and post-

settlement. Furthermore it has to be studied how these dams will develop in the future 

regarding aspects like: improved soil structure, decreasing contaminant level, reducing 

erosion sensitivity, rehabilitation, health aspects, and radiation levels. 

 

Soil mesofauna as bioindicators 

 

The idea of utilizing soil life as bioindicators of disturbance in an area is a practice which 

has become more popular in the last few decades. The term bioindicator refers to the 
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biological indication of anthropogenic environmental stressors (Heinck and Kowarik, 

2010). In this study the earthworm species E. andrei and the potworm species E. doerjesi 

were utilized for this purpose. Earthworms have been utilized extensively as bioindicators 

of disturbance in the past. In this study, we deviated from the normal procedure of 

utilizing young earthworms for exposure testing. For the exposure tests, cocoons were 

harvested and exposed directly to the soils being investigated. This meant that the 

earthworms were exposed from day one after hatching and the full effect of the exposure 

could be monitored, as opposed to utilizing juvenile or adult worms and determining 

reproductive success as endpoint. This approach of utilization of cocoons has not been 

taken in any other study comparing two different geographic regions in South Africa. In 

fact, the authors are unaware of any such study performed utilizing cocoons for 

bioassays. This could be a new frontier for bioassay studies, as this method will provide 

rapid results, is sensitive enough and is easy to perform compared to physiological results 

following exposure.  

 

Soils from both mining sites resulted in negative impacts on E. andrei and E. doerjesi, 

based on growth, hatching success, mortality and reproduction rate. It was determined 

that mining material caused 100% mortality of the earthworms exposed to tailings 

material at Mine 1, a gold mine in the KwaZulu-Natal province and a definite growth 

impairment on earthworms in tailings material of Mine 2, a gold mine in the North West 

province. However, the IPI for the chosen elements indicates high pollution levels at 

Mine 2. Comparing these two sets of data, suggests that concentrations of these elements 

may not have been the only factors influencing the earthworms. Physical factors such as 
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soil structure and organic matter content may also have played a role. Additionally, some 

of the elements might not have been completely bioavailable for uptake by the 

earthworms due to factors affecting the toxicant itself, which may include carbon content, 

moisture, temperature and pH (Van Vliet and De Goede, 2008). 

 

The other species utilized for exposure to the selected soils was Enchytraeus doerjesi 

(Westheide and Graefe, 1992). E. doerjesi is a fairly new described species, and has been 

used as an alternative test species in ecotoxicological bioassays by Kramarz et al. (2005) 

and Owojori et al. (2009). This species offers a somewhat more realistic approach for soil 

studies, as this species is not as dependent on organic substrate as Eisenia species and 

tolerates soil environments better. It can therefore give a more accurate account for 

influences such as contaminant concentrations in soils with low organic matter content. 

The number of surviving adults for this species indicated a definite decrease for Mine 2 

when compared to the other soils.  The response of this species is in line with the IPI for 

Mine 2. The number of juveniles present in each soil type confirms the sensitivity of this 

species, with a zero reproduction rate based on number of juveniles for the two mining 

sites, illustrating the possibility of this species being a candidate for ecotoxicological 

studies regarding pollutants in the future. Tests performed on this species were relatively 

simple, time- and cost effective, and reliably indicated which soil contained the highest 

metal concentration. Therefore we suggest that this species can effectively be utilized in 

soil pollutant studies in developing countries such as South Africa. 
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The test results indicated that reproduction in both E. andrei and E. doerjesi were 

negatively impacted by both mines’ tailings, and both species appear to be acceptable 

bioindicators of soil metal pollution in disturbed areas. The test procedures for utilization 

of E. andrei in exposure assessments however are lengthy (up to 60 days) and require 

high input regarding monitoring. As mentioned, soil mesofauna (Wahl et al., 2012) and 

earthworms (Jubileus et al., 2013; Maboeta and Van Rensburg 2003; Maboeta et al., 

2008) have been utilized in the past as bioindicators at platinum tailings in South Africa 

for similar studies. With soil mesofauna consisting of faunal groups like Oribatida, 

Prostigmata and Collembola, problems arise due to identification of species and low 

biomass weights in some populations of certain species, complicating performance of 

element analysis. This approach is very time consuming with sampling, sorting and 

identification of considerable numbers of samples.  

 

In order to overcome these difficulties, one taxon might be selected as an indicator of 

pollution in disturbed areas. From a South African viewpoint there is one group that fits 

the profile for this purpose and that is the Formicidae, or ants. Ants have only rarely been 

utilized in South Africa for studies involving toxicants (Nyamukondiwa and Addison, 

2011) and at surface mining in Namaqualand (Netshilaphala et al., 2005), but to date 

have not been utilized for comparative pollutant studies involving gold mine tailings and 

agriculture. This group has a wide distribution, is able to colonize areas of high 

disturbance, reflects the state of their immediate environment and is easy to collect 

(Andersen and Majer, 2004; Del Toro et al., 2010; Eeva et al., 2004; Grzes, 2009; Grzes, 

2010; Sorvari et al., 2007; Sorvari and Eeva, 2010). Compared to a well known 
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bioindicator species frequently utilized in soil pollutant studies such as E. andrei, ants are 

ecologically more relevant from a South African perspective and can be a time- and cost 

effective alternative to earthworms. 

 

For this study, ants were collected from each of the different land use types using pitfall 

traps, identified and analyzed for element content. In the younger mining material soils, 

more than one species was collected in both mine areas. Agricultural and reference soils 

only produced one species each. Camponotus sp and Anaplolepis custodiens were found 

in the mining material and in the reference soils, enabling comparison between the 

different land use types based on element accumulation in their tissue. Anaplolepis 

custodiens was present at Mine 1, Mine 2 and Ref 2, and indicated similar element 

accumulation concentrations for all three sites. Comparison of Camponotus sp. for 

KwaZulu-Natal indicated much higher concentration levels for Mine 1 than the reference 

site. The concentrations for Camponotus species tested for both mines indicated high 

accumulation levels, with Mine 1 having higher concentrations for most elements tested. 

Similarities in element accumulation levels were observed for Camponotus sp. 

(Rufuglaucus group) minor in Mine 1 and Ref 1 of KwaZulu-Natal.  

 

However, element concentrations in ant bodies were higher in Mine 1 when compared to 

soil concentration levels, suggesting long term exposure and accumulation to higher 

concentrations than in reference soils. Results indicated higher concentrations of 

elements in the body tissue of the ants from the mining material, when compared to ants 

analyzed from the other land use types. Body tissue concentrations were also elevated in 
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one or more ant species for Fe, Al, Cr, Cd, Pb, Cu and Zn compared to soil 

concentrations, indicating bioaccumulation of these elements. Ants are known to 

bioaccumulate certain elements (De La Riva et al., 2014) and are therefore a good 

candidate to be utilized as an indicator of pollution for future studies. South African ant 

species utilized for bioindication need to be further investigated to evaluate their 

physiological responses to different soil contaminants. The alternative to ant species is to 

utilize termites, as bioaccumulation is achieved through extensive gathering of plant 

material in their immediate environment (Meyer et al., 2003). New colonies are 

established annually by means of migration by air during summer months (Mitchell, 

2007; Mitchell 2008), eliminating build-up of certain elements in their system over long 

periods of time, thereby giving accurate results of areas surrounding new colonies. 

Further testing on these organisms is however needed to establish their place in the list of 

bioindicators suitable for South African conditions.  

 

Soil Risk Assessment for South African soils 

 

As a next step, it must be decided whether an ecological risk assessment policy can be 

and needs to be formulated for degraded soils in South Africa. Obviously, mine tailings 

material will fall into the degraded soils category. Agricultural soils can also be seen as 

partly degraded, due to regular tilling and chemical additives. Ultimately, these two land 

use types have to be managed in specific ways, and that is where the risk assessments 

become important. It should be decided whether these soils will be restored for 

alternative sustainable use such as agriculture or grazing, or be made suitable for human 
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settlement. Residents of these settlements will need a safe environment for housing 

purposes and should be provided information to maintain a sustainable community within 

the area, which might include agriculture.  

 

Before human settlement can be considered, sites must be declared as safe and suitable 

for human inhabitation. For this reason, a human risk assessment should be carried out in 

the area. Certain areas may not be suitable for human settlement, and could become 

grazing areas for livestock, but only after a specific risk assessment has been carried out 

regarding grazing animals. Restored mining areas could fall into this category, if 

rehabilitation is successful and the area is managed properly. Rehabilitation procedures 

may include covering the mining waste with soil and promoting plant growth on these 

newly laid areas.  

 

The area surrounding the mine waste may also be contaminated due to wind and water 

erosion and should therefore be addressed with a rehabilitation program of natural plant 

growth, where after it may be utilized for recreational or grazing purposes or possibly a 

means of income by the surrounding communities. Alternatively, mine tailings material 

could potentially be utilized for road construction and in foundations of buildings, 

following safety guidelines with regards to radiation exposure to humans, like those set 

up in the Netherlands (Wezenbeek, 2007). Agricultural areas could be the better option 

compared to mining sites for permanent human settlement due to the lower levels of 

pollutants present in the soil. Human risk assessments regarding soil pollutants should 

have a practical implementation in order for it to be carried out successfully.  
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Based on the data collected for this study, it can be statistically stated that analysis of soil 

on physical, chemical and biological level requires extensive research. The reason for this 

is the various biomes and climates within South Africa, resulting in differences in soil 

formation. Differences in soil communities in the various regions also requires more 

research. Choosing specific groups such as epigeals should also be considered. The 

country has a wide range of soil types and different land use types within each 

geographic region, all influenced by different climatic and physical factors. Data 

regarding soil and its pollutants might still be inefficient when compared to the extensive 

data collected from studies in countries such as the Netherlands. So how could South 

Africa’s soil be managed successfully to preserve this precious resource for future 

generations?  

 

A key system in the form of a flow chart, which should form one of the main components 

of the government’s policy with regards to soil management practices, is suggested 

(Figure 1). This decision tree should be as complete as possible, should be user friendly 

and should ultimately promote soil health in South Africa.  

 

The following is a proposed basic start to a flow chart, which should be updated as soon 

as new information becomes available. Only South African bioindicators and 

bioindicators utilized in this study are contained in the key thus far, leaving the proposed 

system open for new additions. 
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Figure 1. Proposed flow chart for soil health, indicating in situ and ex situ options, different variables and possible bioindicator candidates. 
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During use of this flow chart, data collected should give additional knowledge, possible 

explanations for certain findings and important information the user needs to know about 

that specific aspect of the soil. Knowing the land use of the soil in question should give a 

basic idea of physical and chemical composition and the flow chart then gives 

suggestions for bioindicator and/or biomarker candidates which could be utilized to test 

soil contaminant bioavailability. The bioindicators proposed produce rapid results and 

tests are easy to perform. At this stage it would be possible to rate the soil on a scale 

ranging from unpolluted natural soils to severely polluted soil requiring immediate 

intervention by authorities. The next level in this key system would ultimately be 

rehabilitation possibilities with suggestions for further actions to be taken based on the 

state of the soil.  

 

There are many reasons for first developing and next implementing a key system. First of 

all, the soil chemical and physical aspects are all interdependently linked. Soil structure 

and organic matter content influence the bioavailability of elements present. All of the 

physical and chemical aspects have some effect on the bioindicator chosen for the 

specific testing. The ideal is not to find a perfect bioindicator, but the bioindicator best 

suited for the specific range of testing conditions. This will lead to results regarding the 

environmental impacts, in addition to the physical and chemical analyses of the soil. 

These results will then aid in the remediation process of the soil in question. The main 

focus of such a system would not only be soil health, but will also have human health as 

the main goal. These goals should then be included in legislation for soil health in South 

Africa. 
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Due to relatively few studies regarding pollutant effects of mining on soil mesofauna 

(Wahl et al., 2012) and on earthworms (Maboeta and Van Rensburg 2003; Maboeta et al., 

2008; Jubileus et al., 2013) in the country, there is still a long road ahead before a flow 

chart like the one proposed can be completed. Existing data should be incorporated to set 

up a temporary but usable system, which should be updated regularly as new information 

becomes available. This would ensure that a policy is drawn up by government to ensure 

the protection of soils in South Africa. This policy should be enforced on any soil being 

utilized for, or possibly affected by anthropogenic activities such as mining industry, 

agriculture and urbanization. 

 

Based on the objectives for this study, the following conclusions were reached:  

 

1. Soil layering regarding the vertical distribution of elements was observed in 

concentrations analyzed for the different land use types. The data indicated that 

for the mine in KwaZulu-Natal, many of the elements indicated a decrease in 

concentration with increase in depth. Some element concentrations in the 

agricultural and nature reserve sites indicated the opposite pattern, with the 

highest concentrations in the deeper layer. Samples from the North West province 

indicated more or less the same tendencies, although to a much lesser extent with 

smaller differences at different depths. This indicates that soils in the North West 

province were typified by less vertical differences with regards to element 
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distribution in the soil layers than sites in the KwaZulu-Natal province and the 

latter indicated more tendencies towards layering based on chemical analysis. 

2. Analysis was carried out on seven environmentally important trace elements (Pb, 

Cd, Zn, Cu, Ni, Co, Cr) (Herselman et al., 2005) of which some are commonly 

found in tailings material to determine which of them had high pollution levels 

according to the Igeo (Muller, 1969; Malkoc et al., 2010; Luo et al., 2012), the PI 

(pollution index) or the IPI (integrated pollution index). This analysis indicated 

high pollution levels of Co for both mines in terms of the VROM standards 

(VROM, 2000). This in the light of sites with a PI of > 3 considered as having 

high levels of pollution. At Mine 2 the PI and Igeo indicated that Ni levels were 

high due to PI > 3 and 2 < Igeo ≤ 3. Pollution levels for Cd (1< PI ≤ 3) and Zn (1< 

PI ≤ 3) were also high. This analysis indicated that Mine 2 had the highest IPI 

levels of all the sites. None of the other sites were characterized by high levels of 

pollution. Sites in KwaZulu-Natal generally had higher organic matter content, 

higher pH and higher clay content, than their land use type counterparts in the 

North West province. 

3. Although E. andrei and E. doerjesi can be successfully utilized as bioindicators 

for soil disturbance, each species responded different to laboratory testing of 

different soil types based on physical and chemical composition of the soil. Both 

species gave a similar negative response for Mine 2, validating their significance 

as bioindicators. Cocoons of E. andrei were exposed to soils, and hatching 

success and survival are endpoints which are sensitive enough to be utilized in 

other pollutant studies, as exposure to mining material indicated negative 
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responses in these parameters. Utilizing cocoons for bioassays can give rapid 

results regarding soil pollution studies. Negative effects of mining material were 

evident in the survival and reproductive rate of E. doerjesi. These two parameters, 

along with cocoon hatching success and survival of E. andrei are sensitive enough 

and easy to perform, indicating their use in further soil pollutant studies. 

4. Ants were able to survive on mining material (given their presence on tailings 

dams), unlike E. andrei and E. doerjesi, which were highly affected in laboratory 

studies. Ants collected from heavily polluted sites, indicated high accumulation 

levels of elements in body tissues. Accumulation of Cr and Pb in body tissues 

were observed for ants collected from both mines. Accumulation levels were 

highest in Pheidole sp. compared to other species investigated and due to its wide 

distribution it qualifies as a potential indicator of polluted soil environments in 

South Africa. 
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